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Abstract

Background: Although there have been multiple lines of drugs for gastrointestinal stromal tumors (GISTs), the drug response depends on the
progressive tumors' biological behaviors and secondary mutations.

Methods: We investigated the primary and secondary mutations in multiple tumors from the same patients and at multiple regions from the
same tumor to analyze the inter and intratumoral heterogeneities using Sanger sequencing and next-generation sequencing (NGS).

Results: Secondary mutations were more frequently detected in patients with a targeted therapy history and who continued their targeted
therapy until surgery or biopsy, in larger tumors, and in tumors located in the intestine, abdominal cavity, and mesentery. Secondary mutations
were detected in only 57.56% of the samples from the cases with secondary mutations, and 34.8% of the cases presented multiple types of
secondary mutations, including both intertumoral and intratumoral heterogeneities. Temporal heterogeneity was also observed at different time
points of progression. The results of NGS and Sanger sequencing were consistent for the individual sample, but Sanger sequencing detected
multiple types of secondary mutations from different tumors of the same patient. Liquid biopsy also only detected partial secondary mutations
revealed by Sanger sequencing.

Conclusion: Progressive GISTs had intertumoral and intratumoral heterogeneities of secondary mutations. Sanger sequencing had its own
advantage in revealing the heterogeneity of secondary mutations. The improvement in the detection rate of secondary mutations by selecting
the appropriate tumor sample to be tested, or even the appropriate tumor region or test method, is helpful to identify the optimal drugs for
progressive GISTs.
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Implications for practice

Our study underscored the clinicopathologic characteristics of progressive GISTs at the time of initial diagnosis and progression, contributing
to finding the patients with a high risk of disease progression and accordingly performing a close follow-up and timely treatment. In
addition, we demonstrated the intertumoral, intratumoral, and temporal heterogeneities of secondary mutations in progressive GISTs.
The improvement in the detection of secondary mutations is helpful to suggest optimal drugs for progressive GISTs through selecting an
appropriate tumor sample, even the appropriate tumor region, and a suitable test method.

Introduction with progressive tumors after imatinib treatment.> However,

KIT/PDGFRA-selective targeted inhibitors have been devel- the heterogeneiFy.of TKI resistance continues to bring about
oped and applied to the treatment of gastrointestinal stro- a substantial clinical challenge.? The drug response depends
mal tumors (GISTs)."? Imatinib emerged as the first-line ~ ©0 the biological behaviors and secondary mutations of the

treatment for GISTs, except for those with PDGFRA D842V progressive tumors.** Therefore, we need to better under-

mutation, for which Avapritinib was the first-line treatment. stand the clinicopathological characteristics and mutation

Furthermore, other tyrosine kinase inhibitor (TKI) drugs, such Statlclls of thescc;, prolgressnile tumors to dete.rmlln.e the éll?pl.‘(’pﬁ”'
as sunitinib, regorafenib, or ripretinib, can be used in patients ~ 3t€ drugs and prolong the patients: survival time. Llinically,
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some progressive GISTs present multiple tumors, in which
secondary mutations may not be detected due to tumor het-
erogeneity. It remains unclear which patient, or which tumor
secondary mutations could be detected more easily.

In the present study, we explored the important parameters
related to tumor progression by analyzing the clinicopath-
ological features and mutation status of the patients with
progressive tumors at the time of the initial diagnosis and
during tumor progression. Moreover, we aimed to analyze
the primary and secondary mutations in multiple progressive
tumors from the same patients and at multiple regions from
the same tumor progressive tumor to understand the intertu-
moral and intratumoral heterogeneities of these tumors and
improve the positivity rate of detecting secondary mutations.

Methods

Patient selection

We selected 69 patients with progressive GISTs who under-
went operations or biopsy procedures for progressive tumors
at Tianjin Medical University Cancer Institute and Hospital
from June 2003 to March 2023. We collected 80 tumor tis-
sue samples from the 69 patients (61, 5, and 3 patients had
tumor progression once, twice, and third times, respectively),
including 10 biopsy and 70 resected tissue samples. The clin-
icopathological and primary molecular variation data at the
time of the initial diagnosis were collected. The present study
was approved by the Institutional Review Board of Tianjin
Medical University Cancer Institute and Hospital.

