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Abstract
Several studies have compared the molecular responses between e14a2 and e13a2 
BCR::ABL1 transcripts in chronic myeloid leukemia (CML) patients treated with front-
line imatinib, but there were very limited studies on nilotinib or dasatinib-treated pa-
tients. We retrospectively analyzed the molecular responses in 1124 CML patients 
with the e14a2 or e13a2 transcript receiving front-line imatinib, nilotinib or dasatinib 
treatment. Patients with the e14a2 transcript had higher optimal response rates than 
those with the e13a2 transcript at 12 months in the imatinib-treated group, and 6 
and 12 months in the nilotinib-treated group. The optimal response rates were not 
significantly different between the two transcripts in the dasatinib-treated group at 
landmark molecular responses. With a median follow-up time of 48.4 months, higher 
cumulative incidences of BCR::ABL1 International Scale ≤1% and major molecular re-
sponse were observed in patients with the e14a2 rather than the e13a2 transcript 
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1  |  INTRODUC TION

Chronic myeloid leukemia (CML) is characterized by the presence of 
the BCR::ABL1 fusion gene, formed by a reciprocal t(9;22)(q34;q11.2) 
translocation between chromosomes 9 and 22.1,2 The BCR::ABL1 
oncogene translates into an oncoprotein with constitutive tyrosine 
kinase activity, which is central to the pathogenesis of the disease. 
The location of breakpoints in the chromosome 22 cluster within 
a small (5.8 kb) region, spanning exons 12–16, known as the major 
breakpoint cluster region.3,4 The breakpoint in the ABL1 gene is usu-
ally located between exons a1 and a2. These breakpoints result in 
various BCR::ABL1 rearrangements. In the great majority of patients 
with CML, transcript variants of e14a2 and e13a2 are expressed.5 
The two transcript subtypes differ in length by 75 bp (25 amino 
acids), which codes for a 210-kDa protein: p210.

Several studies have investigated the impact of BCR::ABL1 
transcript subtypes on the outcomes of patients with CML who 
mainly received imatinib, but revealed conflicting results.6–12 Most 
studies showed that patients with the e14a2 transcript had faster 
and deeper response to imatinib than those with the e13a2 tran-
script,6–10,12 but one study reported no influence on molecular re-
sponse.13 Only limited data have been available for the impact of 
different BCR::ABL1 transcript subtypes on molecular responses 
and outcomes in patients with CML who were treated with second 
generation (2G) tyrosine kinase inhibitors (TKIs). To the best of our 
knowledge, only three studies have analyzed patients who received 
front-line nilotinib treatment,7,14,15 and only one study enrolled pa-
tients receiving front-line dasatinib treatment.7 However, no direct 
comparison between the two transcript subtypes was available. The 
GIMEMA CML Working Party reported a trend of lower major mo-
lecular response (MMR) rate by 12 months, molecular response 4.0 
(MR4.0) achievement rate by 36 months, estimated cumulative inci-
dences of MMR and MR4.0, and inferior progression-free survival 
(PFS) and overall survival (OS) among front-line nilotinib-treated pa-
tients carrying the e13a2 transcript compared with those with the 
e14a2 transcript.14 Genthon et al.15 reported similar findings to the 
GIMEMA CML Working Party: under nilotinib treatment, patients 
harboring the e14a2 transcript had significantly higher MMR rates 
at 12 months and faster molecular response 4.5 (MR4.5) response 
achievement compared to those with the e13a2 transcript. The 
study from the MD Anderson Cancer Center enrolled CML patients 

treated with all three TKIs and found that the expression of the 
e14a2 transcript predicted improved probability of optimal response 
at 3, 6, and 12 months according to the European LeukemiaNet cri-
teria and longer event-free survival and transformation-free survival 
than those of the e13a2 transcript in the multivariate model.7

In this study, we retrospectively reviewed the molecular re-
sponses of a large number of CML-chronic phase patients who re-
ceived front-line imatinib, nilotinib, or dasatinib treatment with a 
long-term follow-up and compared the differences between the 
e14a2 and e13a2 transcripts in milestone molecular responses mon-
itored in a single reference laboratory.

