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Abstract

Aim. To examine the expression of fibroblast growth factor-2 and its isoforms in gastrointestinal stromal tumors
and assess the prognostic value of this marker.

Methods. The study included 44 patients with gastric gastrointestinal stromal tumors of the stomach
who were prescribed surgical or combined treatment with the targeted drug imatinib (imatinib mesylate).
Immunohistochemistry (IHC)-staining and immunoblotting with monoclonal antibodies were used to assess the
expression of FGF-2. Statistical analysis for differences in clinical and morphological parameters was performed by
using Student’s, Mann—Whitney—Wilcoxon and Fisher’s tests. Differences were considered significant at p < 0.05.
Results. Fibroblast growth factor-2 expression was assessed in tumor tissues in 39 out of 44 analyzed patients.
The frequency of fibroblast growth factor-2 expression in the observed patients was 84.6% (33/39). The moderate
and strong fibroblast growth factor-2 expression was detected in 21 (53.8%) patients with gastric gastrointestinal
stromal tumors. High expression of low-molecular weight (18 kDa) fibroblast growth factor-2 isoform was found in
all tumor samples from patients with high-risk gastrointestinal stromal tumor (prognostic group 6) (p=0.039), which
indicated the active secretion of this ligand by its signalling pathway in the cancer cells. Patients with high levels
of low-molecular-weight fibroblast growth factor-2 showed a higher level of Ki-67 proliferative activity (p=0.013)
and tumor size (p=0.0017). Patients with increased expression of the low molecular weight isoform of fibroblast
growth factor-2 in gastric gastrointestinal stromal tumor had a higher risk of recurrence, as well as larger tumor size
and proliferative activity compared with patients without expression of this isoform. The level of fibroblast growth
factor-2 expression in tumor samples, determined by immunohistochemistry-staining, increases after initiation of
imatinib to based therapy, which may indicate the formation of resistance to this targeted drug and the progression
of the disease.

Conclusion. The results of the study suggest that FGF-2 might be an independent prognostic marker of gastric
gastrointestinal stromal tumor and a viable therapeutic target.
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Background. Gastrointestinal stromal tumors
(GISTs) are the most common mesenchymal neo-
plasms of the gastrointestinal tract, developing from
interstitial Cajal cells, having pacemaking activity,
and setting the rhythm of contractions (peristalsis)
of the hollow organs of the gastrointestinal tract. Be-
fore these tumors were described, they belonged to
a different group owing to the lack of necessary in-
formation obtained based on the results of immuno-
histochemical (IHC) and molecular genetic studies.
Before these data were obtained, these malignant

tumors were long referred to the group of smooth
muscle tumors of the gastrointestinal tract (such
as leiomyomas, leiomyosarcomas, or leiomyoblas-
tomas), and patients with GISTs received chemo-
therapy with extremely low efficiency (0%—27%).

After it was revealed that the main pathogenetic
factor of GISTs is activating and mutually exclusive
mutations ¢-KIT or PDGFRA [1-3], the progno-
sis of patients with GISTs (including those with
inoperable and metastatic forms of the disease) has
radically changed for the better.
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Currently, the main first-line drug used for treat-
ment of patients with GISTs is targeted drug thera-
py with imatinib [imatinib mesylate (IM), glivec],
which inhibits the activity of the aforementioned
tyrosine kinases [4]. Indeed, the administration of
targeted therapy with IM leads to a significant in-
crease in the duration of the relapse-free period in
patients with GISTs and significantly slows down
the disease progression, including inoperable and
metastatic forms of the disease [5, 6].

Despite the impressive clinical results of targe-
ted therapy with IM, more than half of the patients
with GISTs develop resistance to this drug 2 years
after the start of treatment. At present, a large num-
ber of molecular mechanisms have been described,
which determine the development of secondary
GIST resistance to IM. These include secondary
mutations in ¢-KI7T (usually in exons 13 and 17) [7],
mutation in BRAF V600E [8], loss of c-KIT expres-
sion, and activation of other types of tyrosine ki-
nases (e.g., Fak, Axl, and c-Met) [9, 10].