Tumor selection

Altogether, 829 hematoxylin and eosin (H&E)-stained sec-
tions were reviewed for sample selection. For single progres-
sive tumors, we selected one sample every 5 cm, and no more
than five samples were selected for one tumor. For multiple
progressive tumors, all the tumors with diameters of >1 cm
were selected. If the multiple progressive tumors were located
at one anatomical site, at least 2 tumors were selected. If the
tumors were located at different anatomical sites, at least 1
sample from each site was selected.

Extraction and quantification of DNA

For each sample, DNA extraction was performed based
on the H&E sections, excluding sections with hemorrhage,
necrosis, or collagenous degeneration. For the tumors with
obvious differences in cell density in the H&E sections, we
took different regions individually for DNA extraction.
DNA was extracted with a QIAamp DNA FFPE Tissue Kit
according to the manufacture’s protocol (Qiagen). Blood was
collected in Cell-Free DNA BCT tubes (Streck), and plasma
and normal white blood cells were processed as previously
described.® Circulating free DNA (cfDNA) was isolated
from 2 to 4 mL (average 2.2 mL) plasma using a QIAamp
Circulating Nucleic Acid Kit (Qiagen). Normal genomic
DNA from white blood cells was isolated using a QIAamp
DNA Blood Mini Kit (Qiagen). Genomic DNA was quan-
tified using Nanodrop 2000 (Thermo Fisher Scientific), and
genomic DNA and ¢fDNA were quantified using a Qubit flu-
orometer from Invitrogen (Thermo Fisher Scientific).

Sanger and next-generation sequencing (NGS)

Sanger sequencing was performed for all samples to evaluate
KIT exons 9,11, 13, 14,17, and 18 and PDGFRA exons 12,
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14, and 18. The experimental procedures had been described
in detail previously.” The Sanger sequencing primers are
shown in Supplementary Table S1. Additionally, NGS was
performed in seven samples according to the experimental
procedures described elsewhere.”

Statistical analyses

Statistical analysis was performed with SPSS 22.0. The
overall differences were determined by the chi-square and
Bonferroni’s tests for the categorical data of the independent
samples. Independent sample #-tests, Mann-Whitney U tests,
and one-way analysis of variance with the least significant dif-
ference post hoc tests were used for the continuous variables
of the independent samples. A P value < .05 was considered
to indicate a significant difference.

Results

Clinicopathological characteristics of the patients
with progressive GIST at the time of the initial
diagnosis and during disease progression

When we analyzed the clinicopathologic characteristics
of the progressive tumors, we selected the first progres-
sive tumors that developed among patients with multiple
progressive tumors to match those samples obtained from
patients with only one tumor progression. Among the 69
patients with progressive GIST, the most common progres-
sive site was in situ (7 = 23), followed by the liver (n = 18),
mesentery (n = 14), abdominal and pelvic cavities (7 = 13),
peritoneum (n = 11), retroperitoneum (7 = 10), abdominal
wall (7 = 9), adjacent structures (7 = 6), colorectum (1 = 4),
chest cavity/pleura (n=2), and small intestine (n=1).
Progressive GISTs involving the mesentery occurred more
frequently in patients with primary tumors in the small
intestine than in those with primary tumors in the stom-
ach and other sites (32.3% vs 14.8% vs 0.0%, P =.019).
Progressive GISTs involving the retroperitoneum occurred
more frequently in the patients with a targeted therapy his-
tory than in those without such a treatment history (19.6%
vs 0.0%, P =.010). Progressive GISTs involving the ret-
roperitoneum and pelvic cavity occurred more frequently
in the patients continuing targeted therapy until surgery
or biopsy than in those discontinuing targeted therapy
(20.0% vs 3.4%, P =.034 and 28.6% vs 6.9%, P =.021).
Additionally, although not significantly different, all the
cases involving the mesentery carried the KIT exon 11 dele-
tion mutation but not the missense or insertion mutations
(22.9% vs 0.0% vs 0.0%, P = .087).

