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ARTICLE INFO ABSTRACT

To analyze the pattern of multiple mutations detected by Sanger sequencing (SS), we performed subcloning
sequencing using 218 samples from 45 patients with tyrosine kinase inhibitor resistant chronic myeloid leu-
kemia. At the first time of multiple mutation detection by SS (baseline), a total of 19 major mutations from 45
samples were detected; these mutations were found in the following order: T315I (68.9%), E255K (33.3%),
Y253H (13.3%), G250E (13.3%), and F317 L (11.1%). Subcloning sequencing of 900 baseline colonies identified
556 different mutant types, and 791 among the 900 were colonies with major mutations (87.9%). The mutations
were found in the following order: T315I (36.4%), E255K (16.2%), Y253H (7.0%), G250E (6.7%), M351 T
(6.6%), and E255V (5.3%). In subcloning sequencing with 4357 colonies of 218 serial samples, 2506 colonies
(57.5%) had compound mutations, among which 2238 colonies (89.3%) had at least one major mutation. The
median number of mutations in compound mutant colonies was 2 (range, 2-7), and most were double (52.9%) or
triple (28.7%) mutations. Additionally, some mutations in allosteric binding sites were detected as low level
mutation in 13 patients. With the available retrospective samples before baseline, subcloning sequencing
identified low-level mutations of various frequencies (median, 10%) to be major mutations in 20 patients. Thus,
compound mutations involving T315I and P-loop mutations were the major components of multiple mutations,
and some low-level mutations with potential clinical significance were detected by subcloning sequencing.
Hence, more sensitive sequencing assays are needed in patients with multiple mutations.
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1. Introduction mutation or compound mutations [13-16]. Ponatinib (PON) is sensitive

to the majority of mutations, including T315I, but its effect against

BCR-ABL1 kinase domain mutations are a major mechanism of
tyrosine kinase inhibitor (TKI) resistance in patients with chronic
myeloid leukemia (CML). These mutations interfere the binding of TKIs
to the binding site [1-3]. To date, various studies have shown that some
of these mutations are strongly related to clinical resistance [2-5], and
the sensitivity to different TKIs is dependent on the type of mutation
[6-10]. Patients with multiple mutations have poorer prognosis than
patients with a single mutation [11,12]. In order to overcome the
clinical resistance to imatinib (IM), other TKIs, such as nilotinib (NIL),
dasatinib (DAS), bosutinib (BOS), and radotinib (RAD), have been de-
veloped. However, these drugs do not affect proteins with the T315I

cancer cells with compound mutations is controversial [10,17]. More-
over, sequential treatment with TKIs has been reported to lead to the
emergence of compound mutations in clones, one of the patterns of
clonal evolution [18]. In addition, asciminib has been shown to be ef-
fective against the majority of mutations, including T315I, found in
common TKIs. However, asciminib binds to the allosteric site of the ABL
domain and is therefore less sensitive to some mutations, such as
A337V, E355G, P465S, V468 F, Y469H, 1502 L, and P9181L, due to
structural changes [19,20]. Furthermore, it is still unclear how many
minor clones may be expanded are under treatment with certain TKIs.

In addition to Sanger sequencing (SS), which is the gold standard for
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mutation detection, subcloning sequencing, high-performance liquid
chromatography (HPLC), and allele specific oligonucleotide-poly-
merase chain reaction (ASO-PCR) can be used to detect mutations
[21-23]. However, SS, HPLC, and ASO-PCR cannot definitively distin-
guish mutations from compound mutant clones from those of poly-
clonal mutant clones. These methods also showed limited ability to
accurately detect minor clones with clinical significance that may be
expanded in the future [24]. Due to these limitations, subcloning se-
quencing and next-generation sequencing with single clones are now
being used as techniques to detect mutations [25-27].

Therefore, in this study, we conducted subcloning sequencing with
individual colonies to analyze the compositions of multiple mutations,
the patterns of compound mutations, and the patterns of important
minor clones.

