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Abstract
The study of polyomavirus has benefited immensely from two scientific methodologies, cell culture
and in vitro studies on one side and the use of transgenic mice as experimental models on the other.
Both approaches allowed us to identify cellular products targeted by the viruses, the consequences
of these interactions at the phenotypic and molecular level, and thus the potential roles of the targets
within their normal cellular context. In particular, cell culture and in vitro reports suggest a model
explaining partially how SV40 large T antigen contributes to oncogenic transformation. In most
cases, T antigen induces cell cycle entry by inactivation of the Rb proteins (pRb, p130, and p107),
thus activating E2F-dependent transcription and subsequent S-phase entry. Simultaneously, T
antigen blocks p53 activity and therefore prevents the ensuing cell-cycle arrest and apoptosis. For
the most part, studies of T antigen expression in transgenic mice support this model, but the use of
T antigen mutants and their expression in different tissue and cell type settings have expanded our
knowledge of the model system and raised important questions regarding tumorigenic mechanisms
functioning in vivo.
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Introduction
Two major very exciting areas of scientific research came together in the early 1980s and
resulted in the production of models to investigate cancer. On one hand, the technology to
produce transgenic mice was being developed rapidly [1] and, at the same time, many viral
and cellular oncogenes were being discovered and subsequently cloned. It soon became evident
that the expression of SV40 sequences including the large T antigen (T antigen) in mice resulted
in tumor development in particular tissues [2,3]. Up until that point cancer models had been
based on cell lines obtained from human or animal tumors and maintained in tissue culture, or
from the subcutaneous inoculation of those cells into immunodeficient mice. Although
obviously useful, these models did not offer a good approach to understanding the genetics
and the molecular pathways involved in different types of tumorigenesis, nor to the relevance
to particular tumors and their site of origin “in vivo”. The arrival of transgenic mice expressing
T antigen made clear, not only that T antigen expression was capable of driving resting cells
into active proliferation status, but also that this trait was hereditary and the mouse progeny
presented cancer predisposition. As a result, SV40 T antigen has been expressed in multiple
tissues of transgenic mice to mimic tumorigenic processes.
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T antigen has been expressed under the control of numerous promoters directing its expression
to different cells and/or tissue types, including mammary glands, pancreas, liver, prostate,
salivary glands, intestine, brain, lung, kidney, eye, smooth muscle, cartilage and bone [4,5].
Some particular systems are of special interest due to their clinical relevance. For instance, the
phenotype induced by expression of T antigen in the prostate closely resembles specific
tumorigenic conditions in humans. In other instances, the exhaustive characterization of
transgenic mice expressing full length T antigen and mutant derivatives of the oncogene have
helped to dissect the molecular mechanisms that must be disrupted in a normal cell in order
for it to progress through different stages of tumorigenesis (e.g. pancreas, intestine, choroid
plexus epithelium, eye lenses). Space constrains force us to concentrate on these last systems.

The model system
SV40 depends heavily on the cell machinery to pursue its own genome replication and
transcription, as the viral genome is relatively small. In particular, the virus requires that the
host cell re-enters S-phase in order to use the cellular machinery for its own replication.
Although not a normal part of the viral life cycle, the viral DNA can sometimes integrate into
the chromosome of a nonpermissive species and maintain the expression of the viral T antigens,
and transformation of the host cell follows. Upon transformation with SV40, cells become
capable of proliferation and survival in a number of environments that are otherwise growth-
restrictive for non-transformed cells. For instance, transformed cells can grow in the absence
of serum, form dense foci of multilayered cells in culture, grow independently of anchorage,
or induce tumors when injected into immuno-compromised mice.

Although the full transformation potential of SV40 is mediated by two virus-encoded proteins
-the 708 amino acid large T antigen and the 174 amino acid small t antigen-, large T antigen
“per se” is necessary and often sufficient to induce and maintain transformation. The virus
needs this extremely versatile protein for DNA replication, transcriptional control and virion
assembly. These functions are carried out through the independent and cooperative action of
five structural domains in T antigen, which include a J domain at the amino-terminus, a
sequence-specific DNA binding domain (OBD, for origin binding domain), a Zn-binding
domain, an ATPase domain (AAA+), and the host-range domain (Figure 1).