We further analyzed the clinicopathologic characteristics
of the 69 patients at the time of the initial diagnosis and
compared them between the patients with a single progres-
sive tumor and those with multiple progressive tumors. As
shown in Table 1, the patients with primary tumors in the
small intestine, with an intermediate risk, and with KIT exon
9 insertion mutations more frequently presented with mul-
tiple progressive tumors than those with primary tumors in
the stomach (P =.023), with other risk degrees (P =.034),
and with KIT exon 11 mutations (P =.017), respectively.
Additionally, multiple progressive tumors are more fre-
quently observed in the liver, abdominal wall, mesentery,
and peritoneum (P =.013, P =.005, P =.010, and P =.002,
respectively).


https://academic.oup.com/oncolo/article-lookup/doi/10.1093/oncolo/oyaf110#supplementary-data
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Table 1. The clinicopathological characteristics of 69 patients with progressive GISTs at the time of the initial diagnosis and during disease progression.
Characteristic All Multiple Single P value
patients tumors tumor
(n=69) (n=46) (n=23)
Gender 41 (59.4) 27 (58.7) 14 (60.9) .862
Male 28 (40.6) 19 (41.3) 9(39.1)
Female
Age at initial diagnosis 56 (17-77) 56 (17-69) 53(27-77) 570
Median (Min-Max)
Primary site 27 (39.1) 14 (30.4) 13 (56.5) .023
Stomach’ 31 (44.9) 26 (56.5) 5(21.7)
Small intestine’ 11 (15.9) 6 (13.0) 5(21.7)
Others
Risk for primary 1(1.6) 1(2.4 0 (0.0) .034
tumor 6(9.7) 2 (4.8) 4 (20.0)
Very low 18 (29.0 16 (38.1) 2(10.0)
Low!’ 37 (59.7) 23 (54.8) 14 (70.0)
Intermediate’
High
Primary mutation 11 (15.9) 11 (23.9) 0 (0.0) .017
KIT exon9$ 46 (66.7) 26 (56.5) 20 (87.0)
KIT exon11$ 1(1.4) 1(2.2) 0(0.0)
KIT exon13 3(4.3) 2 (4.3) 1(4.3)
PDGFRA D842V 8 (11.6) 6 (13.0) 2 (8.7)
Wild Type
Primary KIT exon11 35(76.1) 20 (76.9) 15 (81.3) 423
variant 10 (21.7) 6(23.1) 4(18.8)
Deletion 1(2.2) 0 (0.0) 1(5.0)
Missense
Insertion
Targeted therapy 18 (26.1) 15 (32.6) 3(13.0) .069
history 51(73.9) 31 (67.4) 20 (87.0)
No
Yes
Targeted therapy con- 29 (45.3) 20 (45.5) 9 (45.0) 973
tinued until surgery or 35 (54.7) 24 (54.5) 11 (55.0)
biopsy”
No
Yes
Progression site 23 (33.3) 16 (34.8) 7(30.4) 718
In site 18 (26.1) 16 (34.8) 2 (8.7) .013
Liver 13 (18.8) 10 (21.7) 3(13.0) 372
Abdominal cavity 10 (14.5) 5(10.9) 5(21.7) 227
Retroperitoneal 9 (13.0) 9 (19.6) 0 (0.0) .005
Abdominal wall 1(1.4) 1(2.2) 0(0.0) .366
Small intestinal 4 (5.8) 3(6.5) 1(4.3) .709
Colorectal 13 (18.8) 11 (23.9) 2(8.7) 108
Pelvic cavity 14 (20.3) 13 (28.3) 1(4.3) .010
Mesentery 11 (15.9) 11 (23.9) 0 (0.0) .002
Peritoneum 6 (8.7) 5(10.9) 1(4.3) .339
Adjacent structures 2(2.9) 1(2.2) 1(4.3) 622

Chest cavity/pleura

$: The Bonferroni correction for a chi-square analysis showed a significant difference in this parameter between the patients with multiple progressive
tumors and those with a single progressive tumor. “: Five cases were not included due to missing information on the termination of targeted therapy.

Assessment of secondary mutations in progressive
GISTs

The mutations in KIT and PDGFRA were tested in 335 sam-
ples from 69 patients. Among them, the mutation results were
unavailable in 129 samples, including 71 samples from 13
patients with poor DNA quality and 58 samples from 10
patients with insufficient DNA quantity. Finally, 206 samples
from 56 patients had available mutation results, with each
patient having an average of three samples for evaluation

(range: 1-17). The detailed results of these 206 samples, along
with their clinicopathological information and primary muta-
tion status, are listed in Supplementary Table S2.

