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Abstract | Interactions between newly integrated DNA and the host genome limit
the reliability and safety of transgene integration for therapeutic cell engineering
and other applications. Although targeted gene delivery has made considerable
progress, the question of where to insert foreign sequences in the human genome
to maximize safety and efficacy has received little attention. In this Opinion
article, we discuss ‘genomic safe harbours’ — chromosomal locations where
therapeutic transgenes can integrate and function in a predictable manner
without perturbing endogenous gene activity and promoting cancer.
The modification of the human genome by
the stable insertion of functional transgenes
and other genetic elements is of great value
in biomedical research and medicine.
Several diseases have now been successfully
treated with gene therapy, including some
haematological and metabolic disorders1–4.
Genetically modified human cells are also
valuable for the study of gene function,
and for tracking and lineage analyses using
reporter systems. All these applications
depend on the reliable function of the
introduced genes in their new environments. However, randomly inserted genes
are subject to position effects and silencing, making their expression unreliable
and unpredictable5–9. Centromeres and
sub-telomeric regions are particularly prone
to transgene silencing 10,11. Reciprocally,
newly integrated genes may affect the surrounding endogenous genes and chromatin, potentially altering cell behaviour or
favouring cellular transformation12. Despite
the successes of therapeutic gene transfer,
there have been several cases of malignant
transformation associated with insertional
activation of oncogenes following stem cell
gene therapy 4, emphasizing the importance
of where newly integrated DNA locates.
The most common approach to stable
transgene delivery in human cells makes
use of retroviral vectors, consisting of
either γ-retroviral vectors that are derived

from murine leukaemia viruses (MLVs)
or lentiviral vectors that are derived from
HIV-1. These afford semi-random insertion
spanning the entire genome with a high
predilection for integration in the vicinity
of transcribed genes, which accounts for
about two-thirds of all integrations13–15.
The malfunction of retroviral-encoded
transgenes, especially their silencing 5–9,
and their most dramatic effects in the context of gene therapy — clonal expansion,
myelodysplasia and leukaemia16–20 — have
been extensively studied (BOX 1). It is well
established that integration near or within
cancer-related genes poses the greatest
threat in the context of therapeutic cell
engineering 4,21,22, making the avoidance
of proximity to such genes a priority.
Considerable efforts are underway to
prevent the two major shortcomings of
semi-random DNA integration — variable
transgene expression and insertional oncogenesis. These efforts rest on the design
of vectors with a reduced susceptibility to
position effects and silencing 23, the tethering of retroviral pre-integration complexes to
selected DNA-binding proteins to restrict
vector integration24 and the design of
vectors with tissue-specific expression
patterns or other features that are designed
to limit unwanted interactions with the host
genome, including the removal of retro
viral enhancers (self-inactivating (SIN)
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vectors)23,25,26 and the inclusion of insulator
elements27. A review of all these strategies4,28
is beyond the scope of this article, but
each strategy ultimately aims to minimize
unwanted interactions between the inserted
genetic material and the chromosomal
region harbouring it.
An alternative approach is to target the
genetic material to a predetermined genomic
site. In recent years, several technologies
have been developed and applied to human
cells for the targeted delivery of foreign
DNA. Targeted gene delivery exploits DNA
repair mechanisms that occur in response
to DNA double-strand breaks (DSBs) to
introduce new genetic material29,30. The frequency of targeting can be increased by the
introduction of DNA DSBs at the target site
using specific rare-cutting endonucleases31.
Several methodologies to induce sitespecific DSBs in the targeted site are now
available, including zinc-finger nucleases32,
meganucleases33 and transcription activator-like
effector (TALE) nucleases34.
Although these tools represent an
important advance, the question of where
to introduce transgenes or non-coding
RNAs to maximize safety and efficacy has
not been comprehensively addressed. In the
case of gene repair, the natural destination
for the new DNA sequence is the mutant
gene locus. However, the question of where
to introduce new genes with reporter, suicide or selectable functions has not received
much consideration. Thus, one may target
integration to genes that are thought to be
dispensable or, alternatively, to extragenic
regions. Some permissive sites may be
appropriate for some tissues or lineages but
not for others. The effect of the transgene
on adjacent genes should be either null or
fully assessed and understood — but how
to do so?
In this Opinion article, we discuss
approaches for identifying and validating
genomic safe harbours (GSHs). GSHs are
intragenic or extragenic regions of the
human genome that are able to accommodate the predictable expression of newly
integrated DNA without adverse effects
on the host cell or organism. A useful safe
harbour must permit sufficient transgene
expression to yield desired levels of the
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Box 1 | Human cancer following therapeutic gene transfer
The most feared risk that is posed by therapeutic transgene integration is that of malignant
transformation4. Whereas semi-random gene integration obligatorily results in insertional
mutagenesis, some integrations (depending on the nature of the vector, the site of integration
and the affected cell type) may cause or facilitate cancer. Alongside successful proof-of-principle
studies in the realm of haematopoietic stem cell gene therapy has come the realization that the
integration of γ-retroviral vectors that are driven by their long-terminal repeat (LTR) may facilitate
the emergence of clonal expansion, myelodysplasia or overt leukaemia16–20. The development of
leukaemia has been dramatically illustrated by gene therapy for X-linked severe combined
immunodeficiency (SCID) and Wiskott–Aldrich syndrome (WAS), with five of 20 and one of ten
patients, respectively, so far developing T cell leukaemias. A striking feature of these clonal
transformations, which are all linked to the integration of an LTR-driven γ-retroviral vector in the
vicinity of an oncogene, is the recurrent involvement in all but one case of the gene encoding LIM
domain only protein 2 (LMO2)16,19. Clonal expansion has also been associated with vector-mediated
transactivations of other proto-oncogenes such as MECOM (also known as MDS1 and EVI1
complex locus) and PRDM1 (REFS 16,17) . Vector integration sites are typically located just
upstream of transcription start sites or in introns near the transcript 5′ end, most commonly within
50 kb of the transcriptional start site. Few, if any, long-distance interactions spanning more than
300 kb have been documented. Less commonly, proto-oncogenes can also be activated by the
formation of new proteins, sometimes involving the fusion of viral and cellular sequences, or by
truncating messages to remove 3′ negative regulatory sequences20.