In addition, T antigen is able to induce transformation in cell culture and in vivo transgenic
systems, a phenomenon effected through its interaction with at least five cellular targets: hsc70,
the three Rb tumor suppressor proteins (pRb, p107, and p130), and the tumor suppressor p53
[4,6]. T antigen binds p53 through interactions with exposed amino acids on the surface of its
ATPase domain [7]. Similarly, the three Rb-proteins bind to an LXCXE motif located in the
flexible linker between the J domain and the OBD. Finally, the J domain governs recruitment
and activation of hsc70, a cellular chaperone [8–10]. T antigen has been shown to interact with
another three targets, and these interactions could contribute to transformation as well, but they
have been less studied. Two of these factors, the checkpoint kinase Bub1 and the cullin Cul7
interact with T antigen via the flexible linker near the LXCXE motif [11–14] (Figure 1). Finally,
the transcriptional adapter proteins CBP/p300 [15–17], bind T antigen through interactions
with p53 and could also contribute to transformation. In addition, small t antigen contributes
to transformation through its interaction with the cellular phosphatase PP2A [18,19].

The study of T antigen in cell culture systems has clearly established that the ability of this
oncogene to re-activate the cell cycle and to transform multiple cell types is linked to its
capacity of tampering with the Rb family, as well as its ability to prevent the ensuing apoptosis
by binding and inactivating the tumor suppressor p53. Both functions then allow uncontrolled
cell proliferation. Nevertheless, some exceptions are found in tumorigenesis induced by T
antigen in transgenic systems, which will be discussed below.
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Tissue System
Brain

SV40 T antigen has been used to induce tumorigenesis in several cell types of the brain
although, by far, the most studied is the choroid plexus epithelium (CPE). Located within the
brain ventricles, the choroid plexus is a continuous epithelial layer that produces and filters the
cerebrospinal fluid, in fact cushioning and protecting the brain from foreign substances,
immune cells and/or metabolic waste. The continuous epithelial layer lining the ventricles
contain multiple tight junctions on the apical surface of the cells, thus creating an effective
blood-cerebrospinal fluid barrier.

Regarding T antigen function, the CPE is a particularly interesting system, as the expression
of different T antigen mutants in this tissue have yielded numerous insights into the molecular
mechanisms necessary to disrupt quiescence and re-enter the cell cycle. Expression of T antigen
in the CPE induces the formation of rapidly developing tumors, a phenotype that does not
require the expression of small t and results in the death of the mice prior to or around 1 month
of age [20,21]. If an amino-terminal truncated version of T antigen (dl137, T121) is expressed
in the CPE, similar tumors arise but at a much lower rate [20,22]. A mutant T121 protein
carrying a defective LXCXE motif, and thus unable to interfere with the Rb pathway, is unable
to induce tumors, indicating that blocking the Rb pathway is essential to induce CPE
proliferation [22]. The fact that tumors arise at a much slower pace in T121-expressing animals
indicates that the progression of CPE tumorigenesis is linked to a cellular function targeted by
the carboxy terminus end of T antigen [22]. Indeed, blocking the p53-mediated apoptosis
induced by T121 allows for fast tumor proliferation [23], and upregulation of the transcriptional
activator E2F1 in response to pRb inactivation seems to be required to induce p53 and the
subsequent apoptosis [24].

Therefore, at least in the CPE, disruption of the Rb pathway by T antigen releases the brakes
that halt cell proliferation in quiescent cells. Abnormal entry into S-phase and upregulation of
E2F1 then trigger a p53-mediated response aimed to eliminate the abnormally proliferating
cells, but T antigen is also capable of preventing this apoptosis by binding and inactivating p53
itself, thus inducing fast and aggressive tumors.

Atm (ataxia telangiectasia mutated) is a serine/threonine protein kinase that phosphorylates
several proteins in response to DNA damage. This phosphorylation initiates a series of events
leading to cell cycle arrest, DNA repair or apoptosis. In particular, the Atm function upstream
of p53 has been shown to be essential to control the apoptosis induced by DNA damage.
Nevertheless, the removal of Atm does not seem to be affect the apoptosis induced by T antigen
in the CPE [25]. Thus, the apoptotic responses triggered by different stimuli (e.g. DNA damage
versus oncogenic stimuli), despite being mediated by p53, do not necessarily utilize the same
molecular mechanisms.

