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Tumors often exhibit activation of specific tyrosine
kinases, which may allow targeting of therapy
through inhibition of tyrosine kinase signaling. This
strategy has been used successfully in the develop-
ment of STI571 (gleevec), an inhibitor of bcr-abl ty-
rosine kinase that has been used successfully in the
treatment of chronic myelogenous leukemia. STI571
also shows activity against c-kit and platelet-derived
growth factor receptor-f3 (PDGFRp) tyrosine kinase
signaling, thus potentially expanding the number of
tumors that may respond to it. We describe a simple
and rapid method to assess functional activity of ty-
rosine kinase signaling that is broadly applicable to
tumor types. As proof of principle, we have applied it
to cells that serve as models of the autosomal-domi-
nant tumor syndrome tuberous sclerosis (TS). We
found that TS model cells derived from tuberin het-
erozygous mice and from a human renal angiomyoli-
poma are highly sensitive to PDGFR antagonists and
that these cells express PDGFR. Given that PDGFRf3
signaling is inhibited by STI571, we found that SV7tert
human angiomyolipoma cells are sensitive to STI571.
Thus, we describe a novel but simple method of de-
termining the functional tyrosine kinase profile of a
neoplastic cell and our results suggest that STI571
might be useful in the treatment of neoplasms com-

monly seen in patients with TS. (Am J Pathol 2002,
161:781-786)

Tuberous sclerosis (TS) is a common autosomal-domi-
nant disorder that occurs because of the loss of one of
two genes, hamartin (tsc1) and tuberin (tsc2)."? TS, like
other autosomal dominant cancer syndromes, including
retinoblastoma, neurofibromatosis type 1, and multiple
endocrine neoplasia, serves as an elegant confirmation
of the Knudson and colleague’s® two-hit hypothesis, in
which a second allele of the tumor suppressor is lost (loss
of heterozygosity), resulting in tumorigenesis. However,
this theory does not fully account for two findings. First,
many of these syndromes show a distinct tissue tropism,
despite the fact that expression of these genes is ubig-
uitous in most tissues. For example, tuberin and hamartin
are widely expressed in the majority of human tissues,
but tumors arise in specific organs, such as the kidney,
brain, skin, and lung.*~© Second, loss of heterozygosity is
not observed in all tumors from these patients.”~'°
Recently, high-level expression of the epidermal
growth factor receptor has been observed in benign and
malignant lesions of neurofibromatosis type 1.7"'2 Cells
from these patients were found to be hypersensitive to
epidermal growth factor receptor tyrosine-kinase antag-
onists.”" Similarly, basal cell carcinomas arising in mice
heterozygous for the tumor suppressor patched show
activity of platelet-derived growth factor receptor «
(PDGFRa)."® We hypothesized that TS neoplasms may
also show activation of a specific tyrosine kinase recep-
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tor, explaining in part the benign tissue-specific neo-
plasms observed in TS. We subjected TS-associated cell
lines to a battery of small molecular weight tyrosine ki-
nase inhibitors and found these cells to be highly sensi-
tive to PDGFRp tyrosine kinase inhibition. This approach
may be generally applicable in determining potential
contributions of tyrosine kinases to neoplastic processes
through a rapid screen of tyrosine kinase inhibitors. We
demonstrate that this simple method accurately predicts
the presence of receptors and signaling partners in a
given tumor type.

Materials and Methods

Derivation of Cell Lines

SV7tert [CRL 2461; American Type Culture Collection
(ATCC), Rockville, MD] is a cell line derived from a hu-
man angiomyolipoma through the sequential introduction
of SV40 large T antigen and telomerase into primary
human angiomyolipoma cells.' Tsc2ang1 (ATCC CRL
2620) is a murine cell line derived from a cutaneous
sarcoma arising in the extremity of a mouse heterozygous
for tsc2. The sarcoma tissue was digested with collage-
nase and processed as described for SV7tert cells.
Mice heterozygous for tsc2 develop cutaneous sarcomas
at a frequency of ~10 to 15%."°