2. Material and methods
2.1. Patients and samples

Between 2002 and 2015, 735 patients with CML were screened for
mutation analysis using SS due to resistance or suboptimal response to
various TKIs. Of these, 163 patients had mutations, and 45 patients had
multiple mutations. Thus, 218 peripheral blood (PB) samples from 45
patients were serially collected for further SS and subcloning sequen-
cing. In detail, at the first time of multiple mutation detection (baseline)
by SS, we performed subcloning sequencing on 45 samples and selected
an additional 173 samples (60 retrospective samples from 30 patients
and 113 prospective samples from 36 patients) for further analysis. All
samples were provided by the Korea Leukemia Bank, and the study was
approved by the institutional review board of our institution. Patient
consent was obtained in accordance with the Declaration of Helsinki.

2.2. SS analysis

After first detection of multiple mutations, PB mononuclear cells
were isolated with Ficoll-Paque PLUS (GE Healthcare, Uppsala,
Sweden). Nested PCR for the sequenced region (amino acids 218-519)
of BCR-ABL1 was carried out with cDNA synthesized from 2 ug total
RNA. Briefly, B2A (5’-ttcagaagcttctccctgacat-3’) and A10R1 (5’-tgagg-
catctcaggcacgtc-3’) for primary PCR or A4F (5’-ccaaagcgcaacaagcccac-
3’) and A10R2 (5%-acagccccacggacgecttg-3’) for secondary PCR were
used as primers in 30 uL reaction mixture containing 1 x PCR buffer
(30 mM Tris-HCl, 30 mM K™, and NH,*, 2mM Mg?®*) and 2 U LA Taq
DNA polymerase (Takara, Shiga, Japan). Sequencing of PCR products
was performed in both directions using an ABI Prism 3100 sequencer
(Applied Biosystems, Foster City, CA, USA) after the BigDyel
Terminator v3.1 cycle sequencing reaction.

2.3. Subcloning sequencing

At least 20 colonies were randomly selected and sequenced from
most samples, and 4357 colonies from 218 serial samples were ana-
lyzed. For subcloning sequencing, the nested PCR-amplified region of
BCR-ABL1 in SS was cloned into the pGEM-T Easy vector (Promega,
Madison, WI, USA). Transformed JM109 competent cells (Promega)
were plated on LB agar plates containing 100 pg/mL ampicillin.
Positive colonies were used for plasmid mini preparation with a Qiagen
Plasmid Mini Kit (Qiagen, Hilden, Germany) and then sequenced as
described for SS [21].

2.4. Definitions and statistics

2.4.1. Definition by Sanger sequencing

Multiple mutations were defined as two or more mutations detected
by SS. A major mutation was defined as a predominant mutation de-
tected by SS.
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2.4.2. Definition by subcloning sequencing

A single mutant colony was defined as a colony with one missense
mutation. A compound mutant colony was defined as a colony with two
or more missense mutations. A colony with one or more missense
mutations other than the major mutation only identified by subcloning
sequencing was defined as a minor mutant colony. A major add-on
mutant colony was defined as a colony with a major mutation and a
minor mutation (Supplementary Fig. S1 and Table S1). A colony with
only insertion (INS) and/or deletion (DEL) was designated as other
abnormal colony. All of the above definitions did not include ab-
normalities such as silent mutations and single nucleotide poly-
morphism (SNP). A silent mutation is a mutation with a base sub-
stitution that results in no change in the translated amino acid. A low-
level mutation was defined as a missense mutations representing less
than 20% of the total alleles by subcloning sequencing. The time for
detection of first multiple mutations was calculated from the time of
diagnosis to detection of multiple mutations by SS. Differences in mu-
tant clones were assessed with Fisher’s exact tests. Results with P values
of less than 0.05 were considered significant.

3. Results
3.1. Patient characteristics

A total of 45 patients with a median age of 38 (range, 13-74) years
were analyzed; 30 (66.7%) were men, and 15 (33.3%) were women.
The numbers of patients with high, intermediate, low, and unknown
Sokal risk scores were 18 (40.0%), 7 (15.5%), 4 (8.9%), and 16
(35.6%), respectively. At the first time of multiple mutation detection
(baseline), 26, 4, and 15 patients were in chronic phase (CP), ac-
celerated phase (AP), and blast crisis (BC), respectively. TKIs used at
baseline were IM (12 patients), NIL (7 patients), DAS (20 patients), and
PON (6 patients). The median duration from diagnosis to baseline (the
first multiple mutation detection from SS) was 25.8 (range, 2.5-167.4)
months. For analysis of the mutation pattern, a total of 4357 colonies
from 218 serial samples were analyzed. The median number of total
samples contributed for analysis was 4 (range, 1-15) (Table 1).

