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Horizontal or lateral gene transfer is an effective mechanism for the exchange of genetic information in
bacteria allowing bacterial diversification and facilitating adaptation to new environments. Recent data

demonstrate that DNA may also be transferred between somatic cells via the uptake of apoptotic bodies.
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This process allows transfer of viral genes that have been incorporated into the genome in a receptor-
independent fashion. Transferred DNA is replicated and propagated in daughter cells in cell that have
an inactivated DNA response which may impact tumor progression.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The concept of cellular apoptosis was initially described by Kerr
and Wyllie and has ever since drawn increasing attention [1].
Much of the interest stems for the pivotal role of apoptosis during
embryonic development and the control of organ homeostasis
[2,3]. Local competition for growth factors leads to the death of
cells that have not responded to survival cues, a process that is of-
ten associated organs and tissue morphogenesis, e.g., atrophy of
interdigital tissue during limb development. In adult tissues, apop-
tosis is one of the mediatory processes for maintaining homeosta-
sis. A typical example is the small intestine where 10° apoptotic
cells are sloughed off every hour into the lumen and removed by
the GI tract [4]. Disturbance in the delicate balance together with
alterations in the microenvironment can lead to uncontrolled cell
proliferation and potential carcinogenesis [5].

Apoptosis in vivo is quite inconspicuous due to the rapid elimi-
nation of the cellular remnants [6]. This is exemplified within the
thymus where over 90% of thymocytes die during thymic selection
but only a minute fraction can be detected using techniques that
visualize DNA fragmentation [7]. Dying cells are removed by two
primary pathways. Firstly, they are excreted through shedding into
a different compartment which seems to a general trait of the epi-
thelium as this can be observed in keratinocytes of the skin, lung
epithelium and the kidney. Alternately, moribund cells in the midst
of living cells are cleared through engulfment by macrophages or
other phagocytes. During early apoptotic process phosphatidylser-
ine is externalized thus marking the cell to be endocytosed. The
elimination of apoptotic bodies involves a number of molecular
pathways that have been reviewed elsewhere [8,9]. Once inside
the engulfing cell the apoptotic body is transferred into lyzosomes
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and degraded. Taken together, apoptosis is a means of specifically
and unobtrusively eliminating unwanted cells. This has been the
current view but research by my colleagues and I as well as other
investigators have challenged this dogma.

2. The backdrop for horizontal gene transfer

Is it possible that DNA from dying cells can be recovered and
recycled? In the mid-nineties Judah Folkman co-workers discov-
ered that mouse lung metastasis could be maintained in a state
of dormancy if angiogenesis was suppressed [10]. These metasta-
ses circumscribed pre-existing lung venules and did not grow be-
yond a diameter of 250 pm. Further analysis showed that these
tumor cells in fact were not in a state of latency as they were ac-
tively proliferating. The reason for the apparent stasis was that
within these micro-tumors generation of new cells was balanced
by cell death through apoptosis. Once inhibition of angiogenesis
was reversed, apoptosis levels reduced and the metastasis grew
and Kkilled the host within weeks. The results indicated that mas-
sive amounts of apoptotic cells could be cleared within the mi-
cro-metastasis with an impressive turnover of DNA. Since in
view of the inherent genomic instability and heterogeneity of most
cancers, could uptake of DNA from dying tumors cells be a driving
force? Transfer of genes could be a means of rapidly acquiring new
traits such as chemotherapy resistance.

