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Beside the well known “in vivo” and “in vitro” Imatinib resistant D842V mutation in PDGFRA receptor, very few are the
information concerning the “in vivo” Imatinib activity with respect to the other PDGFRA mutations for which only “in vitro”
data are available. Two patients carrying PDGFRA mutations in exons 18 (involving residues DIMH842-845) and 12 (V561D),
respectively, were treated with Imatinib at a dose of 400 mg/day. According to Response Evaluation Criteria in Solid Tumors
criteria, after a median treatment of 7 months both patients showed clinical partial response, and underwent surgery of the
minimal residual disease. Tumor response was confirmed pathologically. In both patients, analyses of PDGFRA performed on
pre- and/or post-treatment material were compared to affinity data of the mutated receptor towards the inhibitor. Molecular
modeling evidence was found to be consistent with sensitivity of mutated PDGFRA receptors to Imatinib. Thus, the “in vivo”
evidence that these two mutations of PDGFRA are sensitive to Imatinib was confirmed by a multidimensional approach
comprising “in silico" experiments that, in association to molecular and biochemical analyses, constitutes a powerful tool to
predict Imatinib sensitivity, clinically beneficial in the treatment of these tumors with molecularly targeted therapies.

Gastrointestinal stromal tumors (GISTs) are the most com-
mon mesenchymal tumors of the gastrointestinal tract.
Nearly 90% of GISTs are marked by gain-of-function muta-
tions in KIT tyrosine kinase, most frequently located at
Exons 11 and 9 and, to a minor extent, at Exons 13 or 17. In
the absence of KIT mutations, GISTs can harbor mutations
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of the PDGFRA gene,'* mainly located at Exons 12, 18 and
14.

Recent studies have shown that the type and nature of
KIT or PDGFRA mutations correlate with the clinical
response to imatinib-mesylate (already known as Gleevec-
Glevec; Novartis, Basel, Switzerland). GISTs with the most
common KIT Exon 11 mutations show the highest response
rates, whereas the responsiveness of those with KIT mutated
in Exon 9 appears to be sensitive to the drug dose. Anyhow,
response to imatinib closely correlates with the presence and
type of KIT mutations. GISTs lacking mutations in KIT/
PDGFRA show much lower response rates to imatinib, if no
response at all. Finally, for the most common PDGFRA
mutation in GISTs, the missense D842V substitution in Exon
18, there is evidence of insensitivity to imatinib.*

Herein, we report the efficacy of imatinib in two patients
with mutations in the PDGFRA gene involving Exons 18 and
12, respectively. Molecular modeling results are also provided
as a supporting rationale.

Material and Methods

Clinical history

Patient A. On December 2000, a 61-year-old woman pre-
sented with mild abdominal discomfort and a 3-cm nodule
(> 5/HPF) in the context of the gastric wall plus a 2.4-cm
nodule in the right kidney, which were removed elsewhere.
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Pathologic report revealed a sporadic angiomyolipoma of the
kidney, as long as an intermediate-risk gastric GIST.

A massive recurrent tumor in the stomach (24 cm) was
excised in February 2006. At that time, the patient underwent
gastrectomy and partial omentectomy. Postoperative staging,
including whole-body computed tomography (CT) scan and
fluorodeoxyglucose positron emission tomography (FDG-
PET), was negative. Shortly after (August 31, 2006), the
patient presented with tumor relapse, CT and PET scans
revealing a peritoneal mass of 55 mm. At that time, the
patient was started on imatinib (400 mg once daily). Toxicity
was assessed at follow-up visits every 2 to 4 weeks, and
blood-cell counts and blood chemical values were analyzed
every 1 to 2 weeks. The response to treatment was assessed
by whole-body CT scan and FDG-PET after the first and
third month of treatment, then with whole-body CT scan
every other month.

The patient was scheduled to surgery of the residual dis-
ease after 8 months of treatment. Before surgery, she under-
went disease assessment by whole-body CT and PET scans.