3.2. Detection of mutation by SS and subcloning sequencing with 45
baseline samples

3.2.1. Detection of mutation by SS

The 19 major mutations were identified by SS at baseline
(Supplementary Fig. S2A). These mutations were, in order of decreasing
frequency, T315I (31/45; 68.9%), E255K (15/45; 33.3%), Y253H (6/
45; 13.3%), G250E (6/45; 13.3%), F317 L (5/45; 11.1%), E255V (4/
45; 8.9%), V299 L (4/45; 8.9%), M351 T (4/45; 8.9%), M244 V (3/45;
6.7%), Q252H (3/45; 6.7%), F359C (3/45; 6.7%), L248 V (2/45; 4.4%),
E355 A (2/45; 4.4%), E459 K (2/45; 4.4%), F3111 (1/45; 2.2%), T315 A
(1/45; 2.2%), F3591 (1/45; 2.2%), F359V (1/45; 2.2%), and D444 G
(1/45; 2.2%). All 19 major mutations detected by SS were specifically
resistant to the type of TKIs being administered.

3.2.2. Detection of mutation by subcloning sequencing

Subcloning sequencing of 900 colonies using the same 45 PB sam-
ples showed 556 different mutant types. Among the 900 colonies, 791
(87.9%) were major and major add-on mutant colonies, and the pro-
portion of colonies with the 19 major mutations were T315I (328/900;
36.4%), E255 K (146,/900; 16.2%), Y253H (63/900; 7.0%), G250E (60/
900; 6.7%), M351 T (59/900; 6.6%), E255V (48/900; 5.3%), V299 L
(43/900; 4.8%), M244V (40/900; 4.4%), F317L (35/900; 3.9%),
F359V (34/900; 3.8%), Q252H (31/900; 3.4%), E459K (31/900;
3.4%), F359C (23/900; 2.6%), F311I (20/900; 2.2%), L248 V (18/900;
2.0%), T315 A (18/900; 2.0%), E355 A (17/900; 1.9%), F3591 (16/900;
1.8%), and D444 G (9/900; 1.0%) (Supplementary Fig. S2B). In addi-
tion, 63 (7%), 43 (4.8%), and 3 (0.3%) colonies were minor mutant,



K.-H. Kang et al.

Table 1
Characteristics of patients who had multiple mutations.
Parameters Total
(n = 45)

Age, median (range) 38 (13-74) yrs

Sex, n (%)

Male 30 (66.7)

Female 15 (33.3)
Sokal Score, n (%)

Low 4(8.9)

Intermediate 7 (15.5)

High 18 (40.0)

NA 16 (35.6)
Disease phase at diagnosis, n (%)

CP 31 (68.9)

AP 8(17.8)

BC 6 (13.3)
Disease phase at the first multiple mutation detection, n (%)

CP 26 (57.8)

AP 4 (8.9)

BC 15 (33.3)
Therapy at the first multiple mutation detection, n (%)

M 12 (26.7)

NIL 7 (15.6)

DAS 20 (44.4)

PON 6 (13.3)
Outcome: alive/death* 9/36

Time from diagnosis to the first multiple mutation detection,
mo, median (range)

25.8 (2.5-167.4)

Number of analyzing colonies/samples at baseline (45 900/45
patients)

Number of analyzing colonies/samples before baseline (30 1200/60
patients)

Number of analyzing colonies/samples after baseline (36 2257/113
patients)

Number of analyzing colonies/samples with total samples 4357/218

Number of samples in total patients, median (range)T 4 (1-15)

NA, not available; CP, chronic phase; AP, accelerated phase; BC, blast crisis; IM,
imatinib; NIL, nilotinib; DAS, dasatinib; BOS, bosutinib; PON, ponatinib.
Baseline means the first time of multiple mutation detection by Sanger se-
quencing. *The median follow-up duration from baseline was 8.6 (range,
0.4-146.4) months. 'The median number of samples was 2 (1-5) before base-
line and 3 (1-11) after baseline.

wild-type, and other abnormal colonies, respectively, demonstrating
higher proportion of the major and major add-on mutant colonies in
these samples (Supplementary Table S2A). All types and frequencies of
major mutations found using both sequencing methods are presented in
Supplementary Table S3.