The secondary mutations need to be detected in the progres-
sive tumors but not in the primary tumors. Concurrently, the
presence of primary mutations, similar to the primary tumor,
needs to be determined in the progressive tumors to exclude
testing mistakes. In addition, the data on secondary muta-
tions were compared with the data in the COSMIC database


https://academic.oup.com/oncolo/article-lookup/doi/10.1093/oncolo/oyaf110#supplementary-data

(https://cancer.sanger.ac.uk/cosmic) or PubMed to identify any
new mutations. According to the abovementioned standards, sec-
ondary mutations were detected in 41.1% (23/56) of patients.
Among the 23 patients with secondary mutations, a total of
113 samples were tested and secondary mutations were found
in 65 (57.5%) samples. We compared the secondary KIT muta-
tions in our cohort with those described in previous literature®'$
(Table 2). Both KIT exon 13 V654A and exon 14 T670I were
detected in almost all studies on GIST secondary mutations,
whereas different types of secondary mutations in KIT exons
17 and 18 were reported in different studies. Although C809,
D816,D820,N822, and Y823 were the most common second-
ary mutation sites, different amino acid changes were detected
at these sites in different studies. C809G, D820H/Y/V/G,
$821Y, N822K, Y823D, and A829P were detected in both our
cohort and those of some previous studies, whereas D816E/
G/H, D820E/N, and N822D were not detected in our cohort,
but they were reported in some previous studies. Contrarily, we
detected some rare types of substitution missense mutations,
such as N8221I, Y823S, and K826N. Interestingly, albeit it was
reported that almost all of the secondary mutations were sub-
stitution missense mutations,'>'3'71° we detected the KIT exon
17 insertion mutation S821_N822insR, which has not been
recorded in the COSMIC database.

Comparison of the clinicopathological and
molecular characteristics between progressive
GISTs with and without secondary mutations

We compared the clinicopathological characteristics of the pro-
gressive GISTs with and without secondary mutations (only
accounting for the first progressive tumors, Table 3). Primary
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KIT exon 11 mutation was more frequently observed in the
progressive GISTs with secondary mutations than in those
without secondary mutations (P =.004). The patients with
GISTs with secondary mutations were more likely to have a
history of targeted therapy or to continue their targeted ther-
apy until surgery or biopsy than those without secondary
mutations (P <.001 and P <.001, respectively). There were
no differences in the male-to-female ratio, age, number of pri-
mary tumors, primary sites, risk degree of the primary tumor,
and rates of primary KIT exon 9 mutation, PDGFRA D842V
mutation, or KIT exon 11 variant type between patients with
GISTs with and without secondary mutations.

We further analyzed the progressive tumors with secondary
mutations. Among the 23 patients with secondary mutations,
15 showed one type of secondary mutation and 8 presented
with multiple types of secondary mutations, with 6 patients
showing 2 mutation types, 1 with 3 mutation types, and 1 with
4 mutation types. The positivity rate of secondary mutations
was higher in the patients with multiple types of secondary
mutations than in those with one type of secondary mutation
(68.3% vs 45.3%, P = .013). Moreover, the positivity rate of
secondary mutations was different in the diverse progression
sites (P <.001). Progressive tumors in the lung, chest wall,
chest cavity, and pleura had the highest ratio of secondary
mutations (80.0%), followed by those in the small intestine
(71.4%), abdominal cavity (63.2%), and mesentery (51.4%);
progressive tumors in the peritoneum had the lowest ratio of
secondary mutations (8.3%). Additionally, the positivity rate
of secondary mutations was higher in patients with large pro-
gressive tumors than in those with small progressive tumors
(5.2 vs. 3.9 cm, P = .001).

Table 2. Summary of secondary KIT mutations in progressive GISTs in our cohort and reported in previous literature.