Other cell types in the brain have been used to investigate oncogenesis mediated by T antigen.
For instance, conditional expression of the truncated T mutant T121 in astrocytes leads to
aberrant proliferation and extensive apoptosis [26]. Surprisingly and in contrast with the
phenotype induced in CPE cells, development of astrocytomas is not dependent on p53, but
instead is affected by the amount of the tumor suppressor PTEN present [26]. Thus, in this
case, the apoptosis mediated by T antigen does not rely on p53, and T antigen triggers other
signals in the cell destined to counteract its abnormal effects on cell proliferation.

Intestine
The mammalian intestine is an elongated, tubular structure, whose internal lining is responsible
for absorbing the nutrients in food and for disposing of the remaining debris. To accomplish
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this, the small intestine depends on different specialized cell types: The absorptive enterocytes
constitute the majority of the intestinal epithelium, while the secretory cells (goblet, Paneth,
endocrine) supply the necessary factors to control and help digestion, and the smooth muscle
cells provide continued peristalsis to move the food along and out of the gut. While most of
the specialized, differentiated cells of the small intestine (enterocytes, endocrine, goblet) reside
in finger-shaped structures termed “villi”, the cells responsible for regenerating this constantly
renewing epithelium, together with the defensive Paneth cells, are located in pouch structures
called crypts of Lieberküm. Following food digestion, the absorption of the remaining water,
sodium and traces of nutrients is accomplished in the large intestine.

Numerous groups have reported the generation of transgenic mice expressing T antigen in all
intestinal cell types of the small intestine, including endocrine cells [27–29], Paneth cells
[30], goblet cells [31], smooth muscle cells [32] and enterocytes [33–35]. Although entry of
quiescent cells into S-phase is the usual consequence of T antigen expression in different cell
types, including enterocytes, some cells do not follow ectopic proliferation with mitosis and
either involute and apoptose, or directly undergo apoptosis [30,31]. In part because enterocytes
constitute the majority (95%) of the intestinal epithelium, the expression of T antigen in this
cell type has proven particularly useful to analyze the molecular players involved in intestinal
tumorigenesis. We will therefore discuss in detail this transgenic system.

Transgenic mice expressing the early region of SV40 in intestinal enterocytes under the control
of the intestinal fatty acid binding promoter were first generated in 1992 [35], and characterized
in detail subsequently, both morphologically and at the molecular level [33,35,36]. Ectopic
expression of T antigen in enterocytes drives these resting cells to exit quiescence and re-enter
the S-phase of the cell cycle, resulting in a hyperplastic intestine, but the enterocytes are still
fully functional and retain the molecular markers associated to their differentiation status
[33,35].

It is important to mention that, while the initial observations indicated a lack of neoplastic
transformation of the intestine in the presence of T antigen [35], subsequent studies have shown
that indeed the initial hyperplastic phenotype apparently progresses to dysplasia in older
animals [33,36] Another way to accelerate the progression to dysplasia can be achieved by co-
expressing an activated ras oncogene with T antigen [37]. The fact that two lines of transgenic
mice show very different phenotypic outcomes varying from simple intestinal hyperplasia to
overt dysplasia [33,36,37] could be explained by the relative amounts and/or site of ectopic
expression of T antigen in the different transgenic lines (see table II in [33]; Rathi el al,
unpublished results). This point will be further developed in the discussion.

Numerous mutants of T antigen have been expressed in intestinal enterocytes under the same
conditions, allowing us to dissect the molecular pathways required for the oncogenic
transformation of this cell type. In the first place, a truncated amino terminus version of T
antigen (N136), capable of binding and disrupting the Rb functions but lacking the capacity of
interaction with p53, is sufficient to force enterocytes to exit quiescence and to develop
hyperplastic intestines [38]; Rathi et al, unpublished results). Furthermore, T antigen mutants
containing either a defective LXCXE motif, thus lacking the capacity to bind Rb proteins, or
a non-functional J domain, thus unable to disrupt Rb-E2F complexes, are also unable to induce
a discernible phenotype in enterocytes [38–40]. These results assert the very prominent role
played by the Rb family in the control of abnormal proliferation in enterocytes.