vector-encoded protein or non-coding
RNA. A GSH also must not predispose cells
to malignant transformation nor alter cell
ular functions. What distinguishes a GSH
from a fortuitous good integration event
is the predictability of outcome, which is
based on prior knowledge.
Proximity to cancer-related genes
Extensive studies of the insertional activation of cancer genes provide a detailed
picture of unsafe harbours for integration.
Historically, one of the main techniques
for identifying genes that promote transformation has been surveying retroviral
integration sites in tumours in model
organisms. Cases in which integration sites
are recovered repeatedly near the same gene
in cancer cells but not in normal cells provide evidence for the involvement of these
genes in transformation. Supporting this
inference, many of the proto-oncogenes
that have been identified in such screens
have been independently validated by other
methods, such as by forcing transformation by deliberate overexpression of these
proto-oncogenes35–37.
Such studies have been extensively
carried out in mice, and data collected
in the Retroviral Tagged Cancer Gene
Database (RTCGD)36,37 (see Further information). Analysis shows that integration
sites in tumours commonly lie near the
starting point of transcription, either
upstream or just within the transcription
unit, often in a 5′ intron. Proviruses at
these locations usually increase the rate
of transcription either via promoter or via
enhancer insertion38. For cancers that are

associated with human gene therapy, insertional activation by promoter or enhancer
insertion seems to be most common16,17,19,39.
Integration sites are commonly in DNA just
upstream of transcription start sites or in
introns near transcript 5′ ends. Thus, the
findings in humans so far parallel results
from model organisms (BOX 1).
Cancer gene lists
How well can we identify regions of the
genome that should be avoided to prevent
transformation during human gene
therapy? Various experimental approaches
have been used to implicate specific genes
in cancer, and these have been collected
into a large, and growing, number of databases35,36,40–44 (TABLE 1). A few cancer-related
genes of special interest have been associated with integration sites in transformed
cells that arise during human gene therapy
(such as LIM domain only protein 2
(LMO2), cyclin D2 (CCND2), the polycomb
ring finger oncogene BMI1 and MECOM
(also known as MDS1 and EVI1 complex
locus)16,17,19,39. Extensive clinical experience
with human cancers has of course implicated a large collection of mutations in
human genes, as has the experimental
induction of cancer in animal models35–37.
And more complete data are certainly
on the way — the Cancer Genome Atlas
Project, the UK Sanger Cancer Genome
Project and others are sequencing large
numbers of human genomes from cancer
cells and matched normal cells, so that new
data on cancer-associated mutations are
accumulating at a remarkable rate (see, for
example, REF. 44).
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Which cancer-related genes are the most
important ones that should be avoided
for safe gene correction? In most cases, it
will not be easy to know which genes are
most dangerous for the combination of
disease treated, tissue involved and vector
used. For this reason, we have assembled
a comprehensive list for first-order screening, which is comprised of the combination of all available functionally defined
cancer genes (TABLE 1). To assemble this
AllOnco list, human genes and the human
homologues of cancer genes from other
organisms are identified and added to the
collection. The final list contains 2,070
genes, or ~10% of all human genes.
This approach to cancer gene identification is problematic for several reasons.
Many genes will be important in cancer
in specific tissues and stages of development but benign in others. Cancer genes
also certainly do not behave identically
in all organisms. Sometimes the human
homologues of genes identified in model
organisms are not obvious, or there are
one-to-many or many-to-one gene mappings between organisms. However, given
the fact that cancers that arise during human
gene therapy may not be identical to known
