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We investigated the activation of platelet-derived growth
factor (PDGF) receptor A (PDGFRA), PDGF receptor B
(PDGFRB), epidermal growth factor receptor (EGFR),
and their downstream pathways in malignant peripheral
nerve sheath tumors (MPNSTs). PDGFRA, PDGFRB,
and EGFR were immunohistochemically, biochemi-
cally, cytogenetically, and mutationally analyzed along
with the detection of their cognate ligands in 16 neu-
rofibromatosis type 1 (NF1)-related and 11 sporadic
MPNSTs. The activation of the downstream receptor
pathways was also studied by means of v-akt murine
thymoma viral oncogene homolog (AKT), extracellular
signal-regulated kinase (ERK), and mammalian target
of rapamycin (mMTOR) Western blotting experiments, as
well as rat sarcoma viral oncogene homolog (RAS), v-raf
murine sarcoma viral oncogene homolog B1 (BRAF),
phosphoinositide-3-kinase, catalytic, alpha polypep-
tide (PI3KCA), and phosphatase and tensin homolog
deleted on chromosome ten (PTEN) mutational analy-
sis and fluorescence in situ hybridization. PDGFRA,
PDGFRB, and EGFR were expressed/activated, with
higher levels of EGFR expression/phosphorylation par-
alleling increasing EGFR gene copy numbers in the NF1-
related cases (71%). Autocrine loop activation of these
receptors along with their coactivation were suggested
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by the expression of the cognate ligands in the absence
of mutations and the presence of receptor tyrosine kinase
(RTK) heterodimers, respectively. Both MPNST groups
showed AKT, ERK, and mTOR expression/phosphoryla-
tion. No BRAF, PI3KCA, or PTEN mutations were found
in either group of MPNSTs, but 18% of the sporadic
MPNSTs showed RAS mutations. PTEN monosomy seg-
regated with the NF1-related cases (50%, p = 0.018), but
PTEN protein was expressed in all but two cases. In con-
clusion, PDGFR A, PDGFRB, and EGFR seem to be prom-
ising molecular targets for tailored treatments in MPNST.
In particular, the ligand- and heterodimerization-
dependent RTK activation/expression coupled with a
downstream signaling phosphorylation, mediated by
the upstream receptors or RAS activation, may provide
a rationale to apply combined RTK and mTOR inhibi-
tor treatments both to sporadic and NF1-related cases.
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P ] alignant peripheral nerve sheath tumors
(MPNSTs) are rare aggressive soft tissue neo-
plasms characterized by a poor prognosis that

can arise sporadically or in association with neurofibro-

matosis type 1 (NF1), a hereditary tumor syndrome."
Surgery is the only effective therapeutic approach
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because chemo- and radiotherapy do not seem to lead to
significant results.

A number of molecular and genetic alterations have
been found in relation to these tumors, such as muta-
tions in the tumor protein p53 (TP53) gene,?* which
are mainly restricted to sporadic MPNSTs,** and the
loss of chromosome regions 17q, 17p, and 22q, which
respectively encode NF1, TP53, and NF2.%%7 Another
particular hallmark of the genetic profile of both spo-
radic and NF1-related MPNSTs is the inactivation of
the 9p21 locus, which harbors a gene cluster consist-
ing of three tumor suppressor genes p15/NK#% p14ARE
and p16™K4e 8-10 This inactivation is mainly due to a
homozygous deletion (less frequently promoter methyl-
ation)® and is coupled with the inactivation of the TP53
and retinoblastoma (Rb) pathways, which leads to severe
consequences on cell growth control and apoptosis.

It has recently been shown that MPNSTs have molec-
ular aberrations of receptor tyrosine kinase (RTK) genes:
KIT and platelet-derived growth factor (PDGF) receptor
A (PDGFRA) gene amplification and PDGFRA point
mutations have been described in NF1-related cases,!
which also obviously show NF1 deletion and conse-
quent RAS upregulation;'? both NF1-associated and
sporadic MPNSTSs have been reported to express high
levels of PDGFRA and its ligand, thus strongly suggest-
ing an autocrine loop,'! and high levels of PDGF receptor
B (PDGFRB) mRNA and protein have been described
in the absence of gene mutation.'® Furthermore, it has
been demonstrated that imatinib treatment suppresses
the invasive activity and growth of MPNST cell lines by
inhibiting PDGFA-ligand-induced PDGFRA phospho-
rylation'! and PDGFB-ligand-induced PDGFRB phos-
phorylation.!? All of these findings support the idea that
PDGFRA and PDGFRB can be considered candidates for
the targeted treatment of both sporadic and syndromic
MPNSTs.

Finally, it has been reported that NF1-related and
sporadic MPNSTs express epidermal growth factor
receptor (EGFR) mRNA and protein,'>'* and also show
gene amplification," thus suggesting that EGFR altera-
tions may be involved in MPNST tumorigenesis, which
is in line with the findings of gain- and loss-of-function
experiments in EGFR transgenic mice.!® Moreover,
EGFR appears to play a role in MPNST progression,
and its expression is correlated with worse prognostic
variables and course.!”

