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ABSTRACT Middle T antigen (MT), the principal oncoprotein of murine polyomavi-
rus, transforms by association with cellular proteins. Protein phosphatase 2A (PP2A),
YAP, Src family tyrosine kinases, Shc, phosphatidylinositol 3-kinase (PI3K), and phos-
pholipase C-�1 (PLC�1) have all been implicated in MT transformation. Mutant
dl1015, with deletion of residues 338 to 347 in the C-terminal region, has been an
enigma, because the basis for its transformation defect has not been apparent. This
work probes the dl1015 region of MT. Because the region is proline rich, the hy-
pothesis that it targets Src homology domain 3 (SH3) domains was tested, but mu-
tation of the putative SH3 binding motif did not affect transformation. During this
work, two point mutants, W348R and E349K, were identified as transformation de-
fective. Extensive analysis of the E349K mutant is described here. Similar to wild-
type MT, the E349K mutant associates with PP2A, YAP, tyrosine kinases, Shc, PI3 ki-
nase, and PLC�1. The E349K mutant was examined to determine the mechanism for
its transformation defect. Assays of cell localization and membrane targeting showed
no obvious difference in localization. Src association was normal as assayed by in
vitro kinase and MT phosphopeptide mapping. Shc activation was confirmed by its
tyrosine phosphorylation. Association of type 1 PI3K with MT was demonstrated by
coimmunoprecipitation, showing both PI3K subunits and in vitro activity. Nonethe-
less, expression of the mutants failed to lead to the activation of two known down-
stream targets of PI3K, Akt and Rac-1. Strikingly, despite normal association of the
E349K mutant with PI3K, cells expressing the mutant failed to elevate phosphatidyl-
inositol (3,4,5)-trisphosphate (PIP3) in mutant-expressing cells. These results indicate
a novel unsuspected aspect to PI3K control.

IMPORTANCE The gene coding for middle T antigen (MT) is the murine polyomavi-
rus oncogene most responsible for tumor formation. Its study has a history of un-
covering novel aspects of mammalian cell regulation. The importance of PI3K activ-
ity and tyrosine phosphorylation are two examples of insights coming from MT. This
study describes new mutants unable to transform like the wild type that point to
novel regulation of PI3K signaling. Previous mutants were defective in PI3K because
they failed to bind the enzyme and bring the activity to the membrane. These mu-
tants recruit PI3K activity like the wild type, but fail to elevate the cellular level of
PIP3, the product used to signal downstream of PI3K. As a result, they fail to activate
either Akt or Rac1, explaining the transformation defect.
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Murine polyomavirus causes a wide variety of tumors (1–3). The gene coding for
middle T antigen (MT) is the major viral oncogene. It is always necessary for viral

transformation and often sufficient to transform cells (see references 4 and 5) for
reviews). The MT gene expressed as a transgene causes tumors in a broad range of
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tissues. Important insights into regulation of both normal and cancer cells have come
from its study. Tyrosine phosphorylation (6) and phosphatidylinositol 3-kinase (PI3K) (7)
are just two important areas of investigation opened by analysis of MT. Recent work
showing the importance of the Hippo effector YAP (8) and protein phosphatase 2A
(PP2A) A� isoforms (9) to polyomavirus phenotypes demonstrates the continuing value
of the system. Studies of the PI3K isoform dependence in a genetically engineered MT
model of breast cancer aided the design of clinical trials of p110� isoform-specific PI3K
inhibitors (10).

MT has never been shown to possess intrinsic catalytic activity. Instead, it functions
by targeting cellular proteins involved in growth regulation (Fig. 1A). Binding of PP2A
(11–13) allows recruitment of protein tyrosine kinases (PTKs) of the Src family (Src, Yes,
and Fyn) (14–17). In this role, PP2A seems to function as a scaffold, since it does not
have to be catalytically active for recruitment of Src (13). Src associated with MT is
activated (18) and phosphorylates MT on three major tyrosine sites: residues 315, 322,
and 250 (19–22). Each of these sites allows recruitment of an important signaling
system: residue 250 to SHC (23, 24) and then to Grb2 and SOS, 315 to PI3K (25, 26), and
322 to phospholipase C-�1 (PLC�1) (27). These connections all play a role in transfor-
mation. PI3 kinase binding (22) and SHC binding (23, 24) are important for transfor-
mation in vitro. An effect of the PLC�1 binding site at residue 322 is seen under some
conditions (27), but not others (28). Minor tyrosine phosphorylations seem also to
contribute (29). YAP and TAZ, the effectors of the Hippo signaling pathway, have
recently been added to the list of important associations (8, 30, 31). YAP is quite
important for MT transformation, since knocking it down or preventing its binding to
MT affects transformation. Examination of tumorigenesis in animals shows that differ-
ent signal transduction pathways may be more or less important, depending on the
tissue background (reviewed in references 4 and 5). PI3 kinase is widely important (32).
While apparently less important than PI3K, SHC binding (33, 34) is significantly involved
in MT tumorigenesis. Binding of 14-3-3 proteins appears to be important only in few
tissues (35). A key aspect of MT’s transforming ability is its dependence on association
with membranes (36). Because of this, it has been compared to an activated growth
factor receptor tyrosine kinase (37), with Src family members substituting for the
intrinsic kinase activity of the receptors.