human cancers, it may be useful to initially
screen against as broad a list as possible.
Thus, in devising safe harbour criteria, the
most conservative approach is to use
the most encompassing cancer gene list.
Locations for genomic safe harbours
Should GSHs lie in selected genes or in
extragenic regions? Their location in
selected genes assumes that certain nonessential genes can be disrupted without
pathological consequences. Housekeeping
genes may be attractive as potential universal GSHs because of their ubiquitous
expression, but this very property argues
against dispensability. Non-essential genes
with a fairly broad tissue distribution may
be more likely candidates. Some recent
studies suggest that intragenic sites that lie
within gene-rich regions can accommodate
the integration of certain expression cassettes without detectable consequences,
at least in some cell types45, although the
process of documenting safety is still
incomplete. The alternative is to locate
GSHs at extragenic sites, where expression may be more problematic, but these
are areas that evolutionary considerations
suggest may be more benign.
The genomic locations of endogenous
retroviruses provide some clues for identifying GSHs. About 8% of the human genome
www.nature.com/reviews/cancer
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is comprised of fragments of retroviruses
that integrated into the germ line in the
mammalian lineage during evolution46.
We can deduce that these integration events
were not harmful by the fact that the great
majority are fixed in the human germ line.
The endogenous retroviruses are not randomly distributed, but are enriched outside
transcription units47, suggesting that evolutionary selection eliminated integration
events within transcription units. The
minority of integrated proviruses within
transcription units are usually in reverse
orientation relative to host gene transcription; this orientation is expected to be the
least disruptive because polyadenylation
and splicing signals in the provirus are in an
antisense orientation and are thus inactive.
It might have been that endogenous retroviruses in fact favoured de novo integration
outside genes and in an antisense orientation within genes, but experimental analysis
shows that the initial integration for two
endogenous retroviruses is in fact favoured
within transcription units, highlighting the
importance of selective pressure to yield the
observed genomic distribution48,49. Similar
data are seen for all studied vertebrates.
Thus, endogenous retrovirus biology suggests that integration outside transcription
units may be most benign.
Candidate genomic safe harbours
Although no GSH has yet been fully
validated, specific loci or general criteria
for prospectively identifying GSHs have

been proposed. Only three sites in the
human genome have been used for
targeted transgene addition to date: the
adeno-associated virus site 1 (AAVS1),
the chemokine (CC motif) receptor 5
(CCR5) gene locus and the human orthologue of the mouse ROSA26 locus. As
discussed below, the information that is currently available regarding the safety features
of these loci is too limited to qualify any of
them as a GSH, and, from the available
data, none seems ideal. We further discuss
below our proposed criteria for extragenic
GSHs, based on bioinformatic analyses of
retroviral integration databases.
AAVS1. The AAVS1 site in chromosome
19 (position 19q13.42) was identified as a
repeatedly recovered site of integration of
wild-type AAV in the genome of cultured
human cell lines that have been infected
with AAV in vitro50. Because a large proportion of the human population has encountered AAV, as evidenced by detectable
antibodies against some AAV serotypes, but
without any discernable pathology, it was
inferred that integration in AAVS1 may be
innocuous51. However, little is known about
natural AAV infection51. In the absence of
a helper virus, AAV can establish latency.
Its genome has been detected in multiple
tissues (such as the muscle, spleen, liver,
bone marrow, genital tract, heart, brain
and kidney) in humans as well as in nonhuman primates. The few studies that have
examined the status of the AAV genome