In fact, other methods of genetic inactivation have confirmed that at least two members of the
Rb family must be removed in order to induce ectopic proliferation in enterocytes [41].
Intriguingly, there are no clinical reports linking alterations of the Rb proteins to intestinal
tumorigenesis. Perhaps tumorigenesis of the small intestine is associated to alterations
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occurring in precursor cells and not in differentiated ones -such as enterocytes-, and perhaps
the control of cell proliferation is very different in both types of systems. One clear possibility
is that the “normal” cell proliferation, such as that happening in stem and/or progenitor cells,
differs substantially from tumorigenic proliferation. Indeed, the proliferation triggered by T
antigen in the differentiated enterocytes is linked to an increase in steady state levels of the
transcription factors E2F2 and E2F3 [38]. The resulting hyperplastic phenotype is ameliorated
but not fully rescued by depletion of the E2F2 gene, and is independent of E2F3a expression
[38]. In contrast, incorporation of BrdU in the intestinal crypts is not affected by the depletion
of E2F2 [38].

Surprisingly, several lines of evidence indicate that p53 does not play a role in the tumorigenesis
induced by T antigen in enterocytes. On one hand, amino-terminus truncation mutants of T
antigen unable to bind and disrupt the p53 protein are still capable of producing hyperplasia
and dysplasia in murine enterocytes [34,36]; Rathi et al, unpublished results), and the genetic
removal of p53 does not increase or affect the frequency of this hyperplastic phenotype [36].
In addition, the presence of T antigen in enterocytes fails to stabilize p53, which remains
undetectable in villi of either normal or T antigen-expressing mice [36]. Apparently p53 is not
a mediator of homeostasis or cell proliferation in the differentiated enterocytes, although it
could play a role in the apoptosis of progenitor cells induced by DNA damaging agents. In
fact, gamma-irradiation induces p53 expression in the base of intestinal crypts, where
progenitor cells are located [42,43]. The absence of a role played by p53 in enterocytes is in
clear contrast with other systems, such as the choroid plexus, where both p53 and E2F1 are
mediators of the tumorigenic response elicited by T antigen. These results emphasize the
importance of understanding the different tumorigenic responses produced in different cell
types.

Albeit fully capable of inducing hyperplasia of the intestine, amino terminal truncations of T
antigen induce intestinal dysplasia with lower penetrance than that induced by full length T
antigen (Rathi et al, unpublished results). This fact could be linked to the intestinal epithelial
location where T antigen is expressed. Despite the fact that both transgenic systems use the
same promoter sequences to direct expression to intestinal enterocytes and, indeed, that the
corresponding protein is found in the transgenic villi, we also have found significant expression
of T antigen in the uppermost region of the crypts. This could mean that, in addition to quiescent
and differentiated enterocytes, T antigen is targeting cells at different stages of the cell cycle
(e.g. still undergoing proliferation) or with different capabilities to differentiate, and therefore
the outcome of the oncogene effects might depend on its interactions with a different subset
of cell components.

Eye
Expression of SV40 T antigen has been directed to numerous cell types within the eye to
generate model systems for particular human malignancies. For instance, T antigen was
targeted early on to the retina of transgenic mice and causes ocular tumors similar to human
retinoblastoma [44], an eye malignancy occurring in young children and caused by inactivating
mutations in both alleles of the tumor suppressor RB gene. Due to the relevance of the human
pathological condition, enormous efforts have been invested to generate a more specific mouse
model and, in particular, to specifically inactivate the RB gene, either in the whole mouse or
using conditional strategies in the retina.

The ocular lens has provided a model to further understand the mechanism of tumorigenesis
mediated by T antigen. In this system, expression of T antigen results in tumor formation and
reduced expression of differentiation markers [45], while expression of the first 191 amino
acids of T antigen results in lens cell proliferation and apoptosis, and the animals present
microphtalmia, microlentia and lens ablation. As in other systems described above, mutational
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analysis indicates that T antigen needs to disrupt the Rb pathway to induce proliferation in the
fiber cells of the lenses [46,47], and induction of S-phase does not require the presence of small
t [46]. Although the role of p53 and apoptosis in this particular system has not been established,
inactivation of specific genes by knock out techniques has confirmed the pivotal roles of pRb
controlling cell proliferation and the role of p53 in the ensuing apoptotic response in the lenses
[48].