References No.  Proportion Sample No. Secondary Rate of Secondary mutation types
of of multiple Type of test ~ mutation rate multiple
cases  tumors samples in tested cases mutations
Miselli et al® 8 37.5% FFPE 20 62.5% (5/8) NR V654A,T6701, DS20N
(3/8)
Nishida et al’ 8 12.5% fresh tissue 9 87.5% (718) 14.3% V654A,T6701, D816H, N822K, Y823D
(1/8) (177)
Desaiet al'® 10 NR FFPE 10 80.0% (8/10)  0.0% V654A, C809G, D816H, N822K, Y823D,
Lim KH et 12 66.7% FFPE 15 75.0% (9/12)  22.2% V643ins, V654A, D820G/Y, N822K
all! (8/12) (2/9)
Liegl et al®2 14 85.7% FFPE 57 571% (8/14)  75.0% V654A,T6701, D816H, D820G, N822K/Y, Y823D,
(12/14) (6/8) A829P
Antonescu 18 38.9% fresh tissue 18 38.9% (7/18)  0.0% V654A,T6701, D820Y, N822K, Y823D
et al®® (7/18)
Nishida, et 25 76.0% fresh tissue 45 80.0% 30.0% V654A,T6701, K786N, C809G, D816H/E, D820V,
al1? (19/25) (20/25) (6/20) N822K/Y/D, Y823D, A829P
Debiec-Rych- 26 ~ NR fresh tissue 26 46.2% 0.0% V654A,T6701, D716N, D816G, D820E/Y, N822K
ter, et al'® (12/26)
Wardelmann 32 NR FFPE 104 43.8% 28.6% V654A, S709F, T670I/E, D816E, D820G/E/Y,
et al'® (14/32) (4/14) N822K, Y823D
Heinrich et 33 0% fresh tissue 33 66.7% 4.5% V654A,T6701, C809G, D816H, D820A/G, N822K,
al'’ or FFPE (22/33) (1/22) Y823D
Du et al'® 320 NR FFPE 320 70.0% 0% V654A,T6701, C809G, D816H, D820Y, N822K/Y,
(224/320) Y823D, A829P
This study 56 64.3% FFPE 206 41.1% 34.8% V654A,T6701, C809G, D820G/H/Y/V, S821Y, S821_
(36/56) (23/56) (8/23) N822insR, N822I/K, Y823D/S, K826N, A829P

Abbreviations: FFPE, formalin-fixed paraffin-embedding; NR, no record.
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Table 3. Comparison of the clinicopathological and molecular characteristics between progressive GISTs with and without secondary mutations.
Characteristic With secondary mutations (7 = 23) Without secondary mutation (17 = 33) P value
Gender 17 (73.9) 17 (51.5) .091
Male 6(26.1) 16 (48.5)
Female
Age at initial diagnosis 55 (38-69) 56 (17-77) .593
Median (min-max)
Primary site 10 (43.5) 15 (45.5) 813
Stomach 10 (43.5) 12 (36.4)
Small intestine 3(13.0) 6(18.2)
Others
Risk for primary 0 (0.0) 1(3.2) 735
tumor 2 (11.1) 2 (6.5)
Very low 4(22.2) 8 (25.8)
Low 12 (66.7) 20 (64.5)
Median
High
Primary mutation 2(8.7) 7(21.2) .004
KIT Exon9 20 (87.0) 17 (51.5)
KIT Exon11$ 1(4.3) 0 (0.0)
KIT Exon13 0 (0.0) 3(9.1)
PDGFRA D842V 0 (0.0) 6(18.2)
Wild Type$
Primary KIT Exonl1 18 (90.0) 12 (70.6) 072
variant 1(5.0) 5(29.4)
Deletion 1(5.0) 0 (0.0)
Missense
Insertion
Targeted therapy 0 (0.0) 12 (36.4) <.001
history 22 (100.0) 21 (63.6)
No
Yes
Targeted therapy con- 1(4.8) 21 (67.7) <.001
tinued until one week 20 (95.2) 10 (32.3)
before surgery”
No
Yes
Number of tumors at 9(39.1) 11 (33.3) 656
progression 14 (60.9) 22 (66.7)
Single
Multiple

5: The Bonferroni correction for a chi-square analysis showed a significant difference in this parameter between the patients with and without secondary
mutations. : Three cases were not included due to missing information on the termination of targeted therapy.