Tyrosine Kinase Inhibitor Studies

The following tyrosine kinase inhibitors'® were obtained
from Calbiochem (San Diego, CA) and reconstituted as
stock solutions in dimethyl sulfoxide immediately before
use (AG9, AG17, AG18, AG30, AG82, AG99, AG112,
AG370, AG490, AG879, AG957, AG1295, AG1296,
AG1433, 2’thioadenosine, ST638, lavendustin C, oxin-
dole 1, JAKS3 inhibitors 1, 2, and 3, as well as JAK3
inhibitor-negative control. Ten thousand cells per well in a
24-well dish were plated on day 1 and were treated with
inhibitors in doses ranging from 0 to 20 ug/ml.'” Cells
were counted 72 hours after treatment with inhibitors
using a Coulter Counter (Coulter, Hialeah, FL).

Demonstration of PDGFRB Signal Transduction
in SV7tert and tsc2ang1 Cells

Subconfluent cells in six-well plates were serum-starved
overnight and stimulated for 8 minutes with 50 ng/ml of
PDGF-BB (Peprotech EC, Ltd., London, UK). The cells
were lysed and used for immunoprecipitation with anti-
PDGFRpB antibodies (Santa Cruz Biotechnologies, Santa
Cruz, CA). Immunoprecipitates were immobilized on pro-
tein A-Sepharose beads that were washed and boiled in
sodium dodecy! sulfate sample buffer. The eluted material
was separated on 10% sodium dodecy! sulfate-polyacryl-
amide gels, transferred to filters, and immunoblotted using
anti-phosphotyrosine antibodies (4G10; Transduction Lab-
oratories, Lexington, KY) or anti-PDGFRB antibodies. Im-
munoreactive proteins were detected by enhanced

chemiluminescence (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Western blot analysis of SV7tert and
tsc2ang1 cells was also performed with a polyclonal
phosphoPLC gamma 1 Ab (Biosource International,
Camarillo, CA), following the instructions from the manu-
facturers.

Immunohistochemistry of Human
Angiomyolipomas for Phosphorylated PDGFR3

Sections of formalin-fixed, paraffin-embedded tissue (5
wm) were tested for the presence of immunohistochemi-
cally detectable antigen (phosphorylated PDGFRB) with
steam heat-induced antigen retrieval, polyclonal anti-
phosphorylated PDGFRB specific for phosphotyrosine
857 residue of PDGFRB'® (1/600), an avidin-biotinylated
enzyme complex kit (LSAB; DAKO, Carpinteria, CA), and
DAKO Autostainer. Sections were deparaffinized and re-
hydrated, then steamed in citrate buffer (pH 6) for 20
minutes and cooled for 5 minutes before immunostaining.
All tissues were then exposed to 3% hydrogen peroxide
for 5 minutes, primary antibody for 25 minutes, avidin-
biotinylated enzyme complex for 25 minutes, diamino-
benzidine as chromogen for 5 minutes, and hematoxylin
as counterstain for 1 minute. These incubations were
performed at room temperature. Between incubations,
sections were washed with buffer. For the two negative
controls, primary antibody was replaced by buffer.

Inhibition of Cell Proliferation by STI571

STI571 was generously provided by Dr. Elizabeth Buch-
dunger (Novartis, Basel, Switzerland) and was reconsti-
tuted in dimethyl sulfoxide as above. Cells were treated
with STI571 as in the tyrosine kinase inhibitor studies
above.

