
Cellular Transformation by Simian Virus 40 and Murine Polyoma
Virus T antigens

Jingwei Cheng1, James A. DeCaprio1,2,*, Michele M. Fluck3, and Brian S. Schaffhausen4,*

1 Department of Medical Oncology, Dana-Farber Cancer Institute; Department of Medicine, Brigham and
Women’s Hospital; and Harvard Medical School, Boston, MA 02115

2 Center for Applied Cancer Science, Dana-Farber Cancer Institute, Boston, MA 02115

3 Department of Microbiology and Molecular Genetics, Interdepartmental Program in Cell and Molecular
Biology, Michigan State University, East Lansing, MI 48824

4 Department of Biochemistry, Tufts University School of Medicine, Boston, MA 02111

Abstract
Simian Virus 40 (SV40) and Mouse Polyoma Virus (PY) are small DNA tumor viruses that have
been used extensively to study cellular transformation. The SV40 early region encodes three tumor
antigens, Large T (LT), small T (ST) and 17KT that contribute to cellular transformation. While PY
also encodes LT and ST, the unique Middle T (MT) generates most of the transforming activity.
SV40 LT mediated transformation requires binding to the tumor suppressor proteins Rb and p53 in
the nucleus and ST binding to the protein phosphatase PP2A in the cytoplasm. SV40 LT also binds
to several additional cellular proteins including p300, CBP, Cul7, IRS1, Bub1, Nbs1 and Fbw7 that
contribute to viral transformation. PY MT transformation is dependent binding to PP2A and the Src
family protein tyrosine kinases (PTK) and assembly of a signaling complex on cell membranes that
leads to transformation in a manner similar to Her2/neu. Phosphorylation of MT tyrosine residues
activates key signaling molecules including Shc/Grb2, PI3K and PLCγ1. The unique contributions
of SV40 LT and ST and PY MT to cellular transformation have provided significant insights into
our understanding of tumor suppressors, oncogenes and the process of oncogenesis.
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Introduction
Murine polyomavirus (PY), the founding member of the family Polyomaviridae was identified
in the 1950s. As the name implies, PY causes a wide variety of tumors. SV40 was discovered
in 1960 as a vacuolating virus contaminating rhesus monkey kidney cell cultures used to
produce the poliovirus vaccine [1]. This discovery was quickly followed by reports that SV40

*Corresponding authors: James A. DeCaprio, Dana-Farber Cancer Institute; 44 Binney Street; Boston, MA 02115, Phone: (617)
632-3825; Fax: (617) 582-8601, E-mail: E-mail: james_decaprio@dfci.harvard.edu. Brian S. Schaffhausen, Dept. of Biochemistry, Tufts
Univ. Sch. of Medicine, 136 Harrison Ave. Boston, MA 02111, Phone (617) 6336-6868; FAX (617) 636-2409, E-mail: E-mail:
brian.schafffhausen@tufts.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Cancer Biol. Author manuscript; available in PMC 2010 August 1.

Published in final edited form as:
Semin Cancer Biol. 2009 August ; 19(4): 218–228. doi:10.1016/j.semcancer.2009.03.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



could form tumors in newborn rodents and transform primary human cells. These initial reports
led to nearly 50 years of intense investigation into the biology and oncogenic potential of these
viruses.

These viruses have been important models for study of DNA and RNA metabolism. Our
appreciation of the compact and efficient SV40 promoter and origin of replication as well as
mRNA splicing and polyadenylation signals led to their widespread use in many mammalian
expression vectors. However, the greatest gains have come from studies on T antigen-mediated
neoplastic transformation and tumorigenesis that apparently reflect side effects of viral
signaling needed for infection and replication. Study of SV40 led to discovery of the tumor
suppressor p53 and insight into the structure and function of the retinoblastoma tumor
suppressor Rb. Similarly, the study of PY led to discovery of phosphotyrosine kinases (PTK)
and phosphoinositide 3-kinase (PI3K) signaling.

Proteins encoded by the early region of the two viruses are responsible for transformation.
Splicing of primary early transcripts takes place in both viruses, but in ways that generates
different kinds of gene products. Importantly, each of the T antigens functions in different
cellular compartments reflecting their unique functions to the virus life cycle and to cellular
transformation.

The SV40 viral early region encodes three proteins LT, ST and 17KT expressed from the early
promoter after differential splicing (Figure 1). The three T antigens share the N-terminal 82-
residues that contains a DnaJ or J domain (Figure 1). ST continues in the same open reading
frame to encode a 174-residue protein. LT and 17KT use the same intron that skips the ST
unique region and share residues 1 to 131. LT continues to residue 708. 17KT has a second
intron followed by a third exon that encodes just 4 additional residues to encode a 135-residue
protein.

The primary transcripts of the PY early region are also differentially spliced to produce LT,
MT and ST with a common N-terminal, 79-residue, J domain (Fig. 1). ST shares an additional
112-residues with MT. The C-terminal region of each protein is unique and determines their
subcellular location. Similar to SV40, PY LT is nuclear and ST is predominantly cytoplasmic.
PY MT is anchored to membranes.

LTs from both viruses have essential roles in viral DNA replication. SV40 LT also provides
most of the transforming activity. For example, while both SV40 and PY LT have a helicase
domain, this SV40 LT domain also serves to bind to p53. PY MT provides nearly all of the
transforming functions for PY and also plays a role in viral replication. PY MT activates PTK
signaling in a manner similar to that induced by the cellular receptor tyrosine kinase Her2/neu.
ST serves similar but not identical roles in these two viruses and cooperates with the other T
antigens to transform cells.

It is not clear why SV40 and PY have such distinct transforming mechanisms. A similar
species-specific dichotomy is seen in papillomavirus, where the bovine BPV E5 activates
tyrosine kinase signaling and human HPV E6 inactivates p53 and not conversely. A reasonable
hypothesis is that the viruses take advantage of unique species or tissues differences, such as
transcription factors, for viral growth.

Dissociation of SV40 LT replication from transformation functions
Since SV40 LT provides essential functions for viral DNA replication that can ultimately cause
lysis of the infected cell, these replication functions must be disabled for LT to promote long-
term cellular transformation and tumorigenesis. Infection of permissive monkey cells typically
results in rapid viral replication followed by lysis or vacuolation of the host cell and subsequent
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release of progeny. SV40 can infect non-permissive rodent cells and semi-permissive human
cells, but the transformed state lasts for a few days before reverting to a normal phenotype in
a process known as abortive transformation. Notably, primary human mesothelial cells that
can support low levels of SV40 replication with persistence of episomal SV40 DNA and a
transformed phenotype [2]. SV40 transformation can be readily studied in rodent and human
cells by transfection of viral DNA or with retroviral vectors encoding LT and ST [3].

