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The receptor tyrosine kinase/PI3K/Akt/mammalian target of rapamycin (RTK/PI3K/Akt/mTOR) pathway is 
frequently altered in tumors. Inactivating mutations of either the TSC1 or the TSC2 tumor-suppressor genes 
cause tuberous sclerosis complex (TSC), a benign tumor syndrome in which there is both hyperactivation of 
mTOR and inhibition of RTK/PI3K/Akt signaling, partially due to reduced PDGFR expression. We report 
here that activation of PI3K or Akt, or deletion of phosphatase and tensin homolog (PTEN) in mouse embry-
onic fibroblasts (MEFs) also suppresses PDGFR expression. This was a direct effect of mTOR activation, 
since rapamycin restored PDGFR expression and PDGF-sensitive Akt activation in Tsc1–/– and Tsc2–/– cells. 
Akt activation in response to EGF in Tsc2–/– cells was also reduced. Furthermore, Akt activation in response 
to each of EGF, IGF, and PMA was reduced in cells lacking both PDGFRα and PDGFRβ, implying a role for 
PDGFR in transmission of growth signals downstream of these stimuli. Consistent with the reduction in 
PI3K/Akt signaling, in a nude mouse model both Tsc1–/– and Tsc2–/– cells had reduced tumorigenic potential 
in comparison to control cells, which was enhanced by expression of either active Akt or PDGFRβ. In conclu-
sion, PDGFR is a major target of negative feedback regulation in cells with activated mTOR, which limits the 
growth potential of TSC tumors.

Introduction
Protein kinases are major regulators of most cellular signaling 
pathways. Among them, receptor tyrosine kinases (RTKs), such as 
PDGFR, play pivotal roles in promoting cellular growth and prolif-
eration by transducing extracellular stimuli to intracellular signaling 
circuits (1). A prominent component of the intracellular signaling 
machinery is the PI3K/Akt(PKB)/mammalian target of rapamycin 
(PI3K/Akt[PKB]/mTOR) pathway (2, 3). Aberrant activation of this 
pathway by mutation of any of multiple genes is known to occur in 
the majority of human cancers through various mechanisms (4–6). 
RTK can be activated by either overexpression or mutation (1, 7–9). 
Activating mutations in PI3K p100 catalytic subunit α (PIK3CA) 
occur in more than 30% of solid tumors, leading to unregulated 
PI3K activity (5, 10). PI3K is an important driver of cell prolifera-
tion and cell survival that is normally activated by direct or indirect 
(via adapter proteins such as insulin receptor substrate [IRS]) bind-
ing of its p85 regulatory subunit to a phosphorylated RTK or by 
interaction of its p110 catalytic subunit with Ras-GTP. Activating 
Ras mutations occur in nearly one-third of epithelial tumors (11). 
Therefore, Akt is frequently activated in cancer cells via activated 
PI3K. Akt itself is also deregulated through amplification and over-
expression in a smaller subset of tumors (12).

The PI3K/Akt/mTOR pathway is also subject to negative regula-
tion by several tumor suppressor genes, each of which can be inacti-
vated (13–18). Akt is flanked by 2 tumor suppressors: phosphatase 

and tensin homolog (PTEN), acting as a brake upstream of Akt, and 
the tuberous sclerosis complex 1/2 (TSC1/TSC2) heterodimer, act-
ing as a brake downstream of Akt and upstream of mTOR. PTEN is 
commonly inactivated by mutation in human cancers, and functions  
as a critical negative regulator of Akt through its phosphatase activ-
ity on PtdIns(3,4,5)P(3), which is required to bring Akt to the mem-
brane for phosphorylation by PDK1 (13). Phosphorylated, activat-
ed Akt phosphorylates TSC2 which disrupts the association of the 
TSC1/TSC2 protein complex with the membrane, which is required 
for its function as a GTPase-activating protein (GAP) for Ras homo-
log enriched in brain (Rheb)-GTP (19, 20). Loss of TSC1/TSC2  
leads to high levels of Rheb-GTP and activation of mTOR. mTOR 
integrates PI3K-mediated growth factor signaling, cellular energy 
status signals, and amino acid availability to regulate ribosome bio-
genesis, protein synthesis, and cell growth (3).