FIG 1 (A) Murine polyomavirus MT showing associated proteins. (B) dl1015 is defective in transformation. Rat-1 fibroblasts were
transfected with control vector DNA or DNA expressing either wild-type or dl1015 MT. After 2 weeks, cells were fixed and stained with
crystal violet. (C) Wild-type (WT) and mutant MT sequences from residues 336 to 350. (D) MT interactions with the N-terminal SH3 of GRB2.
Anti-MT immunoprecipitates from control cells or cells expressing wild-type, E349K, or 2XP MT were labeled in vitro with 32P. MT was then
reisolated and incubated with either GST-agarose or Grb2 N-SH3-GST-agarose. Washed precipitates were analyzed by PAGE and
autoradiography. (E) SH3 association does not correlate with transformation. Transformation experiments performed as described for
panel B compared wild-type MT to dl1015 or 2XP (P338A P341A). Expression is shown by MT blotting of equal amounts of cell protein
from each cell type.
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The mutant dl1015 was one of the very early mutants of MT defective in transfor-
mation (38, 39). This mutant has been an enigma, because it has been unclear whether
it is defective in associations of MT known to be important for transformation. The
deletion removes 10 residues (residues 338 to 347) (Fig. 1A and C) from a region rich
in proline residues. Deletion of just three of these prolines causes defects in transfor-
mation and tumorigenesis (40). One hypothesis is that this region of MT is responsible
for binding a host target protein that contains a Src homology domain 3 (SH3) domain.
SH3 domains have long been recognized to interact with proline-rich regions. Specif-
ically, interactions require the core binding motif of PxxP, where “x” is any amino acid
(reviewed in reference 41). The work described here set out to test the SH3 hypothesis
by site-directed mutagenesis of MT. As shown below, it seems unlikely that the effect
of the dl1015 mutations is related to a defect in SH3 binding. The work uncovered two
single mutants, W348R and E349K, which were highly defective in transformation. Here
we provide a detailed analysis of the E349K mutant. This mutant associates with all of
the proteins known to be important for transformation. This specifically includes PI3
kinase. However, despite PI3K binding and its associated activity, E349K MT fails to
elevate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) levels in cells and is unable to
activate PI3K-mediated pathways activating the downstream targets Akt and Rac1. The
importance of PI3K signaling in cancer can hardly be overstated (see reference 42 for
one review). The p110� catalytic subunit is frequently mutated in different cancers,
such as colon, breast, prostate, liver, and brain tumors (43). The mutated p110� found
in human tumors has been shown to be activating (44–47). Knockout of p110� is
sufficient to block MT transformation in mouse embryo fibroblasts (48). The defects we
observed for E349K MT are sufficient to explain the transformation defect, but raise new
questions about how PI3K signaling is regulated.

RESULTS
MT genetics argues against a role for SH3 interactions and uncovers new point

mutants defective in transformation. dl1015 is known to be transformation defective
(38, 39). This is confirmed in a focus formation assay as shown in Fig. 1B and by
additional quantitation in Fig. 1E. The dl1015 mutant has always been an enigma,
because there has been no consensus on the basis for its transformation defect. The
dl1015 deletion impinges on a region of MT that is proline rich (Fig. 1C). SH3 domains
are known to bind proline-rich regions. Specifically, interactions utilize the core-binding
motif PxxP (41, 49–51). In principle MT residues 338 to 341 could provide such a
sequence to associate with one or more SH3 domains. Figure 1D shows that wild-type
MT reisolated from immunoprecipitates could associate with the N-terminal SH3 do-
main of the adaptor Grb2. This is almost certainly an artifact since Grb2 binding is
associated with the binding of Shc at pY250 (52). However, it might support the idea
that MT associates with some SH3-containing target. Nonetheless, we created a P338A
P341A double mutant (2XP) to test the association and its possible function. As shown
in Fig. 1D, this 2XP double mutant binds weakly, if at all, to the Grb2 SH3, confirming
the role of the prolines in the interaction. However, 2XP seemed to be fully capable of
transformation in focus formation assays (Fig. 1E). This argues that function of this
region of MT is unlikely to involve canonical SH3 interactions.

Extensive mutation of MT by site-directed mutagenesis did yield two point mutants,
W348R and E349K, which were strikingly defective in transformation (Fig. 2A). Because
we were concerned about possible structural alterations caused by mutation of W348
to R, we concentrated on the E349K mutant. As shown in Fig. 2B, this mutant is
defective in soft agar transformation as well as in focus formation.