If resistance to IM develops due to secondary
mutations in ¢-KIT, second-line targeted drugs
(sunitinib) or third-line drugs (regorafenib) are pre-
scribed [11-13]. However, their intake does not lead
to a significant therapeutic effect (compared with
the effect in the same patients who had received
IM) and is accompanied by severe side effects as
well as the development of resistance. Attempts
to use new-generation tyrosine kinase inhibitors
(such as nilotinib, masatinib, sorafenib, pazopa-
nib, and dovitinib) in the treatment of patients with
IM-resistant GISTs turned out to be ineffective and
did not affect significantly the disease course and
prognosis.

The above-mentioned finding indicates the pre-
sence of other molecular mechanisms of the forma-
tion of secondary GIST resistance to IM. Indeed,
our earlier studies have demonstrated that one of
the alternative mechanisms for the development of
IM-resistant GISTs may be the activation of the sig-
naling pathway of fibroblast growth factor (FGF)
[14], and its inhibition results in the restoration of
GIST sensitivity to IM both in vitro and in vivo
[15]. We further revealed that the main pathoge-
netic mechanism of the activation of the fibroblast
growth factor receptor (FGFR) signaling pathway
in IM-resistant GIST cell lines is the overproduc-
tion of FGF-2 [16], which is known to be a ligand
that activates the FGFR signaling pathway.

Aim. In this regard, this study aimed to find
evidence of the activation of the FGFR signaling
pathway in patients with GISTs based on the as-
sessment of the level of FGF-2 expression in tumor
materials, as well as to analyze the prognostic sig-
nificance of this marker.
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Materials and methods of research. This
study examined tumor materials from patients who
underwent surgical or combined treatment at the
Republican Clinical Oncological Dispensary of the
Ministry of Health of the Republic of Tatarstan for
the period from 2014 to 2020.

The diagnosis of GISTs was confirmed in study
patients by histological and IHC (CDI117) me-
thods using monoclonal antibodies to c-KIT (clone
A4502, DAKO) at a dilution of 1:1000. The expres-
sion level of FGF-2 in paraffin sections of tumor
tissue was determined on a BenchMark Ventana
GX automatic immunohistostaining device (Roche)
using monoclonal antibodies to anti-FGF-2 (clone
C2, Santa Cruz) at a dilution of 1:200. The expres-
sion level of this marker and its intracellular dis-
tribution were assessed on a 3-point scale: 0, no
staining; 1, weak membrane or nuclear staining; 2,
nuclear staining of moderate intensity; 3, bright nu-
clear staining).

Analysis of the expression level of various
FGF-2 isoforms (18, 20, 22.5, and 34 kDa) was per-
formed by immunoblotting. Tumor tissue lysates
were obtained using a radioimmune precipitation
assay containing protease and phosphatase inhibi-
tors (Sigma, USA) with subsequent determination
of the protein concentration in the analyzed sam-
ples. For the detection of FGF-2, the corresponding
monoclonal antibodies to FGF-2 (clone G2, sc-
365106, Santa Cruz) were used at a dilution of 1:200.

Data obtained were processed using the R com-
puter program (Vienna, Switzerland). Qualitative
attributes were compared using Fisher’s exact test,
since the expected values after compiling contin-
gency tables did not exceed 5. The hypothesis of
the normal distribution of quantitative data was tes-
ted using the Shapiro—Wilk test. The significance
of differences between groups of data that did not
follow a normal distribution was assessed using the
nonparametric Mann—Whitney test. The paramet-
ric Student’s #-test was used to compare data that
followed a normal distribution. Quantitative data
were presented by median and quartile range. The
difference was considered significant at p < 0.05.

Results. We analyzed tumor samples from 44
patients with GISTs, including samples from 12
(27.3%) male and 32 (72.7%) female patients who re-
ceived standard treatment. The median age of the pa-
tients was 64 (33—78) years. Moreover, 59.5% of the
patients with gastric GISTs had a spindle cell tumor.

The main clinical and morphological characte-
ristics of patients with GISTs are presented in Table 1.