3. Horizontal gene transfer of viral genes

Where lies the evidence for this paradigm? Clearly there were
challenges associated with establishing model systems which in-
cluded distinguishing between donor and host cells and more spe-
cifically DNA from dying cells with that of the phagocyte. We
decided to use lymphocytes with chromosomally integrated
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non-virus producing copies of the Epstein Barr virus (EBV) as donor
cells [11]. By inducing apoptosis and adding the dying donor cells
to human macrophages, endothelial cells and fibroblasts it was
possible to detect expression of EBV-encoded genes in the new
host. Frequency of expression correlated distinctly with phagocy-
totic activity wherein over 50% of macrophages and less than
0.01% of smooth muscle cells showed detectable expression. The
observations however did not formally exclude mRNA or protein
transfer. The next challenge was to find a method to distinguish
between the two populations of DNA. For this purpose we used
species-specific chromosome painting probes. When utilized to-
gether with EBV DNA probes we could validate the data with re-
gard to transfer of genomic and viral DNA. There was a high
frequency of transfer of human DNA into recipient bovine endothe-
lial cells. Over 15-20% of the cells contained both human and EBV
DNA indicating that this was a surprisingly efficient mode of DNA
transfer. Taken together these experiments initiated the possibility
of gene transfer via the uptake of apoptotic bodies.

With a similar strategy it was possible to transfer integrated
copies of the HIV virus to human fibroblasts and immature den-
dritic cells [12]. The transfer of DNA to antigen-presenting cells
opens up the possibility of prolonged expression and antigen pre-
sentation. Indeed, apoptotic bodies have been successfully used to
vaccinate against HIV in a mouse model system and may be strat-
egy to vaccinate against HIV in humans [12-14] (http://www.avar-
is.se/).

These findings may potentially explain why viruses such as EBV
and HIV have been detected in cells that normally are not infec-
table by the virus. It also raises concerns with regard to xenotran-
plantation, i.e., transplantation between species. As there is a
shortage of human donor organs, animal materials are being pro-
gressively investigated as an alternative source for organs. There
is a potential risk of transmittance of viral genes that are integrated
into the genome of the donor animal which then could be trans-
ferred to human cells if death is induced by apoptosis and then
phagocytosed. Evidence for porcine endogenous retrovirus (PERV)
infection of human cells has provoked a public health debate over
the proposed use of porcine xenografts to alleviate the worldwide
shortage of human allografts. Bisset et al. addressed this by co-cul-
turing human cells with porcine donor cells and could find that
0.22% of the cells contained porcine DNA [15]. This may seem
low but in view that the recipient cells were low phagocytotic
fibroblasts and that macrophages and endothelial cells have a more
than ten times higher efficiency in taking up DNA the findings
needs serious deliberation.

Cell transplantation has also been tested to improve the regen-
eration of the myocardium after infarction. Injections of cells that
improve the regeneration of the myocardium have been outlined
as a promising approach. Interestingly, earlier reports suggested
that injection of human endothelial cells have the potential to
trans differentiate into myocytes. However, Burghoff and cowork-
ers showed that following the death of transplanted, EGFP-
expressing endothelial cells the cardiomyocytes picked up the
EGFP label [16]. Their data suggest that DNA was transferred from
the dying endothelial cells to the cardiomyocytes. The effect of this
manner of DNA transfer for cardiac activity remains presently
undetermined.

4. Horizontal gene transfer and tumor progression

The studies of viral gene transfer opened up the possibility that
apoptotic bodies may be a vehicle for DNA transfer. However, we
could not find evidence for chromosomal integration or replication
during cell division in any of our experiments. Propagation of the
acquired DNA and inheritance into daughter cells would be

expected to occur in the event that DNA transfer has any role in
oncogenesis. Could there be mechanism that protects normal cells
from propagating exogenous DNA which presumably is lost on cell
transformation? To address this question we followed the fate of
BrdU-labeled DNA in apoptotic bodies after phagocytosis. As
shown in Fig. 1 the apoptotic cells were observed juxtaposed and
impinging upon the nuclear membrane of the recipient cell. Subse-
quently, the BrdU-positive DNA was detected within the nuclear
cage. The transfer of DNA into the nucleus triggers activation of
MRE11 and gamma histone 2HX which bind double strand breaks
(Fig. 2, Ehnfors et al., unpublished data). Furthermore, engulfment
of apoptic cells also activated p53 as analyzed by immunofluores-
cence and western blot. Since the p53 is mutated or absent in over
50% of all human tumors it opens up the possibility that tumors
unlike normal cells could propagate apoptotic DNA.