Patient B. On June 2006, an asymptomatic 56-year-old man
without any relevant medical history was admitted with a
painless enlargement in his abdomen. Ultrasound and CT
scans showed a 23-cm central abdominal mass. An ultra-
sound-guided biopsy was taken, providing a diagnosis of
GIST. The lesion was deemed resectable only by an extensive
abdominal procedure, requiring the excision of all adjacent
organs (stomach, spleen, pancreas and possibly bowels).
Given this, and the high risk of relapse even after complete
surgery, the patient was offered a preoperative treatment with
imatinib to improve the resectability of the lesion and possi-
bly reduce the extension of the procedure. Disease assess-
ment, including CT and PET scans, was done before starting
imatinib. Then, he was started on imatinib (400 mg once
daily). Response to treatment was assessed by whole-body
CT scan and FDG-PET after the first month; whole-body CT
scans were then performed every other month. The patient
was scheduled to surgery of the residual disease after 6
months of treatment. Before surgery, he underwent disease
assessment by whole-body CT and PET scans.

Tumor characterization

Radiologic evaluations. Radiologic evaluation was done
according to Response Evaluation Criteria in Solid Tumors
criteria, which have been introduced to unify response assess-
ment criteria, to define how to choose evaluable lesions and
to enable the use of new imaging technologies (spiral CT and
magnetic resonance imaging).

Immunohistochemistry. The immunohistochemical analyses
were made using 2-pm, formalin-fixed and paraffin-embed-
ded tumoral sections of the surgical specimens and biopsy,
using antibodies against CD117, PDGFRA, Ki-67 and
desmin, as described previously,”® and DOGI 1:100 diluted
(Novocastra, Newcastle upon Tyne, United Kingdom).

PDGFRA mutations in GIST patients sensitive to Imatinib

Molecular analysis. For molecular investigations, representa-
tive tumor samples were isolated by microdissection, and the
DNA was extracted following standard procedures. The KIT
gene was analyzed by sequencing mutation hot spots (Exons
11, 9, 13, 14 and 17), while for the PDGFRA gene, the Exons
12,14 and 18 were analyzed as previously reported.”

In Patient A, a mutation consisting of a deletion of 12 bp
affecting Exon 18 of PDGFRA (involving residues DIMH842—-
845) was detected. KIT resulted as wild-type for the hot spot
exons examined.

Patient B resulted wild-type for KIT, whereas a point
mutation in Exon 12 of PDGFRA, c.1682T>A, corresponding
to the amino acidic mutation V561D was detected. Stem cell
factor (SCF) detection by RT-PCR was performed as already
described.”

Biochemical analysis. Biochemical analysis for KIT and
PDGFRA expression and activation were performed as
described elsewhere.”

Molecular modeling
All simulations were performed with the AMBER 9 suite of
programs.” The 3D model structure of the PDGFRA, pres-
ently not available in the Protein Data Bank (PDB) structure
repository, was built following a validate homology proce-
dure'® and refined using several energy minimization rounds,
using the all-atom force field parameter sets parm99.'' The
imatinib molecule was then docked into the wild-type pro-
tein-binding site using Autodock 4.0'> and the crystal
structure of the KIT/imatinib complex as a template (code
1T46.pdb)."* The resulting complex was further energy mini-
mized to convergence. Eventual missing force field parame-
ters for the inhibitor were taken from our previous work.'®'*
The involved mutations were introduced into the wild-type
structure of the corresponding PDGFRA/imatinib complex
following a well-validated procedure.'®'*"” Each mutant com-
plex was then solvated and energy minimized using a combi-
nation of molecular dynamics (MD) techniques.lo’14 The 2-ns
MD simulations at 37°C were then employed for system equil-
ibration, and further, 4-ns MD were run for data production.
Following the MM/GBSA approach as described,'®™"® the
affinity of wild-type and mutated PDGFRAs toward imatinib
(AGying) was calculated as the sum of the electrostatic, van
der Waals, polar salvation,'® nonpolar salvation®® and entopic
contributions.'

Results
Radiologic evaluations after imatinib treatment
Both patients were evaluated by CT scan every other month,
and tumor response was assessed by using Response Evalua-
tion Criteria in Solid Tumors criteria. In both patients, the
best response was a partial response. The size of the tumor
was as follows:

Patient A (Fig. 1a and 1b) at the baseline 5.5 cm. On sub-
sequent CT scans, the size of the tumor changed as here
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Patient A
Imaging findings
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Figure 1. Patient A: CT before (a) and after (b) 8 months of imatinib. PET baseline (¢) and after (d) 1 month of Imatinib. Pathology and
molecular findings—pretreatment: (e) Epithelioid GIST, myxoid variant (H/E), (f) showing cytoplasmic and membrane PDGFRA and (g) KIT
null immunophenotype, respectively, carrying PDGFRA DIMH842-845 in-frame deletion. Posttreatment: (h) The single cellular tumoral
nodule, mainly made up of spindle cells (H/E), (/) retained PDGFRA immunostaining and () showed strong KIT immunostaining (m) both
confirmed by biochemical analysis, which at molecular level, paralleled lacking of KIT mutations but (n) showed high level of SCF ligand

when compared with a sample obtained from an highly regressive area (lane R).