While PTEN loss leads to Akt activation, deletion of TSC1/TSC2 
leads to reduced Akt activation (14, 15, 21). The cause of this effect 
is likely multifactorial, with contributions from both reduced 
PDGFR expression (15) and reduction of IRS expression (22, 23). 
PDGF is the principal mitogen found in mammalian serum (24) 
and promotes cell migration, proliferation, and survival by binding 
to its cognate receptors, PDGFRα and PDGFRβ. Ligand binding 
to 1 subunit induces receptor homodimerization or heterodimer-
ization and autophosphorylation (25). Although PDGFRα and 
PDGFRβ have similar biochemical functions in vitro, deletion of 
either gene is embryonic lethal (25). PDGF-related signaling has 
been implicated in the pathogenesis of tumors, atherosclerosis, 
balloon injury–induced restenosis, and pulmonary fibrosis and 
also plays an important role in angiogenesis (25).

Exploration of the mechanism and consequences of different 
genetic alterations in the PI3K/Akt/mTOR pathway has consid-
erable importance. For example, patients with congenital PTEN 
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haploinsufficiency are predisposed to development of a wide vari-
ety of benign growths (hamartomas), as well as being at increased 
risk for malignancy in multiple organs, through loss of their WT 
PTEN allele. In addition, PTEN loss plays a prominent role in the 
development of malignancies in the general population. In con-
trast, TSC patients (with loss of 1 allele of either TSC1 or TSC2) 
develop a variety of hamartomas through a 2-hit mechanism but 
rarely develop TSC-related malignancy (<3% of all patients) (18). 
In addition, mutation in the TSC genes is rare in the conventional 
adult malignancies, as far as is known. It is possible that the reduc-
tion in Akt activity in cells lacking TSC1/TSC2 contributes to the 
generally benign nature of tumors that develop in TSC patients.

Here we report studies on the mechanism and the functional 
and in vivo significance of the reduction in PDGFR expression 
that occurs in cells lacking TSC1/TSC2. First, we demonstrate 
that each of several different manipulations that lead to activation 
of Akt/mTOR also cause significant downregulation of PDGFR 
expression. Second, we demonstrate that rapamycin treatment 
restores PDGFR expression and signaling to Akt in response to 
PDGF or EGF in Tsc2–/– cell lines. Third, we show the importance 
of PDGFR expression in Akt activation in response to multiple 
other growth factors. Finally, we demonstrate that the impaired 
tumor formation by Tsc1–/– and Tsc2–/– cell lines can be reversed 
with ectopic expression of PDGFR or active Akt.

Results
Activation of PI3K/Akt/mTOR reduces PDGFR expression. We previously 
observed that Tsc1-null or Tsc2-null mouse embryonic fibroblast 
(MEF) lines are relatively insensitive to stimulation of Akt by either 

PDGF or serum, in comparison to control lines, and that this was 
due to reduced expression of both PDGFRα and PDGFRβ (14, 15). 
Multiple other growth- and survival-promoting oncogenic stimuli 
are known to lead to Akt activation and downstream activation of 
mTOR. We hypothesized that reduction in expression of the PDGFRs  
would also occur in these other situations. We found that activation 
of Akt by any of 3 different manipulations led to reduced expression 
of the PDGFRs (Figure 1). Expression of a myristoylated, activated 
form of Akt led to high levels of pS6 (a marker of mTOR activa-
tion) and marked reduction in expression of both PDGFRα and 
PDGFRβ as well as endogenous Akt phosphorylation (Figure 1A).  
Introduction of myristoylated, membrane-bound (dominant-
active) PIK3CA and PI3K subunit p85α into MEFs also led to acti-
vation of Akt and marked reduction in expression of both PDGFRs  
(Figure 1B). Finally, PTEN loss in MEFs also potentiated Akt activa-
tion, with mTOR activation, and also led to reduction in expression 
of PDGFRβ (Figure 1C).

Inhibition of mTOR restores PDGFR expression and Akt activation. The 
observations presented above suggested that the degree of reduc-
tion in PDGFR expression was roughly proportional to the extent 
of mTOR activation, as myristoylated Akt (myr-Akt) had the great-
est effects by both these measures (Figure 1). To investigate wheth-
er PDGFR reduction was directly due to mTOR activation, Tsc1–/–, 
Tsc2–/–, and Pten–/– MEFs were serum starved and treated with rapa-
mycin for up to 24 hours. PDGFRβ levels increased in response to 
rapamycin treatment, as did levels of IRS1, in a time-dependent 
manner (Figure 2A). Furthermore, both serum and PDGF stimu-
lation led to increased levels of p-Akt in rapamycin-treated Tsc2–/– 
cells, in comparison to untreated controls (Figure 2B).