We investigated the PDGFRA, PDGFRB, and EGFR
status through a comprehensive immunohistochemi-
cal, biochemical, cytogenetic, and mutational analysis
along with the detection of receptor cognate ligands in
a consecutive series of 16 NF1-related and 11 sporadic
MPNSTs for which formalin-fixed paraffin-embedded
(FFPE) and frozen surgical material was available. Addi-
tionally, the activation of the RTK downstream path-
ways was also studied by means of AKT, ERK, and
mTOR Western blotting (WB) experiments, as well as
RAS, BRAF, PI3KCA, and PTEN mutational analysis
and fluorescence in situ hybridization (FISH).

The results indicate that both NF1-related and spo-
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radic MPNSTs show PDGFRA, PDGFRB, and EGFR
upstream activation, as well as the activation of RTK
downstream signaling, possibly this latter sustained by
different mechanisms in the two groups. These findings
suggest that a combined RTK and mTOR drug inhibi-
tion should have efficacy in the treatment of MPNST.

Materials and Methods

Samples and Patients

We analyzed 27 surgical specimens taken from 25
patients diagnosed as having MPNST at Fondazione
IRCCS Istituto Nazionale dei Tumori between 1989 and
2000: 14 had NF1 with an associated MPNST, and 11
were classified as having sporadic tumors because they
had no clinical signs or family history of NF1, as previ-
ously described.?

The samples had been previously characterized in
terms of TP53 alterations* and p15/NK# p144RF and
p16'NK# inactivation.®

Immunobhistochemistry

The immunohistochemistry (IHC) analyses were made
on 2-pm cut from FFPE tumoral sections, which were
treated with 3% H,0, and then underwent antigen
retrieval using 5 mM citrate buffer (pH 6) or 1 mM EDTA
(pH 8) in an autoclave at 95°C for 6-15 min. We used
antibodies against PDGFRA (clone sc338, Santa Cruz
Biotechnology, Santa Cruz, CA, USA; 1:200) and PDG-
FRB (clone sc339, Santa Cruz Biotechnology; 1:100).
All staining was carried out using primary antibody
enhancer and polymer following the supplier’s protocol
(UltraVision LP Large Volume Detection System, horse-
radish peroxidase [HRP] polymer; Lab Vision, Fremont,
CA, USA) and developed using the liquid diaminobenzi-
dine (DAB)-positive substrate chromogen system (Dako,
Glostrup, Denmark). The cutoff for positive evaluation
was >50% of cells showing cytoplasmic moderate/
strong immunolabeling. A gastrointestinal stromal
tumor (GIST) carrying the PDGFRA exon 18 mutation
was used as a positive control for the PDGFRA stain-
ing,'® and a chordoma was used as a positive control for
PDGFRB reactivity."’

EGFR was immunostained using the Dako EGFR
pharmDx kit, and the level of staining was scored as
high, intermediate, and low as previously described.?°

Biochemical Analyses

Proteins were extracted from frozen tissue?! and exam-
ined by means of PDGFRA and PDGFRB immuno-
precipitation (IP) and WB.?2 After EGFR IP using
monoclonal EGFR antibody (528:s¢-120, Santa Cruz
Biotechnology), the filters were incubated with antiphos-
photyrosine mouse monoclonal antibody (clone 4G10,
Upstate, Lake Placid, NY, USA; 1:4,000) and then with
EGFR antibody (1005:sc-03, Santa Cruz Biotechnology;
1:200).



For the PTEN WB experiments, 20 g of cytoplasmic
total protein extract was used with PTEN polyclonal
antibody (9552, Cell Signaling Technology, Danvers,
MA, USA; 1:1,000). For the AKT, ERK, and mTOR
WB experiments, protein extracts were used with the
anti-phosphorylated (phospho)-Akt Ser 473 polyclonal
antibody (9271, Cell Signaling), anti-phospho-ERK
monoclonal antibody (4376, Cell Signaling), or anti-
phospho-mTOR antibody (2971, Cell Signaling), diluted
1:1,000. Subsequently, the filters were stripped and incu-
bated with anti-Akt polyclonal antibody (9272, Cell Sig-
naling), anti-ERK polyclonal antibody (9102, Cell Sig-
naling), or anti-mTOR antibody (2972, Cell Signaling),
diluted 1:1,000.

As positive controls of expression/phosphorylation,
we used the NTH3T3 cell line (American Type Culture
Collection, Manassas, VA, USA) for PDGFRA; the
Cal27 cell line for EGFR; the 2NS5SA cell line (derived
from the NIH3TS3 cell line and expressing the collagene
type 1 (COL1)-PDGFB fusion characterizing dermato-
fibrosarcoma protuberans, kindly provided by Dr. A.
Greco, Experimental Oncology Department, Fondazi-
one IRCCS Istituto Nazionale dei Tumori, Milan, Italy)
for PDGFRB, AKT, and ERK1/2; and the A431 cell line
for PTEN and mTOR.