Int. ). Cancer: 128, 983-990 (2011) © 2010 UICC
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Imaging findings

PDGFRA mutations in GIST patients sensitive to Imatinib

Figure 2. Patient B: CT before (a) and after (b) 6 months of imatinib. Pathology and molecular findings—pretreatment: (c) Epithelioid GIST,
myxoid variant, true-cut biopsy (H/E), (d) showing dot-like PDGFRA immunostaining and (e) KIT expression, carrying PDGFRA V561D
missense substitution. Posttreatment: (f) High regression rate of tumoral component was present throughout the surgical specimens (H/E).
The residual cellularity, again spindle in shape, was (g) immunoreactive for PDGFRA and (h) very weakly for KIT.

described: after 1 month of treatment: 4.5 cm; at 2 months: 3
cm; at 4 months: 2 cm; and at 8 months: 1 cm. Increased accu-
mulation of [18F] FDG in the “abdomen” was seen on a PET
scan obtained at the baseline (Fig. 1¢). On a PET scan obtained
1 month after imatinib was started, decreased uptake was seen.
Then, after 4 months, no abnormal uptake was seen to the tu-
mor site, consistent with “cold” areas on CT scan (Fig. 1d).

Patient B (Fig. 2a and 2b) at the baseline 23 (x 21 x 11)
cm. On subsequent CT scans, the size of the tumor was
modified as here reported: after 6 weeks of treatment: 19 cm;
at 4 months:16 cm; and at 6 months: 14 cm with a macro-
scopic report of 16 cm major diameter.

It is important to underline that in both the patient, no
new lesions were observed.

Pretreatment and postimatinib treatment pathologic and
molecular/biochemical assessment
Pathology

Patient A. The referred naive surgical resected primary
tumor consisted of round epithelioid cells, with eosinophilic
cytoplasm showing focally less cohesive pattern of growth
with myxoid stroma, consistent with the so-called myxoid
epithelioid GISTs*' (Fig. le). The immunophenotype showed
cytoplasmic and membrane PDGFRA immunoreactivity,
coupled with null immunoreactivity for CD117 (Fig. 1f and
1g); DOG1 was also positive; the mitotic index was 40/
50HPF and Ki-67 labeling > 30.

After imatinib treatment, the patient underwent surgery.
The postimatinib samples showed a high score”®** of

Int. ). Cancer: 128, 983-990 (2011) © 2010 UICC
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regression (residual viable tumor from <10% to <50%, no
mitosis and no obvious Ki-67 immunostaining), represented
by acellular areas characterized by the presence of eosino-
philic proteinaceous matrix focally intermingled with ectatic
vessels surrounded by hyaline sclerosis and scattered viable
tumoral cells weakly immunoreactive for PDGFRA, DOGI1
and KIT. The single highly cellular residual nodule of 0.5 cm,
lacking regressive changes (Fig. 1h) retained PDGFRA and
DOGI immunoreactivity and, unexpectedly, revealed strongly
immunoreactivity to CD117 (Fig. 1i and 1j).>

Patient B. The assessment of naive primary tumor was
made by a true-cut biopsy (16 gouge). Again, the tumor con-
sisted of discohesive epithelioid cells (H/E) placed in a myxoid
stroma. Multinucleate tumor cells were also present (Fig. 2c).
Tumor cells showed dot-like immunostaining for PDGFRA®
and cytoplasmic and membrane immunostaining for KIT (Fig.
2d and 2e), in addition to DOG1 positivity.

The posttreatment surgical specimen showed a high score
of regression with morphologic features superimposable with
those described for Patient A (residual viable tumor from
<10% to <50%, no mitosis and no Ki-67 immunostaining).®
The very few residual viable cells revealed a pattern of spin-
dle cell growth,** loosing the epithelioid morphology, but
retaining a weak PDGFRA cytoplasmic immunoreactivity
without dot-like pattern and DOG1 immunoreactivity but
loss of CD117 (Fig. 2¢ and 2h).