Figure 1
Activation of the PI3K/Akt/mTOR pathway reduces 
PDGFR expression. Immunoblot analysis is shown 
for multiple MEF lines. (A and C) MEFs were 
starved for 2 days and stimulated with either 10% 
FBS or 50 ng/ml PDGFbb for 10 minutes. (A) MEFs 
with ectopic myr-Akt have elevated p-TSC2, p-Akt, 
and p-S6 levels and markedly reduced PDGFRα 
and PDGFRβ levels in comparison to control cells. 
Arrows indicate endogenous Akt. (B) WT immor-
talized MEFs transiently expressing the p85α and 
myristoylated p110α subunits of PI3K show a 
marked reduction in levels of expression of both 
PDGFRα and PDGFRβ. (C) PTEN-null MEFs show 
increases in expression of p-Akt and p-S6, with a 
decrease in PDGFRβ expression.
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To examine the mechanism of both reduced PDGFR expression 
and increase in response to rapamycin treatment, we used real-time 
quantitative RT-PCR analysis of PDGFR levels. A substantial (7.3- to 
14.1-fold) decrease in levels of PDGFRα and PDGFRβ mRNA was 
seen in Tsc1–/– cells in comparison to controls (Figure 2C). The effects 
of rapamycin on PDGFRα and PDGFRβ mRNA expression were 
similar to its effects on protein expression: treatment led to a marked, 
3.2- to 5.1–fold increase in PDGFRα and PDGFRβ mRNA levels in 
the Tsc1–/– cells, with a much smaller increase in WT control MEFs. As 
we have previously shown that the half-life of PDGFR is not affected 
in Tsc2–/– MEFs (15), these data in aggregate suggest that PDGFR is 
negatively regulated by mTOR at the transcriptional level.

EGF/Akt signaling is also suppressed by mTOR activation. To explore 
the possibility that EGF signaling to Akt might also be affected in 

Tsc2-null cells, we examined p-Akt and p-ERK levels in cells after 
treatment with EGF. Although p-ERK levels were equivalent in 
Tsc2-null and control cells after EGF stimulation, p-Akt(Ser473) 
levels were markedly reduced in the Tsc2-null cells after EGF 
treatment (Figure 3A). In addition, as in response to PDGF treat-
ment, pretreatment of Tsc2-null cells with rapamycin had no 
effect on p-ERK levels but increased p-Akt levels in response to 
EGF stimulation (Figure 3B). These observations indicate that 
EGF signaling to Akt is substantially suppressed by mTOR acti-
vation in Tsc2-null cells.

PDGFR is essential for Akt activation mediated by EGF, IGF, and 
PMA. To examine the potential role of PDGFR in EGF-medi-
ated Akt activation, we used AG1478, an EGFR inhibitor, 
and AG1295, a PDGFR inhibitor, to treat WT MEFs. AG1295 

Figure 2
mTOR suppresses PDGFR expression. (A and B) Immunoblot analysis is shown for Pten–/–, Tsc1–/– (A), and Tsc2–/– (B) MEFs. (A) Cells were 
treated with 10 nM rapamycin for variable time periods, up to 24 hours. (B) Cells were starved in DMEM with rapamycin for 24 hours; treated with 
or without 0.1 μM wortmannin for 30 minutes; then stimulated with 10% FCS (left) or 50 ng/ml PDGFbb (right) for 10 minutes. Note that rapamycin 
immediately decreased p-S6 levels and led to a delayed increase in IRS1 and PDGFRβ levels. (C) Real-time quantitative RT-PCR analysis of 
PDGFRα and PDGFRβ mRNA levels is shown for untreated and 24-hour rapamycin–treated (10 nM) Tsc1–/– and WT MEFs. Error bars indicate 
SD for n = 2 experiments. Note the marked decrease in PDGFR mRNA levels in Tsc1–/– cells, which were increased by rapamycin treatment.
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reduced Akt phosphorylation to a major extent in response to 
both PDGF and EGF stimulation (Figure 4A), while it had no 
influence on EGFR phosphorylation (Figure 4B). In contrast, 
AG1478 had no effect on Akt phosphorylation in response to 
PDGF but blocked EGF-induced Akt phosphorylation compa-
rably to AG1295 (Figure 4A). These results suggest that PDGFR 
is critical for EGF signaling to Akt.

Numerous alterations have been reported in Tsc1- or Tsc2-null 
cells, many of which could influence Akt activation in response 
to external stimuli. Because of the functional redundancy of the 
α and β isoforms, PDGF stimulates a very similar set of cellular 
responses and signaling events in cells expressing only PDGFRα 
or PDGFRβ in cultured cells (25). Therefore, to examine directly 
the relationship between PDGFR expression and signaling to Akt, 
we utilized MEFs in which deletion of both Pdgfra and Pdgfrb had 
been achieved by genetic engineering in the mouse (26).