The ability of SV40 to transform cells reflects a summary of several distinct contributions. LT
can immortalize primary cells, reduce serum requirements for growth, enable cells to overgrow
a monolayer of cells and form foci, support anchorage independent and induce tumor formation
when cells are implanted as xenografts in nude mice. There is a hierarchy of these transformed
features with immortalization and growth in reduced serum as the least stringent and anchorage
independent growth and tumor formation as more stringent. In general, immortality or
unlimited growth in vitro is a prerequisite for malignant transformation or unlimited in vivo
growth. There is often a high degree of correlation between anchorage independent growth and
growth as xenografts [3].

The temperature sensitive SV40 LT mutant tsA58, containing the point substitution A438V,
has been useful for defining the contribution of LT to transformation and immortalization.
Stable expression of tsA58 LT at the permissive temperature (32–33.5°C) is necessary for
continued proliferation of rodent and human fibroblasts [4]. Shifting cells to the restrictive
temperature (> 39°C) reduces the stability of the tsA58 LT and eliminates its ability to bind to
p53 resulting in growth arrest, senescence and crisis [5]. The tsA58 LT has also been used to
generate several different transgenic mouse and rat strains enabling normal development at the
restrictive temperature in vivo while permitting immortalization of various tissues when
cultured at the permissive temperature in vitro [6].

Domains of SV40 LT
LT forms a hexameric structure with the oligomerization domain (residues 251–627)
containing ATPase and helicase activities that participate in viral DNA replication [7]. The
outside surface of each subunit of the LT hexamer serve to bind to p53 that in turn recruits
p300 and CBP [8]. LT interaction with host replication proteins including DNA polymerase
α and replication protein A is required for LT-mediated viral replication but not for LT-
mediated transformation.

J domain
The N-terminal domain of SV40 LT and ST forms a J domain, a highly conserved structural
domain present in the DnaJ/Hsp40 family of molecular chaperones. The J domain of SV40 LT
binds specifically to Hsc70 and activates its ATPase activity (Fig. 2) [9,10]. The HPDK
residues in the J domain of LT are required for this activity. Conversely, a variety of LT mutants
can bind to Hsc70 without activating the ATPase activity and may reflect their unfolded nature
[11].

The J domain of LT contributes to two distinct functions of LT. On one hand, it facilitates
efficient viral DNA replication in a manner not completely understood [11]. On the other hand,
the J domain contributes to LT-mediated transformation by inactivation of p130 and p107 by
promoting the release of the E2F4 and DP1 heterodimeric transcription factor and dissociation
from E2F-dependent promoters [10,12,13]. Expression of the 17KT can restore the
transformational potential of J domain mutant LT antigen in human fibroblast cells supporting
the idea the 17KT has a functional J domain [14].
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The SV40 LT and ST J domain contains 3 α-helices with the highly conserved HPDK residues
present in a loop between the second and third α-helix. The structure of LT bound to Rb revealed
a fourth α-helix encoded by LT residues 89 to 100 that makes contacts with the J domain as
well as to Rb [15,16]. Residues in the fourthα-helix are also necessary for LT binding to Cul7
and Bub1 [17–19]. It is not known how Cul7 and Bub1 bind to LT and if the binding is direct
or through an intermediary.

Crystal structure analysis revealed that the ST J domain makes direct contacts with the ST
unique domain that serve to stabilize the overall globular structure of ST bound to PP2A [20,
21]. The ST J domain may also contribute to directly inhibit the catalytic activity of the PP2A
C subunit.

LXCXE motif
The LT LXCXE motif is conserved in polyoma viruses from several species including SV40
and PY and serves to bind to the Rb family (Fig. 2). The LXCXE motif was first recognized
as part of the highly conserved region 2 (CR2) in adenovirus E1A 12S and 13S products
required for cellular transformation as well as induction of cellular DNA synthesis. Similar to
E1A, the LXCXE motif in SV40 LT is required for cellular transformation [22]. Substitution
for the CR2 of E1A with the LXCXE motif from SV40 LT restored the E1A transforming
activities [23]. The LXCXE is also present in many serotypes of the high-risk HPV E7 proteins.

The LXCXE motif consists of alternating conserved and non-conserved residues. The X-ray
crystal structure of Rb with the LXCXE motif from HPV E7, E1A and LT each demonstrated
that the Leucine, Cysteine and Glutamate side-chain residues make direct contact with a highly
conserved ridge in the B domain of Rb while the non-conserved X side-chains are directed
away from the binding surface [15,24]. This ridge is conserved in p107 and p130 as well as in
the Rb homologs from other species. Despite the high degree of conservation in the Rb binding
cleft and the numerous reports of cellular proteins with LXCXE motifs, it is not certain what,
if any, cellular proteins bind specifically to the LXCXE binding cleft of Rb. Alternatively, it
has been proposed that the C-terminus of Rb makes an intra-molecular bond to the LXCXE
binding region.

LT DNA binding domain
Although the ability of LT DNA binding domain (DBD) to bind to the origin of replication is
not required for transformation, the DBD can bind to the Mre11, Rad50 and Nbs1 (MRN)
complex (Fig. 2) [25,26]. MRN binds to double stranded DNA breaks and recruits additional
factors for repair by homologous recombination. LT binding to the MRN complex bypasses
DNA damage signaling and this may contribute at least indirectly to transformation.

LT C-terminus
The SV40 LT C-terminal residues 627–708 contain a host range domain that is conserved with
JCV LT and BKV LT but not PY LT. In addition, SV40 LT is specifically phosphorylated on
T701 and binds to Fbw7, a substrate specificity factor for the E3 ubiquitin Ligase Cul1 (Fig.
2). The LT C-terminus is also acetylated on K697 that is dependent on CBP/p300 [27]. While
deletion of the C-terminus does not diminish the transforming activity of LT, this does not
preclude a contributing role of phosphorylation of T701, acetylation of K697 and the Host
range/Adeno helper functions.
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SV40 LT binding proteins
SV40 LT-mediated transformation of primary human and rodent cells is dependent on binding
to the Rb and p53 tumor suppressor. Mutations that render LT unable to bind to Rb or p53
disable its ability to transform primary rodent and human cells. In addition to Rb and p53, LT
binds to several additional cellular proteins that contribute to its transforming potential.