Surprisingly, a mutant T antigen unable to disrupt Rb is still able to block differentiation as
measured by crystallin expression [46]. In this case, postmitotic cells fail to differentiate, a
phenotype that could be linked to the ability of the T antigen to bind the transcriptional
regulators CBP/p300 and, in turn, to inhibit their interaction with c-Maf [46]. In addition to its
important role in revealing cellular pathways controlling oncogenic proliferation, these studies
indicate how T antigen can be used to identify pathways involved in cell differentiation.

Pancreas
The pancreas is an organ responsible for producing both digestive enzymes (which help the
digestion of carbohydrates, proteins and fat when secreted to the small intestine) and several
essential hormones (insulin, glucagon, somatostatin and pancreatic polypeptide). To be able
to produce all those substances, the pancreas is made of both endocrine and exocrine tissues.
All four different, hormone-producing, endocrine cell types are contained in the islets of
Langerhans, which account for only 1–2% of the cellular mass in the adult pancreas. The rest
of the organ is composed of exocrine acinar tissue, which synthesizes the digestive hydrolases,
and of ducts, responsible for secreting buffered fluids to flush the acinar secretions to the
intestine.

One of the most studied models of T antigen-induced tumorigenesis, the RIP-Tag2 mice, was
generated by directing the oncogene expression to β-cells in the islets of the pancreas [49].
Following T antigen expression, the cells re-enter S-phase, with a subset of islets later
developing lesions corresponding to hyperplasia and dysplasia [49]. In this system, it is possible
that T antigen levels are not sufficient to completely obliterate all the available pRb. In fact,
the T antigen-induced tumorigenic phenotype is accentuated by complete removal of members
of the pRb pathway by genetic deletion [50]. Nevertheless, T antigen seems able to effectively
suppress all p53-induced apoptosis in this system [51]. The observation that only about half
of the islets become hyperplastic in the RIP-Tag2 mice [49] suggests that the oncogene can
efficiently initiate tumorigenesis, but that additional mutations or cellular changes are
necessary to drive tumor progression. In fact, activation of insulin-like growth factor 2 (IGF2)
in this system apparently serves as a survival factor, and T antigen transgenic mice lacking the
Igf2 gene show reduced malignancy and higher rates of apoptosis [52]. Furthermore, co-
expression in RIP-Tag2 mice of the receptor for both Igf2 and Igf1 (the tyrosine kinase IGF1R)
increases the tumorigenic progression [53].

On the other hand, expression of both large T and small t antigens in the acinar cells gives rise
to carcinomas and, in some cases, metastasis [54–57]. In this case, truncated amino terminal
versions of T antigen are sufficient to induce this phenotype [58], indicating that, similarly to
what was observed in enterocytes, disruption of p53 is not required to generate neoplasia in
this tissue. This phenotype does not require the presence of small t either.

Finally, the expression of T antigen in endocrine cells of the pancreas results in pancreatic
insulinomas and lymphomas [28]. This transformation does not require the presence of small
t, but needs a functional J domain in T antigen [28].
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Molecular mechanisms of transformation
Based on cell culture experiments, it has been suggested that the action of T antigen on Rb
proteins is necessary to induce ectopic proliferation and, subsequently, transformation.
Disruption of the control imposed by this tumor suppressor triggers an apoptotic response, and
full length T antigen is capable of preventing this as well by binding an inactivating p53, the
main mediator of the cell damage response. This general modus operandi seems to be in place
as well for many of the in vivo transgenic systems studied to date, although notable exceptions
have been revealed in the last few years. It is very clear now that the activities of T antigen
needed to induce cancer depend largely on the tissue or cell type targeted for expression (Figure
2).