PDGFRα/β double-null MEFs demonstrated markedly reduced 
activation of Akt in response to stimulation with any of PDGFbb, 
serum, or EGF (Figure 5A). Reconstitution of these MEFs with 
either PDGFRα or PDGFRβ greatly enhanced Akt activation in 
response to any of these 3 stimuli. Furthermore, Akt activation 
in response to both IGF and PMA was also significantly impaired 
in the PDGFRα/β double-null MEFs, in comparison to MEFs 
reconstituted with either receptor isoform (Figure 5, B and C). In 
contrast, MEFs engineered to have no expression of EGFR (27) 
showed normal phosphorylation of Akt in response to treatment 
with any of PDGF, IGF1, and insulin (Figure 5D).

Tsc1- or Tsc2-null cells have reduced tumorigenic potential due to reduced 
PDGFR/Akt signaling. To assess the in vivo consequences of dimin-
ished signaling to Akt in cells lacking Tsc1/Tsc2, we examined the 
tumorigenic capacity of paired sets of MEF lines. In contrast to 
expectations for cell lines that had lost a tumor suppressor gene, 
both Tsc1-null and Tsc2-null MEF lines demonstrated reduced 
tumorigenic capacity in a nude mouse model, as assessed by tumor 
development and survival after injection of 106 cells, in compari-
son to control MEF lines (Figure 6, A and B).

To directly assess the role of diminished Akt signaling in this 
effect, we transduced these cell lines with either myr-Akt or 
PDGFRβ. myr-Akt–expressing Tsc2–/–, PDGFRβ-expressing Tsc1–/–, 
and PDGFRβ-expressing Tsc2–/– cell lines demonstrated enhance-
ment of Akt activation either at baseline (myr-Akt) or in response 
to serum stimulation (PDGFR-expressing) (Figure 7, A–C). More-
over, these modified cell lines demonstrated accelerated tumor 
growth in vivo in nude mice, in comparison to MEF lines trans-
duced with vector alone, as assessed by tumor formation and sur-
vival (Figure 7, A–C). Not surprisingly, the myr-Akt–transduced cell 
line displayed the most aggressive in vivo growth, consistent with 
the strongly activating effect of that oncogene-like construct.

Discussion
The PDGFR is a member of the family of transmembrane recep-
tors with kinase activity (1). Tumor growth can be promoted 
through PDGFR by autocrine PDGF stimulation, by overexpres-
sion or hyperactivation of PDGFR, or by PDGF stimulation of 
angiogenesis within the tumor (9). Constitutive activation of 
PDGFRα or PDGFRβ is seen in myeloid malignancies as a con-
sequence of fusion of the PDGFR genes to diverse partner genes, 
and activating mutations of PDGFRα are seen in gastrointesti-
nal stromal tumors (9). Overexpression of PDGFRs and/or their 
ligands has been described in many other solid tumors, includ-
ing medulloblastomas and malignant gliomas (28, 29). In addi-
tion, the propensity of human prostate cancer to metastasize to 
bone appears to correlate with Akt activation via PDGFRα (30). 
Therefore, PDGFRs are widely recognized as potential targets 
for anticancer therapeutics. However, we have previously found 
that expression of both PDGFRα and PDGFRβ is reduced and 
PI3K/Akt signaling is impaired, while mTOR is hyperactivated, 
in both Tsc1–/– and Tsc2–/– MEFs and in kidney tumors from either 
Tsc1+/– or Tsc2+/– mice (14, 15).

Here we demonstrate that activation of Akt by any of several 
mechanisms (loss of PTEN, activation of PI3K or Akt) also inhibits 
the expression of PDGF receptors (Figure 1). Restoration of PDGFR 
mRNA and protein levels by rapamycin treatment of Tsc1–/–, Tsc2–/–,  
or Pten–/– cells indicates that this effect is mediated by mTOR at 
the transcriptional level (Figure 2). As the Ras, PI3K/PTEN, and 
p53 pathways all converge either directly or indirectly on TSC2, 

Figure 3
mTOR activation inhibits signaling of both PDGF and EGF to Akt. MEFs 
were serum starved for 24 hours and then stimulated with 25 ng/ml  
PDGFbb or 50 ng/ml EGF for 10 minutes. Cell lysates were then sub-
jected to Western blot analysis. (A) Note similar patterns of p-ERK 
increase in response to PDGF and EGF in both WT and Tsc2–/– cells. 
In contrast, p-Akt levels were reduced in response to both EGF and 
PDGF in the Tsc2–/– cell line. (B) Note enhancement of p-Akt levels 
in Tsc2–/– cells in response to rapamycin (100 nM for 24 hours) and 
PDGF or EGF treatment.
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the TSC1/TSC2 node is a crucial regulator of mTOR (3, 4, 18).  
Since the PI3K/Akt/mTOR signaling pathway is the pathway that 
is most often deranged in cancer (3, 6), mTOR-mediated nega-
tive feedback regulation of upstream signaling has a potential 
important role in the regulation of cell growth/proliferation and 
prevention of tumorigenesis. However, genetic alterations such as 
PTEN loss or PI3KCA mutation/activation are refractory to this 
negative feedback mechanism, likely explaining their importance 
in malignant proliferation.