E349K MT is unaffected in binding known MT targets important for transfor-
mation. The story of MT transformation has been the story of binding to cellular targets
that regulate growth. Cells transiently transfected and cell lines expressing E349K have
been tested for MT binding to its targets. The left panel of Fig. 3 shows that PP2A, Src,
Shc, the PI3K p85 subunit, and YAP all bind to E349K MT in a similar fashion as to
wild-type MT in NIH/3T3 cells. For reasons of antibody sensitivity, we used human cells
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to look for the catalytic subunits of PI3K and PLC�1 (Fig. 3, right panel). Again E349K MT
associated with these targets like wild-type MT.

Given the key role of MT-associated tyrosine kinase activity, it was important to
determine whether the association with Src was functional. MT immunoprecipitates

FIG 2 E349K mutant is defective in transformation. (A) Focus formation assays in Rat1 cells show an
E349K defect in transformation. Cells were transfected with the empty vector control (CON) or vectors
expressing wild-type, P347A, W348R, or E349K MT. MT expression was assessed by Western blotting.
Focus formation assays were carried out as described in the legend to Fig. 1B. (B) E349K MT is defective
in soft agar assays of transformation. NIH/3T3 cells were exposed to doxycycline for 24 h to induce
expression of EGFP, WT MT, or E349K MT, after which the cells were seeded into soft agar in the
continued presence of doxycycline. Colonies were counted after 4 weeks. Results are shown on the left.
Representative images of individual NIH/3T3 colonies are shown on the right. Control Western blotting
of NIH/3T3 cell extract was conducted to detect MT. PLC�1 served as a loading control.

FIG 3 E349K MT associations with cellular proteins. (Left panel) Inducible NIH/3T3 cells were induced to
express EGFP (CON), WT MT, or E349K MT by exposure to doxycycline for 24 h. Western blotting of MT
immunoprecipitates (IP) shows WT binding of PP2A, Src, YAP, Shc, and PI3K (p85) to E349K MT. Actin was
used as a loading control. (Right panel) 293 cells were induced to express EGFP, WT MT, or E349K MT by
exposure to doxycycline for 6 h. Cell extracts were made and MT immunoprecipitated. After SDS-PAGE,
blots were probed for p110 subunits of PI3K, PLC�1, and MT.
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from controls or cell lines expressing either wild-type, dl1015, W348R, or E349K MT
were tested in in vitro kinase assays. Washed immunoprecipitates were then incubated
with [�-32P]ATP. Figure 4A demonstrates both E349K and W348R mutants were capable
of associating with a PTK activity at a level close to or the same as that of wild-type MT.

Association with members of the Src family of PTKs results in phosphorylation of
middle T antigen on critical residues, including tyrosines 250, 315, and 322. To deter-
mine if 348R and 349K MT association with PTK activity resulted in the tyrosine
phosphorylation of the critical middle T antigen residues, the mutant E349K MT in vitro
phosphorylations were compared to those of the wild type by partial proteolytic
digestion with the Staphylococcus aureus V8 protease (Fig. 4B). After resolution on
first-dimension cylindrical gels, the appropriate region was cut out and digested in the
second dimension with Staphylococcus aureus V8 protease. The familiar peptide pattern
with fragments of molecular weights 24,000, 18,000, and 9,000 to 10,000 was the same
as that for the wild type. Digestion with chymotrypsin (not shown) also gave identical
fragments for the wild type and E349K mutant. Therefore, the association with Src
family kinases appeared to be normal.

Next we turned our attention to PI3 kinase. Since both regulatory 85-kDa and
catalytic 110-kDa subunits were associated with E349K MT, enzymatic activity was
expected. Figure 5A shows that this was the case. Phosphatidylinositol 3-phosphate
(PI3P) product was detected after incubations of either wild-type or E349K MT immu-
noprecipitates with phosphatidylinositol and [�-32P]ATP. The initial observation of PI3K
association with MT was seen by phosphorylation of the p85 regulatory subunit in in
vitro tyrosine kinase reactions (53, 54). Phosphopeptide mapping with chymotrypsin
was used to confirm that p85 was modified in the same way in wild-type and E349K
immunoprecipitates (Fig. 5B). The overall conclusion from these experiments is that
association of E349K MT with PI3 kinase appeared to be normal.

E349K MT activates Shc signaling normally, but is defective for PI3 kinase
signaling. Activation of Shc in response to signals leads to phosphorylation of Shc on
tyrosine residues (55–57). In turn this leads to the recruitment of Grb2 and SOS, leading
to Ras activation. Figure 6 shows two experiments confirming that E349K MT is able to
activate Shc. In Fig. 6A, antiphosphotyrosine (anti-ptyr) immunoprecipitations were
carried out. Comparison of anti-ptyr-precipitated Shc to total Shc showed that both
wild-type and mutant MTs lead to ptyr-associated Shc. In Fig. 6B, blotting with
phosphospecific antibody directed against Shc pY317 confirmed that E349K MT could
signal causing Shc phosphorylation. Figure 6B also shows that induction of E349K MT