Results

To determine whether human angiomyolipoma and tu-
mors arising in mice heterozygous for tsc2 showed hy-
persensitivity to tyrosine kinase inhibitors, we exposed
relevant human and mouse cell lines to a battery of
tyrosine kinase inhibitors. These are tyrosine inhibitors
that inhibit specific kinases, including JAK2 kinase, JAK3
kinase, PDGFR, epidermal growth factor receptor,
ERK1/2 inhibitor, p140 c-trk, p210 bcr-abl, p60 c-src,
ErbB2, and vascular endothelial growth factor receptor 2
(VEGFR2/flk-1). Human SV7tert cells showed the highest
sensitivity to AG17 (Figure 1A), an inhibitor of PDGFR
tyrosine kinase. Murine tsc2ang1 cells demonstrated hy-
persensitivity to AG17, and AG879, an inhibitor of p140
c-trk (Figure 1B). AG957 showed potent inhibitory activity
against human SV7tert cells, but has less effect on mu-
rine tsc2ang1 cells (Figure 1C). Inhibitory compounds
AG17 and AG879 are both substituted aromatic malono-
nitriles, but they differ substantially from AG957 (Figure
2). The left columns in Figure 2 represent concentrations
of 5 ug/ml, the second from left columns represent 10
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Figure 1. Inhibition of proliferation of SV7 tert and tsc2ang1 cells by tyrosine
kinase inhibitors. A: Inhibition of SV7 tert cells using a battery of inhibitors.
B: Inhibition of tsc2ang]1 cells. C: Inhibition of both cell lines by AG957. The
x axis displays the name of the tyrosine kinase inhibitor and the y axis
represents the number of cells after 72 hours. Left columns represent
concentrations of 5 ug/ml (or equal concentration of dimethyl sulfoxide),
second from left columns represent concentrations of 10 ug/ml, second
from right columns represent concentrations of 15 ug/ml, and right
columns represent concentrations of 20 ug/ml.

ng/ml, the second from right columns represent 15 pg/
ml, and the right columns represent 20 ug/ml.

We chose to focus on PDGFR signal transduction be-
cause AG17, a PDGFR kinase inhibitor, strongly inhibited
both murine and human cell lines. In addition, the newly
approved drug STI571 inhibits PDGFRB tyrosine kinase
in addition to bcr-abl and c-kit tyrosine kinases.'®2° The
expression of functional PDGFRB on both human SV7tert
cells as well as on the murine tsc2angi cells was dem-
onstrated by immunoblotting. Cells were treated with
PDGF-BB or vehicle, and PDGFRB was immunoprecipi-
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Figure 2. Chemical structures of compounds showing inhibitory activity
against SV7tert and tsc2angl cells.

tated, followed by immunoblotting with anti-phosphoty-
rosine antibodies. As shown in Figure 3, the expression
levels of PDGFRB was slightly higher in tsc2angi cells
compared with the SV7tert cells. In both cases, PDGF-BB
treatment resulted in increased levels of phosphoty-
rosine-containing PDGFRB (Figure 3). Furthermore,
PDGF-BB treatment of tsc2ang1 cells resulted in activa-
tion of phospholipase C gamma (PLCy), as an increase in
phosphorylated PLCy was noted after stimulation with
PDGF-BB (Figure 4)

To determine whether our findings of PDGFRB activa-
tion was truly associated with human angiomyolipomas in
vivo, we stained authentic human angiomyolipoma tissue
with an antibody specific for phosphorylated PDGFRg.
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Figure 3. SV7 tert and tsc2angl cells express functional PDGFRB. Subcon-
fluent cultures of Tsc2angl or SV7tert cells were treated with PDGF-BB or
vehicle for 8 minutes and aliquots of total cell lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
filters. One filter was incubated with anti-phosphotyrosine antibody 4G10
(aPY) and the secondary antibody against mouse immunoglobulin («
mouse) (A). A parallel filter was incubated with anti-PDGFRp antiserum («
PDGFRB), followed by the secondary antibody against rabbit immunoglob-
ulin (a rabbit), at indicated dilutions. Immunoreactivity was detected by
enhanced chemiluminescence (B).

We observed strong staining for activated PDGFRS in the
tumor sections, indicating that PDGF-mediated signal
transduction events occur in human angiomyolipomas in
vivo (Figure 5). We then tested the ability of STI571 to

tscang 1

— PLCYT
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Figure 4. PDGF stimulation results in phosphorylation of PLCy. Tsc2angl
cells were treated with PDGF-BB as in Figure 3, and lysates examined with
antibodies specific for phosphorylated PLCy1. The lane marked (—) repre-
sents control cells and the lane marked (+) represents cells treated with
PDGF-BB.
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Figure 6. Inhibition of SV7tert cells by STI571. The x axis displays the
concentration of STI571 and the y axis represents the number of cells after 72
hours.

inhibit the growth of SV7tert and tsc2angi in vitro. We
found that human SV7tert angiomyolipoma cells demon-
strated increased sensitivity to STI571 compared to mu-
rine tsc2ang1, and this sensitivity occurred in a dose-
dependent manner (Figure 6).