2  |  MATERIAL S AND METHODS

2.1  |  Patients

Between June 2004 and November 2018, 1191 newly diagnosed 
adult patients with CML-chronic phase received different front-
line TKIs, with molecular diagnosis and BCR::ABL1 monitoring per-
formed at the central laboratory (Chang Gung Memorial Hospital 
at Linkou, Taiwan). These patients were all Asian and registered 
in the Taiwan CML Study. Written informed consent was ob-
tained from each patient (IRB No. 96-0358B and No. 100-0927B). 
BCR::ABL1 transcript subtypes were determined at the time of di-
agnosis by reverse transcriptase-polymerase chain reaction (RT-
PCR) or multiplex RT-PCR assay on cDNA synthesized from total 
leukocyte RNA. Only patients who carried BCR::ABL1 transcripts 
of either e14a2 (n = 767) or e13a2 (n = 357) type were enrolled; a 
combination of e14a2 and e13a2 (n = 53) or other rare subtypes 
of e14a3, e13a3, e19a2 and e1a2 (n  =  14) were excluded from 
analysis. Of the 1124 patients with e14a2 or e13a2 subtype, 752 
received imatinib, 195 received nilotinib, and 177 received dasat-
inib as front-line treatment. After 2012, choice of any of the three 
TKIs was at the doctor's discretion, and all were reimbursed by 
the National Health Insurance in Taiwan (Figure S1). Five patients 
rapidly progressed to blast crisis after diagnosis within 12 months, 
ranging from 3.4 to 11 months. Four of these five patients were 
treated with imatinib and one with nilotinib. Following TKI ther-
apy, BCR::ABL1 levels in the peripheral blood were measured by 
using the real-time quantitative RT-PCR with TaqMan assay every 

receiving front-line imatinib or nilotinib treatment, but not in dasatinib-treated pa-
tients. The progression-free survival and overall survival did not differ between the 
two transcripts in all three treatment groups. In view of the speed and depth of mo-
lecular responses, BCR::ABL1 transcript subtypes might provide helpful information 
in selecting a front-line tyrosine kinase inhibitor for individual young patients with 
future potential treatment-free remission.

K E Y W O R D S
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3  months with 2-week interval variation allowed at the central 
laboratory, and results were expressed as International Scale 
(IS) with the laboratory-specific conversion factor, which was 
obtained from the reference laboratory at Adelaide, Australia,16 
and we also retrospectively converted all the data examined be-
fore 2006 to IS. Optimal molecular response criteria based on the 
2013 European LeukemiaNet were adopted: major cytogenetic 
response (IS < 10%) at 3 months, complete cytogenetic response 
(CCyR; IS < 1%) at 6 months, and MMR (IS ≤ 0.1%) at 12 months.17 
IS > 10% at 6 months and > 1% from 12 months onward defined 
treatment failure. The deep molecular response was defined as 
follows: MR4.0, detectable disease with < 0.01% and > 0.0032% 
BCR::ABL1IS or undetectable disease in cDNA with > 10,000 
ABL1 transcripts, and MR4.5, detectable disease with < 0.0032% 
BCR::ABL1IS or undetectable disease in cDNA with > 32,000 ABL1 
transcripts in the same volume of cDNA used to test for BCR::ABL1. 
MR4.0 and MR4.5 were validated through a proficiency test of the 
College of American Pathologists and Secondary Reference Panel 
(Lyo panel) Study II.18 The TKI adherence was measured by using 
the ratio of the total days' supply of the index TKI across all pre-
scription fills during the refill interval to the total number of days 
in that interval. According to previous study, the ratio less than 
85% was considered as low adherence.19 PFS was measured from 
the date on which treatment was started to the date when the 
disease progressed to the accelerated phase or blast crisis. OS 
was calculated from the time of treatment initiation to the date 
of death from CML-related cause or the last molecular response 
follow-up date.20