Fluorescence In Situ Hybridization

The PDGFRA and PDGEFRB FISH analyses were made
on 2-pm sections cut from FFPE samples using bacte-
rial artificial chromosome (BAC) clones RP11-231C18
(PDGFRA gene, 4q12) and RP11-368019 (PDGFRB
gene, 5q31-32) as FISH probes, and Spectrum Orange-
labeled CEP 4 (Vysis, Downers Grove, IL, USA) and
BAC clone RP1152C13 (chromosome 5p11.1) as control
probes.?> The EGFR analysis was made using the LSI
EGFR/CEP 7 Dual-Color Probe (32-191053 Vysis) as pre-
viously described;® the PI3KCA analysis using BAC RP11-
466H15 (PI3KCA gene, 3q26.3) and Spectrum Orange
labeled-CEP 3 (Vysis); and the PTEN analysis using the
LSI PTEN SO/CEP 10 SG Dual-Color Probe (Vysis).

Mutational Analysis

After DNA extraction from frozen tissue,® mutations
were analyzed on genomic DNA: all of the PCR prod-
ucts underwent automated DNA sequencing (3100 ABI-
PRISM Genetic Analyzer, Applied Biosystems, Foster
City, CA, USA), and each sequence reaction was per-
formed at least twice.

PDGFRA. Exons 10, 12, and 18 were amplified using the
following primer sequences and annealing temperatures:
exon 10, forward 5'-GACTCTCAGGAATTGGCC-3,
reverse 5'-CAGCTGATGAGTTGTCCTG-3', anneal-
ing temperature 58°C; exon 12, forward 5'-GAACGT-
TGTTGGACTCTACTGTG-3', reverse 5'-GCAAGG-
GAAAAGGGAGTCT-3', annealing temperature 60°C;
and exon 18, forward 5'-CTTGCAGGGGTGATGC-
TAT-3', reverse 5'-AGAAGCAACACCTGACTTTAGA-
GATTA-3', annealing temperature 65°C. The primers
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and PCR conditions used to amplify exon 14 have been
previously described.?’
PDGFRB. Exons 10, 12, 14, and 18 of the PDGFRB
gene were amplified.”*

EGFR. Exons 18, 19,20, and 21 of the EGFR gene were
amplified.?’

K-, H-, and N-RAS. Exons 1 and 2 were amplified using
the following primer sequences: K-RAS exon 1, for-
ward 5'-TGGTGGAGTATTTGATAGTGT-3', reverse
5'-CATGAAAATGGTCAGAGA-3'; K-RAS exon 2, for-
ward 5'-GGTGCACTGTAATAATCCAGAC-3/, reverse
S"TGATTTAGTATTATTTATGGC-3'; H-RAS exon 1,
forward 5'-ATGACGGAATATAAGCTGGT-3', reverse
5'-CGCCAGGCTCACCTCTATA-3'; H-RAS exon
2, forward 5'-GATTCCTACCGGAAGCAGGTG-3/,
reverse 5'-CTGTACTGGTGGATGTCCTC-3'; N-RAS
exon 1, forward 5'-CAGGTTCTTGCTGGTGTGAA-3',
reverse 5'-CACTGGGCCTCACCTCTATG-3'; N-RAS
exon 2, forward 5'-TTCTTACAGAAAACAAGTGGT-
TATA-3', reverse 5'-ACCTGTAGAGGTTAATATCCG-
CAA-3".

BRAF. Exons 11 and 15 were amplified.?®

PI3KCA. Exons 9 and 20 of the PI3KCA gene were
amplified.?’

PTEN. Exons 5-9 were amplified at an annealing temper-
ature of 55°C using the following primers: exon 3, forward
5"TGCAACATTTCTAAAGTTACCTACT-3/, reverse
5'-GAGGAAAGGAAAAACATCAAAAA-3'; exon 6,
forward S TTTTTCAATTTGGCTTCTCTTTTT-3,
reverse S'"-TGTTCCAATACATGGAAGGATG-3'; exon
7, forward 5'-CAGTTAAAGGCATTTCCTGTG-3',
reverse S'-TTTTGGATATTTCTCCCAATGAA-3'; exon
8, forward 5'-GTCATTTCATTTCTTTTTCTTTTC-3',
reverse 5'-AAGTCAACAACCCCCACAAA-3'; exon
9, forward 5'-TCATGGTGTTTTATCCCTCTTG-3',
reverse 5'-TGAGTCATATTTGTGGGTTTTCA-3".

Ligand Assessment

After RNA extraction and retrotranscription,® PDGFA
and PDGFB ¢cDNA were amplified as previously
described.?? Tumor growth factor-a (TGF-a) cDNA
was amplified by means of real-time PCR using a Tag-
Man assay (ABI-PRISM 5700 PCR Sequence Detection
Systems, Applied Biosystems). Each reaction was per-
formed using 10 pl of 1x TagMan Universal Master Mix
(Applied Biosystems), 1 pl Assays-on-Demand (Applied
Biosystems), consisting of a mix of unlabeled PCR prim-
ers and a TagMan probe (FAM dye-labeled) for the tar-
get gene, and 1 pl template cDNA. Cycling was started
with 2 min at 50°C and 10 min at 95°C, followed by
40 cycles of 15 s at 95°C and 1 min at 60°C. All of
the experiments were performed in triplicate. Glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) mRNA,
detected by a specific probe, was used as an internal con-
trol. The 2724 method was used.
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Statistical Analysis

Fisher’s two-tailed exact test was used to calculate p-values,
and the level of significance was set at P = 0.05.