FIG 4 E349K MT associates normally with Src family PTKs. (A) Equal protein amounts of extracts from
control cells or stable cell lines expressing either wild-type or mutant MT were immunoprecipitated with
an MT-specific antibody. An in vitro kinase assay was performed on washed immunoprecipitates.
32P-labeled proteins were resolved by SDS-PAGE. The gel was treated with alkaline to remove serine and
threonine phosphate backgrounds. The image was developed using a Molecular Dynamics Phospho-
rImager screen. (B) Partial proteolytic digests of E349K MT resulted in the expected phosphopeptides. WT
and E349K MT labeled in vitro with 32P were resolved in the first dimension in 7.5% acrylamide cylinders.
After the appropriate regions of the cylinders were cut out, digestion was carried out with S. aureus V8
on a second-dimension 12.5% acrylamide gel. After alkaline treatment, that gel was dried and exposed
to a Molecular Dynamics PhosphorImager screen. Full-length wild-type and E349K MTs are indicated by
the arrowheads. A known shorter MT fragment is indicated by solid lines. The phosphopeptides are
indicated by molecular weight.
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in NIH/3T3 cells by treatment with doxycycline also increases the level of Erk phos-
phorylation. This is consistent with the activation of Shc by the mutant MT. The results
with Shc also support the conclusion that the assembly and activity of Src in the MT
complex are normal.

A very different picture emerges when PI3K signaling is examined in vivo. Two
principal pathways after PI3K activation lead to the activation of Akt and Rac1. These
two targets are clearly relevant for MT. Rac1 is known to be involved in MT activation
of c-fos transcription (58). Expression of dominant-negative forms of Rac1 or its
downstream effectors blocks PI3K-mediated signaling by MT (59, 60). MT is also an
activator of Akt, and this activation is dependent on association with PI3K (61–63).
Knockout experiments have confirmed the importance of Akt for MT tumorigenesis
(64).

Activation of Akt was tested first. Akt binds PIP3 (or PI-3,4P2) produced by PI3K.
Phospholipid binding causes Akt to be relocalized to the plasma membrane, where it
undergoes a conformational change, making it more accessible as a substrate (65). Akt
is activated by activation loop phosphorylation at Thr308 by PDK1 (66, 67) and by

FIG 5 E349K MT association with PI3 kinase. (A) E349K MT has associated PI3 kinase activity. Washed MT
immunoprecipitates from cell lines expressing wild-type or E349K MT were analyzed in an in vitro lipid
kinase assay. As described in Materials and Methods, phosphatidylinositol was used as the substrate.
Phosphorylated lipids were extracted in CHCl3-methanol (1:1) and spotted onto TLC plates. The plates
were developed by chromatography in n-propanol–2 N acetic acid (65:35), dried, and exposed to a
Molecular Dynamics PhosphorImager screen. (B) PI3 kinase p85 associated with E349K MT is phosphor-
ylated normally. Washed wild-type or E349K MT immunoprecipitates were labeled in an in vitro tyrosine
kinase reaction. Complexes were disrupted with SDS and p85 isolated by immunoprecipitation. p85 was
analyzed by two-dimensional chymotryptic mapping as described in the legend to Fig. 4.

FIG 6 E349K MT activates Shc. (A) Expression of WT and mutant MTs leads to the phosphorylation of Shc.
Cell lines expressing either WT or mutant middle T antigen (MT) or normal NIH/3T3 cells were grown
under serum-starved conditions for 24 h. Equal amounts of extract were immunoprecipitated with an
antibody directed against pTyr (4G10). The washed immunoprecipitates were resolved on a 10%
acrylamide gel, along with cell extracts for blotting with total Shc or MT. (B) Expression of WT and mutant
MTs leads to the phosphorylation of Shc and Erk. NIH/3T3 cells were induced to express EGFP, WT MT,
or E349K MT upon exposure to doxycycline for 24 h, the last 16 h of which took place without serum.
Western blotting of whole-cell extracts shows wild-type activation of Shc (Y317) and Erk1/2 (pErk, T202
Y204).
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phosphorylation near the C terminus at Ser473 by mTor2 (68). Phosphospecific anti-
bodies can be used to assess Akt activation. Figure 7A shows, as previously demon-
strated (61–63), that wild-type MT activates Akt at the 473 site. However, dl1015,
W348R, and E349K MTs failed to do so. Figure 7B shows that the wild-type, but not
E349K, MT activates Akt at the PDK1 site at T308. To test whether E349K MT might have
a dominant-negative effect on Akt activation, constitutively activatable mutant Akt2 or
Akt3 was introduced into control and E349K cells. It is clear that both Akt isoforms can
be activated as assessed by S473 phosphorylation. When put into soft agar, E349K
MT-expressing cells expressing Akt3, but not Akt2, showed significant transforming
ability. This indicates that part of the transformation defect in E349K MT is from failure
to activate Akt. The failure of Akt2 to give transformation is not surprising, since Akt2
is known to be unimportant for MT tumorigenesis (64).