in human and non-human primate tissues
showed that it is mostly present in nonintegrated (episomal) forms52,53. Integrated
forms are more frequently found in random genomic sites than in AAVS1 in both
in vitro and in vivo infected human tissues52,54,55. The overall frequency of integration of wild-type AAV in AAVS1 has been
estimated as less than 0.5% of infectious
viral genomes56. In fact, AAVS1 integrations
after in vivo infection with wild-type AAV
have been detected collectively in tissues
from only two human subjects and three
rhesus macaques57,58. There is, therefore,
little evidence that AAV integration into
AAVS1 is a biologically important part of
the in vivo AAV replication cycle.
Efforts towards directing integration
to AAVS1 include targeting by use of
the viral-encoded Rep protein, as well
as by homologous recombination-based
strategies in human T cells, neural stem cells,
embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs)59–64. In the
ESCs and iPSCs, the robust expression of
reporter transgenes inserted into AAVS1 was
observed over several days, as well as following differentiation in multiple tissues deriving from all three embryonic germ layers60–63,
similar to observations in mouse ESCs after
gene integration into the orthologous site65,66.
The widespread expression across cell types
may be due to a DNAse I hypersensitive site
and an insulator element contained in the
AAVS1 locus that may maintain an open
chromatin conformation45,67.

Glossary
Euchromatic portion

Locus control regions

A region of chromatin that has lighter packing than
heterochromatin and that is generally considered to
be richer in actively transcribed genes.

A class of cis-acting DNA regulatory elements that confer
high level, tissue-specific, site-of-integration-independent,
copy number-dependent expression on linked transgenes
located at ectopic chromatin sites.

Gene trapping screen
A high-throughput approach used to report and/or
inactivate the expression of multiple individual genes
across the genome by introducing a reporter gene lacking
a promoter (through plasmid or retroviral gene transfer).
Selection for expression of the gene requires transcription
from a cellular promoter.

Insulator elements
Regulatory DNA elements that create boundaries in
chromatin, delineating the ranges over which neighbouring
regulatory elements function. They can have enhancerblocking activity, which prevents communication between
discrete sequence elements (typically enhancers and
promoters) when insulators are positioned between them,
and/or barrier activity, which prevents the spread
of heterochromatin.

Matrix attachment regions
AT-rich sequences of DNA that bind to a proteinaceous
nuclear scaffold called the nuclear matrix.

Meganucleases
Sequence-specific endonucleases with long recognition
sites (>12 bp). They are naturally occurring enzymes
that are harnessed as tools for targeted genome
engineering by the modification of their recognition
sequence.

Sub-telomeric regions
Regions adjacent to the telomeres or tips of chromosomes
that are often heterochromatic.

Transcription activator-like effector (TALE)
nucleases
Artificial endonucleases generated by fusing a TALE
DNA-binding domain to the catalytic domain of an
endonuclease that introduces double-strand breaks.
Similar to zinc-finger nucleases and meganucleases, TALE
nucleases can also be engineered to target user-specified
DNA sequences within complex genomes.

Zinc-finger nucleases
Proviruses
The duplex DNA form of the retroviral genome linked
to a cellular chromosome. The provirus is produced
by reverse transcription of the RNA genome and
subsequent integration into the chromosomal DNA
of the host cell.

Intergenic transcription
Transcription of chromosomal DNA sequences between
known genes.

made by reverse transcription, which together are capable
of integrating the viral DNA into a target DNA.