Rb, p107, and p130
The product of the retinoblastoma susceptibility gene Rb1 is a negative regulator of cell
proliferation. Rb and the two Rb related proteins, p130 and p107, repress the E2F transcription
factors that, in turn, regulate the expression of genes required for entry into and progression
through the cell cycle. Rb binds specifically to the activating E2F1, E2F2 and E2F3a while
p130 and p107 bind to the repressing E2F4 and E2F5 (Fig. 2). Phosphorylation of the Rb
proteins by Cyclin dependent kinases (Cdk) serves to release the Rb proteins from E2Fs and
thereby permit expression of E2F-regulated genes.

The LXCXE motif of LT binds directly to Rb, p107 and p130 and is required to inactivate the
function of all three proteins. For example, the LT LXCXE motif is required for transformation
of Rb1-null MEFs as well as p107/p130 double knockout MEFs [13,28,29]. LT binds
preferentially to the hypo- or under-phosphorylated form of Rb thereby perturbing its function
during the G0/G1 phase of the cell cycle. Rb function is disrupted in nearly every human cancer
by mutation of the Rb1 gene itself or by functional inactivation by phosphorylation by Cyclin
D and Cdk4/6. Although, mutations of p107 and p130 have been rarely found in human cancers,
overexpression of Cyclin D, loss of p16Ink4a, or expression of LT serves to inactivate all three
Rb family members.

The LT J domain cooperates with Hsc70 to specifically dissociate p107 and p130 from E2F4
[13]. In addition, the LT J domain cooperates with the LXCXE motif to promote the
dephosphorylation of p130 and p107 that may, in turn, contribute to inactivation of their
function [13]. In a transgenic model where LT is expressed in the intestinal epithelium, the J
domain was required for LT induced enterocyte proliferation and intestinal hyperplasia. This
result suggests that p130 and p107 contribute specifically to enterocyte growth regulation and
that LT specifically targets p130 and p107 in this cell type [30].

p53
The p53 tumor suppressor was initially identified as a cellular protein in association with SV40
LT [31,32]. In response to a variety of cellular stresses, p53 serves as a sequence specific
transcription factor that promotes expression of many genes that induce cell cycle arrest or
apoptosis. The p53 DNA binding domain resides between residues 102 and 292 and oncogenic
mutations typically disrupt its ability to bind to DNA. The levels of p53 are regulated by a
negative feedback loop with Mdm2. Activation of p53 results in binding to the Mdm2 promoter
and activating its expression. Mdm2 is an ubiquitin ligase that specifically binds to p53 and
promotes its ubiquitination and degradation by the proteosome. The transcriptional activity of
p53 is dependent on its interaction with the CBP and p300 co-activators [33]. The activity of
p53 is highly regulated by post-translational modifications including phosphorylation and
acetylation.

LT binds to the DBD of p53 and directly interferes with its ability to act as a DNA sequence
specific transcription factor. LT binding to p53 results in decreased Mdm2 expression and
reduced ubiquitination of p53 resulting in its stabilization. p53 bound to LT is very stable with
a half-life of at least 24 hours and comparable to LT. Notably, many oncogenic mutations that
inactivate p53 function disrupt p53’s ability to bind to LT.
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In primary MEFs, LT binding to p53 is required for immortalization [34]. This requirement
for LT binding to p53 for immortalization is tightly linked to its transforming potential and is
only relieved in cells that have inactivated by p53 by mutation or functionally, for example, as
in p19 Arf-null MEFs [35]. Notably in MEFs with a triple knockout loss of Rb1, Rbl1 and
Rbl2 are also spontaneously immortal apparently independent of the wild type p53 status
[36]. Immortalization of primary human cells has been linked to LT binding to both Rb and
p53. LT can cooperate with stable expression of the telomerase catalytic subunit hTERT to
bypass senescence and avoid crisis. Continuous expression of LT is required for proliferation
of primary human fibroblasts and endothelial cells immortalized by telomerase.

p300 and CBP
While LT binding inactivates p53’s ability to bind specifically to DNA, it does not interfere
with p53’s ability to bind to CBP and p300. Indeed, LT binds to p300 and CBP in a p53-
dependent manner (Fig. 2) [37]. The interaction of CBP and p53 with LT results in specific
acetylation of LT on residue K697 [27]. The LT-p53 interaction may serve as a gain-of-function
by binding to p300 and CBP that, in turn, contributes to cellular transformation. Given that LT
binds to both Rb and p53, LT could recruit the transcriptional co-activating activity of p300/
CBP to Rb dependent promoters and activate gene expression. Conversely, LT could recruit
Rb and associated repression activity to promoters activated by p300/CBP and repress gene
expression. While there is only limited data to support this model, it remains an intriguing
possibility with more work needed to describe the specific interactions and functional
consequences [38,39].

Cul7
Cul7 is an E3 ubiquitin ligase complex suspected to be involved in protein degradation. Cul7
forms a cullin RING ligase (CRL) complex with Fbxw8 (Fbx29, Fbw6), Rbx1 and Skp1 [40,
41]. Cul7 also binds to Parc, p53 and Glmn (Glomulin, FAP68) [42]. The 3-M short stature
syndrome results from homozygous inactivating mutations in Cul7 [43]. Notably mice with
homozygous mutations in Cul7 or Fbxw8 have features similar to the 3-M syndrome with
severe pre-natal and post-natal retardation [40,41]. MEFS with homozygote loss of Cul7 or
Fbxw8 have significant growth retardation that is dependent on p53 [40,41,44]. The Cul7-
Fbxw8 CRL has been reported to target Cyclin D1 and the Insulin receptor substrate-1 (IRS1)
for ubiquitination and degradation [44,45]. Inactivation of Cul7/Fbxw8 may result in high
levels of IRS1 that serve to inhibit growth in a negative feedback loop.