Results

RTK Upstream Analysis

Immunohistochemistry. The IHC analyses of 16 NF1-
related and 10 sporadic MPNSTs revealed the following
PDGFRA, PDGFRB, and EGFR expression profiles.

PDGFRA. Cytoplasmic immunoreactivity was present
in all of the NF1-related MPNSTs (Table 1) and sporadic
MPNSTs (Table 2). PDGFRA staining was more intense
than in the GIST-positive control in four MPNSTs and
less intense in the NF1-related case 13. Sporadic case 7
showed diffuse cytoplasmic positivity with perinuclear
“dotlike” staining, which correlates with PDGFRA
mutation in GISTs;?® however, mutational analysis
showed a wild-type genotype (see below).

PDGFRB. All but one of the MPNSTs were positive for
PDGFRB immunoreactivity (Tables 1 and 2). The stain-
ing was cytoplasmic and similar to that observed in the
chordoma positive control, except for NF1-related case
6a, which showed more intense PDGFRB staining.

EGEFR. EGFR immunoreactivity was more frequent in the
NF1-related tumors (15 of 16, 93%; Table 1) than in the
sporadic cases (6 of 9, 67%; Table 2), but the majority of
cases in both groups showed intermediate-high expression.

Biochemical Analysis

The samples with sufficient frozen material (eight NF1-
related and eight sporadic cases) were analyzed by means
of IP and WB experiments to assess PDGFRA, PDG-
FRB, and EGFR expression and status. The details of
these analyses are described in the legend of Fig. 1.

PDGFRA and PDGFRB. All of the samples showed
PDGFRA and PDGFRB expression with levels of inten-
sity that were similar to or less than those observed in
the related positive controls; PDGFRA and PDGFRB
phosphorylation levels were similar to or less intense
than those in the controls in, respectively, 100% and
87% of cases (Tables 1 and 2). Fig. 1, A and B, shows
some representative cases.

EGFR. All of the samples showed EGFR expression and
phosphorylation levels that were generally similar to or
more intense than those observed in the cell line used as
a positive control (Tables 1 and 2). Fig. 1C shows some
representative cases.

FISH Analyses

As alterations in gene copy number due to amplifica-
tion or polysomy may be one of the mechanisms respon-
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sible for receptor expression/activation, gene status was
assessed by means of FISH.

PDGFRA. Eight cases (35%) showed PDGFRA gene
amplification and/or polysomy for chromosome 4, where
the PDGFRA gene is located (Fig. 1D). The NF1-related
and sporadic cases shared a similar increase in PDGFRA
gene copy numbers (36% vs. 33%; Tables 1 and 2).

PDGFRB. Polysomy for chromosome 5 (where PDGFRB
is located) was found in 6 of 23 cases (26%; Fig. 1E), one
of which also showed gene amplification. The NF1-related
and sporadic cases shared a similar increase in PDGFRB
gene copy numbers (21% vs. 33%; Tables 1 and 2).

EGFR. EGFR gene amplification and/or polysomy for
chromosome 7 was observed in 14 of 23 cases (61%; Fig.
1F). The NF1-related cases more frequently showed an
increase in EGFR gene copy number (71%) compared
with the sporadic cases (44%), but the difference was not
statistically significant (Tables 1 and 2).

PDGFRA, PDGFRB, and EGER along with p16™K+,
Cumulatively, the FISH analyses revealed increased copy
numbers of the RTK genes (mainly EGFR) in 14 of 23
MPNSTs (61%), of which six showed an increased gene
copy number of EGFR, two increased gene copy num-
bers of PDGFRA and EGFR, and six increased gene
copy numbers of PDGFRA, PDGFRB, and EGFR.

In order to verify the association between EGFR
amplification and p16"™Nk* gene deletion reported by
Perry et al.,'’ we correlated the previously analyzed
p16"™K4 gene status of our samples with their RTK gene
status.® Eight of the 14 cases (57%) with increased copy
numbers of RTK genes also showed p16N%#7 inactiva-
tion due to homozygous deletion or promoter methyl-
ation (Tables 1 and 2). However, the association between
p16™FK4 inactivation and the gain in RTK gene copy
numbers was not statistically significant.

Mutational Analysis

To verify the mechanism of the RTK activation observed
in the IP/WB experiments, we also investigated the pres-
ence of RTK gain-of-function mutations.

PDGFRA. The extracellular region (exon 10), juxtamem-
brane region (exon 12), and tyrosine kinase domain
(exons 14 and 18) were automatically sequenced, and
all of the samples showed a wild-type PDGFRA gene
(Tables 1 and 2).