It remains uncertain precisely how activated mTOR suppress-
es PDGFR expression. Our data suggests that suppression likely 
occurs due to reduced PDGFR transcription and/or reduced 
mRNA half-life (Figure 2C) and that the stability of PDGFR pro-
teins is not altered in Tsc2–/– cells (15). The PDGFRβ promoter is 
controlled by NF-Y and receives input from myc, Sp1, and p73 
(31–33), suggesting potential roles for these proteins as inter-
mediates in transcriptional repression consequent to mTOR 
activation. As S6K is highly activated downstream of mTOR 
and directly contributes to reduced IRS expression in cell lack-
ing Tsc1 or Tsc2 (22, 23), it is possible that S6K may directly 
target some of these regulators of PDGFR expression, leading 
to reduced transcription.

mTOR exists in 2 complexes: the rapamycin-sensitive mTOR 
complex (mTORC1) containing raptor-GβL and the rapamycin-
insensitive mTOR complex (mTORC2) containing rictor-GβL 
(34, 35). The mTORC1 complex is the complex that is activat-
ed consequent to loss of TSC1/TSC2, and any protein element 
downstream of mTORC1 might mediate this effect on PDGFR 
transcription. As mTORC2 appears to be the principal kinase that 
phosphorylates Akt at Ser473 (36), another potential mechanism 
limiting Akt activation when mTORC1 is activated is a shift in 
the equilibrium between these 2 mTOR complexes, with increased 

amounts of mTORC1 and reduced amounts of mTORC2 (4). 
Thus, rapamycin might restore Akt function by shifting mTOR 
from mTORC1 to mTORC2 (4). However, prolonged rapamycin 
treatment (100 nM) has recently been shown to reduce mTORC2 
levels in all cells and reduce activation of Akt in about one-third 
of cell lines examined (36).

We had previously observed that Akt activation in Tsc1- or 
Tsc2-null cells was reduced in response to PDGF and serum  
(14, 15). Here we demonstrate that EGF-mediated Akt activation 
is also dependent on PDGFR (Figures 4 and 5) and is suppressed 
by mTOR in Tsc2-null cells (Figure 3). We have also shown that 
Akt activation in response to serum, PDGF, EGF, IGF, and PMA 
is reduced in MEFs lacking both PDGFRα and PDGFRβ and is 
restored by expression of either of the PDGFR isoforms (Figure 5). 
Although reduced IRS expression has been shown to be critical for 
insulin and IGF signaling deficiencies in Tsc2-null cells (22, 23), 
restoration of PDGF and other growth factor signaling to Akt in 
these cells upon restoration of PDGFR levels (Figure 7, B and C; 
ref. 15), indicates the importance of PDGFR expression for these 
responses. In addition, these cell lines with restored PDGFR func-
tion had enhanced tumor growth in vivo, indicating the impor-
tance of this effect on tumor development.

Although a role for PDGF receptors in signaling downstream 
of growth factors other than PDGF may seem surprising, there 
has been some indirect evidence for this effect. For example, 
PDGFR has been implicated in transactivation of EGFR by 
signals other than EGF, through a possible mechanism of het-
erodimerization (37). It also seems possible that PDGFR may 
serve as a scaffold, adapter, or intermediary element that facili-
tates transmission of signaling from other RTKs to PI3K. EGFR 
is known to signal to PI3K in a relatively weak manner (e.g.,  
Figure 5D; ref. 38), and our results suggest that in most cells the 
PDGFR facilitates this response.

Akt is found in mammalian cells as 3 highly conserved isoforms 
with overlapping but distinct functions (2). Akt1 primarily medi-
ates signals downstream of PI3K activation that promote cell 
survival and proliferation. In contrast, Akt2 primarily mediates 
signaling events associated with insulin-mediated metabolic pro-
cesses. Akt3 is critical for brain development in regulation of cell 
size and number. We speculate that the reduction of both IRS 
and PDGFR expression that occur in cells with activated mTOR 
or Akt are due to a counterregulatory circuit that seeks to reduce 
signaling downstream of all 3 Akt isoforms. In this model, IRS 
reduction is crucial to downregulate the insulin receptor fam-
ily of RTKs, which occur as disulfide-linked dimers at baseline. 
PDGFR expression reduction occurs to reduce signaling through 
all other RTKs, which require receptor dimerization from mono-
mers for activation (1, 7).