The level of FGF-2 expression by IHC method
was evaluated in 39 patients with gastric GISTs.
The microscopic presentation when assessing the
degree of FGF-2 expression is shown in Fig. 1.
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Table 1. Clinical and morphological characteristics of patients with gastrointestinal stromal tumors

mts

Case | Age, Gender Tumor Tumor Risk of Histological Ki-67, % FGF-2 Treatment
no. | years location size, cm recurrence type with IM
1 55 m stomach 8 not available spindle cell avaﬁgble 3 +
2 63 f ovary (m) not available not available not available avzﬁgble 1 +
3 | 64 m omeg;:ua:r(m) 3.4 high epithelioid 10 1 +
4 65 f stomach 7.3 low epithelioid 2 1 +
5 61 f stomach 7.3 high spindle cell 5 0 -
6 59 m stomach 22.5 high epithelioid 6 0 -
7 60 f stomach 2 low spindle cell 5 0 -
8 59 f stomach 17 high combined 10 0 -
9 74 m stomach 5 high epithelioid 3 0 -
10 67 f stomach 5 high epithelioid 10 1 -
11 53 f stomach 3 low combined 12 2 -
12 67 f stomach 12.3 high combined 4 1 -
13 69 f stomach 1.5 low epithelioid 7 2 -
14 69 f stomach 1.5 low spindle cell 3 2 -
15 65 f stomach 0.8 low combined 4 1 -
16 56 f stomach 3 low spindle cell 4 2 -
17 57 f stomach 44 low spindle cell 7 3 -
18 61 f stomach 13 high spindle cell 4 1 -
19 65 f stomach 1.5 low combined 4 av;i?atble -
20 | 54 m stomach 6 high epithelioid 13 av;i’atble -
21 60 m stomach 4 low epithelioid 2 0 -
22 53 f stomach 7 low spindle cell 7 3 -
23 69 f stomach 34 low spindle cell 2-3 3 -
24 | 68 f stomach 33 low spindle cell 6-7 av;i?atblc -
25 71 f stomach 5.5 high spindle cell 5-6 1 -
26 | 72 f vsvtﬁﬁ‘i‘gg 10 high combined 25-30 3 -
27 78 m stomach 14.6 intermediate spindle cell 8-10 avagi)atble -
28 64 f stomach 2.8 intermediate spindle cell 4-5 2 -
29 50 f stomach 33 low spindle cell 1-2 1 -
30 58 f stomach 33 low spindle cell 4 3 -
32 70 f stomach 4.25 low spindle cell 3 1 -
31 73 m stomach 11 high spindle cell 10-12 3 -
33 71 m stomach 5.5 high spindle cell 5 3 -
34 56 m stomach 2.25 low spindle cell 3 2 -
35 45 f stomach 53 high spindle cell up to 10 3 -
36 | 60 | | stomachwith 9 high spindle cell | 12-14 3 -
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37 47 f stomach 3 low spindle cell 4-5 2 -
38 63 f stomach 6 intermediate epithelioid 5-6 1 -
stomach not
39 63 f (recurrence) 10 high combined . 2 +
. available
with mts
40 73 f stomach 43 high spindle cell less Sthan 3 -
41 65 m stomach 5.6 low not available 12 not -
available
2| 13 £ stomach 35 high epithelioid 5 2 +
(recurrence)
43 68 f stomach 5.9 high spindle cell ava??szle 3 -
44 41 m stomach 9.3 high spindle cell 5-6 3 -
Note: FGF, fibroblast growth factor; IM, imatinib; m, male; f, female; mts, metastases.
Patients with moderate/high (groups 2 and 3) A C
and negative/weakly positive (groups 0 and 1) le-
vels of FGF-2 expression were comparable with
each other in terms of age and gender (Table 2).
No significant difference was found between the
markers traditionally used in assessing risk groups
of the disease (tumor size, proliferative index, etc.)
in the groups with moderate/high (groups 2 and 3) 4 D

and negative/weakly positive (groups 0 and 1) le-
vels of FGF-2 expression according to the results of
the THC staining (Table 2).

Considering that analysis of the expression le-
vels of various isoforms of FGF-2 is not possible
by IHC staining, we subsequently analyzed the ex-
pression in tumors of all four known isoforms of
this ligand. We analyzed 24 tumor samples ob-
tained from patients with GISTs having different
risk groups for recurrence. Eleven patients with a
low risk of GIST recurrence were included, and the
remaining patients (n = 13) were at a high risk of
GIST recurrence.