We tested whether a functional p53 gene protects cells from
propagating foreign DNA, whether these cells can be transformed
and whether DNA can confer resistance to cytotoxic drugs. Ras
and myc transformed rat fibroblasts were used as donor and pri-
mary wild type or p53-deficient mouse fibroblasts as recipient
cells [17]. The conclusions from these experiments were quite
clear. Loss of p53 allowed transfer of the ras and myc oncogenes
resulting in foci formation in vitro. Even though the ras and myc
oncogenes were transferred to the new host the DNA was lost over
time in culture. This was also the case for drug resistance genes.
Drug resistance genes were lost without selection pressure but
could be maintained indefinitely under selective pressure. Thus,
by adding in vivo selection pressure not only did the initially
non-tumorigenic p53~/~ cells form tumors, but the transferred
oncogenes were also carried forward during tumor growth.

5. The role of DNase II and p53 activation

As discussed above, one of the apparent tasks of p53 among
many is preventing cells from replicating DNA transferred from dy-
ing cells. How is this protective function regulated? As DNA frag-
mentation is a hallmark of apoptosis it is seems likely that
fragmented DNA could be detected as DNA damage. It has been
shown that two major systems are responsible for the cleavage
of DNA during apoptosis. CAD (Caspase-Activated DNase) is nor-
mally associated with its inhibitor ICAD and localized both local-
ized in the cytoplasm [18]. Upon caspase activation, ICAD is
cleaved and dissociates from CAD which then enters the nucleus
where it excises DNA. If CAD activity is inhibited, DNA degradation
still occurs due to the presence of DNase II present in the lysosome
of the phagocytosing cells. We inhibited autonomous DNA degra-
dation within cells driven to apoptosis by transfecting them with
a caspase-resistant ICAD construct. This efficiently inhibited DNA
fragmentation but only delayed p53 activation in the recipient
cells. The combination of blocking both CAD and DNasell activity
(using knock-out mouse embryonic fibroblasts) completely inhib-
ited p53 activation which allowed propagation of transferred
DNA with a similar frequency to that of p53-deficient cells [19].
The observations suggest that these two enzymes work together
with p53 to form a genetic barrier blocking the replication of
potentially harmful DNA introduced by apoptotic bodies (Fig. 3).

6. Aneuploidy of tumor endothelial cells

Our in vitro data introduced the possibility of gene transfer to
tumors in vivo. To discriminate between donor and recipient cells
more easily, we decided to study the transfer of genes between
the tumor and endothelial cells of the tumor stroma. The control
of blood vessel formation is clearly of importance as angiogenesis
is a requirement for a tumor achieve clinical significance. During
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Fig. 1. Transfer of apoptotic DNA into the nucleus of phagocytosing mouse fibroblasts. DNA in rat embryonic fibroblast (REFrm) cells was labeled with the thymine analog
BrdU before apoptosis was induced by nutrient depletion. The apoptotic cells were then added to mouse embryonic fibroblast (MEF) cells grown on chamber slides. At
indicated time points the slides were fixed and stained for BrdU (red) and LaminB (green), which spans the nuclear inner membrane. DNA is labeled with DAPI (blue). Four to
six hours after the apoptotic cells were added to MEF cells, DNA positive for BrdU was observed pressing and deforming the nuclear membrane of the phagocytosing MEF
cells. Eight hours after co-cultivation of apoptotic REFrm cells and MEF cells, BrdU positive staining was seen in the nucleus of the phagocytosing MEF cells. Images were
sampled in the z-axis and subsequently processed with 3D rendering software (velocity) to generate three-dimensional images. The images were viewed at a 90° angle to

verify the location of the BrdU staining. Size bar = 10 um.