Cul7 was originally identified as a 185 kDa LT associated protein [46]. LT binds specifically
to the Cul7 complex containing Fbxw8, Skp1 and Rbx1 [17,18]. Residues 69 to 81 and 98–99
in LT are required for binding to Cul7 and Fbxw8 (Fig. 2). LT mutants that are unable to bind
to Cul7/Fbxw8 are transformation defective [17,18]. Conversely, certain LT mutants defective
for Cul7 binding are capable of transforming Cul7-null MEFs suggesting that LT serves to
inactivate at least one function of Cul7. Although this result appears to be inconsistent with
the requirement for Cul7 in normal growth of mice and humans, it is possible that LT interferes
with a Cul7-mediated negative feedback loop. Alternatively, LT binding to Cul7 may have a
gain-of-function by recruitment of the ubiquitin ligase to promote the degradation of the MRN
complex [26].

IRS1
SV40 LT has been reported to bind to IRS1 (Fig. 2) [47]. IRS1 is a cytoplasmic protein that
transduces signaling from the Insulin like growth factor receptor 1 (IGFR1). In addition, IRS1
provides negative feedback to IGFR1 and can promote resistance to insulin and IGF1 signaling.
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Significantly, LT is unable to transform MEFs null for IGFR1 implying a role for IGF1
signaling in LT transformation [48].

IRS1 binding to LT may serve to activate AKT. Notably, the K1 (E107K) mutation in the
LXCXE motif that disrupts binding to Rb reduces LT binding to IRS1 and reduces AKT
phosphorylation relative to wild type LT [49]. LT binding to Cul7 may also impact on IRS1
signaling given the possibility that Cul7 can degrade IRS1 [44]. LT could serve to interfere
with Cul7-mediated degradation of IRS1 to promote increased IRS1-PI3K-AKT signaling.

Fbxw7
Fbxw7 (Fbw7, Cdc4) serves as a substrate recognition factor for Cul1 to form a cullin RING
ligase. Fbxw7 binds to Cyclin E to promote its ubiquitination and subsequent degradation by
the proteosome. Fbxw7 also targets Myc, Notch and Jun for ubiquitination. Fbxw7 is mutated
in a variety of human cancers resulting in elevated expression of Cyclin E and chromosomal
instability.

LT binds specifically to Fbxw7 and interferes with its ability to target Cyclin E [50].
Phosphorylation of LT residue T701 is required for Fbxw7 binding (Fig. 2). Notably,
expression of ST can activate Cyclin E/Cdk2 complexes and could conceivably cooperate with
the LT binding to Fbxw7 to increase the amount and activity of Cyclin E/Cdk2 [51].

Bub1
Bub1 is a kinase functioning in the mitotic spindle checkpoint. Mutation of Bub1 leads to
aneuploidy and human cancer. Bub1 was identified as a LT interacting protein in a yeast 2-
hybrid screen and subsequently demonstrated to co-precipitate (Fig. 2) [19]. LT may interfere
with Bub1’s role in the spindle checkpoint leading to cellular aneuploidy [52]. LT binding to
Bub1 promotes phosphorylation of p53 on Ser15 [53].

SV40 ST
SV40 ST alone cannot transform cells but can cooperate with LT to fully transform cells
especially when LT expression is limiting. ST has positive effects on transcription and can
transactivate the Cyclin A and D1 promoters [54,55]. ST can also cooperate with
overexpression of Cyclin E to induce cell cycle entry, proliferation and foci formation in
otherwise normal human fibroblasts by promoting the phosphorylation of Cdk2 on activating
residue T160 [51].

One contribution of SV40 ST to transformation could be its ability to alter cellular morphology
and perturb the actin cytoskeleton [56]. Co-expression of ST with LT can alter the spectrum
of tumors in animals when virus is injected into animals or in transgenic mouse models [57].
Expression of ST alone in an MMTV transgenic mouse model blocked breast development,
led to apoptosis of breast epithelial during lactation, and induced a low frequency of tumors
[58].

The major target protein of SV40 ST is serine-threonine protein phosphatase A (PP2A) [59].
PP2A is perhaps the most important cellular serine/threonine protein phosphatase. PP2A is a
heterotrimeric protein made from 2 structural A subunits, 2 catalytic C subunits and 17
regulatory B subunits. PP2A is ordinarily found as a trimeric ABC complex. The A subunit is
a scaffold that binds the regulatory B and catalytic C subunit. SV40 ST as well as PY ST and
MT binding to PP2A occur in a manner that either displaces B subunits or prevents them from
binding (Fig. 3). PY MT binds both isoforms Aα and Aβ of the scaffolding A subunit, while
SV40 ST only binds Aα [60]. Recent structural analysis showed that SV40 ST binds the Aα
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subunit in an area involved in B binding [20,21]. PP2A functions as a tumor suppressor.
Mutations in Aβ are associated with lung and colon cancer. Cancer-associated Aβ mutants fail
to regulate the RalA GTPase [61].

SV40 ST interaction with PP2A leads to activation of a number of signaling pathways that
may be different than those activated by PY ST and MT [62]. SV40 ST can activate AKT
signaling through activation of PI3K [63,64]. SV40 ST contributes to stabilization of Myc by
inhibiting PP2A-dependent dephosphorylation of Serine residue 62 thereby blocking Myc
degradation by Fbxw7 [65]. ST also interferes with dephosphorylation of 4E-BP1 in a PP2A-
dependent manner resulting in inhibition of cap-dependent translation [66].

PY MT Functions in Both Transformation and Productive Infection
Here we will discuss the role of MT in both PY infection and in tumorigenesis. For more
detailed views see [67] or Fluck and Schaffhausen (in prep.).

MT is key to PY transformation and tumorigenesis, since it is necessary and frequently
sufficient for transformation in tissue culture [68,69]. When MT is not sufficient,
complementation can be provided by other polyoma or non-polyoma oncogenes. For example,
in REF52 cells, complementation by ST is observed using a mechanism that controls p53
[70].

Three different kinds of experiments illuminate the role of MT in tumor induction. Historically,
PY infection of newborn mice has been used. To cite one example [71], infection of 259 mice
with PTA4 virus led to 967 tumors at a variety of epithelial and mesenchymal sites. Studies of
PY mutants show the importance of MT for induction of tumors by PY [71–75]. MT can be
expressed from cDNA or using a retrovirus. Such experiments showed that MT alone induces
tumors with some exceptions. In a recent elegant approach ALSV retrovirus was employed to
target MT expression to tissues engineered to express the retroviral receptor. Mammary tumors
[76] as well as pancreatic and liver induced by MT have been examined in this way. In a third
approach, MT as a transgene causes tumors in a range of tissues. The MMTV MT transgenic
model efficiently induces metastatic mammary carcinomas [77] and has been used to study a
wide range of issue in mammary cancer.