In a patient (#42), E255K and T315I were detected by SS at base-
line, whereas only T315I was identified by subcloning sequencing. All
of the major mutations detected by SS were also identified in the same
samples in the other 44 patients by subcloning sequencing.

3.3. The type and frequency of mutations identified in 218 serial samples

Using subcloning sequencing in the 4357 colonies obtained from
total 218 samples, a total of 1051 mutations were identified. Of these
mutations, missense mutations and silent mutations accounted for
78.4% (824/1051 mutations) and 21.6% (227/1051 mutations), re-
spectively. In addition, 3371 colonies (77.4%) were the major and
major add-on mutant colonies, and these mutations were, in order of
decreased frequency, T315I (1283/4357; 29.4%), Y253H (379/4357;
8.7%), F317 L (379/4357; 8.7%), E255K (378/4357; 8.7%), M244V
(248/4357; 5.7%), F359C (226/4357; 5.2%), E255V (220/4357;
5.0%), and V299 L (220/4357; 5.0%). In a patient (#42) who showed a
discordant mutation pattern with two sequencing methods using the
baseline sample, E255K was eventually detected 3 months later by
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subcloning sequencing using a subsequent sample. Therefore, all major
mutations detected by SS were also identified by subcloning sequencing
in subsequent samples. Moreover, the proportion of major and major
add-on mutant colonies was predominant when compared to the pro-
portion of minor mutant colonies (Supplementary Table S2B). Complete
information regarding each colony is detailed in Supplementary Table
S4.

3.4. Compound mutant colonies were dominant and mainly consisted of
major mutations

Of the 4357 colonies, compound mutant colonies, comprising 57.5%
(2506 colonies) of the total colonies were the predominant form in our
patients. Additionally, single mutant, wild-type, and other abnormal
colonies were found in 33.8% (1474 colonies), 7.8% (339 colonies), and
0.9% (38 colonies) of the total colonies, respectively. Compound mu-
tant colonies comprised more missense mutations than single mutant
colonies (80.2% versus 62.2%; P < 0.0001). Among the 2506 com-
pound mutant colonies, 89.3% (2238 colonies; 14.2% of the major
mutant colonies and 75.1% of the major add-on mutant colonies) had at
least one major mutation, and 10.7% (268 colonies) were minor mutant
colonies. In a comparison of 19 major mutations between compound
mutant colonies and single mutant colonies, the proportion of major/
major add-on mutant colonies was significantly higher in compound
mutant colonies (89.3% versus 76.9%; P < 0.0001) (Tables 2 and 3).
The type and frequency of 19 major mutations in colonies are presented
in Fig. 1.

Notably, 997 mutations in 2506 compound mutant colonies were in
the following order of decreasing frequency: T315I (876/2506; 35.0%),
Y253H (293/2506; 11.7%), F317 L (283/2506; 11.3%), E255K (229/
2506; 9.1%), V299 L (204/2506; 8.1%), M244V (178/2506; 7.1%),
F359C (164/2506; 6.5%), E255V (166/2506; 6.6%), E459 K (158/
2506; 6.3%), and M351 T (129/2506; 5.1%). In contrast, 413 mutations
in 1474 single mutant colonies were detected, and these mutations
were in the following order of decreasing frequency: T3151I (407/1474;
27.6%), E255K (149/1474; 10.1%), F317L (96/1474; 6.5%), and
Y253H (86/1474; 5.8%). Except L248 V, E255K, E355 A, and F359V,
the majority of major mutations showed significantly higher fre-
quencies in compound mutant colonies (Supplementary Table S5).

The median number of mutations detected in compound mutant
colonies was 2 (range, 2-7); 1325 (52.9%), 719 (28.7%), 303 (12.1%),
122 (4.9%), 31 (1.2%), and 6 (0.2%) colonies had 2, 3, 4, 5, 6, and 7
mutations per colony, respectively (Table 3).

3.5. Minor mutations having potential clinical significance

In the 609 minor mutant colonies, 541 mutations were detected,
which were in the following order of decreasing frequency: E355 G (43/
609; 7.1%), W235R (10/609; 1.6%), T319 A (10/609; 1.6%), Q300Z
(8/609; 1.3%), L266 P (7/609; 1.1%), 1314 T (7/609; 1.1%), C330R (7/

Table 2
The components of mutation by subcloning sequencing with 218 samples.