Figure 4
Inhibition of PDGFR impairs EGF-mediated Akt activation. WT MEFs 
were serum starved for 24 hours; with or without pretreatment with 
2.5 μM AG1295 (PDGFR inhibitor [PDGFRi]) or 0.1 μM AG1478 
(EGFR inhibitor [EGFRi]) for 30 minutes; and then stimulated with  
50 ng/ml PDGFbb or EGF for 10 minutes. Cell lysates were then 
subjected to immunoblot analysis (A) or immunoprecipitation for 
EGFR, followed by immunoblotting (B). Note equivalent suppres-
sion of p-Akt levels by both AG1478 and AG1295 pretreatment in 
EGF-stimulated cells (A). AG1295 does not prevent tyrosine phos-
phorylation of EGFR by EGF (B).
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Individuals who are haploinsufficient for any of TSC1, TSC2, 
or PTEN all develop large numbers of hamartomas in multiple 
organ systems, though the specific sites vary between TSC1/TSC2 
and PTEN. In contrast, malignant tumors are rare in TSC patients 
while relatively common in patients who are haploinsufficient 
for PTEN. Our observations suggest that the suppression of Akt 
activation occurring in TSC lesions (in contrast to PTEN-related 
hamartomas) may account for this difference in biologic behavior. 
Further evidence for the importance of reduced Akt signaling in 
limiting the growth of TSC-related tumors is the observation that 
mice doubly heterozygous for each of Pten and Tsc2 displayed a sig-
nificant acceleration of liver hemangioma growth, in comparison 
to Tsc2+/– controls (39). Cytoplasmic localization of FOXO proteins 
in the doubly heterozygous mice in contrast to the Tsc2+/– controls 
implicated enhanced Akt signaling due to reduced PTEN activity 
in stimulating hemangioma development.

Although TSC patients rarely develop malignancy, a substantial 
fraction (approximately 25% overall) of patients have progressive 
though histologically benign tumor growth that requires inter-
vention and, if left untreated, can lead to serious morbidity and 
mortality (18, 40). The molecular basis of this progressive growth 
in a minority of tumors is unknown, but our current observa-
tions suggest that disruption in this growth-restraining feedback 
circuitry may be important. Indeed, hyperphosphorylation of 
Akt and MAPK pathways has been observed in progressive TSC 
lesions of the brain and kidney (41, 42), though PTEN appeared 
to be normal in the brain lesions (42).

Pharmacological inhibition of mTOR with rapamycin in tumors 
in vivo could degrade this negative-feedback loop, thereby increas-
ing the level of activation of Akt and leading to cell survival (43). 
The efficacy of mTOR inhibitor treatment might be substantially 
improved by concomitant inhibition of Akt, through direct inhibi-

Figure 5
Akt activation by EGF, IGF, and PMA is reduced in cells lacking PDGFR. (A–C) Immunoblots of cell lysates. Each set of 3 lanes in A consists 
of lysates from PDGFRα/β double-null, Pdgfra–/–, and Pdgfrb–/– MEFs. All cells were serum starved for 48 hours and then stimulated with  
50 ng/ml PDGFbb, 50 ng/ml EGF, 50 ng/ml IGF, or 10% serum for 10 minutes; or 200 nM PMA for 30 minutes. p-Akt levels were markedly 
reduced in PDGFRα/β double-null cells in response to all stimuli. (D) Immunoblots of WT or Egfr–/– MEFs. Cells were serum starved for 24 hours 
and stimulated with 50 ng/ml EGF (E), 50 ng/ml TGF-α (T), 50 ng/ml PDGF (P), 50 ng/ml IGF (I), or 0.2 nM insulin (In) for 10 minutes. Note that 
phosphorylation of Akt, S6, and ERK in response to PDGF, IGF, and insulin was similar in Egfr–/– and control MEFs.
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tion of Akt itself, inhibition of upstream RTKs and adapter pro-
teins, inhibition of PI3K, or inhibition of mTORC2 (43). However, 
in TSC-related tumors, where loss of regulation of mTOR activity 
is the primary abnormality, direct targeting of this activation with 
rapamycin would seem likely to be highly effective. The recently 
reported dramatic responses of refractory TSC subependymal 
astrocytomas to rapamycin in patients (44) and of renal tumors in 
TSC rodent models (45, 46) support this view.