The immunoblotting results presented in Fig. 2
show that a high level of expression of the low-mo-
lecular-weight (18 kDa) form of this ligand was
noted in all GIST samples of the risk group 6 with-
out exception, while the expression level of other
isoforms (22, 22.5, and 34 kDa) did not differ sig-
nificantly between the study groups of patients.

The level of expression of the low-molecu-
lar-weight form of FGF-2 in the tumor was sig-
nificantly higher in patients with high Ki-67
proliferation index in tumor tissue (Fig. 3, C) and
in those with a large tumor (Fig. 3, B). The recur-
rence risk was also higher in the group with a high
level of expression of this FGF-2 isoform in the tu-
mor (Fig. 3, A) [maximum expression was regis-
tered in patients of prognostic groups 5 and 6 (high
risk of recurrence)], which can be of great prognos-
tic value.
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Fig. 1. Expression of fibroblast growth factor-2 in gastroin-
testinal stromal tumors (immunohistochemical staining):
negative reaction (A); membrane reaction (B); nuclear reac-
tion of moderate intensity (C); intense nuclear reaction (D).

Discussion. Several clinical and morphological
criteria are currently used to assess the prognosis of
GISTs, including the main ones with the same tumor
size and mitotic index. In addition, the localization
and histological type (i.e., epithelioid, spindle cell,
and mixed) of the tumor have a certain prognos-
tic value. Despite the current consensus on the as-
sessment of GIST risk groups and the classifications
proposed by Fletcher et al. [17] and the Institute of
Pathology of the US Armed Forces [18], the criteria
described above do not always correlate well with
each other and, in some cases, can be used as inde-
pendent criteria for assessing the GIST risk group.
This fact is certainly a reflection of the diversity of
the existing molecular mechanisms of the pathoge-
nesis of GISTs, but at the same time, it bears certain
difficulties in assessing disease prognosis, which
is sometimes characterized by its unpredictability.

Moreover, the molecular genetic characteristics
of GISTs can be one of the main factors that deter-
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Table 2. Relationship between the expression level of fibroblast growth factor-2 (FGF-2) in the tumor and the clinical and

morphological characteristics of gastrointestinal stromal tumors

Patients with a moderate/high

Patients with a negative/weakly

Parameters (groups 2 and 3) level of FGF-2 | positive (groups 0 and 1) level of p
expression (n = 22) FGF-2 expression (n =17)
Age (median, Q-Q,), years 60.5 (53.5-69) 63 (60-67) 0.419
Gender (n):
male 5 4 1
female 17 13
Tumor size (median, Q -Q,), cm 4.35 (3.0-7.75) 5.25 (3.85-8.55) 0.315
Proliferative Ki-67 index (median
’ 5.0 (4.5-8.5 4.5 (3.0-6.0 0.12

Q-Q), % (4589 (060
Risk of recurrence (n):
high 10 9
intermediate 1 1 0.866
low 10 6

Fig. 2. Level of expression of isoforms of fibroblast growth factor (FGF-2) (18, 22, 22.5, and 34 kDa) in gastrointestinal stro-
mal tumors of the stomach determined by immunoblotting. Samples of tumors with a high risk of recurrence (risk group 6)

are highlighted with a dashed line.
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Fig. 3. A Level of the low-molecular-weight (18 kDa) isoform of fibroblast growth factor-2 (FGF-2) in patients of prognostic
groups 5 and 6 (high risk of recurrence) and patients of prognostic groups 2 and 3 (low recurrence risk), p = 0.039 (Fisher’s
exact test). B, C. Comparison of sizes (p = 0.002, Mann—Whitney test) and proliferative activity index (p = 0.013, Mann—
Whitney test) in patients with gastric gastrointestinal stromal tumors, positive and negative for the low-molecular-weight (18
kDa) isoform of FGF-2, according to the immunoblotting results. Data are presented by median and quartile range.

mine the sensitivity of GISTs to targeted IM the-
rapy, and the development of secondary mutations
in receptor tyrosine kinase c-KIT/PDGFRA 1is tra-
ditionally considered the main mechanism of their
resistance to the above targeted drug. Nevertheless,
the low efficacy of second (sunitinib)- and third
(regorafenib)-lines of targeted drug therapy indi-
cates the presence of alternative (i.e., not associa-
ted with secondary mutations of the above tyrosine
kinase genes) molecular mechanisms of secondary

GIST resistance to IM [7, 11, 12]. Therefore, stu-
dies aimed at identifying new effective prognostic
markers of GISTs, as well as their resistance to IM,
appear relevant from both scientific and practical
points of view.