PDGFRB. PDGEFRB gene sequencing did not reveal any
activating mutations, but we observed the silent mutation
Leu587Leu (CTG—CTA) in sporadic case 1, and the poly-
morphism Glu485Lys (GAG—AAG) in three cases.?*

EGFR. No activating mutations were observed in the
EGEFR gene, but in sporadic MPNSTs, we found two
silent mutations in exon 20: GIn787GIn (CAA—~>CAG)
and Thr783Thr (ACC—>ACT) (Table 2).
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Fig. 1. (A-C) Receptor tyrosine kinase (RTK) biochemical analyses. (A) Platelet-derived growth factor (PDGF) receptor A (PDGFRA) immu-
noprecipitation (IP) and Western blotting (WB) experiments revealed a 170-kDa band corresponding to the activated (upper arrow) and
expressed (lower arrow) receptor in the tumor samples. PDGFRA phosphorylation levels were similar to (cases 10 neurofibromatosis type
1 [NF11, 7 NF1, and 2s) or less intense than (cases 11s and 5s) those found in the positive control (NIH3T3 cell line). pTyr, phosphorylated
tyrosine. (B) PDGF receptor B (PDGFRB) IP and WB revealed a 180-kDa band corresponding to activated (upper arrow) and expressed
(lower arrow) PDGFRB in all analyzed cases. The samples showed different phosphorylation levels: similar to (NF1-related cases 10 [10NF1]
and 7NF1), more intense than (case 2NF1), or less intense than (cases 6s and 2s) those observed in the 2N5A cells used as positive controls.
(C) Epidermal growth factor receptor (EGFR) analysis revealed a band of 170 kDa in all of the analyzed samples, thus indicating the pres-
ence of activated (upper arrow) and expressed (lower arrow) EGFR. The level of phosphorylation was similar to (cases 12s and 2s) or more
intense than (cases 5NF1 and 8NF1) those observed in the positive controls (Cal27 cell line). C+, positive control; s, sporadic case. (D-F)
RTK fluorescence in situ hybridization analyses. (D) The nuclei in sporadic case 2 showed PDGFRA gene amplification (green cluster) in a
high-polysomy chromosome 4 (centromere 4, red signals) where PDGFRA is located (green signals). (E) The nuclei in NF1-related case 2
showed a high-polysomy chromosome 5 (centromere 5, red signals) where PDGFRB is located (green signals). (F) The nuclei in NF1-related
case 1a showed EGFR gene amplification (red cluster) in disomy represented by two centromere 7 signals (green signals).

Ligand Expression 2A) or anti-PDGFRB (Fig. 2B), which revealed the spe-
cific bands corresponding to the two PDGF receptors.
The further WB using EGFR antibody revealed EGFR
expression in all cases. Thus, the results indicated that in
MPNST EGEFR could transactivate both PDGFRA and

PDGFRB through heterodimerization.

To verify whether receptor activation was due to the
presence on an autocrine/paracrine loop, we investi-
gated the cognate ligands of each receptor, and found
the PDGFA, PDGFB, and TGF-a ligands in 18 out of
20 cases (90%).

All of the NF1-related MPNSTs and 78% of the spo-
radic MPNSTSs expressing the investigated receptors
(Tables 1 and 2) coexpressed the corresponding cognate
ligands.

Analysis of RTK Downstream Pathways

Biochemical Analysis. The cryopreserved samples inves-
tigated for RTK expression/activation were also ana-
lyzed for AKT, ERK, and mTOR expression and status
EGFR-PDGFRA and EGFR-PDGFRB by means of WB experiments.
Heterodimerization

AKT. AKT expression was observed in all of the sam-

In three cases, the frozen material was sufficient to
investigate a possible presence of EGFR-PDGFRA and
EGFR-PDGFRB heterodimers. Protein extracts were
immunoprecipitated with EGFR antibody, and then WB
experiments were performed using anti-PDGFRA (Fig.

ples, with the activated form being found in all but one
NF1-related MPNST (Table 3) and in all but three spo-
radic MPNSTs (Table 4). In Fig. 3A some representative
cases are reported.
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IP anti-EGFR
A431 NIH3T3 2 1ONF1  12s

A 170kDa —s - WB Anti-PDGFRA
170 kDa — N WB  Anti-EGFR

IP anti-EGFR
A431 2NSA 25  10NF1 12¢

170 kba —, = === WE Anti-EGFR

Fig. 2. Epidermal growth factor receptor (EGFR)—platelet-derived growth factor (PDGF) receptor A (PDGFRA) and EGFR-PDGF receptor B
(PDGFRB) heterodimerization. (A) EGFR immunoprecipitation (IP) and PDGFRA Western blotting (WB) experiments revealed a 170-kDa
band corresponding to PDGFRA showing similar expression in all three analyzed cases (sporadic cases 2 [2s] and 12s and NF1-related case
10 [1ONF1]). NIH3T3 cell lines were used as positive control for PDGFRA. Afterward, the filter was stripped and incubated with EGFR
antibody, which revealed a band of 170 kDa in all of the analyzed samples, thus indicating less intense expression of EGFR than observed
in the positive control A431 cells. (B) EGFR IP and PDGFRB WB experiments revealed a 180-kDa band corresponding to PDGFRB showing
similar expression in all three analyzed cases (cases 2s, TONF1, and 12s). 2N5A cell lines were used as positive control for PDGFRB. After-
ward, the filter was stripped and incubated with EGFR antibody, which revealed a band of 170 kDa in all of the analyzed samples, thus
indicating the expression of EGFR.