The activation of Rac1 was tested next. Activated GTP-bound Rac1, but not GDP-
bound Rac1, will bind to a domain on its downstream effector, p21-activated kinase 1
(PAK1). This Rac1 binding domain of PAK can be expressed as a glutathione
S-transferase (GST) fusion. Figure 8 shows total Rac from control and MT-expressing
cells as well as the activated GTP-bound Rac brought down by GST-PAK beads. It is clear
that wild-type MT, but not dl1015, W348R, or E349K MT, stimulates the activation of
Rac1.

Akt is activated by direct binding of PIP3. Rac is likely to be activated because PIP3
binds to Rac exchange factors such as Tiam1 (69). Enzyme-linked immunosorbent
assays (ELISAs) were used to assess the levels of PIP3 in control and MT-expressing cells
(Fig. 9A). As shown previously (70), wild-type MT elevates the levels of PIP3 in cells.
However, E349K MT does not increase PIP3 levels significantly above those in control
cells. A similar conclusion was observed by immunofluorescence for PIP3. Control cells
responded to insulin signaling with an elevation of PIP3 (Fig. 9B). Wild-type MT-

FIG 7 The wild-type MT, but not dl1015, W348R, or E349K MT, activates Akt. (A) Control NIH/3T3 cells or
lines stably expressing either wild-type or mutant MT were grown under serum-starved conditions for 24
h. Extracts were resolved by PAGE and blotted for pan-serine 473 phosphorylated Akt, total Akt, or MT.
(B) E349K MT is defective in both S473 and T308 Akt phosphorylation. Control cells or cells expressing
wild-type or E349K MT were treated with doxycycline for 24 h, of which the last 16 h were serum free.
Extracts were made and Western blotting was carried out after SDS-PAGE using phosphospecific
antibodies for pT308 and pS473 as well as antibody for total Akt and MT. (C) E349K MT does not prevent
Akt activation. 3T3 cells stably expressing EGFP (control [CON]) or E349K MT were infected with empty
vector (EV) pBABE retrovirus or pBABE retrovirus encoding constitutively activatable Akt2 or Akt3 and
selected in puromycin. Cells were induced to express EGFP or E349K MT by exposure to doxycycline for
24 h, the last 16 h of which took place in the absence of serum. Blotting of cell extracts was carried with
antibody recognizing S473 phosphorylation, total Akt, PI3K p85 subunit or MT. (D) Activated Akt3
partially restores E349K MT transformation. Cells with or without mutant Akt expression were induced to
express EGFP (CON), WT MT, or E349K MT by exposure to doxycycline for 24 h, after which the cells were
seeded into soft agar in the continued presence of doxycycline. Colonies were counted after 4 weeks.
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expressing cells, but not E349K MT-expressing cells showed constitutive PIP3 expres-
sion. This defect is sufficient to explain why the mutants activate neither Akt nor Rac1.
Since the tumor suppressor PTEN functions to dephosphorylate PIP3 (71, 72), its levels
were compared in control or MT-expressing cells (Fig. 9C). No differences were ob-
served.

Membrane targeting and E349K. Another possibility is that the E349K MT is
somehow mislocalized. PIP3 is largely generated in plasma membranes (reviewed in
reference 73). Wild-type MT associates with membranes through a hydrophobic do-

FIG 8 The wild-type MT, but not dl1015, W348R, or E349K MT, activates Rac. Cell lines expressing either
WT or mutant middle T antigen (MT) or control NIH/3T3s were grown under serum-starved conditions for
24 h. Equal amounts of extract were incubated with a GST-PAK-Rac1-binding domain fusion, bound to
glutathione (GSH) beads. The washed GST pulldowns were resolved on a 10% acrylamide gel, transferred
to nitrocellulose, then immunoblotted with an antibody directed against Rac1. For total Rac1 and MT,
equal protein concentrations of cell extract were immunoblotted for either Rac1 or MT.

FIG 9 E349K cells lack PIP3. (A) 3T3 cells were exposed to doxycycline for 24 h to induce expression of
EGFP (CON), wild-type, or E349K MT. The last 16 h of the induction took place in the absence of serum.
Lipids were extracted, and PIP3 was measured by ELISA (top). Control Western blotting of duplicate
samples shows MT in cell extracts and confirms that E349K MT was not activating Akt (bottom). (B)
Control cells and those expressing either wild-type or E349K MT were grown under serum-starved
conditions for 24 h. A subset of the controls were treated with insulin (100 ng/ml) for 30 min. Cells were
then stained with antibody to PIP3 (Echelon). (C) PTEN levels are unaffected by MT. Induction of MT was
carried out as in panel A. Cell extracts were analyzed for PTEN by Western blotting.
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main at the C terminus (36) well distal to the E349K mutation. Fractionation experi-
ments confirmed that E349K MT is associated with membranes like the wild type (Fig.
10A). We further considered the possibility that the E349K mutation might affect the
usual mechanism of membrane association. To do this, we tested whether a surrogate
targeting signal could overcome the E349K defect. We took advantage of the obser-
vation that MT can be directed to membranes using the H-ras CAAX-box localization
signal (74). However, attempts to localize wild-type or E349K MT to membranes by
using the H-ras membrane localization sequence failed to restore transformation (Fig.
10B).