Molecular and biochemical analyses

Patient A. Molecular investigation on the posttreatment
regressed and not regressed areas revealed the primary Exon
18 PDGFRA mutation, whereas the nonresponsive residual
nodule, showing CDI117 immunoreactivity, investigated by
sequencing for all KIT hot spots, did not show any
mutation.”

The analyses, performed on residual nodule, demonstrated
by biochemical analysis phosphorylated KIT and PDGFRA
(lane T in Fig. 1, panel m), in keeping with IHC results and
by RT-PCR analysis (Fig. 1, panel n) high levels of SCF, the
KIT ligand (Fig. 1, lane T), when compared with a sample
(Fig. 1, lane R) obtained from an highly regressed area (not
shown).

Patient B. Also, in this case, the molecular analysis per-
formed on a selected highly regressed area revealed the pres-
ence of the Exon 12 mutation, the V561D substitution.
Unfortunately, the cryopreserved material was not suitable
for the biochemical analyses.

Molecular modeling of the mutated PDGFRA receptors

MD simulations performed on a high quality 3D model of
PDGFRA obtained by homology techniques (Fig. 3) revealed
that both the Exon 18 deletion mutation DIMH842-845 and
the Exon 12 missense mutation V561D do not negatively
affect the affinity of the kinase for imatinib. The size-altering
mutation DIMH842-845 is located in the activation loop of
the second kinase domain of the receptor. Although involving
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the deletion of D842, a residue known to be critical for drug
binding and, if mutate, causative of imatinib resistance, the
exclusion of residue D846 (i.e., the aspartic acid that follows
H845 in the PDGFRA primary sequence) from this in-frame
deletion has two major effects. First, it results in a conforma-
tional readjustment of the activation loop, which does not
interfere with imatinib binding (Fig. 3b). Furthermore, it
leaves this residual aspartic at codon 846 to play the role of
controlling the swinging movement of the activation loop,
This, in turn, is associated with a conformational shift of the
ATP-binding pocket from the active conformation to the inac-
tive one, to which imatinib binds selectively. In the case of the
missense substitution V561D, although a small, hydrophobic
residue is exchanged by a larger, negatively charged one, the
position of the substitution and the relevant environment is
such that this change is well tolerated in the juxtamembrane
domain of the receptor (Fig. 3¢). This, in turn, does not result
in significant alterations of the inactive (or “closed”) confor-
mation of the kinase and, hence, of the imatinib binding site.

These pictorial evidences (Fig. 3) are clearly supported by
the estimated free energy of binding (AGpina) of imatinib to
wild-type (Fig. 3a), DIMH842-845 (Fig. 3b) and V561D (Fig.
3c¢) mutated receptors reported in Table 1. As we can see
from this table, both mutated receptors are predicted to have
an affinity for imatinib comparable or slightly higher than
that of the wild-type kinase. In fact, the free energy of bind-
ing differences between wild-type and each PDGFRA mutant
and imatinib, AAGy;,g, defined as:

AAGping = AGpind(wild-type) — AGping(mutant)

are both positive, indicating a favorable substitution or dele-
tion at the considered positions, in line with the enhanced
clinical response to therapy of the patient carrying this
mutation.

Discussion

Herein, we report on two GIST patients with mutations of
PDGFRA gene, respectively in Exon 18 (involving the dele-
tion of DIMHS842-845 residues) and 12 (V561D). Both
patients responded clinically and pathologically to imatinib.
Patient A after 27 months from starting therapy, and 19
from surgery, progressed and then started on sunitinib for 8
months with stable disease. Patient B is still on treatment
with imatinib, without evidence of progression, after 3 year.
Molecular modeling supported the sensitivity of the two
mutations to imatinib.

These two PDGFRA mutations were already reported to
be responsive to imatinib “in vitro.” However, few and
incomplete data were available on their “in vivo” sensitivity
toward this inhibitor. In fact, only one patient with the dele-
tion of the above reported residues in Exon 18 of PDGFRA
mutation was indicated to be responsive to the drug in a sin-
gle article.** Here, we confirm this anecdotal observation and
add “in vivo” imaging and histologic evidence complemented
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Figure 3. (a, left) MD simulations snapshot of the 3D structure of the wild-type PDGFRA in complex with imatinib. The secondary structure
of the receptor has the following color code: dark olive green, helices; dark red, sheets; dark slate gray, turns and coils. Imatinib is in stick
representation (atom color code: gray, carbon; red, oxygen; blue, nitrogen), with its van der Waals surface highlighted in dark gray
(hydrogen atoms are omitted). Water molecules are represented as atom-colored lines. Chlorine and sodium counter ions are depicted as
green and purple spheres, respectively. (b, right) Superposition of wild-type (blue) and DIMH842-845 PDGFRA mutant (olive green) in
complex with imatinib. (¢, bottom) Superposition of wild-type (blue) and V561D PDGFRA mutant (orange) in complex with imatinib. In (b)
and (¢) the inhibitor, in a protein-color stick representation. Hydrogen atoms, water molecules and counter ions are omitted for clarity.