Table 3. Downstream effector analysis of NF1-related MPNSTs

Biochemical Analysis DNA Analysis

PTEN AKT MAPK mTOR PI3KCA PTEN KRAS HRAS NRAS BRAF

Case  Exp Exp Phosph Exp Phosph Exp Phosph Mut FISH Mut FISH Mut Mut Mut Mut

1a NE NE NE NE NE NE NE NE M NE D NE NE NE NE
1b + + - + + - + wt D wt D wt wt wt wt
2 NE ++ + ++ + NE NE wt D wt M wt wt wt wt
3b NE NE NE NE NE NE NE wt D wt M wt wt wt wt
4 NE NE NE NE NE NE NE wt D wt D wt wt wt wt
5 - ++ + ++ + + + wt D wt D wt wt wt wt
6a ++ ++ + ++ + + ++ wt D wt M wt wt wt wt
6c NE NE NE NE NE NE NE wt D wt D wt wt wt wt
7 ++ ++ + ++ + + + NE NE NE LP NE NE NE NE
8 ++ ++ +++ ++ + + + wt LP wt M wt wt wt wt
9 NE NE NE NE NE NE NE NE M NE M NE NE NE NE
10 ++ ++ ++ ++ ++ + ++ wt LP wt M wt wt wt wt
11 ++ NE NE NE NE NE NE wt NE wt D wt wt wt wt
12 NE NE NE NE NE NE NE wt D wt D wt wt wt wt
13 ++ ++ + ++ + - - NE NE NE NE NE NE NE NE
14 NE NE NE NE NE NE NE wt NE wt NE wt wt wt wt

Abbreviations: Mut, mutational status; NE, not evaluable; wt, wild type; FISH, fluorescence in situ hybridization; M, monosomy; D, disomy; LP, low polysomy; Exp, expression;
Phosph, phosphorylation; +, level lower than in the positive control; ++, level similar to that in the positive control; -, no expression.
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Table 4. Downstream effector analysis of sporadic MPNSTs

Biochemical Analysis DNA Analysis
PTEN AKT MAPK mTOR PI3KCA PTEN KRAS HRAS NRAS BRAF
Case Exp Exp Phosph Exp Phosph Exp Phosph Mut FISH Mut FISH Mut Mut Mut Mut
1 ++ + - ++ + NE NE wt D wt D wt wt wt wt
2 ++ + + ++ ++ ++ ++ wt D wt D wt wt wt wt
3 ++ + - + + + + wt D wt D wt wt wt wt
4 NE NE NE NE NE NE NE wt NE wt NE wt wt wt wt
5 ++ + ++ ++ ++ ++ wt D wt D wt wt GIn61Arg wt
6 NE + + + - NE NE wt D wt D wt wt wt wt
7 ++ ++ + ++ ++ ++ + wt LP wt D wt wt wt wt
8 NE NE NE NE NE NE NE wt NE wt NE wt wt wt wt
9 NE NE NE ++ + NE NE wt LP wt LP wt wt wt wt
11 ++ + - ++ ++ NE NE wt D wt D Gly12Asp wt wt wt
12 ++ ++ + NE NE ++ ++ wt D wt D wt wt wt wt

Abbreviations: Mut, mutational status; NE, not evaluable; wt, wild type; FISH, fluorescence in situ hybridization; D, disomy; LP, low polysomy; Exp, expression; Phosph, phos-
phorylation; +, level lower than in the positive control; ++, level similar to that in the positive control; -, no expression.

C+ BNF1 7s 10NFl 1Is

A 60kDa —p e E = - Anti-pTyr
colve — (- AntiAKT
B C+ 2s 7s 10NF1 7NF1
A2KDA —mp .
44KkDa => e— 5 == Anti-pTyr
42kba e Anti-ERK1/ERK2
44kDa — = S —
C C+ 7NF1 2s BNF1 b5s
289KDa —> - - - Anti-pmTOR
289 KDQ =—p- — ——— — - a— Anti-mTOR
D