DISCUSSION

This work describes mutations in the proline-rich region of MT. Originally motivated
by the transformation-defective mutant dl1015, we tested the hypothesis that the
region might be a site for interactions with SH3 domains. While wild-type MT can
associate in vitro with the N-terminal Grb2 SH3 domain, mutation of the PXXP at the
residue 338 –341 motif prevents binding with no effect on the transforming phenotype.
We therefore conclude that the SH3 binding observed here in vitro either represents an
artifact, or if SH3 binding occurs, it is not relevant to transformation here.

Two point mutants, W348R and E349K, were uncovered in the course of our
mutagenesis. Despite not affecting the proline sequences, these mutants were highly
defective in transformation. We characterized them, especially the E349K mutant in
some detail. As for the wild type, they associate with MT targets known to be important
in transformation: PP2A, Src, Shc, PI3 kinase, PLC�1, and YAP. In vitro activity in the
tyrosine kinase assays appeared to be normal, with phosphorylation at the usual sites.
This is consistent with the observation that E349K MT associates with Shc, PI3K, and
PLC�1 in vivo. All of these associations are known to be dependent on tyrosine
phosphorylation.

The E349K mutant, unlike mutants defective in Src association, retains some bio-
logical activity. Shc is phosphorylated normally. This signaling appears to result in Erk
activation as well (Fig. 6B). Also, previous work showed that it is necessary to knockout
both 250 and 315 binding to abrogate completely the ability of MT to promote cell
cycle progression (75). Experiments not shown indicate that E349K MT retains partial
ability to promote cell cycle progression in serum-starved cells. This is again consistent
with the notion that Shc activation is normal.

Unlike Shc, the situation with PI3K and its signaling was clearly different for E349K

FIG 10 E349K MT and membrane localization. (A) E349K is associated with membranes: NIH/3T3 cells
were induced to express EGFP (C) or wild-type or E349K MT by exposure to doxycycline for 24 h.
Hypotonic cell fractionation followed by centrifugation was conducted to isolate the membrane fraction.
After SDS-PAGE, Western blotting was carried out to detect MT in whole-cell lysates or the membrane
fraction. The relative amount of whole-cell lysate was 1/15 that of the purified membranes. (B) Using
H-RAS targeting of E349K MT to membranes fails to restore transformation. Rat1 cells were transfected
with either wild-type, wild type-CAAX, E349K, or E349K-CAAX MT. Foci were stained as described in the
legend to Fig. 1B.
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MT than for the wild type. E349K MT did not activate Akt measured by T308 or S473
phosphorylation, nor did it enhance the amount of GTP-bound Rac1. The observed
failure in PI3 kinase signaling to activate Akt and Rac1 would explain the transformation
defect. Superficially, this might have seemed to be like the situation with the Y315F
mutant that fails to bind PI3 kinase (26) and therefore to signal to Akt (61). However,
the actual situation is quite different. In contrast to the Y315F mutant, the E349K
mutant seems to be perfectly capable of recruiting PI3 kinase into MT complexes. Both
the � and � isoforms of the p110 catalytic subunit were detected. p85 regulatory
subunit binding is shown in Fig. 3. Given all these results, it is not surprising that PI3
kinase enzymatic activity associated with E349K MT appeared to be normal (Fig. 5A). In
MT complexes, the p85 subunit is phosphorylated (53, 76). Peptide mapping indicated
that E349K phosphorylation in vitro was also normal.

Observations showing that the association of E349K MT with PI3 kinase was normal
but that no PI3 kinase signaling seemed to be occurring define an entirely new kind of
MT mutant. We considered and ruled out the possibility that E349K MT is somehow
dominant negative for PI3 kinase signaling. Experiments with transfection of activated
Akt showed that the mutant Akt was phosphorylated in E349K-expressing cells and that
transformation was substantially restored.

The most telling result is that E349K MT does not elevate the level of PIP3 in cells
in the same way as the wild type (Fig. 9). This was confirmed by immunofluorescence
of wild-type and MT-expressing cells (not shown). The lack of PIP3 response would
account for the Akt/Rac1 and transformation defects. The question is how could this be
possible given that association of PI3 kinase with E349K seems to be normal? One
possibility is that E349K mutant MT, but not wild type MT, increases PIP3 phosphatase
activity. The tumor suppressor PTEN is well known to downregulate PI3 kinase activity
(71, 72). However, PTEN has never been found in association with MT complexes. Nor
is there any increase in the amount of PTEN in E349K MT-expressing cells compared to
the wild type (Fig. 9B). There is some reason to believe that submembrane localization
such as in lipid rafts is important for PI3 kinase signaling to Akt (77). Simple membrane
localization does not appear to offer any explanation for the transformation defect. In
addition, preliminary characterization suggests that wild-type MT can be found in rafts,
but that the E349K mutation does not change this.