Our results indicate signs of autocrine activation
of the FGFR signaling pathway in primary GISTs,
as evidenced by an increased level of FGF-2 expres-
sion in most primary gastric GISTs (84.6%, 33/39).
Given the well-known role of the FGFR signaling
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pathway in maintaining a high proliferative po-
tential of cells and their viability, this factor may
be one of the mechanisms of disease progression.

Nevertheless, the results of the IHC study of
gastric GISTs revealed no differences in tumor size
(p = 0.3145), proliferative index (p = 0.1203), and
disease risk group (p = 0.8657) between the groups
with high and low levels of FGF-2 expression in
the tumor.

Considering that the analysis of the expression
levels of individual FGF-2 isoforms, which differ
from each other not only in molecular weight, but
also in the mechanism of action, cannot be per-
formed by IHC staining, the next stage of the study
was to determine the expression levels of all four
known FGF-2 isoforms in gastric GISTs. Immuno-
blotting results demonstrated that in all (without ex-
ception) cases of gastric GISTs with a high risk of
recurrence (risk groups 5 and 6), the low-molecular-
weight (18 kDa) isoform of FGF-2 is expressed
(Fig. 3, A), which is also a characteristic of larger
tumors (Fig. 3, B) and proliferative index (Fig. 3, C).

Four FGF-2 isoforms are known in humans;
one of them has a low-molecular-weight (18 kDa)
and three have a high-molecular-weight (22, 22.5,
and 34 kDa), differing from each other not only in
their molecular weight, but also intracellular local-
ization and molecular mechanisms of action [19].
The low-molecular-weight isoform is cytoplasmic
and functions in an autocrine manner, binding on
the cell surface with one of the four types of FG-
FRs in combination with heparin sulfate proteogly-
cans, which induces the activation of downstream
signaling pathways that regulate the proliferation
and survival of tumor cells [20]. Moreover, high-
molecular-weight isoforms of FGF-2 are entirely
nuclear and exhibit activity through an intracrine
mechanism, binding to specific intracellular recep-
tors. This indicates that the activity of high-mole-
cular-weight isoforms of FGF-2 does not depend on
their binding to FGFR [21].

Thus, the overexpression of the low-molecu-
lar-weight form of FGF-2 in patients with gastric
GISTs at a high risk of recurrence reveals the mo-
lecular mechanisms of the disease progression, in-
dicating the active secretion of FGF-2 by tumor
cells; therefore, we can consider this FGF-2 isoform
as a promising prognostic marker.

The data presented are consistent with the re-
sults of our earlier studies, which testified the
IM-induced activation of the FGFR signaling
pathway in GIST cell lines, which is implement-
ed through the active secretion of FGF-2 by tumor
cells and serves as a ligand for FGFR1 and FGFR2
[14,16]. Indeed, the presence of neutralizing anti-
FGF-2 antibodies in GIST cell cultures abolishes
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completely the effect of the targeted drug IM and
induces their apoptosis [16]. This, in turn, testifies
the potential prospects of using inhibitors of the
FGFR signaling pathway to enhance the effect of
the targeted drug IM and to re-sensitize GISTs to
IM in cases with existing resistance to the first-line
drug. The validity of this provision is confirmed by
the research results by our scientific group [15] and
other scientific groups [22, 23].

Thus, the results of these studies complement
the current concept of the mechanisms of the de-
velopment of secondary resistance of GIST to the
targeted drug IM, caused by the activation of al-
ternative tyrosine kinase-mediated signaling path-
ways in the absence of secondary mutations of
c-KIT and PDGFRA.

CONCLUSION

Evaluation of the level of expression of the low-
molecular-weight form of FGF-2 in GISTs can be
considered a promising prognostic marker of a high
risk of recurrence of gastric GISTs and the deve-
lopment of its resistance to IM during the course
of targeted therapy. This, in turn, predetermines
expansion of the range of targeted drugs and the
introduction of inhibitors of the FGF signaling
pathway in the regimens of combined targeted the-
rapy of GISTs.
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