C+ 1s 2s 7NF111NF1 5NF1

BAKDG =  —— gmm G e Anti-PTEN

Fig. 3. PTEN, AKT, ERK, and mTOR biochemical analysis. (A) Membrane incubation with phosphorylated Akt Ser 473 and anti-Akt poly-
clonal antibodies revealed a 60-kDa band corresponding to the activated (upper arrow) and expressed (lower arrow) Akt form. The samples
showed phosphorylation levels similar to (NF1-related case 10 [1ONF1]) or more (case 8NF1) or less (sporadic cases 7s and 1s) intense
than 2N5A cells were used as positive controls. (B) Membrane incubation with both phosphorylated ERK and anti-ERK polyclonal anti-
bodies revealed two bands of 42 and 44 kDa, corresponding to the ERK1 and ERK2 activated (upper arrow) and expressed (lower arrow)
forms, respectively. ERK1 and ERK2 phosphorylation levels were similar to (cases 2s, 7s, and 10NF1) or less intense (case 7NF1) than those
observed in the 2N5A cells used as positive controls. (C) Membrane incubation with phosphorylated mTOR and anti-mTOR polyclonal anti-
bodies revealed a 289-kDa band corresponding to the activated (upper arrow) and expressed (lower arrow) mTOR form. Phosphorylation
levels were similar to (cases 2s and 5s) or less intense (cases 7NF1 and 8NF1) than those observed in A431 cells used as positive control. (D)
Membrane incubation with PTEN antibody revealed a 54-kDa band in all cases (cases 1s, 2s, 7NF1, and 11NF1) except in one case (case
5NF1) that showed reduced PTEN expression compared to A431 cell line used as positive control. C+, positive control.
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ERK. ERK1 and ERK2 were expressed in all sam-
ples at levels generally similar to those observed in
the positive control (Tables 3 and 4). In all but one
MPNST, membrane incubation with the phospho-
ERK polyclonal antibody revealed two bands of 42 and
44 kDa, corresponding to the active forms of ERK1 and
ERK2, respectively (Tables 3 and 4). In Fig. 3B some
representative cases are reported.

mTOR. mTOR expression was observed in all but two
cases (Tables 3 and 4). All but one case (NF1-related
case 13) showed mTOR phosphorylation at a level that
was lower than or similar to that observed in the posi-
tive control. In Fig. 3C some representative cases are
reported.

PI3KCA and PTEN Analysis

Mutational analysis. No mutations were found after the
DNA sequencing of exons 9 and 20 of PI3KCA, and
exons 5-9 of PTEN (Tables 3 and 4).

FISH. A normal disomic PI3KCA pattern was found in
15 out of 21 cases (71%: 67% of the NF1-related tumors
and 78% of the sporadic tumors); 19% of the samples
(17% NF1-related and 22% sporadic) showed low poly-
somy of chromosome 3, where PI3KCA gene is located,
and two NF1-related MPNSTSs (17%) were monosomic
(Tables 3 and 4).

Fifty percent of the NF1-related MPNSTs showed a
decrease in the PTEN gene copy number consisting of
monosomy of chromosome 10 (p = 0.018) (Table 3); the
sporadic cases generally had a normal disomic pattern
(89%) (Table 4).

To verify if the gene status yielded changes of PTEN
expression, PTEN was investigated by means of WB
experiments. One sample showed no PTEN expression
(NF1-related case 5), which was reduced in another
(NF1-related case 1b); in the remaining cases, PTEN
expression was similar to that observed in the positive
control (Tables 1 and 2). Fig. 3D shows some representa-
tive cases.

RAS and BRAF Mutational Analysis

No K-, H-, or N-RAS mutations were found in 12 NF1-
related tumors (Table 3), whereas 2 of 11 sporadic cases
(18%) were mutated (Table 4): case 11 showed the K-RAS
mutation Gly12Asp (GGT>GAC) and case 5 the N-RAS
mutation GIn61Arg (CAA—>CGA). The same samples
were further investigated for BRAF gene mutations, but
none was found (Tables 3 and 4).

Discussion

The aim of this study was to explore the biochemical/
cytogenetic/molecular bases of activation of PDGFRA,
PDGFRB, and EGFR and their downstream pathways
as potential therapeutic targets in a series of consecutive
NF1-related and sporadic MPNSTs for which cryopre-
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served and formalin-fixed surgical material was avail-
able. The results confirm and extend previously reported
preclinical biochemical findings and immunohistochem-
ical and mutational analysis data collected in a clinical
setting, suggesting that PDGFRA and PDGFRB should
be considered candidates for targeted therapy with ima-
tinib,'"!% and add the suggestion of considering com-
bined RTK and mTOR inhibitor treatments for both
NF1-related and sporadic MPNSTs.

Regarding RTK, our biochemical findings showed that
all of the MPNSTs had PDGFRA, PDGFRB, and EGFR
activation. In particular, both in sporadic and in NF1-
related MPNSTs, PDGFRA and PDGFRB expression/
phosphorylation levels were similar to or lower than
those observed in the related positive controls, and the
same was true for EGFR in sporadic cases. On the con-
trary, the NF1-related tumors had higher levels of EGFR
expression/phosphorylation compared with the positive
control. Although not entirely superimposable, the immu-
noexpression data and the FISH analysis followed a simi-
lar trend, the latter indicating a more frequent occurrence
of increased EGFR gene copy numbers among the NF1-
related tumors (10 of 14 cases). Because a gain in gene
copy number may be responsible for RTK expression/
activation, it is not surprising that the FISH results were
roughly consistent with the biochemical analyses. Inter-
estingly, the gain in EGFR in half of the NF1-related
MPNSTs and all of the sporadic cases paralleled the gain
in both PDGFRA and PDGFRB (six cases) or PDGFRA
alone (two cases). We have previously reported that 8 of
the 14 cases harboring a gain in RTK gene copy number
also showed p16 inactivation mainly due to homozygous
deletions,® and it seems that MPNSTs are characterized
by a high degree of genetic instability, particularly the
syndromic cases. However, unlike Perry et al.,'> who
found an association between EGFR amplification and
p16™K4 homozygous deletions, we did not find that the
gains in EGFR, PDGFRA, and PDGFRB gene copy
number segregated with p16/NK* gene loss. Further evi-
dence of the genetic instability of MPNSTs includes the
previously described KIT gene amplification in NF1-
related cases, ' which we did not investigate in this study
because none of the MPNSTs showed KIT expression/
activation (data not shown), and our aim was to verify
the potential role of RTKs as drug targets.