In summary, we have demonstrated that hyperactivation of 
mTOR through either activation of PI3K/Akt or loss of TSC1/

TSC2 leads to reduced PDGFR expression by a transcriptional 
mechanism. We establish an important role for PDGFR in EGF, 
IGF, and PMA signaling to Akt. Reduced PDGFR/Akt signaling 
compromises the tumorigenic capacity of Tsc1–/– and Tsc2–/– cells. 
Therefore, PDGFRs are essential for multiple growth factor signal-
ing pathways that lead to PI3K/Akt activation and are a promi-
nent target of counterregulatory signaling in the PI3K/PTEN/
Akt/TSC1–TSC2/mTOR pathway. Inactivation of the TSC pro-
tein complex leads to benign tumor growth through concomitant 
activation of mTOR and its multiple downstream effectors and 
suppression of upstream RTK/PI3K/Akt signaling.

Methods
Antibodies and other reagents. We used antibodies against the following: TSC2, 
Akt, EGFR, phosphotyrosine, and ERK (Santa Cruz Biotechnology Inc.); 
PDGFRα, PDGFRβ, PTEN, and IRS1 (Upstate USA Inc.); p-ERK, p-Akt,  
p-TSC2, p-S6K, and S6 (Cell Signaling Technology). CAKRRRLpSpSLRA pep-
tides were injected into rabbit to produce anti–p-S6(Ser235/236) antibody. 
PDGFbb, EGF, and IGF were purchased from Sigma-Aldrich; rapamycin,  

Figure 6
Tsc1-null and Tsc2-null MEFs have reduced tumorigenic potential. 
Tumor development and survival curves are shown for immunodefi-
cient nude mice after subcutaneous inoculation with 1 × 106 MEFs. 
Mice receiving Tsc1–/– cells (A) or Tsc2–/– cells (B) had delayed tumor 
formation and a longer survival than mice receiving control cells. All 
cells used in B were deficient in tumor suppressor gene TP53.

Figure 7
Restoration of PDGFR/Akt signaling potentiates the tumorigenicity of Tsc1-null and Tsc2-null cells. (A) myr-Akt expression restores p-Akt lev-
els in Tsc2–/– MEFs (left); markedly accelerates tumor formation (middle); and reduces survival (right) of immunodeficient nude mice injected 
with these cells in comparison to controls treated with vector alone. (B and C) PDGFRβ expression increases serum-induced p-Akt levels in 
Tsc1–/– (B) and Tsc2–/– (C) MEFs (left); accelerates tumor formation (middle); and reduces survival (right) of immunodeficient nude mice injected 
with these cells in comparison to controls treated with vector alone.
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wortmannin, PMA (phorbol-12-myristate-13-acetate) from Cell Signaling 
Technology; and AG1478 and AG1295 from Calbiochem (EMD Biosciences).  
Cellgro DMEM and FBS were purchased from Mediatech Inc.

Expression constructs for PDGFR, Akt, and PI3K. A myr-Akt cDNA deriva-
tive was amplified by PCR from a mouse myr-Akt1-myc-his cDNA clone 
(Upstate USA Inc.), using primers (ATAGCGGCCGCGGATCCATGAAC-
GAC, TTAAGATCTCAGGCTGTGCCACT) and Pfu proofreading poly-
merase (Stratagene). The PCR product encodes 11 N-terminal amino acids 
from the avian c-src protein (myristoylation signal) and a myc-his tag at the 
C terminus and was inserted into the retroviral vector pIRES-hygromycin 
(47, 48), using NotI and BglII sites.

A retrovirus expressing human PDGFRβ was made by PCR amplifica-
tion of a PDGFRβ cDNA clone (Invitrogen) using primers that generat-
ed NotI and ClaI sites (ATATGCGGCCGCACCATGCGGCTTCCGGGT-
GCG, CAGATCGATTTACAGGAAGCTGTC) using Pfu polymerase, 
followed by insertion into pIRES-hygromycin. A human myr-PIK3CA 
expression vector was a gift from T.M. Roberts and J.J. Zhao (Dana-Far-
ber Cancer Institute), and a mouse PI3K-p85α expression vector was a 
gift from L. Cantley and J. Luo (Beth Israel Deaconess Hospital, Boston, 
Massachusetts, USA).