MRET1

Fig. 2. DNA from apoptotic cells co-localize with early markers of DNA double strand breaks in the recipient host nucleus. The donor DNA was labeled with BrdU as shown in
red (white arrow) and double stained with either antibodies specific for MRE11(which associates to damaged DNA) top panel or p53 bottom panel. CDNA is labeled with DAPI
(blue). Images were sampled in the z-axis and subsequently processed with a 3D rendering software (velocity). Size bar equals 10 um.

the last twenty years endothelial cells have become the targets for
anti-angiogenic therapy [20,21]. Tumor resistance is a major prob-
lem in treating cancer patients with conventional therapies. Endo-
thelial cells have been considered genetically stable and therefore
potentially less prone to mutation and acquisition of resistance. In-
deed, several anti-angiogenic therapies have received regulatory
approval for treatment of solid tumors such as colorectal, breast,
lung and renal cancers. One of the prototypes is Avastin (bev-
acizumab) which is a monoclonal antibody targeting vascular
endothelial growth factor (VEGF) [22]. However, treatment of met-
astatic disease has not revealed any long-term tumor suppressive

Merge

effects. Rather, the tumors appear to be come refractory to treat-
ment. There may be several reasons for this; targeting one individ-
ual signaling pathway may select for tumor cells that can activate
blood vessel formation via alternative pathways [23,24] or tumor
endothelial cells may be inherently different than their counter-
parts in normal tissues [25]. This speculation is supported by re-
cent observations that endothelial cells isolated from liver cancer
patients display increased resistance to the chemotherapeutic
agents 5-Fu and Adriamycin [26].

Recent findings have also challenged the notion that the tumor
endothelial cells are genomically stable as endothelial from exper-
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Fig. 3. Schematic figure showing the components activa in triggering the p53 response in phagocytosing cells. CAD is activated during apoptosis in the dying cells after
phagocytosis, DNase II residing in the lysosome of the recipient continues to fragment incoming DNA. These DNA fragments activate the DNA damage response in the host
thus preventing potential integration and propagation of foreign DNA. This models thus suggests that the Chk2/p53/p21 DNA damage pathway in the phagocytosing cell,

together with the DNase II enzyme, form a genetic barrier.

imental tumors displayed aneuploidy [27]. In concordance, Streu-
bel et al. found that micro-vascular endothelial cells in B-cell lym-
phomas harbored lymphoma-specific, genetic aberrations [28].
Taken together, these reports open up the possibility of plasticity
between the tumor and stromal compartments.

7. Transfer of tumor DNA to endothelial cells

The replication of tumor DNA would require that p53 is inacti-
vated either by a dominant-negative effect or by loss of p53 in the
stroma. The latter possibility is supported by a number of studies
showing that the tumor stroma harbors genetic mutations and al-
tered DNA copy numbers [29]. Furthermore, p53 mutations have
been detected in adjoining non-malignant tissues in diverse malig-
nancies. Patoc et al. showed that specific loss of heterozygosity was
associated with somatic p53 mutations and regional lymph node
metastases in sporadic breast cancer but not in hereditary breast
cancer [30]. These studies should be interpreted with caution as tu-
mor contamination of the isolated tumor stroma was not unequiv-
ocally excluded [31].

To inhibit p53 response in recipient cells, we generated tumor
cells expressing SV40LT (which inhibits p53 and Rb tumor sup-
pressor function). Using these cells as donors it was now possible
to transfer DNA via uptake of apoptotic bodies to normal, p53-po-
sitive, fibroblasts and endothelial cells in vitro. The transferred DNA
was successfully propagated as evaluated by FISH analysis. Endo-
thelial cells maintained the expression of endothelial markers
but also expressed the SV40LT gene (Fig. 4). FISH analysis showed
that the endothelial cells contained not only the SV40LT gene but
also whole chromosomes from the tumor donor. The chromosomes
were frequently fused to chromosomes of the endothelial host.
These data showed that it was possible to transfer a p53 dominant
negative gene that could suppress the recipient cells response to
the transferred DNA [32]. We then subcutaneously injected
SV40LT-positive and negative tumors in mice to assess whether tu-
mor DNA could also occur in vivo. Tumors were resected, sectioned
and subjected to FISH analysis. Approximately 4-5% of the stromal
cells contained the SV40LT gene and were positive for the mouse-
specific probe [32]. To eliminate artifacts ensuing from DNA
smearing during cryo-sectioning, we analyzed tumor and stromal