The sequencing of PDGFRA, PDGFRB, and EGFR
genes from the transmembrane domain to the COOH
terminus did not reveal any activating point mutations
in our series. This is in line with the literature, which
reported occasional PDGFR A mutations!! and no EGFR
somatic mutations*’ in MPNST. Furthermore, the pres-
ence of the cognate ligands PDGFA, PDGFB, and TGF-«
in 90% of the cases strongly supports the idea that recep-
tor activation is sustained by an autocrine loop.?’

In addition to ligand-dependent mechanism, we
demonstrated that heterodimerization-mediated cross-
talk between EGFR and PDGFR families may concur to
RTK activation. This activation profile is in line with the
recently stressed combined treatments aimed to inhibit
multiple activated RTKSs in the presence of tumors car-
rying coactivated RTK profiles.?°



However, recent findings pointing out that K-RAS/
BRAF activation,®32 PI3KCA activation,?? or the loss
of PTEN expression,?** leading to AKT and mitogen-
activated protein kinase activation, may be significantly
associated with a nonresponse to anti-EGFR treatments
prompted us to extend our analyses to RTK downstream
signaling. Indeed, IP/WB experiments showed expres-
sion and phosphorylation of AKT, ERK, and mTOR in
both NF1-related and sporadic cases. Moreover, no acti-
vating BRAF or PI3KCA mutations, nor any inactivat-
ing PTEN mutations, were detected in either group of
MPNSTs; however, we found mutations of RAS family
genes in 18% of the sporadic MPNSTs, and PTEN gene
monosomy restricted to 50% of the NF1-related cases
(p = 0.018). Given the essential role played by PTEN
in maintaining chromosomal stability by means of
physical interactions with centromeres,3® this last find-
ing may explain the greater degree of genetic instability
found in the NF1-related cases. Interestingly, regardless
of PTEN gene status, no changes in PTEN expression
were observed in any of the MPNSTs with respect to
the positive control (A431 cell line), except for two non-
mutated and disomic NF1-related cases in which PTEN
expression was reduced or absent; this finding suggests
that PTEN monosomy seems neutral for its effect on
PTEN expression. However, it was not possible to com-
pare PTEN expression between tumor and normal tis-
sue in each case due to the lack of frozen normal tissue.
This comparison would be advisable because a possible
reduced PTEN expression in tumor samples carrying
PTEN monosomy may be consistent with PTEN func-
tional haploinsufficiency,*” potentially critical for tumor
progression and response to RTK inhibitors. We also
observed the similar occurrence of an increased PI3KCA
gene copy number in both the sporadic and NF1-related
cases (22% vs. 17%), but its functional role is not clear.
Thus, through this upstream and downstream RTK sig-
naling analysis, we observed, in addition to the activation
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of upstream RTKs, the expression and phosphorylation
of downstream kinase family such as AKT, ERK, and
mTOR in both sporadic and NF1-related cases, possibly
sustained by two different mechanisms. Indeed, in all
but two sporadic MPNSTs the activation of downstream
signaling seems to be driven by both ligand-dependent
and heterodimerization-dependent upstream RTK acti-
vation, since no alterations of upstream mTOR effec-
tors were observed and the presence of cognate ligands,
along with EGFR/PDGFRA and EGFR/PDGFRB het-
erodimers, was demonstrated. On the contrary, in the
two RAS-mutated sporadic cases and, by definition, the
NF1-related cases, the activation of ERK/mTOR seems
to be mainly mediated by RAS mutation and by RAS
activation through NF1 germline deletion/neurofibromin
loss, respectively.

In conclusion, these findings might open up a new
avenue for the development of kinase inhibitor treat-
ments in MPNST, strongly suggesting that, irrespectively
to the underlined mechanism, a combination treatment
targeting RTKs and mTOR might be more effective
than targeting the receptor alone. Consistently, erlotinib
treatment does not seem to show efficacy in metastatic
unresectable sporadic and NF1-related MPNST patients
in a phase II trial,® while at preclinical level a signifi-
cant additional inhibitory effect of growth on MPNST
xenografts has been achieved applying an anti-EGFR
and mTOR combined therapy.® Further clinical trials
are strongly hoped.
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