Single mutant
colonies

Compound mutant
colonies

Number of mutation in a colony 1

Colony (total) 1474 (33.8%)

Major/Major add-on mutant 1133 (76.9%)
colony

Minor mutant colony

Type of mutations

Missense mutation

Silent mutation

2(2-7)
2506 (57.5%)
2238 (89.3%)

341 (23.1%)
413

257 (62.2%)
156 (37.8%)

268 (10.7%)
997

800 (80.2%)
197 (19.8%)

Other abnormal colonies with INS + DEL (n = 38) and wild-type colonies
(n = 339) were not included.
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Table 3

The number of mutation containing in 2506 compound mutant colonies.
The number of mutation in single clone ~ Major mutant colony number ~ Major add-on mutant colony number ~ Minor mutant colony number ~ Number of =~ Number of

colony colony (%)

Double mutant colony 316 830 179 1325 52.9%
Triple mutant colony 40 619 60 719 28.7%
Quadra mutant colony 0 282 21 303 12.1%
Quintuple mutant colony 0 115 7 122 4.9%
Sextuple mutant colony 0 30 1 31 1.2%
Septuple mutant colony 0 6 0 6 0.2%
Total 356 (14.2%) 1882 (75.1%) 268 (10.7%) 2506 100%

Single mutant colonies (n = 1474), other abnormal colonies with INS + DEL (n = 38) and wild-type colonies (n = 339) were not included.

609; 1.1%), and W478R (7/609; 1.1%), as shown in Fig. 2 and Sup-
plementary Table S6.

As asciminib is currently available for clinical trials, we focused on
allosteric site mutations. Interestingly, A337V, E355G, P465S, and
Y469H allosteric site mutations were detected in 65 colonies from 24
samples of 13 patients (four A337V, six E355 G, five P465S, and five
Y469 H). The frequencies of allosteric site mutations were in the fol-
lowing order: E355 G (49/65; 75.4%), Y469H (7/65; 10.8%), P465S (6/
65; 9.2%), and A337V (4/65; 6.2%) (Fig. 3). Of the 13 patients, 10
patients had at least one colony with an allosteric site mutation along
with one or two major mutations (nine T315I, three Y253H, two
Q252H, two F317 L, two F359C, one M244V, one M351 T, and one
F359 V). Furthermore, the allosteric site mutations of the 13 patients
were detected at a low level with diverse change throughout the

Single mutant colony
(413 mutations/1474 colonies)

4.8%

G250E

5.8%

10.1%
3.7%
1.1%

0.4% |

M244V
L248V

E255K
E255V

treatment with various TKIs (data not shown).

3.6. Clinical significance of the low-level mutation detected by subcloning
sequencing

Among 45 patients, 30 patients had 60 retrospective (before base-
line) samples for SS and subcloning sequencing (median, 2 samples per
a patient; range, 1-5). The same results were obtained by both methods
in 9 patients. In the other 21 patients, subcloning sequencing identified
mutations of various frequencies (median, 10%; range, 5-70%). Except
one, 20 patients had low-level mutations less than 20% by subcloning
sequencing. The patient (# 22) who showed 70% of Q252H by sub-
cloning sequencing demonstrated no mutation by SS because of no
amplification. Interestingly, T315] was the most common low-level

Compound mutant colony
(997 mutations/2506 colonies)

71%

11.7%

9.1%

6.6%

8.1%

0.1% T315A

I 08%

27.6%

2.3%

1.0%

F317L

35.0%

5.1%

23.1%

10.7%

Fig. 1. Comparison of 19 major mutations between single mutant colonies and compound mutant colonies by subcloning sequencing. *Other, it means minor mutant
colonies and other abnormal colonies; wild-type colonies were not included. The numbers of different types of 19 major mutations per colony are shown.
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E355G
W235R
T319A
Q300Z
L266P
1314T
C330R
WA478R
E275G
F283S
E292G
V299A
Q333R
D363G
M388V
F401L
H490R