Polyoma MT [75] operates at several levels in viral infection. Viruses that lack MT are
defective in viral assembly in some cell types, because the pattern of the VP1 capsid protein
modification is altered. MT also participates in regulating both viral DNA replication and RNA
transcription [78,79]. The polyoma enhancer, which contains PEA3 (ETS family) and AP1
binding sites, controls both viral gene expression and DNA replication. MT leads to the
activation of both AP1 and PEA3 [80]. The result is a feedback loop (MT → AP-1+PEA3 →
MT) that governs PY transcription and DNA replication.

While important for viral replication, this cycle of transcriptional activation has important
consequences for transformation. Many genes associated with tumorigenesis use the same
transcription factors. This is perhaps not surprising since ETS/PEA3 and AP-1 are linked to
oncogenesis by their discovery as retroviral oncogenes. In addition, PY provides an important
clue. Having AP1 and ETS bindings juxtaposed together is much better than just these sites in
isolation. Since many tumor-associated genes show juxtaposed ETS/AP1 sites, synergy is
probably occurring at those promoters as well. How would this occur? Most ETS family
members bind DNA with difficulty at single sites [81]. AP1 facilitates binding of ETS proteins
and activity. There is an additional issue. When MAP kinase signaling is strong, Fra-1 replaces
Fos. However, Fra1 lacks the strongest fos-family activation domain. This is an apparent
conundrum since these promoters are highly active under these conditions. Interactions
between Fra/Jun and ETS family members could synergize and provide the transactivation.
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One could hypothesize that Fra1/Jun is especially suited to recruit ETS proteins, since tethering
them to the Jun DNA binding domain overcomes the DNA binding inhibition of most ETS
proteins seen in the absence of palindromic ETS binding sites.

MT – The Protein
Simply viewed, MT is a catalytically inactive 421-residue protein that establishes signaling
complexes on membranes (Figure 4). Membrane association is required for transformation and
tumorigenesis. Sequence comparisons between hamster and PY MTs suggest that MT has two
parts. Sequences through residue 190 are substantially conserved, whereas more C-terminal
sequences are quite different, although some elements such as the C-terminal membrane anchor
can be discerned.

MT and PP2A
MT binding to PP2A occurs in a manner that either displaces B subunits or prevents them from
binding [59]. Residues from almost the N-terminus through residues near 190 are important
for the PP2A binding.

PP2A is required for association of MT with PTKs [82,83]. Since phosphatase activity is not
required [83], PP2A is likely to serve a structural role. One can imagine that MT could reduce
cellular PP2A activity or alter the patterns of B subunit containing complexes like SV40 ST.
The effect of SV40 ST in transformation can be mimicked by knockdown of specific B
subunits, while over-expression of B subunits reverses ST action some of the effect of SV40ST.
Another possibility is that MT targets PP2A to particular substrates. SV40 ST “activates” PP2A
towards some substrates. Recent work shows that Lipin, a target of insulin signaling, is
dephosphorylated because of its interaction with MT (B. Schaffhausen et al., unpublished).

The MT J domain
The N-terminus sequence of MT is a J domain that binds hsc70 [82]. The role of hsc70 is
uncertain since only when MT is expressed at high levels, or is unable to bind PP2A is the
association with hsc70 evident. Moreover, the HPDK loop sequence required for hsc70 binding
can be deleted with no effect of MT’s transforming ability [82].

The MT J domain sequences do function in binding other proteins including PP2A and PTK.
In addition, MT amino acid residues 2–4 bind the WW domain of TAZ [84]. TAZ regulates
transcription and protein degradation through a SCFβ-Trcp E3 ligase complex. TAZ contributes
to mesenchymal stem cell differentiation, cell proliferation as well as tumorigenesis of breast
cancer cells suggesting that its role for MT requires careful examination. Unpublished data
indicate a TAZ-binding defective mutant virus is unable to transform or induce tumors.
Whether this mutation affects MT, ST or LT function needs to be determined.

MT is associated with membranes
MT is tightly bound to membranes [85–87] through a hydrophobic stretch in the C-terminus.
Truncations in the hydrophobic sequence render MT non-transforming [68]. The hydrophobic
sequence is not uniquely required for MT transformation, since its replacement by the C-
terminal lipid modification motif from H-Ras restores transforming activity [88]. Nonetheless,
there is some specificity since mutations within the hydrophobic domain or substitution with
some other membrane localization sequences yielded MTs that failed to transform.

MT binds both plasma and intracellular membranes. The amount of MT reported for each
location has varied, with biochemical approaches emphasizing the plasma membrane and
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immunolocalization favoring intracellular membranes. Within the membrane, MT associates
with membrane skeleton and cytoskeleton elements. Since MT/PTK complexes are enriched
in these skeletal fractions [86], they are likely to be functionally important.

MT and the Src Family of Tyrosine Kinases
Signaling via activation of Src-family PTKs is critical to MT functions. Protein tyrosine kinase
activity is associated with wild type, but not transformation defective MT, [89]. The
demonstration of tyrosine phosphorylation led to a whole new research area. Tyrosine kinase
activity came from Src associated with MT [90]. Some other Src family members, such as Yes
and Fyn, but not Lck or Hck can bind MT. Tyrosine phosphorylation is essential for MT
transformation. MT mutants have consistently revealed a strong correlation between tyrosine
phosphorylation and transformation [68,89,91]. Moreover, the level of MT-PTK activity
correlated to the strength of the transformed phenotype [92]. Transformation could be reduced
using antisense to Src. Crossing MMTV-MT mice with Src knockout mice showed that Src is
specifically important for MT-induced mammary carcinomas [93].

The association of MT with PTKs has been explored in some detail. No mutants exist that
clearly distinguish different Src family members. MT must be membrane-associated for the
association to occur [68]. The primary binding site for Src on MT lies from residues 185–210
[94]. This is may be why hamster MT, which has a difference sequence there, prefers to bind
Fyn. Other sequences are also needed for formation of the MT/PTK complex. Most
importantly, MT must recruit protein phosphatase 2A (PP2A) in order to bind PTKs [82,83].
Curiously, PP2A enzymatic activity is not required for MT/Src interaction [83].