Since the MT story has always been that of associations with cellular targets, it seems
most likely that the E349K mutant has lost an association that might, for example, affect
localization to some specific cell complex. In the recent proteomic work that led to the
MT-YAP story, a number of novel interactors were uncovered (8). Detailed proteomics
will be needed to determine whether these or other interactions could explain the
E349K phenotype.

MATERIALS AND METHODS
Cells. The normal mouse fibroblast cell line NIH/3T3, normal mouse mammary gland epithelial cell

line NMuMG, normal rat fibroblast cell line Rat-1, and human 293, 293T, 293FT, and 293 Phoenix cell lines
were obtained from the American Type Culture Collection (ATCC, Manassas, VA). NIH/3T3 cells were
propagated in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO) supplemented
with 10% calf serum (CS; Invitrogen, Grand Island, NY). NMuMG, Rat-1, 293T, 293FT, and 293 Phoenix cells
were propagated in DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen). All media were
supplemented with 1% glutamine and 1% penicillin-streptomycin (Invitrogen). 293FT cells were propa-
gated in the presence of 500 �g/ml G418 (Invitrogen). All cells were propagated at 37°C in a humidified
atmosphere composed of 5% CO2.

Constructs and stable expression. Plasmid for wild-type MT expressed from the cytomegalovirus
(CMV) promoter has been described previously (35). Mutants were constructed by site-directed PCR
mutagenesis using the following oligonucleotides:

Dl 1015 (5= GTA CCC CAG CTC ATC CCA CCA TGG GAG GGT CGT ATT CTT 3= and 5= CCG AAG AAT
CAG ACC CTC CCA TGG TGG GAT GAG CTG GGG TAC 3=), P338A/P341A (2XP) [5= AGC TCA TCC CCC
CC(G/C) CTA TCA TT(G/C) CCA GGG CGG GTC TG 3= and 5= CAG ACC CGC CCT GG(G/C) AAT GAT AG(G/C)
GG GG GAT GAG CT 3=], P347A (5= GCG GGT CTG AGT GCA TGG GAG GGT C 3= and 5= G ACC CTC CCA
TGC ACT CAG ACC CG), W348R (5= GGT CTG AGT CCA CGG GAG GGT CTG 3= and 5= CAG ACC CTC CCG
TGG ACT CAG ACC 3=), and E349K (5= CTG AGT CCA TGG AAG GGT CTG ATT 3= and 5= G AAT CAG ACC
CTT CCA TGG ACT CAG 3=).
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MT–H-Ras chimeras were created with the oligonucleotides 5= GCT CAT TCA ATG TCC GGC TGC ATG
AGC TGC AAG TGT GTG CTC TCC TGA GGA TCC GCG 3= and 5= CGC GGA TCC TCA GGA GAG CAC ACA
CTT GCA GCT CAT GCA GCC GGA CAT TGA ATG AGC 3=.

The resulting fusion creates a chimera with the first 383 amino acids of MT, a single serine spacer, and
the 10 amino acids from the C terminus of H-ras that is responsible for membrane localization.

pBABE vectors expressing constitutively activatable Akt2 and Akt3 were a gift from Philip Tsichlis.
Cell lines that stably expressed the CMV wild type or MT mutants were made by cotransfection of the

desired CMV expression plasmid and pBabe puro (10:1 ratio of expression vector to selection vector) with
HEPES-buffered saline (HBS)/calcium chloride cotransfection. After 48 h, cells were placed in selection
medium (10% CS-DMEM with 5 �g/ml puromycin). At approximately 2 weeks posttransfection, colonies
were isolated and amplified to test for protein expression.

pInducer 20 constructs for inducible expression of wild-type MT and wild-type MT that is hemag-
glutinin (HA) and FLAG tagged at the C terminus have been described previously (8). pInducer
MT-expressing cells were isolated after lentivirus infection and G418 selection as described previously (8).

Transformation assays. (i) Focus formation. Focus-forming assays in Rat-1 fibroblasts or mouse
NIH/3T3 cells were performed after transfection with HBS/calcium chloride or FuGENE 6. On the third day,
one plate of the three was harvested, and extracts were used to check protein expression; the other two
plates were maintained until foci were readily detectable (10 days to 2 weeks). Plates were then fixed in
3.7% formaldehyde–phosphate-buffered saline (PBS) for 30 min. at room temperature, and stained with
0.1% crystal violet in 3.7% formaldehyde–PBS.