I 1.1%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%

Fig. 2. Type and frequency of minor mutations in 609 minor mutant colonies.
Proportions of the top five mutations detected in 609 colonies with only minor
mutations by subcloning sequencing.

mutation, and it was detected in 12 patients (Supplementary Table S7).
The median time from the first detection of major mutations by sub-
cloning sequencing to baseline was 2.8 (0.6-10.2) months. Among the
12 patients, 8 were treated with DAS, 3 with NIL, and 1 with IM.
Meanwhile, 8 of 20 patients who had low-level mutations by subcloning
sequencing did not show any mutations by SS. Notably, of the 2 patients
(# 23 and # 41) who had samples at the time of CML-CP diagnosis, the
T315I mutation (5% as a single mutant colony) was identified in 1
patient (# 23) only by subcloning sequencing; this low-level T315I

Patients with allosteric site
mutation : 13/45; 28.9%

Samples with allosteric site
mutation : 24/218; 12.8%

Colony with allosteric site
mutation : 65/4357; 1.5%

Leukemia Research 76 (2019) 87-93

mutation at diagnosis were eventually detected by SS with subsequent
samples (Supplementary Fig. S3).

4. Discussion

Sanger sequencing, the standard technique for mutation detection,
is widely used because it reflects clinical outcomes by clonal expansion
well, despite its relatively low sensitivity. However, in cases of multiple
mutations where two or more mutations are identified by SS, it is im-
possible to distinguish compound mutations.

Of 45 patients with multiple mutations detected by SS in our study,
mutations were detected in 12 patients during first-line TKI treatment
and in 33 patients after failure of first-line treatment and during sub-
sequent lines of TKI treatment, reflecting that multiple mutations were
due to gradual genetic instability.

In addition, 556 mutations were identified from subcloning se-
quencing of 900 colonies, whereas only 19 mutations were identified by
SS in 45 baseline samples, indicating that there may be various low-
level mutations in addition to clinically identifiable major mutations.
Moreover, analysis of colonies acquired from the serial samples showed
1051 mutations, which indicated that the complex kinetics of new
mutant clones emerged and disappeared as the treatment progressed.
This pattern showed continuous progression of genetic instability by
initial breakage of genetic stability; additionally, sequential use of TKIs
with various sensitivities to different mutations can increase selection
pressure to individual clones [25].

Moreover, of the 4357 colonies, 57.5% (2506 colonies) were com-
pound mutant colonies, among which 89.3% at least one major muta-
tion. This finding shows that the majority of compound mutant colonies
detected by subcloning sequencing could have clinical significance.
Compound mutations have been shown to be more resistant to TKI
therapy during IM, NIL, and DAS treatments [10,28]. In our study, the
proportions of T315I and P-loop mutations were higher in compound
mutant colonies. However, clones with compound mutations are not
always the major driver, and therefore, the use of more potent TKIs,

Single mutant colony with allosteric site
mutation (18 E355G/1 P465S/1 Y469H)
: 20/65; 30.8%

Compound mutant colony with allosteric

site mutation
45/65; 69.2%

/\

Compound mutant colony with 1
allosteric site mutation + major mutation
: 18/45; 40.0%

Compound mutant colony with 1 allosteric
site mutation + other minor mutation

Compound mutant colony with
2 allosteric site mutations + other minor mutation
2 1/45; 2.2%

: 26/45; 57.8%

T~

site mutation + 1 major mutation + others
: 15/18; 83.3%

Compound mutant colony with 1 allosteric ||

13181

Compound mutant colony with 1 allosteric I
site mutation + 2 major mutations + others

6.7%

V280A + E355G + P465S |

T3151 + E355G (n=2)
T3151 + A337V + Q498R
T3151 + E355G + L428L

V299G + T315| + D455G + P465S + F359C
Q252H + Y257H + T315 + V377A + P465S + E466K + 35INS
E236E + Y253H + F317L + E355G

T3151 + P465S

T315 + E466K + Y469H

V299G + T315] + D455G + P465S
A337V + M244V + N358S

Q252H + S420P + Y469H + E494G
Y253H + E355G + DEL

Y253H + Y469H

F317L + A337V + S349S

M351T + Y469H + E494G

F359C + Y469H

E355G + F359V + G426G

Fig. 3. Characteristics of allosteric site mutations detected by subcloning sequencing. Major mutations and allosteric site mutations are depicted as blue and red,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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such as PON, on T315I and P-loop mutations can effectively inhibit the
kinase activity of the compound mutations [17].