Src sequences at the C-terminal tail and the catalytic domain N-terminal to it bind MT.
Mutations in the C-terminal region, such as Src truncated at 516 or v-Src with its truncated C-
terminus, abolish MT binding. The Src family is regulated by C-terminal region
phosphorylation, Y527 for Src, which results in an interaction with the upstream SH2 domain
to give a closed configuration with restricted activity. MT seems to target an open
configuration. For example, Hck did not associate with MT in a closed configuration, but could
bind in an open one. Similarly, Src with an SH2 domain deletion is unable to assume a closed
configuration and has enhanced MT binding.

Src bound to MT is activated [95]. The Src in the MT complex is not phosphorylated at Y527
and therefore in the active configuration [96]. A second, activating, Src phosphorylation at
Y416 is found in MT complexes. What are the cellular substrates for MT/Src tyrosine
phosphorylation? Unlike v-Src transformants, MT transformants do not show a broad increase
in cellular phosphotyrosine. Very few proteins (e.g. Stat3) become tyrosine phosphorylated
unless, like PI3K, they bind MT.

One obvious substrate is MT itself. MT is phosphorylated on Y250, Y315 and Y322. Additional
phosphorylation is seen on Y297 and possibly Y258 or Y288 but its role remains to be
uncovered. The effects of mutating single tyrosine phosphorylation sites are much less dramatic
for lytic infection than for transformation. Mutations of single tyrosine have showed little effect
on gene expression and genome replication in tissue culture or in mice. In the absence of ST,
even triply mutated Y250/315/322F MT retained substantial activity in lytic function [78].
However, function was lost when three additional tyrosines (Y258, Y288 and Y297) were
mutated as well. In the most stringent test - persistence at one month post neonatal infection-
persistence of the sextuple mutant was 100 fold less than wild type, while the triple mutant
Y250/315/322F was down only eight fold (Wang, X and Fluck, M., unpublished).

There remain puzzling aspects to the MT/PTK association. There must be some unappreciated
regulatory aspect to the association since the interaction is limited to small fraction (~10%) of
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each protein even when either partner is over-expressed. Furthermore, binding of Src to MT
takes several hours [97].

MT Y250 and Adaptors
Y250 is phosphorylated in the MT/Src complexes. Its importance to transformation depends
on the assay system. Mutation of Y250 can have a dire effect on transforming ability [98,99].
The Y250 mutant virus give a different tumor profile with, for example, a dramatic decrease
in kidney tumors [73] Expressed as a transgene, Y250F is much less, if at all, tumorigenic in
the mammary gland than wild type [100]. In contrast, Y250F has no effect on transformation
of human mammary epithelial cells and fibroblasts in vitro [99]. Also unlike the transgene
result, Y250S virus infection showed little difference from wild type in mammary
tumorigenesis [73]. Sometimes loss of 250 signaling even seemed to enhance tumorigenesis.
Y250S virus caused larger hair follicle tumors and more frequent penile papillomas than wild
type. The striking difference between transgenic and virus approaches in the mammary gland
may reflect viral expression of LT and ST and/or a difference in cell type giving rise to the
tumors.

Adaptors of the ShcA family bind MT phosphorylated on Y250 [101,102]. Three overlapping
ShcA isoforms, p46, p52 and p66 have N-terminal PTB and C-terminal SH2 domains that can
bind phosphotyrosine sequences and a central proline-rich CH1 region. The ShcA PTB
recognition motif is ΨXNPXpY. This N-terminal specificity differentiates it from SH2
domains using residues C-terminal to the phosphotyrosine. Genetic evidence shows that MT
uses the PTB domain, since mutation of residues N-terminal to Y250 abrogate Shc binding
and transformation. Ectopic expression of the Shc PTB reduces MT transformation of NIH3T3
cells. Some contribution from the SH2 cannot be excluded. MT binds the Shc SH2 in vitro
[102] and P248H, which should not interact with the PTB, induces some Shc phosphorylation
not seen in Y250F [101].

When MT is expressed, Shc is tyrosine-phosphorylated [101,102]. Since much more p52 ShcA
is phosphorylated than is bound to MT [101], there is presumably turnover of ShcA in MT
complexes. Blotting with site-specific phospho-Shc antibodies (Jiang, Zhu & Schaffhausen,
unpublished observations) shows that both Y317 (Y313 in mouse) and the double
phosphorylation site at Y239/are targeted. Expression of Y239F/Y240F Shc, but not Y317F,
changes the phenotype of MT transformed cells.

Association of Shc and MT drives Shc association with Grb2 [101–103]. Grb2 is an adaptor
that allows recruitment of additional proteins such as the exchange factor SOS that activates
Ras [103]. This is consistent with the earlier observation that MT activates Ras. Grb2
contributes to MT tumorigenesis. Grb2 knockout reduced MT mammary carcinogenesis.
Conversely, overexpression of Grb2 (or Shc) reduced tumor latency of Y250F expressing mice.
Experiments have been performed to determine whether pY250 is merely recruiting Shc so
that Grb2 can be recruited. Substitution of the 250 sequence in MT with the ShcA sequences
that bind Grb2 (Y317/Y313 and Y239/Y240) yields MT that can transform Rat-2 cells to some
extent [103]. Since the substituted MTs bound Grb2 like wild type, the decreased transforming
activity suggests that Shc binding to MT does something in addition to simply recruiting Grb2.
However, when strong Grb2 SH2 binding sequences (YVNQ/YYND) were introduced [98],
substituted MT produced hemangiomas like wild type.

Grb2 mediates recruitment of another adaptor, Gab1 [98,103]. Gab1 is involved in signaling
for growth factor and cytokine receptors. Gab1 provides another way to activate PI3K. Gab1
should bind SHP-2 tyrosine phosphatase and the adaptor Crkl, although these have not been
confirmed in the MT complex.
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MT Y315 and PI3K
Y315 is a major MT phosphorylation site. Similar to Y250, mutagenesis of Y315 resulted in
a range of effects in vitro [91] and confirmed its importance in vivo [71]. Y315F was much
less tumorigenic at sites such as kidney, salivary, mammary or adrenal glands. However,
tumors at some sites, including thymus, hair follicle and subcutaneous connective tissue, did
not show differences compared to wild type. Conversely, Y315F caused more bone or lung
tumors than wild type. Comparison of Y315/Y322F to wild MMTV-MT transgenic mice
confirmed the importance of Y315 in mammary carcinogenesis [100].