(ii) Soft agar transformation. NIH/3T3 or NMuMG cells containing pInducer constructs were
induced to express MT protein by exposure to doxycycline for 24 h prior to being suspended in agar.
Doxycycline was maintained in the agar throughout the duration of the assay. The assay was set up in
6-well plates. The bottom of each well was coated with 1 ml propagation medium containing 0.6% agar.
Once the bottom coat was polymerized, cells (1 � 105) were suspended in 1 ml propagation medium
containing 0.4% agar. Colonies were allowed to form for 3 to 4 weeks. At the completion of the assay,
colonies were imaged using an AlphaImager (Alpha Innotech, San Jose, CA) and quantified using the
open source software ImageJ (78).

Antibodies. The antibody to PP2A A subunit recognizing both A� and A� was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The antibodies to Src, Shc, phospho-Shc, phospho-Akt, phospho-
MEK, phospho-extracellular signal-regulated kinase (phospho-ERK), YAP, phospho-YAP, and TAZ were
purchased from Cell Signaling Technology (Danvers, MA). MT-1 is an antipeptide antibody recognizing
MT between residues 282 and 300, a region known to be dispensable for virus growth and transforma-
tion (79); monoclonal antibody (MAb) PN116 recognizing the domain common to large T antigen (LT),
MT, and small t antigen (ST) was described previously (80). The polyclonal antibody to p85, the PI3K
regulatory subunit, used in this study was generated in our laboratories. FLAG-tagged proteins were
immunoprecipitated using anti-FLAG resin (Sigma-Aldrich). The anti-FLAG antibody used for Western
blotting was purchased from Clontech (Mountain View, CA). HA-tagged proteins were immunoprecipi-
tated with anti-HA resin (Sigma-Aldrich). The anti-HA antibody used for Western blotting was purchased
from Covance (Princeton, NJ). Anti-Rac-1 was from Upstate Biotechnologies.

Immunoprecipitation and Western blotting. MT was immunoprecipitated using MT-1, HA-tagged
proteins were immunoprecipitated using anti-HA resin, and FLAG-tagged proteins were immunoprecipi-
tated using anti-FLAG resin according to methods published previously (81). SDS-PAGE (10%) (82) was
used. Western blotting was carried out by standard methods (83). The procedure for recovering MT or
PI3K p85 from immunoprecipitates was described previously (84).

In vitro protein kinase reactions. Immunoprecipitates were washed and resuspended in kinase
buffer (20 mM Tris-HCI [pH 7.5], 5 mM MnCl2), and then incubated in 200 �l kinase buffer and 50 �Ci
[�-32P]ATP (2,000 Ci/mmol)) for 15 min at room temperature. At the end of the incubation, the beads
were washed three times with PBS and once with water and boiled in SDS dissociation buffer.

Proteolytic mapping. Partial proteolysis has been described previously (21). Immunoprecipitated
samples were electrophoresed on a 7.5% acrylamide cylindrical gel. Relevant regions for MT or PI3K p85
were excised and placed horizontally onto 12.5 to 15% acrylamide gels and overlaid with 2 ml of
enzymatic digestion solution (0.0125 M Tris-HCl [pH 6.8], 0.01 M EDTA, 20% glycerol [vol/vol], 0.015%
[wt/vol] bromophenol blue, 50 �g/ml bovine serum albumin, and 40 �g/ml Staphylococcus aureus V8
protease [USB] or chymotrypsin [Sigma]).

Lipid assays. In vitro PI3K activity assays on immunoprecipitates were carried out as previously
described (25). After 10 min, the reaction was stopped with 1 N HCl. Phosphorylated lipids were extracted
with chloroform-methanol (1:1), spotted onto thin-layer chromatography (TLC) plates, and separated by
chromatography in N-propanol–2 N acetic acid (65:35).

To analyze PIP3, NIH/3T3 cells were exposed to doxycycline for 24 h to induce expression of
enhanced green fluorescent protein (EGFP), MT, or E349K MT. The last 16 h of the induction took place
in the absence of serum. Lipids were extracted and PIP3 was measured by ELISA using the assay kit from
Echelon Biosciences, Inc. (Salt Lake City, UT).

Rac activation assay. GST PAK-Rac-binding domain, described and provided by R. Buchsbaum (85),
was used to produce GST-Pak Rac1-binding domain bound to glutathione-Sepharose beads. Cells to be
tested for activated Rac were harvested and extracted in 100 �l lysis buffer (50 mM Tris-HCI [pH 7.5], 10
mM MgCl2, 120 mM NaCl, 10% glycerol, 2% NP-40, l mM dithiothreitol with 5 �g/ml leupeptin, aprotinin,
and pepstatin, and 0.1 mg/ml phenylmethylsulfonyl fluoride [PMSF]) for 30 min on ice. Lysates were
cleared by spinning in an Eppendorf microcentrifuge at 10,000 rpm for 10 min at 4°C. Cleared lysates
were incubated with GST-Pak bound to glutathione-Sepharose beads for 30 min at 4°C. Washed beads
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were treated with SDS dissociation buffer and separated by gel electrophoresis. Blotting for Rac was then
carried out.

Cell fractionation. Cytoplasmic and membrane fractions were extracted by hypotonic fractionation
(86).
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