Retroviral pre-integration complexes
Complexes of viral and cellular proteins with retroviral DNA
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A class of synthetic proteins that are generated by fusing
a zinc-finger DNA-binding domain to the cleavage domain
of the FokI restriction endonuclease. The DNA-binding
domain can be engineered to induce double-strand
breaks in desired DNA sequences, thus facilitating
site-specific homologous recombination by the
endogenous DNA repair machinery and targeted editing
of a genomic locus (insertion, deletion and single-base
substitution).
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Table 1 | Databases of genes implicated in cancer
Gene set*

Number
of genes

Species

Description

Refs

Atlas

999

Human

This gene set is from the Atlas of genetics and cytogenetics in oncology and haematology.
It lists both hybrid genes found in at least one cancer case and gene amplifications or
homozygous deletions found in a significant subset of cases in a given cancer type

41

Miscellaneous

187

Multiple

This gene set is from Retroviruses (Cold Spring Harbor Laboratory Press), an early version
of the CIS database, a list from T. Hunter, The Salk Institute, La Jolla, California, USA, and
miscellaneous additions from the scientific literature

35

CAN genes

192

Human

This gene set includes 192 common genes that were mutated at significant frequency in all
tumours of human breast and colorectal cancers

42

CIS (RTCGD)

593

Mouse

This gene set is from the Mouse Variation Resource and lists retroviral insertional mutagenesis
in mouse haematopoietic tumours

36

Human lymphoma

38

Human

This gene set is a list of lymphoid-specific oncogenes that was compiled by M.
Cavazzana-Calvo and colleagues, Hôpital Necker, Paris, France

Sanger

452

Human

This gene set is from the Cancer Gene Census, a compilation from the scientific literature of
“mutated genes that are causally implicated in oncogenesis.” (REF. 43)

Waldman

455

Human

This gene set is from the Waldman gene database and lists cancer genes sorted by
chromosomal locus and includes links to OMIM

AllOnco

2,070

Mouse and
human

This database is a master set of the seven sets described above in which all genes are
converted to their human homologues

43

*Gene lists and links to original sources are available at The Bushman lab cancer gene list website (see Further information). CAN, cancer; CIS, common insertion site;
OMIM, Online Mendelian Inheritance in Man; RTCGD, Retroviral Tagged Cancer Gene Database.

Integration in the AAVS1 locus disrupts the gene phosphatase 1 regulatory
subunit 12C (PPP1R12C; also known as
MBS85), which encodes a protein with a
function that is not clearly delineated. The
organismal consequences of disrupting
one or both alleles of PPP1R12C are currently unknown. No gross abnormalities
or differentiation deficits were observed in
human and mouse pluripotent stem cells
harbouring transgenes targeted in AAVS1
(REFS 61,63,65). However, most of these
studies used Rep-mediated targeting, which
seems to preserve the functionality of the
targeted allele and maintains the expression
of PPP1R12C at levels that are comparable
to those in non-targeted cells (possibly
owing to the duplication of endogenous
sequences during Rep-mediated integration)65. This is not the case with homo
logous recombination-mediated targeting,
which disrupts one allele, or often both
alleles, when an endonuclease is used45,60.
A recent study showed that cryptic splice
acceptor sites that may be present in some
expression cassettes (within the commonly
used promoters phosphoglycerate kinase
(PGK) and eukaryotic translation elongation factor 1α (EF1A)) can interfere with the
transcription of PPP1R12C, resulting in a
50% to 100% reduction in its expression levels45. This type of interference can be dealt
with by modifying the exogenous DNA
by the removal of splice and polyadenylation sites45. Importantly, the AAVS1 locus
is extremely gene-rich (FIG. 1a), and some