Normal EC

Tumor EC

In vitro

Fig. 4. Tumor-derived endothelial cells express tumor markers and maintain
functionality in vivo. Magnetic beads coated with CD31/PECAM1 were used to
isolate tumor endothelial cells (T-EC) from tumors established from rat fibrosar-
comas expressing SV40 large T. Twenty isolated clones were positive for the
endothelial surface markers CD31/PECAM1, CD34, VE-cadherin and VEGFR2, but
negative for the immature hematopoietic stem cell marker CD133 and rat-MHC L.
top panel shows data from one representative clone that isdouble-positive for
PECAM1 (green) and SV40LT (red). To assess whether the isolated tumor-associated
endothelial cells (T-ECs) were functional, the endothelial cells were mixed with
Matrigel and injected into severe combined immunodeficient (SCID) mice. The
resulting Matrigel plug showed blood-filled spaces and large blood vessels (bottom
right image). In contrast, addition of primary mouse lung endothelial cells (L-ECs)
did not promote angiogenesis when compared with control plugs.

cells isolated by collagenase digestion. FISH analysis established
that 5.6% of the cells that hybridized the murine-specific probe
were also positive for SV40 LT. This indicates that horizontal gene
transfer between tumor and host stroma does indeed occur.

Over 20 tumor-derived endothelial cell lines were isolated. Each
of these cell lines continued to express endothelial markers such as
PECAM, VE-Cadherin and CD34 for over 30 passages in vitro con-
currently with SV40LT expression. An important aspect was the
functional ability of the endothelial cells containing tumor DNA
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to actively participate in the formation of a microcirculatory net-
work. Tube-forming capacity of T-EC in vivo was examined using
an assay in which Matrigel plugs containing T-EC were implanted
subcutaneously into SCID mice. T-EC embedded with Matrigel
formed small blood-containing cysts. The inclusion of FGF-2 re-
sulted in massive vascularization with large blood-filled vessels
visible to the naked eye. Addition of primary mouse lung endothe-
lial cells (L-ECs) did not promote angiogenesis compared to control
plugs. These data show that tumor endothelial cells that contain
tumor DNA are capable of forming a vessel network. The results
are remarkable as they may represent a novel mechanism by
which tumors affect blood vessel formation.

8. Concluding remarks

The data reviewed in this article suggest that apoptotic cells
may be a vehicle for transfer of DNA. Uptake of partially frag-
mented foreign DNA triggers a DNA damage response and thus
prevents replication of potentially harmful DNA. The fragmenta-
tion of the DNA is induced by the combined actions of CAD and
DNase Il enzymes. Interestingly, CAD has been shown to act as a
tumor suppressor as CAD deficient mice have an increased risk to
develop cancer and CAD is frequently mutated in human cancer
[33-35]. It is not known whether DNase II deficiency results in in-
creased susceptibility to cancer as DNase II knock-out mice die in
utero [36]. It would be of interest to examine whether conditional
inactivation of DNase Il would confer increased genomic instability
during tumor progression. The data generates the possibility that
gene transfer promotes genetic instability in tumors or its adjacent
stroma. The presence or absence of p53 in the stroma is still equiv-
ocal. However, if these data are validated p53 measurement in the
tumor stroma may be an indirect indicator whether the tumor may
actually be able to genetically manipulate its microenvironment.
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