Heterogeneity analysis of secondary mutations

Heterogeneity of secondary mutations occurred among the
different tumors (intertumoral heterogeneity) and in the same
tumor (intratumoral heterogeneity). Among the 15 patients
with one type of secondary mutation, the secondary mutation
was observed in all samples in nine patients and in the par-
tial tumors in the other 6 patients (Supplementary Table S2).
Interestingly, in Case 8, the secondary KIT exon 17 N822K
mutation was detected only in one sample obtained from the
peritoneum (Figure 1A), but the evolution from heterozygous
to homozygous of the primary KIT exon 13 K642E mutation
was found in the other samples obtained from the abdominal
wall, peritoneum, and retroperitoneum (Figure 1B). Although
most KIT-mutated GISTs were heterozygous,” the evolution
from the heterozygous to homozygous KIT mutation has been
reported to be related to malignant behaviors and a lower
sensitivity to imatinib.?®*' Among the eight patients with
multiple types of secondary mutations, secondary mutations
were detected in all samples in five patients, and different

secondary mutations were detected in the partial samples in
three patients (Supplementary Table S2).

Intratumoral heterogeneity was also observed in our study.
In a typical patient (Case 12), all 16 samples from progressive
tumors presented primary KIT exon 11 V560_Y578 dele-
tion mutation, but only 5 samples from the mesenteric mass
contained KIT exon 17 C809G secondary mutation (Figure
2A), indicating an intertumoral heterogeneity. Moreover, we
observed the heterogeneity of cell density in the same pel-
vic mass. Four dense cell regions from the same tumor were
tested individually, of which only one sample had a KIT exon
17 D820H secondary mutation (Figure 2B), indicating an
intratumoral heterogeneity.

Additionally, we also observed the temporal heterogeneity
of secondary mutations in progressive GISTs. We obtained
multiple tumor samples at different time points of progres-
sion from eight patients (Cases 49-56 in Supplementary
Table S2). No secondary mutations were detected in any of
the samples from 3 patients, including 1 patient with primary
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K642E
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Figure 1. A typical case showing intertumoral heterogeneity in KIT mutations (Case 8 in Supplementary Table S2). KIT exons 9, 11, 13, 14, 17, and 18
were tested in 14 progressive tumor samples from the peritoneum. A and B were from different tumors. The primary KIT exon 13 K642E (AAA > GAA)
mutation was detected in all tumors. The secondary N822K (AAT > AAG) mutation was detected in A but not in B. Although none of the secondary
mutations were detected, the primary KIT exon 13 K642E (AAA > GAA) mutation was almost homozygous in B.
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Figure 2. A typical case showing intratumoral heterogeneity in KIT mutations (Case 12 in Supplementary Table S2). KIT exons 9, 11, 13, 14, 17, and 18
were tested in 10 tumor samples from the mesentery (A) and pelvic cavity and omentum majus (B). A: There was no obvious heterogeneity in either
the cell morphology or cell density in the mesenteric mass. Two samples from the different regions (a and b) in one tumor were tested individually. Both
the primary V560_Y578del and secondary C809G (TGT > GGT) mutations were detected in both regions. B: The cell density was heterogeneous in the
pelvic mass. The regions with dense cells (red circle) from regions ¢ and d were tested individually. The other secondary mutation, D820H (GAT > CAT),
but not C809, was detected in region ¢, whereas no secondary mutation was detected in region d.

wild-type GIST (Case 54) at the time of first diagnosis, one
with primary KIT exon 9 insertion mutation (Case 56), and
one with primary mutation in KIT exon 11 W557_V559 > C
(Case 55). All the 3 types reportedly have a low sensitivity to
imatinib.?>?* Among the other 5 patients, different secondary
mutations were detected in the first and second progressive
tumors from different progressive sites in Cases 50 and 51. In
Cases 49, 52, and 53, secondary mutations were detected only
in the later progressive samples. In a typical patient (Case 49,
Supplementary Table S2), no secondary mutation was detected
in the first progressive retroperitoneal tumor (sample 49a)
at 61 months after diagnosis (Figure 3A), although 4 types
of secondary mutations, including D820G, N822Y, N822K
(AAT > AAG), and N822K (AAT > AAA), were detected in 6

progressive tumors in the abdominal cavity (sample 49b) at
97 months after diagnosis (Figure 3B). At 109 months after
diagnosis, 3 types of secondary mutations were detected,
including N882K (AAT > AAA) which was also detected in
sample 49b from the second progressive tumors, as well as
D820V and Y823D that had never been detected in the first
and second progressive tumors (Figure 3C).