integrated promoters can indeed transactivate neighbouring genes, the consequence
of which in different tissues is presently
unknown. One study suggests that integration at AAVS1 is benign in cultured human
T cells45, but the safety of integration at this
site in other cell types, as well as in laboratory animals or human subjects, remains
undefined.
CCR5. CCR5, which is located on chromosome 3 (position 3p21.31), encodes the
major co-receptor for HIV-1. The discovery
that homozygosity for a naturally occurring
null mutation (CCR5Δ32) confers resistance to HIV-1 infection and is not associated with any major pathology, triggered
intense interest in disrupting the CCR5
gene for HIV/AIDS therapy and prompted
the development of zinc-finger nucleases
that target its third exon68,69.
Endogenous CCR5 expression is high
in haematopoietic cells of T lymphocyte,
monocyte and macrophage lineages but
not in B lymphocytes or dendritic cells70.
CCR5 is also expressed in neurons, microglia, endothelium and smooth muscle,
albeit variably 70. The normal functions of
CCR5 remain to be fully deciphered, and
potential sequelae of its disruption have not
been fully evaluated. CCR5–/– mice display
no gross abnormalities, but have impaired
leukocyte migration and increased
susceptibility to certain infections, although
they are more resistant to others. Genetic
association studies in humans have
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established that homozygous knockouts for
CCR5 have increased susceptibility to West
Nile virus infection71. Reporter genes such
as that encoding green fluorescent protein
(GFP) have been knocked into this locus
in cord blood CD34+ haematopoietic progenitors, T cells and human ESC lines45,72.
GFP expression was significantly lower
than that afforded by the AAVS1 site in
human T cells45. As is the case for AAVS1,
the genomic locus where CCR5 resides
contains several genes, including cancerrelated genes that can be dysregulated by
integrated transgenes45 (FIG. 1b).
Human ROSA26. The mouse Rosa26 strain
was derived from a retroviral gene trapping
screen73. The trapped locus was named after
the mouse strain and has become a standard
locus for transgenesis in mouse ESCs. Irion
et al.74 identified the human ROSA26 locus
by means of homology in chromosome 3
(position 3p25.3). A red fluorescent protein
(RFP) reporter gene without a promoter
targeted to this locus was expressed in cells
of all three germ layers. Endogenous transcripts are detected in multiple adult human
tissues at variable levels, but their role is
presently unknown. No further studies have
assessed the utility or safety of the human
locus. As is the case with the two sites discussed above, the human ROSA26 locus is
also located near genes that can potentially
be dysregulated by transgene targeting into
this locus (FIG. 1c). Thus, the efficacy and
safety profile of this site is also uncertain.
www.nature.com/reviews/cancer
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Figure 1 | Intragenic candidate GSHs. Chromosome ideograms
(depicted in upper panels) and graphics (depicted in lower panels)
depicting 300 kb of human genome on both sides of each site (shown by
a vertical red line) are shown for adeno-associated virus site 1 (AAVS1)
(part a), the chemokine (CC motif) receptor 5 (CCR5) gene locus (part b)
and the human orthologue of the mouse ROSA26 locus (part c).

Criteria for defining extragenic GSHs.
We previously proposed five criteria (FIG. 2)
to facilitate the identification of prospective
GSHs75. These criteria aim to exclude the
disruption of endogenous coding genes and
ultra-conserved regions, and to minimize
the possibility of long-range interactions
between vector-encoded transcriptional
activators and the promoters of adjacent
genes, particularly cancer-related and
microRNA genes76–78. Distances from these
elements were chosen based on comparison
with data from the RTCGD insertional
activation database and may evolve as further information accumulates. No site that
meets all of the above criteria has yet been
validated, but we previously identified some
candidates (FIG. 2).
There are challenges to meeting these
criteria, which ultimately stem from the
still incomplete functional annotation
of the human genome. One issue is the

Chromosome ideograms and graphics were generated with the University
of California, Santa Cruz (UCSC) Genome Graphs tool. All UCSC genes
present in the genomic region spanning 600 kb illustrated
in the|graphic
Nature Reviews
Cancer
are shown. Genes that are implicated in cancer are shown in red boxes.
The arrows indicate the direction of transcription. GSH, genomic safe
harbour.