The primary role for pY315 is the recruitment of PI3K. Phosphatidylinositol kinase activity in
MT immunoprecipitates was tightly correlated with MT transforming ability [104]. Later work
showed this enzymatic activity phosphorylated the inositol ring on the 3 position (hence PI3K).
PI3K activity tracked with an 85-kDa polypeptide with MT and activated receptor tyrosine
kinases (RTKs).

The PI3Ks associated with MT are the Class 1A enzymes, which include three catalytic
subunits (α, βand δ). Knockout of p110α blocks MT transformation in MEFs [99]. This is
consistent with observations showing that activating p110α mutations are found in cancers,
such as colon, breast, prostate, liver, and brain and that p110α is critical for RTK signaling.

The purified PI3Ks associated with MT and RTKs also have a p85 adaptor subunit. p85
regulatory subunits have multiple functions. They contain SH2 domains that couple PI3K to
RTKs or MT through specific motifs such as the MT pY315MPM. This allows MT to recruit
PI3K to membranes and stimulate PI3K activity. P85α and p85βare similar isoforms that have
different roles in development. Although MT binds both forms [97], isoform-specific functions
are not known.

Class IA PI3Ks produce PIP3 that recruits proteins to membranes by direct interaction with
specific pleckstrin homology (PH) domains. Critical targets include the kinase PDK1 and
Serine/Threonine kinase PKB/Akt that is activated by PDK1 phosphorylation and by binding
PIP3. MT activates Akt ([105]. This allows MT to block apoptosis and prevent cell cycle
withdrawal. In the MMTV MT transgenic mice, apoptosis observed in Y315/322F mutant mice
[100] was reversed by co-expression of activated Akt. There are three Akt isoforms. Knockout
of Akt1 dramatically inhibited induction of mammary carcinomas, while Akt2 knockout
enhanced tumorigenesis [106]. Akt phosphorylates many substrates, such as GSK3, TSC1/2,
MDM2 and IKK that participate in many processes. How such phosphorylations contribute to
MT function has not yet been explored.

The small GTPase Rac is activated by PIP3 activation of PH domain-containing nucleotide
exchange factors. MT uses PI3K signaling to increase the fraction of Rac in the active GTP-
bound state (Denis and Schaffhausen, unpublished observations). Dominant-negative Rac
reduces MT transformation [107]. S6 kinase and, interestingly, PI3K are Rac effectors in
endothelial cells. MT also uses Rac activation to activate c-fos.

MT Y322 and PLCγ1
Phosphorylation of Y322 mediates MT binding and phosphorylation of PLCγ1 [108].
Consistent with PLCγ1 activation, MT increased the amount of inositol trisphosphate (IP3),
an effector of intracellular calcium. Except at low serum, mutation of Y322 has modest effects
on transformation. Y322 signaling could be important for aspects of tumorigenesis not tested
in culture. Expression of dominant-negative PLCγ1 markedly decreased lung metastases from
MT mammary carcinomas [109].
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MT S257 and 14-3-3 proteins
Serine 257 phosphorylation allows MT to bind 14-3-3 proteins [72]. While binding of 14-3-3
seems unimportant for transformation in vitro or for tumor induction at many sites, virus
bearing a mutation that prevents 14-3-3 binding induces no salivary gland tumors and causes
few fibrosarcomas.

The MT Proline-Rich Region: A Genetic Puzzle
The transformation-defective MT mutant dl1015 lacks a proline-rich region (residues 339–
347). Deletion of prolines 336–338 causes a striking defect in kidney, salivary gland, or thymic
tumors [74]. The basis for this defect in transformation is unknown. Dl1015 has normal tyrosine
kinase activity associated with it. A point mutant E349K that mimics the defect suggests that
PI3K is blocked from signaling to downstream targets such as Akt, while still a recruited to
membranes, allowing recruitment of the enzyme to membranes (Schaffhausen & Denis,
unpublished).

The MMTV MT transgenic model has been used extensively to examine many
breast cancer issues

When expressed in mammary glands using the MMTV promoter, MT induces metastatic
carcinomas with high frequency and short latency [77]. Investigators concerned with virtually
every aspect of breast cancer have intensively used the MMTV-MT system. MMTV-MT
presents a relatively good model for the human breast cancer [110,111] although there are some
differences. For example, MMTV-MT tumors metastasize to the lung, not more broadly as
human tumors do.

The MMTV-MT transgenic line FVB/N Tg(MMTV-PyMT634Mul) (#634) [77] has been used
in most experiments. Tumors appear in a quasi-synchronous way with a latency of 34 days in
females. Early multifocal lesions involve prepubertal, nipple proximal buds at the ends of
growing ducts (end buds/TDLU) surrounding the main collecting duct. Early preneoplastic
lesions are characterized as MIN: mammary intraepithelial neoplasia, proliferating lumina with
cytological atypia (nuclear morphological abnormalities). The nipple proximal MIN generates
the main tumor that becomes invasive [77,110]. 94% of females have metastatic lung disease
by 3 months of age. Src activation [93] and the MT Y315-PI3K and Y250-Shc/Grb2 pathways
[100] are very important in this system.

An issue is whether MT expression is sufficient to generate metastatic carcinomas or whether
other genetic changes are also required. Although high frequency, short latency and the
homogeneous pattern of altered gene expression in independently derived tumors [112] argue
for sufficiency, MINs with varied properties have been isolated [111]. For example, their
transplantation outgrowths are marked by different gene expression patterns, different genetic
aberrations and different progression characteristics. These neoplasias eventually progress in
transplantation tests. The variability is difficult to interpret since the amount of MT/PTK
activity is uncertain. Another question is whether the same progenitor cells are being compared.
There is a gradient of focal atypical lesions along the duct. Distal foci that arise at a stage of
estrogen-dependent growth might have different properties.

Metastasis in the MMTV-MT Model
A traditional view of metastasis suggests a series of interrelated steps including invasion,
entering blood vessels (intravasation), dissemination and escape from blood vessels
(extravasation), leading to colony formation at the metastatic site. MMTV-MT-634 is
contributing to an apparent paradigm shift in our view of metastasis. There is now evidence
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that MT-mammary cells can already be disseminated in very early (ADH or DCIS) stage tumors
[113]. Even more strikingly “normal” mammary cells carrying an inducible MT to produce
tumors could colonize lungs when introduced into the blood stream prior to MT expression
[114].