Comparisons of Sanger and NGS in progressive
GIST

NGS was performed in 7 patients, with tissue samples
obtained from 6 patients and ¢fDNA samples from one
patient (Supplementary Table S2). Among the four cases with
single progressive tumors, NGS detected the same primary
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Figure 3. A typical case showing temporal heterogeneity in KIT mutations among three progressive tumors at different times of progression (Case

49 in Supplementary Table S2). KIT exons 9, 11, 13, 14, 17, and 18 were tested. A. No secondary mutation was detected in the first progressive
retroperitoneal tumor (sample 49a) at 61 months after diagnosis; however, primary K558_V559 > N mutation was observed. B. Four types of secondary
mutations were detected in six progressive tumor samples from the abdominal cavity (sample 49b), including D820G (in one sample), N822Y (in two
samples), N822K (AAT > AAG, in one sample), and N822K (AAT > AAA, in two samples) at 97 months after diagnosis. C. Three types of secondary
mutations were detected, including N882K (AAT > AAA, in three abdominal wall tumor samples), D820V (in two mesentery tumor samples), and Y823D
(in two mesentery tumor samples) at 109 months after diagnosis (sample 49c¢).

and secondary mutations as those seen by Sanger sequenc-
ing. Besides, some additional gene alterations were detected
by NGS in the individual case, such as PTEN copy num-
ber loss (Case 46, Supplementary Table S2). For the 2 cases
(Cases 44 and 49) with multiple progressive tumors, because
only 1 sample was tested by NGS, although NGS detected
the same secondary mutation as Sanger sequencing for this
sample, NGS could not detect the other secondary muta-
tions from the other samples. For Case 43, NGS based on
cfDNA only detected D820Y secondary mutation, whereas
Sanger sequencing detected D820Y in the tumor from the
abdominal wall and other secondary mutations in the retro-
peritoneal tumor (V654A and $821Y) and recurrent tumor in
situ (S821Y and N822K). The results indicated that Sanger
sequencing had an advantage in detecting more secondary
mutations from multiple tissue samples.

Discussion

In the present study, we enrolled 69 patients with progressive
GISTs who were admitted at our center from June 2003 to
March 2023. Compared with previous reports,*?%2¢ our study
showed that progressive GISTs were more frequently observed
in younger patients, in patients with the small intestine as the
primary tumor site, and in patients with a high risk of devel-
oping tumor progression at the initial diagnosis. The muta-
tion rates of KIT exon 9 insertion or KIT exon 11 deletions
were higher in GISTs with progression than in contemporane-
ous GISTs without progression. Our results suggest strength-
ening the monitoring of young patients with primary tumors
in the small intestine and those with high-risk tumors or KIT
exon 9 insertion or KIT exon 11 deletions at time of diagnosis
to ensure early detection of potential tumor progression and
timely treatment. Furthermore, these patients may undergo
long-term targeted adjuvant therapy to delay tumor progres-
sion, as reported by Nishida et al>” who examined high-risk
GISTs. Additionally, we found that the patients with primary
GISTs in the small intestine, those with primary KIT exon 11
deletion mutation, and those with continued targeted therapy

tended to have progressive tumors in the mesentery and pelvic
cavity, indicating that these anatomical sites should be given
more attention during follow-up examinations.

Previous studies have reported that approximately half of
patients with progressive GIST present with secondary muta-
tions within 2 years after achieving a partial response or at least
a stable disease and that the secondary mutation types influence
the therapeutic effects of successive treatments.>? Thus, we need
to identify whether patients with progressive GISTs have devel-
oped secondary mutations as well as determine the types of these
secondary mutations. In our cohort, secondary mutations were
detected in 41.1% of patients. Secondary mutations were more
frequent in patients with a targeted therapy history and contin-
ued targeted therapy until surgery as well as in patients with
primary KIT exon 11 mutations, which were consistent with
the results of previous studies.'»'*!%17 Additionally, our results
showed that large progressive tumors or progressive tumors
located in the chest cavity/pleura, small intestine, abdominal
cavity, and mesentery had a higher positivity rate of secondary
mutations, indicating that these tumors might be an appropriate
sample for detecting secondary mutations.