incompleteness of cancer gene lists, as discussed above, so that our ability to identify
dangerous sites is still evolving. Another
issue is the distinction between bona fide
transcription units and intergenic transcription.
The roughly 3.4 billion bases of the euchromatic portion of the human genome are
believed to encode ~20,000 proteins, with
exons comprising about 1.5% and the transcription units about 33% of the genome.
However, these numbers could still change
drastically. Non-protein-coding genes are
hard to detect and may be quite abundant,
and several reports suggest that low-level
transcription may commonly take place in
what were thought to be intergenic regions79.
It could still be discovered that almost all the
euchromatic human DNA is transcribed at
some level, with the recognized transcription
units simply transcribed more frequently.
Thus, although some safe harbour criteria
aim to avoid well-documented transcription
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units, it remains possible that extragenic
safe harbours will still be transcribed at a
low level.
Validation of genomic safe harbours
A potential GSH requires functional validation, and such validations will help to
refine the criteria that are shown in FIG. 2.
The first validation step is to measure the
effect of the integrated transgene on neighbouring gene expression in cultured cells.
Although the site of integration of new
DNA can be mapped to the nucleotide by
a number of techniques80–82, the study of
gene expression is dependent on the availability of relevant tissues. This analysis is
most effective in clonable cell types, such
as pluripotent stem cells or T lymphocytes.
We have previously quantified dysregulation
of gene expression by transgenes inserted
in human iPSCs and their erythroid pro
geny 75 (FIG. 2). These analyses revealed the
VOLUME 12 | JANUARY 2012 | 55
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Figure 2 | Prospective extragenic GSHs in human iPS cell clones harbouring
single-copy
globin
transgenes. Criteria for selecting extragenic genomic safe harbours (GSHs) based on location relative to genes and other genetic elements are shown (part a)75. Transcription units are defined by
genome-wide sequencing of cDNAs, then mapping the exons back onto the genome scaffold to
determine the parts of the genome that are transcribed, based on the Refseq database of human
genes. Ultra conserved regions are non-coding intragenic or intergenic regions that are completely
conserved in the human, mouse and rat genomes. A site (Site 1 in part a) that meets all five GSH criteria is shown (part b). Examples of sites (Site 19 and Site X in part a) that support globin transgene
expression but that have been excluded on the basis of one or more of the GSH criteria shown in
part a are shown (parts c and d). Chromosome ideograms (upper panels) and graphics (lower panels)
depicting 300 kb of human genome on both sides of the globin vector integration were generated
with the University of California, Santa Cruz (UCSC) Genome Graphs tool. The region shown in
part b corresponds to nucleotides 187,783,272–188,383,272 (with integration at nucleotide
188,083,272 of chromosome 1); the region shown in part c corresponds to nucleotides 626,157–
1,226,157 (with integration at nucleotide 926,157 of chromosome 19); and the region shown in part
d corresponds to nucleotides 16,209,610–15,609,610 (with integration at nucleotide 15,909,610 of
the X chromosome) of the respective chromosomes using the hg18 human genome assembly. A vertical red line depicts the position of the vector insertion. All UCSC genes present in the illustrated
genomic region are shown. Genes that are implicated in cancer are shown in red boxes. The horizontal arrows indicate the direction of transcription. Vertical arrows mark genes the expression of
which was found to be upregulated by the integrated vector either in the undifferentiated state or
in the erythroid progeny of the induced pluripotent stem cell clone75.

dysregulation of gene expression up to a
distance of 275 kb from the vector insertion75. Analysing the transcriptome in
mixed cell populations harbouring a variety