In our study, dynamic changes in the major mutations of each
colony were frequently observed with TKI changes or discontinuation,
particularly in colonies with compound mutations including T315I
(data not shown). This is a common pattern observed when the muta-
tion types comprising the compound mutant clones are exposed to
various TKIs and repeat the selection and deselection processes [18,29].
Moreover, this pattern could result from the emergence of the T315I
mutation, resulting in disruption of kinase activity; alternatively, clones
with mutations with strong transformation activity may become the
dominant clone when the selection pressure is lowered by TKI dis-
continuation. In other words, growth competition between mutant
clones can lead to a change in major mutations by varying kinase ac-
tivity from an add-on mutation within the clone [6,30], and the pre-
sence of the T315I mutation appears to play an important role in the
selection and deselection processes of compound mutant clones
[24,31,32].

To confirm the clinical significance of individual major low-level
mutations, we analyzed 60 retrospective samples from 30 patients using
subcloning sequencing before the first time of multiple mutation de-
tection by SS. Among the 30 patients, 20 showed various major muta-
tions at a low level (less than 20%). Eventually, all of the low-level
mutations had expanded to major mutations that were detectable by SS.
In addition, the T315I mutation was identified in 12 of 20 patients.
However, the patients had received TKIs other than PON (8 DAS, 3 NIL,
and 1 IM) because of the mis-classification by SS. These findings de-
monstrate that a more sensitive mutation assay with serial samples may
be warranted to guide a precise TKI modification after treatment
failure. In addition, despite the possibility of artificial compound mu-
tation by PCR-mediated recombination [33], our results could be jus-
tified because all individual mutations comprising compound mutations
were detected by SS and the compound mutations before baseline were
expanded at the time of multiple mutation detection (Supplementary
Table S7).

An analysis of 609 colonies comprising only low-level minor mu-
tations showed that the proportion of compound mutant colonies was
as low as 44.0%, reflecting that the mutations in the compound mutant
colonies did not maintain the growth selection power of TKIs used.
Because the allosteric site of ABL1 is important to maintain the struc-
ture and/or dynamics at the distant, functional sites, we further ana-
lyzed the frequencies of clones with A337 V, E355 G, P465S, and Y469H
mutations that had resistance to asciminib [19,20]. Of the 4357 co-
lonies, 65 colonies (1.5%) had mutations that may show resistance to
asciminib, and these mutations were present in the serial samples of 13
patients as low-level minor mutations. Interestingly, E355G was the
most common type of mutation (75.4%) in the colonies with allosteric
site mutations. As 10 patients (22%) had an allosteric site mutation
along with one or two major mutations and the allosteric site mutations
remained at a low level with diverse changes under various TKI treat-
ments other than asciminib, we need to focus on the clones in the era of
asciminib.

Moreover, as with PON [17], asciminib also successfully suppressed
major compound mutant clones that had low sensitivity to NIL and
DAS, and compound mutant clones did not appear to be a major driver
under asciminib in 2 patients (# 21 and # 36) (Supplementary Fig. S4).
As a clone containing the E355G + T315I compound mutation (in pa-
tient # 21) also emerged and disappeared after asciminib therapy, it is
still unknown whether the compound mutant colony will be expanded
with continuing therapy due to the short follow-up period (about 9
months).

Younger age was more likely to have favorable prognostic sig-
nificance in PON-treated patients with the T315I mutation [34]. The
patients of this study were young, which has been reported in a pre-
vious study [35]. However, age was not a statistically significant factor
for the type of mutations and survival in this cohort, because of the
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heterogeneous variables in the small number of patients (data not
shown).

In conclusion, compound mutant clones were dominant in multiple
mutations detected by SS, and the majority of compound mutant clones
had at least one major mutation consisting of highly resistant muta-
tions, such as T315I and P-loop mutations. Since SS failed to detect low-
level mutations having potential clinical significance and since allos-
teric site mutations detected in our study may be important for clonal
selection in the era of asciminib therapy, mutation assays with higher
sensitivity should be applied in case of IM failure, if multiple mutations
are detected, and in case of change to another TKI.
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