Importantly, the present study not only demonstrated the
intertumoral heterogeneity of secondary mutations but also
revealed the intratumoral and temporary heterogeneities of
secondary mutations in progressive GISTs. Namlos et al.?’
detected 10 samples from a case with acquired resistance,
with two samples having two types of secondary mutations,
similar to our study findings demonstrating two types of sec-
ondary mutations in a single tumor. In addition to the finding
of multiple secondary mutations in a single tumor, we also
found that secondary mutations were detected only in some
parts of a single tumor. Moreover, during disease progression,
different secondary mutation statuses might also exist at dif-
ferent points in time, similar to the case of our patient whose
secondary mutation was detected only in the second and third
progressive tumors but not in the first progressive tumor.
Thus, extensive sampling might allow clinicians to discover
more secondary mutations in progressive GISTs to guide the
subsequent tumor therapy.


https://academic.oup.com/oncolo/article-lookup/doi/10.1093/oncolo/oyaf110#supplementary-data
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Sanger sequencing can test multiple samples, thereby
more secondary mutations can be detected at a lower cost.
Although NGS can detect the same secondary mutations
as those detected by Sanger sequencing in the same sam-
ple, it is unable to detect other secondary mutations from
other tumors that were detected by Sanger sequencing.
Contrarily, NGS revealed other gene variations, rather than
KIT/PDGFRA mutations alone, revealing the mechanism of
TKI resistance and contributing to the identification of other
potential therapeutic targets. Liquid biopsy was consider-
ably useful in detecting secondary mutations, especially for
advanced GISTs in which obtaining tumor tissues is challeng-
ing. However, the ¢fDNA samples frequently showed pos-
itive results in the patients with metastatic or larger tumor
and false negative results in other patients.?’ Moreover, all
cfDNA studies need to rule out false positive results origi-
nating from clonal hematopoiesis, which is a natural aging
process in which healthy cells of hematopoietic origin can
acquire mutations.*® In the present study, all 69 patients had
a chance of surgery or biopsy after first or second-line treat-
ment, and only one patient performed the liquid biopsy. As
expected, although different secondary mutations were pres-
ent in multiple tumors in different locations, only the second-
ary mutation from the distant metastatic tumor was detected
by liquid biopsy. Therefore, Sanger sequencing was prefera-
ble, as it could detect multiple lesions; therefore, testing for
secondary mutations could be performed sufficiently, which
could ultimately guide the targeted therapies.

Furthermore, patients with progressive tumors without
secondary mutations also need to be monitored. Researchers
and clinicians have recognized that some patients with high-
risk GISTs need a continuous and long-term treatment with
imatinib, and an interruption of imatinib treatment leads
to disease progression without secondary mutations.327:3!
In our study, among the 22 progressive patients with an
interruption of targeted therapy for a period of time
before surgery or biopsy, only one patient showed a sec-
ondary mutation. Indeed, the relapse rate is <2% per year
during adjuvant imatinib treatment for the patients with
imatinib-sensitive GIST, but it obviously increases after
imatinib therapy is stopped, probably owing to the re-entry
of the quiescent cells into a proliferative state.’?%* Kang et
al reported?®® that the re-introduction of imatinib achieved
an effective tumor control in the patients who developed
disease progression after the interruption of imatinib treat-
ment. The abovementioned data suggested that disease
progression in the patients with interruption of targeted
therapy might not result from secondary mutations and
could benefit from the resumption of the previous medi-
cine rather than treatment with later-line drugs. Therefore,
an accurate assessment of gene mutations for progressive
GISTs is necessary, as this influences the subsequent treat-
ment of the patients.

Conclusion

Our study underscored the clinicopathologic characteristics
of progressive GISTs at the time of initial diagnosis and pro-
gression, allowing us to identify the patients with a relatively
high risk of disease progression, thereby facilitating timely and
appropriate treatment and monitoring. In addition, we demon-
strated the intertumoral, intratumoral, and temporal hetero-
geneities of secondary mutations in progressive GISTs; these
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data are useful for improving the positivity rate of detecting
secondary mutations and for initiating optimal treatments.
Nevertheless, due to the limited number of cases analyzed, mul-
ticenter studies are needed in the future to confirm our findings.
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