Role of Rb proteins in transformation mediated by T antigen—Truncated amino
terminal versions of T antigen able to disrupt the Rb pathway are in many cases sufficient to
induce ectopic proliferation and tumorigenesis. For instance, the first 121 or 136 amino acids
of T antigen induce S-phase re-entry and various degrees of tumorigenesis when expressed in
enterocytes, the choroid plexus epithelium, acinar cells of the pancreas or the liver [20,22,34,
38,58,59]; Rathi et al, unpublished results). Ectopic S-phase and tumorigenic induction seem
to require a functional LXCXE motif [22,38,39,59] and, furthermore, an intact J domain region
in T antigen [40,60]. Because the J domain has been shown to function in the “displacement”
of Rb-E2F complexes, in particular p130-E2F4 [61], these results strongly support a role for
the Rb proteins as mediators of T antigen-induced tumorigenesis.

Although T antigen expression results in the removal of p130 [38], possibly through a
proteasome-mediated degradation mechanism [62], its ability to eliminate other Rb proteins is
not as clear. For instance, T antigen expression does not affect the steady state levels of pRb
in enterocytes, and even results in increased levels of p107 [38]. This last observation is
probably the consequence of p107 upregulation at the transcriptional level upon induction of
E2F activity, as p107 is a clearly defined E2F-target gene. The current model would predict
that pRb bound to T antigen would be inactive, as observed with p53 bound to T antigen, but
the role of p107 in T antigen-mediated transformation remains to be elucidated.

The level of inactivation of pRb might play a very relevant role, not only in the induction of
tumorigenesis, but in its maintenance and aggressiveness as well. For instance, models of
pancreatic islet carcinogenesis show heterogeneous T antigen expression [49] during all stages
of tumor progression. If the expression of T antigen is not sufficient to inactivate all existing
pRb protein, that threshold could determine the level of cell hyperproliferation. In fact, genetic
ablation of the pRb gene (or its regulator p27Kip1) accentuates T antigen-induced
tumorigenesis, enhancing the frequency and growth rates of premalignant lesions, solid tumors,
and invasive carcinomas [50]. Thus, in this system, inactivation of pRb –perhaps partial- is
sufficient to initiate tumorigenesis, but further loss of the protein or its regulators can enhance
malignant progression. It is feasible that a stoichiometric imbalance between the levels of T
antigen and the available amounts of pRb -or other cellular targets-could result in only partial
inhibition of the function and, therefore, in an attenuated phenotype [50]. Consistent with this
hypothesis, the level of oncogenic transformation of enterocytes and/or retinal-brain tumors
achieved by the expression of full-length T antigen seems to depend on the amounts of
oncogene expressed [33,35,63]. Alternatively, the state of differentiation of the cells at the time
of T antigen ectopic expression might play a significant role in the ensuing tumorigenic process
[64].

Role of p53 in T antigen-mediated transformation—Despite the relevance of p53 in
cancer, it seems clear that induction of tumorigenesis in numerous cell types does not require
the inactivation of p53. Such is the case in specific cells from the intestine, [34,36]; Rathi et
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al, unpublished results), pancreas [58], liver [59] and brain [20,22]. In some cases, removal of
p53 might impinge on the rate of tumorigenic progression [23], but in others either it has a
modest role [59] or it is not a factor at all [26,36]; Rathi et al, unpublished results).

In contrast, and unlike full length T antigen, the amino terminal region of the oncogene “per
se” is unable to transform B and T lymphoid cells [20,22]. Instead, the disruption of the p53
pathway is a requisite to induce tumorigenesis in T cells [20,60]. Cells of lymphoid origin
might be particularly sensitive to the status of p53 as programmed cell death plays an essential
role in the process of their life span.

Role of E2F factors in transformation mediated by T antigen—Whatever the effects
that T antigen produces in Rb proteins, it seems clear that upregulation of E2F factors and/or
their transcriptional activity is a consequence of the oncogene’s expression in transgenic
tissues. In fact, specific E2F factors have been shown to mediate the phenotype induced by T
antigen [24,38]; Rathi et al, unpublished results; Cantalupo et al, unpublished results). Similarly
to observed in cell culture systems, T antigen expression also disrupts the repressive p130-
E2F4 complexes present in quiescent cells of whole tissue [38]. Based on these and other
observations, a model has emerged suggesting that T antigen disrupts the repressive
transcriptional complexes (e.g. p130/E2F4) occupying genes of promoters needed to exit
quiescence and thereby releasing “free”, transcriptionally active E2Fs (E2F1–2–3) which, in
turn, drive the cells into S phase.