of integration sites is challenging, but could
become feasible if primary cells are transduced using a targeted approach72,83,84. This
kind of study would still pose logistical
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challenges in tissue types that are difficult
to access; for example, neuronal subsets or
endocrine cells. The derivation of related
cell types from pluripotent stem cells could
make such studies feasible, provided that
the gene regulation in cells that are differentiated in vitro mirrors that of their
in vivo counterparts. In addition to gene
expression data, epigenetic features of the
targeted locus before and after transgene
knock-in may be assessed, although the
interpretation of the effect of different epigenetic marks on transcription may not be
straightforward.
The qualification of a site as a GSH
implies that it can accommodate different
newly integrated transcription units. This
evaluation would require the targeting or
the exchange of a range of different genetic
elements, including promoters, enhancers
and chromatin determinants (locus control
regions, matrix attachment regions and insulator elements)6,7,23,27. The validation of GSHs
is likely to build on the contributions of
many laboratories, as exemplified by studies
of the murine ROSA26 locus.
In vitro studies should be extended to
in vivo studies to assess possible tissue
malfunction or transformation. This is
especially important for the validation of
sites that are modified by targeted nucleases, which, unlike retroviral integrants
or unassisted homologous recombination,
are likely to target both alleles45,60. Such
an assessment is not equally feasible for
all tissues. For example, the derivation
of engraftable haematopoietic stem cells
(HSCs) from human ESCs or iPSCs is
not yet attainable85, thus precluding serial
transplantation studies in immunodeficient
mice. In vivo evaluation of safe harbours
could alternatively be attempted in model
organisms; for example, long-term studies
in transgenic mice bearing transgenes
that are integrated in syntenic regions.
However, differences in genome structure,
the extent of synteny or biological differences between murine and human oncogenic pathways may confound such studies.
Finally, some insights may be obtained
through searches in the databases of common retroviral integration sites derived
from patients treated with retroviral
vectors (see, for example, REF. 86). This
approach, however, is limited by the lack of
information on transgene expression levels
at these sites, and the difficulty of distinguishing between vector-driven clonal
expansion and vector-independent
clonal accumulation following a fortuitous
initial integration.
www.nature.com/reviews/cancer
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Perspectives
A GSH is a chromosomal site where
transgenes can be stably and reliably
expressed in all tissues of interest without adversely affecting endogenous gene
structure or expression. A strictly defined
GSH has not yet been identified. The availability of such sites would be extremely
useful to express reporter genes, suicide
genes, selectable genes or therapeutic genes.
Three intragenic sites have been proposed
as GSHs (AAVS1, CCR5 and ROSA26).
All three, however, are in fairly gene-rich
regions and are near genes that have been
implicated in cancer. Genes that are adjacent to AAVS1 may be spared by some
promoters45, but safety validation in multiple tissues remains to be carried out. Also,
the dispensability of the disrupted gene,
especially after biallelic distruption, as is
often the case with endonuclease-mediated
targeting, remains to be functionally investigated. The identification of more sites
would be highly valuable, especially at
extragenic loci, for which we have proposed
criteria based on studies with recombinant retroviruses (FIG. 2). We suggest some
methodological principles for selecting
and validating GSHs, including bioinformatics, expression arrays to query nearby
genes, in vitro-directed differentiation or
in vivo reconstitution assays in xenogeneic
transplant models, transgenesis in syntenic
regions and analyses of patient databases
from individuals harbouring infectious or
recombinant retroviruses. This is admittedly not a simple task, but it is one that
promises important rewards for human
cell engineering if true GSHs are to be
validated. The development of technologies and tools for targeted integration32–34,
which has preceded the identification of
appropriate target sites, will greatly benefit
from studies based on screening of clonal
cell lines with semi-random integrations75.
The discovery and validation of GSHs in
the human genome will ultimately benefit
human cell engineering and especially stem
cell therapies.
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OPINION

Programmed cell removal:
a new obstacle in the road to
developing cancer
Mark P. Chao, Ravindra Majeti and Irving L. Weissman

Abstract | The development of cancer involves mechanisms by which aberrant cells
overcome normal regulatory pathways that limit their numbers and their migration.
The evasion of programmed cell death is one of several key early events that need
to be overcome in the progression from normal cellular homeostasis to malignant
transformation. Recently, we provided evidence in mouse and human cancers that
successful cancer clones must also overcome programmed cell removal. In this
Opinion article, we explore the role of programmed cell removal in both normal
and neoplastic cells, and we place this pathway in the context of the initiation of
programmed cell death.
The progression from a normal cell to a fully
malignant cancer cell involves a number of
steps that result in the selection for poorly
regulated self-renewal, deregulated proliferation, successful competition for growthpromoting niches, inhibition of differentiation, promotion of invasion, prolonged
proliferative lifespan related to telomere
maintenance and, importantly, survival.
Survival includes avoiding programmed cell
death (including, apoptosis, senescence and
autophagy), which is activated by several
pathways, and many cancers have mutations
that enable its evasion1,2. Survival also involves
an escape from cell death that is imposed by
the innate and adaptive immune responses.
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Recently, we showed that a novel mechanism — programmed cell removal by macro
phages, which are a part of the innate immune
system — can also regulate cancer cell
survival. Programmed cell removal is a key
mechanism that links programmed cell death
to the removal of the dying cell. Given that it
occurs before the final steps of apoptosis, it
could prevent the release of pro-inflammatory
signals from dying cells into the surrounding tissue. Although it seems probable that
programmed cell death and programmed cell
removal are triggered by common signals in a
cell, we have shown that neutrophils that are
prevented from undergoing programmed cell
death by the enforced expression of BCL‑2
www.nature.com/reviews/cancer
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