MT induces factors required for cell migration and invasion. Osteopontin (OPN) is one
example. Comparison of a low metastasis mutant MT cell line to a highly metastatic one (Met)
showed the Met line produced OPN and suppression of OPN blocked its metastasis [115].
Expression of OPN does not affect growth, but contributes to migration [115,116]. MT
regulates the OPN transcription through PEA3 sites [116]. Thrombospondin-1 is a matricellular
protein, which like OPN, is controlled by MT and appears to promote migration and metastasis.

MT mammary tumors are enriched in proteases such as the matrix metalloproteinases or uPA
that are important for tissue remodelling [117]. Proteases are clearly important to the metastatic
phenotype since the broad spectrum metalloproteinase inhibitor or specific knockout of
urokinase reduced metastasis. However, protease overexpression seems to be more a story of
stromal cells than tumor cells.

Consistent with the role of AP1/ETS transcription factors mentioned earlier, many Ets genes
are upregulated in MMTV-MT634 tumors [118] and disruption of coactivators such as AIB1
or Src1 that are connected to ETS family members including PEA3 reduces MT metastases.

Stromal-epithelial cell interactions play a key role in tumor progression
The importance of interactions between tumor cells and stroma is well known. Transplantation
experiments make this obvious. For example, transplant of MMTV-MT #634 derived tumor
cells into mice with altered ETS2 expression strongly affects tumor development [119]. The
MMTV-MT-634 model has been used to examine stromal-carcinoma interactions, especially
with respect to macrophages. Many aspects of the mutual epithelial-macrophage interactions
have been confirmed or established in this model system.

Macrophages are found at the surface and close to perivascular regions of MMTV-MT#634
tumors. CSF-1 produced by epithelial cells is a chemoattractant and growth factor for
macrophages. CSF-1, overexpressed in many breast tumors, is considered a marker for poor
prognosis. In CSF-null mice, #634 tumors showed a relative absence of macrophages. Further
although early tumor development is normal, invasion and metastases are both compromised
[120]. In the reverse experiment, overexpression of CSF-1 speeds progression to invasive
carcinoma. What do the macrophages do? The interplay between tumor-generated CSF-1 and
macrophage-produced EGF is important for migration. Synergistic co-migration of
macrophages and tumor cells towards either chemoattractant was observed; inhibition of either
CSF or EGF signals decreased migration of both cell types [121]. Chemo-attracted tumor cells
were more invasive, showed less apoptosis, but a reduced proliferative index. Macrophages
also accelerate the intravasation of tumor cells. Furthermore, the load of tumor cells in the
bloodstream depended on CSF-1.

Mouse Background and MT Tumorigenesis
There is considerable interest in individualized therapy using pharmacogenomic approaches
for cancer. Studies of MT demonstrate the complexity of these issues. From analysis of the
MT MMTV model, it is evident that the genetic background of the mouse affects production
of breast tumors and their ability to metastasize (see [122]). The original MT-MMTV
transgenics produced in FVB/N animals [77] were bred to females of different inbred mouse
strains [123]. Some such as ST/J showed significantly increased latency (20 days slower), while
other crosses such as I/LnJ yielded tumors 21 days faster than FVB/N. Although the lung
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remained the metastatic destination, there was a wide range in metastatic index for different
strains.

Conclusion
The small DNA tumor viruses have provided many insights into the signaling of cell
transformation and tumorigenesis. Not only have they generated new leads, but they have also
enabled our understanding of many of the molecular mechanisms involved in the induction of
tumors. SV40 LT has identified several important tumor suppressors and confirmed the
relevance of their role in suppressing growth and transformation. PY MT has provided insights
and discovery into PTK and PI3K signaling. SV40 and PY ST have revealed specific roles for
PP2A signaling in oncogenesis. The genetics of these T antigens show clearly that new
discoveries await further study. The MT E349K mutant, for example, indicates there are crucial
aspects of PI3K signaling that are not yet understood. The ability of these T antigens to induce
tumors in many tissues and the increasing power of mouse genetics should combine to
illuminate the roles of both the signaling pathways themselves and the genetic background in
which they operate.
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Figure 1. SV40 and Mouse Polyoma T antigen
Large (LT), 17KT and Small (ST) of SV40 and PY as well as Middle (MT) T antigens from
PY share coding regions. The N terminal 82 (SV40) and 79 (PY) residues for all T antigens
are identical (magenta). SV40 LT and 17KT share residues 83 to 131 (blue). The last 4 residues
of SV4017KT are unique (red). PY MT and ST share residues 80–191 (yellow). PY MT has
a unique domain residue 192 to 421 (green).
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Figure 2. SV40 LT binding proteins
SV40 LT binding proteins and their approximate binding regions in LT. Hsc70 binds
specifically to the N-terminal DNA J domain. The Cullin ring ligase complex containing Cul7,
Fbxw8 as well as Rbx1 and Skp1 (not shown) bind to residues between 69–102. Bub1 requires
residues 89–98 and IRS1 binds to an N-terminal domain. The Rb-related proteins including
p107 and p130 bind to the LXCXE motif encoded by residues 103–107. The E2F proteins and
DP1 heterodimeric partner bind to LT by the Rb proteins. The MRN complex containing
Mre11, Rad50 and Nbs1 binds to the DNA binding domain (DBD). The p53 tumor suppressor
binds to the Helicase domain and requires residue 350 through 627. The F-box containing
protein Fbw7 binds to the phosphorylated residue T701.
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Figure 3. MT Replaces B Subunits in PP2A Complexes
PP2A exists as heterotrimeric ABC complexes. There are two different A isoforms that act as
scaffolds. There are also two different catalytic C isoforms. There are many different B family
regulatory subunits. MT complexes with A and C in place of B subunits.
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Figure 4. MT: Its Interactions and Signaling
MT, its principal phosphorylation sites, and its interaction with cellular proteins are shown.
Each signal transducer shown below MT is known to be important for transformation. PP2A
= protein phosphatase 2A, PTK = src family tyrosine kinase (src, yes, fyn), PI3K =
phosphoinositide 3-kinase, PLCg = phospholipase Cg1. PPP represents the proline rich/E349K
sequence important for transformation. Generic versions of signaling pathways downstream
of Y250, Y315 and Y322 are illustrated.
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