Despite the general similarities, the expression of SV40 T antigen in different transgenic
systems seems to utilize some unique cellular partners. For instance, in enterocytes, T antigen
expression only minimally upregulates E2F1, and removal of E2F1 from T antigen-expressing
intestines does not affect the hyperproliferative status of the tissue [38]. Furthermore, the
ectopic expression of E2F1 in normal enterocytes does not induce cell proliferation [39]. This
system also lacks a p53-dependent apoptosis response to T antigen expression [36]; Rathi et
al, unpublished results). In contrast, the depletion of Rb mediated by T antigen triggers a strong
apoptotic response in the choroid plexus, which depends both on E2F1 and p53 [23,24].
Surprisingly, the presence of p19ARF has no role on this apoptosis [65], despite multiple reports
indicating the need of p19ARF to transmit the T antigen oncogenic signal to p53. All these
results reinforce the existence of different cell-specific pathways responding to the same
oncogenic stimuli.

Discussion and final remarks
Expression of the amino terminus region of T antigen is capable of binding and disrupting the
normal functions of all components of the retinoblastoma family, pRb, p107 and p130.
Nevertheless, it is imperative to remember that T antigen is capable of interaction with other
cellular components through the same region (e.g. Cul7, Bub1). Thus, the use of truncated
versions of T antigen cannot be considered fully equivalent to deletion of the Rb family until
the contribution of those factors is fully evaluated. Similarly, the conclusions derived from
transgenic experiments using amino-terminus truncations of T antigen should not be considered
equal to the consequences of removal of all three Rb proteins.

The prevalent view in the field is that, in order to induce tumorigenesis, T antigen must interfere
with the two key pathways central to the control of the process, namely pRb and p53. In doing
so, T antigen not only induces ectopic proliferation of otherwise resting cells, but it also
prevents the apoptosis triggered by aberrant initiation of the S-phase. According to this view,
T antigen acts upon the same targets in all cell types, either in vivo or in vitro, and it disrupts
pRb and p53. The specific outcomes of these actions could be different depending on the cell
type. However, this model does not account for all experimental observations to date. An
alternative hypothesis is that T antigen acts on one or more unique targets in each different cell
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type to mediate transformation (Figure 2). A combination of both models should also be taken
into consideration.

Most, if not all, T antigen-expressing transgenic systems described to date target the oncogene
expression to quiescent cells, where repressive complexes prevent proliferation and transition
through the cell cycle. It is a clear quiescent to proliferative status transition. But the
mechanisms required to support continuous proliferation and to prevent cells from exiting the
cell cycle (e.g. those operating in progenitor and/or stem cells) might be different or use
different molecular players. It remains to be determined if T antigen expression disrupts the
same cellular pathways in resting and proliferative cells and what the consequences of these
interactions would be. One intriguing possibility is that oncogenic stimuli in progenitor cells
could affect systems such as wnt/β-catenin that control the exit from cell proliferation and
establishment of differentiation, while the same stimuli in differentiated cells would interact
with different factors responsible for the particular cell type.
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Figure 1. Domain structure of SV40 T antigen
Different protein domains of T antigen (blue) and the corresponding amino acids are indicated:
J domain (J); Rb-protein binding region (LXCXE); origin binding site (OBD); Zinc finger
domain (Zn-D); ATPase region contaning the p53 binding region (ATPase); host range domain
(HR). Established cellular targets are depicted in orange and their regions of interaction with
T antigen indicated (red dots). Known interacting proteins whose role has not been established
by transgenic analysis are depicted in green. Cellular components (yellow) that might associate
with T antigen through other proteins as well as their possible interactions are also indicated.
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Figure 2. How is SV40 T antigen affecting different types of cells?
Two non mutually-exclusive models are possible. T antigen seems to bind and inactivate or
modify the function of a series of cellular partners in multiple instances. Differences observed
upon expression of T antigen could be related to the role of such targets in specific cell types,
and to secondary consequences in each specific case (Model I). On the other hand, there are
several reports indicating that specific targets (e.g. p53) don’t play a role in tumorigenesis
mediated by T antigen. A possible alternative scenario would involve differential interactions
with alternative cellular components in distinct sets of cells (Model II). A combination of both
models is also possible.
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