Table 1. Calculated free energy of binding AGp;ng, energy
contributions to AGping and AAGy;,q for wild-type, DIMH842-845
and V561D mutant PDGFRA kinase domains and imatinib

PDGFRA AGping AAGping
Wild-type —8.73 -
DIMH842-845 —9.62 0.89
V561D -9.19 0.46

with modeling explanations for the sensitivity to imatinib of
both ADIMH 842-845 and V561D PDGFRA mutated
receptors.

Interestingly enough, in Patient A, after treatment, the
only residual nonregressive area was a highly cellular, spindle
cell tumoral nodule with high mitotic and Ki-67 rate and
KIT immunoreactivity (Fig. 1h-1j). No KIT mutations were
detected, whereas high levels of SCF were identified. These
unexpected findings suggest that the tumor was genetically

heterogeneous, made up of both a mutant population, which
mostly vanished after treatment, and tumor cells with wild-
type KIT that selectively survived. These findings reinforce
the notion that, in the presence of strong inhibition of the
oncogenic receptor,® (e.g., PDGFRA as in this case), tumoral
cells trigger alternative activation mechanisms (pathways) for
survival, activating the homologous KIT receptor.® Consis-
tently, in the residual nodule, in addition to activated
PDGFRA, there was evidence of a ligand-dependent activa-
tion of KIT, as documented by the immunoprecipitation
experiment, immunopositivity for both receptors and RT-
PCR (Fig. li-1n). Furthermore, in both cases, the regressed
areas (not shown) demonstrated few residual tumoral cells
carrying PDGFRA mutations along with a low expression of
PDGFRA. As for KIT, this was null in Patient B, whereas in
Patient A, immunohistochemistry demonstrated KIT immu-
noreactivity in the very few, epithelioid featuring, residual
tumoral cells, finding again in keeping with the escape
tumoral mechanism by switching off PDGFRA.®

Int. ). Cancer: 128, 983-990 (2011) © 2010 UICC
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Molecular modeling investigations were not provided pre-
viously for these mutations. Our simulation study showed
that both the in-frame deletion DIMH842-845 and the mis-
sense substitution V561D do not result in decreased imatinib
sensitivity for the kinase. In fact, from a structural stand-
point, we observed that not only the two mutations do not
negatively interfere with the conformation of the imatinib
binding site but also the corresponding readjustments of the
drug-binding pocket favor a better accommodation of the in-
hibitor within the kinase structure. Accordingly, the calcu-
lated affinities (AGy;nq) of these mutant isoforms for the in-
hibitor are comparable or even higher than that of the wild-
type receptor.

With regard to the PDGFRA Exon 18 DIMH842-845
mutation, it is interesting to note that a mutation involving
the same location may have opposite effects with respect to
imatinib inhibition, depending on the nature and context of
the mutation itself (e.g., deletion vs. missense). In fact,
the missense substitution D842V (homologous to D816V in

989

KIT receptor and associated to imatinib resistance), is associ-
ated with an ATP-binding pocket “open” conformation,
which prevents response to imatinib resulting in unfavorable
AAGy;ng values of —0.55 kcal/mol, 1.01 kcal/mol and 1.44
kcal/mol with respect to the wild-type, the DIMH842-845
and the V561D mutants, respectively. On the contrary, the
deletion of the aspartic acid 842 contributes in keeping the
pocket in a conformation favorable to imatinib binding
(Tamborini and Pricl, personal communication).

In conclusion, we provided “in vivo” evidence that two
mutations in PDGFRA, one in Exon 18 (involving deletion of
residues DIMH842-845) and one in Exon 12 (V561D), are
sensitive to imatinib and demonstrated that the employed
molecular modeling results were able to yield a rationale for
these clinical findings. Accordingly, the coupling of labora-
tory experiments and modeling investigations may constitute
a powerful tool to predict imatinib sensitivity and help tai-
lored clinical decisions in GIST mutations not yet function-
ally investigated.
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