Discussion

Autosomal dominant tumor predisposition syndromes in-
clude TS, neurofibromatosis, Cowden’s disease, and
multiple endocrine neoplasias. Recently, activation of ty-
rosine kinase receptors have been described in autoso-
mal-dominant tumor predisposition syndromes, including
NF1 and basal cell nevus syndrome.™" This finding led us
to hypothesize that a similar mechanism of tyrosine ki-
nase activation may be operative in TS. To find relevant
tyrosine kinase pathways, we used a simple strategy of
exposing relevant cell lines to tyrosine kinase inhibitors.
In a study of both human and murine cell lines, we found
increased sensitivity to inhibitors of PDGF receptor ty-
rosine kinases. We further demonstrate that PDGFRP is
functionally active in our cell lines, and that functional
PDGFRg is present in authentic human angiomyolipoma
tissue. This strategy is broadly applicable to other neo-
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Figure 5. Immunohistochemistry of human angiomyolipoma tissue for anti-phospho-PDGFRB. A: Negative control for staining (performed in the absence of
primary antibody). B: Markedly positive staining of human angiomyolipoma with phosphospecific PDGFRp.



plastic disorders and may help elucidate activation of
tyrosine kinase pathways in tumors in which the tumor
suppressor or oncogene is yet unknown.

TS is a common autosomal-dominant disorder that
leads to neoplasms of the kidney, brain, skin, and lung in
children and adults.2" Cardiac rhabdomyomas occur
around birth and usually resolve spontaneously. Renal
tumors most commonly include angiomyolipomas, which
are a distinct neoplasm of perivascular epithelioid cells,
and exhibit phenotypic markers of smooth muscle, fat,
and melanocytes.* Multifocal renal lesions are the major
cause of morbidity and mortality in adults with TS, result-
ing in hemorrhage, renal failure, and occasional malig-
nant transformation. A malignant version of angiomyoli-
poma occurs sporadically in pancreas, omentum, and
female genitourinary tissues, and these lesions may dem-
onstrate loss of tuberin.??23 In addition, similar lesions
occur in the lungs of young women and are known as
lymphangiomyomatosis. Lymphangiomyomatosis is a
hormone-sensitive neoplasm, and can sometimes be
ameliorated with hormonal therapy.?*2° The finding that
these neoplasms can be treated with hormone-mediated
signal transduction therapy led to the hypothesis that
renal lesions may also be amenable to signal transduc-
tion therapy. However, the primary modality for treatment
of TS is surgical, and effective medical therapies are
lacking for TS.

Recently, STI571 gained approval as the first specific
tyrosine kinase inhibitor for the treatment of chronic my-
elogenous leukemia.?® In addition to the inhibition of bcr-
abl, STI571 inhibits activated c-kit and PDGF-mediated
signal transduction. This has led to the successful ther-
apy of gastrointestinal stromal tumors, which exhibits an
activated kit receptor.?”?® PDGF receptors are ex-
pressed in a wide variety of neoplasms, including sarco-
mas and gliomas,?°~2" leading to the hope that these
lesions will respond to the orally available STI571.

Our study has accomplished three aims. First, we have
demonstrated the feasibility of tyrosine kinase inhibitor
profiling in that we have discovered tyrosine kinase path-
ways activated in cells without previous knowledge of
their tyrosine kinase phenotype. Second, we have dem-
onstrated that TS may predispose to activation of PDGFR.
Finally, our results suggest a rationale for clinical trials of
STI571 in the treatment and prevention of tuberous scle-
rosis-associated neoplasms.
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