Cell culture. Immortalized Tsc1–/– and Tsc2–/– MEF lines have been 
described previously (14, 15); the Tsc2–/– and control lines used here are 
also null for p53. All paired lines were derived from littermate embryos. 
Pdgfra–/–, Pdgfrb–/–, and double-null Pdgfra–/–Pdgfrb–/– MEF lines were gifts 
from A. Kazlauskas (Schepens Eye Research Institute, Boston, Massachu-
setts, USA) (26). MEFs nullizygous for both of the PDGFRs were derived 
from E9.5 embryos. The cells were immortalized by infection with retrovi-
ral vector harboring the simian virus 40 large T antigen. Pdgfra–/– MEFs and 
Pdgfrb–/– MEFs were generated by infection of PDGFR double-null MEF 
lines with either human PDGFRα- or human PDGFRβ-expressing retro-
viruses. Pten–/– MEFs were a gift from R.A. DePinho (Dana-Farber Cancer 
Institute) (49). Egfr–/– MEFs were a gift from Z. Dong (University of Minne-
sota, Austin, Minnesota, USA) (27). All cells were cultured in DMEM with 
or without 10% FCS in 5% CO2 at 37°C.

myr-PIK3CA and p85α expression plasmids were cotransfected with 
Lipofectamine 2000 (Invitrogen) into a WT MEF line. Cells were harvested 
2 days later for immunoblot analysis.

Retroviral packaging line PT67 and hygromycin B were purchased from 
Clontech (Cambrex). Retroviral plasmid constructs were transfected into 
PT67 cells using Lipofectamine 2000. Medium containing virus was fil-
tered with a 45-μm filter and then used to infect immortalized MEF lines. 
Infected cells were selected with 100 μg/ml hygromycin B.

Real-time quantitative RT-PCR of PDGFR mRNA. Total RNA was extracted 
from cell lines using the RNeasy Plus Mini Kit (QIAGEN) following the man-
ufacturer’s protocol. RNA concentration was measured with a NanoDrop 
ND-1000 Spectrophotometer at absorbances of 260 and 280 nm (A260/280).

One microgram RNA was reverse transcribed using the iScript cDNA 
Synthesis Kit (Bio-Rad). After 10-fold dilution, 2 μl was used as tem-
plate in a quantitative PCR reaction. Amplification was done for 35 
cycles using iQ SYBR Green Supermix on an iCycler (Bio-Rad). Oligo-
nucleotide primers were designed to detect PDGFRα and PDGFRβ, 
with GAPDH as internal control. Primer sequences were: mPDGFRα 
(CTCAATGCAAACCCCAACTT, CCAACTTCATGGTGTCATGC), 

mPDGFRβ (AGCCCTTGGTTTGCAGCACT, CGACTCACACCACCG-
TACAGTCG), and mGAPDH (GCCTTCCGTGTTCCTACCC, TGCCT-
GCTTCACCACCTTC). Each RNA sample was analyzed in triplicate and 
the results averaged, and PDGFR results were normalized to GAPDH 
levels for the same sample.

Immunoprecipitation and immunoblotting. For immunoprecipitation, 
cells were lysed in IP lysis buffer (1% NP40, 10% glycerol, 150 mM NaCl, 
10 mM Tris, pH 7, proteinase inhibitor cocktail) and subsequent steps 
carried out as described previously (15). For immunoblotting, cells were 
lysed in lysis buffer (2% SDS, 10% glycerol, 10 mM Tris, pH 6.8, 100 mM 
DTT), boiled for 10 minutes, and then subject to immunoblotting as 
described previously (14).

Induction of subcutaneous tumors in nude mice. Subcutaneous tumors were 
established as described previously (46). Immunodeficient nude mice 
(strain CD-1nuBR, 8–9 weeks old) were obtained from Charles River Lab-
oratories. Six to 8 mice (equal numbers of males and females) were used 
in each cohort. Tumor growth and mouse survival were assessed over  
3- to 4-month periods following subcutaneous inoculation of 1 × 106 cells 
in 0.2 ml DMEM into the right posterior back region. After inoculation, 
mice were examined at least twice weekly for tumor development by pal-
pation and were euthanized when tumor size was greater than 1,000 cm3,  
there was ulceration over the tumor, or weight loss of more than 10% 
occurred. All animal protocols were approved by the Center for Animal 
Resources and Comparative Medicine, Boston, Massachusetts, USA and 
were compliant with federal, local, and institutional guidelines on the 
care of experimental animals.

Statistics. GraphPad Prism (version 4.0) software was used for all statisti-
cal analyses. The Kaplan-Meier log-rank test was used for analysis of tumor 
development and survival data. A P value less than 0.05 was considered 
significant. Survival was usually determined by necessity for euthanasia 
due to tumor growth, ulceration, or weight loss.
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