2.2  |  Statistics analysis

The baseline clinical data of patients and their disease characteris-
tics were reviewed. The differences were analyzed using χ2 tests, 
Fisher's exact tests, and Wilcoxon's rank-sum test when appropriate. 
The optimal response rates at 3, 6, and 12 months were compared by 
using χ2 tests. Gray's test was used for estimate and comparison of 
cumulative incidences of CCyR, MMR, MR4.0, and MR4.5 under con-
sideration of competing risks defined by TKI switch or death.21 PFS 
and OS were analyzed by using the Kaplan–Meier method, and the 
differences were compared using the log-rank test. All tests were 
two-tailed, and P < 0.05 was considered to represent a statistically 
significant difference. Statistical analysis was conducted by using 
IBM® SPSS® Statistics version 20 and the R4.1.2 software package.

3  |  RESULTS

3.1  |  Patient characteristics

The comparison of clinical characteristics at diagnosis among pa-
tients with different BCR::ABL1 transcript subtypes in the 3 TKI-
treated groups is summarized in Table 1. The proportion of patients 

carrying the e14a2 transcript was higher than that of the e13a2 
transcript in all three TKI-treated groups. There was no statistically 
significant difference in the median age, male to female ratio, TKI 
mean dose, adherence, Sokal risk groups, or median follow-up time 
between the two transcript subtypes in all three TKI-treated groups. 
Patients carrying the e13a2 transcript had a higher rate of disease 
progression and death than those with the e14a2 transcript in all 
TKI-treated groups, particularly in the imatinib group, but the differ-
ence was statistically nonsignificant in each subgroup.

3.2  |  Molecular responses at treatment milestone

The comparison of optimal molecular response rates between the 
two transcripts at 3, 6, and 12 months in the three TKI-treated groups 
is illustrated in Figure 1. In the imatinib-treated group, patients with 
the e14a2 transcript had a higher optimal response rate at 12 months 
than those with the e13a2 subtype (38% vs. 27%, P  =  0.010) 
(Figure 1(A)). The optimal response rates were significantly higher 
in the nilotinib-treated patients with e14a2 than e13a2 at 6 months 
(78% vs. 60%, P = 0.020) and 12 months (84% vs. 58%, P = 0.002) 
(Figure 1(B)). There was no statistically significant difference in the 
optimal response rates between the two transcripts in the dasatinib-
treated group at 3, 6, and 12 months (Figure 1(C)). A higher treatment 
failure rate was observed in the imatinib-treated patients with the 
e13a2 than the e14a2 transcript at 6 and 12 months (22% vs. 35%, 
P = 0.0002 and 33% vs. 46%, P = 0.003, respectively) (Figure 1(A)). 
By contrast, the failure rates at 6 and 12 months did not differ be-
tween the two transcripts in the nilotinib- and dasatinib-treated 
groups (Figure 1(B,C)). For the deep molecular responses of MR4.0 
and MR4.5 (Figure S2), the response rates at 3, 6, and 12 months were 
comparable between the two transcripts in all three TKI groups.

3.3  |  Cumulative incidences of molecular responses

The cumulative incidences of CCyR, MMR, MR4.0, and MR4.5 are 
shown in Figures 2 and 3. In the imatinib-treated group, those carry-
ing the e14a2 transcript had a higher cumulative incidence of CCyR 
(P = 0.001) and MMR (P = 0.002) compared to patients with e13a2 
(Figure 2(A,B)). A significantly higher cumulative incidence of CCyR 
(P = 0.041) and MMR (P = 0.0006) was also found in patients with 
e14a2 who were treated with nilotinib (Figure 2(C,D)), whereas the 
cumulative incidences of CCyR and MMR did not differ between the 
two transcripts in the dasatinib-treated patients (Figure 2(E,F)).

Further comparison of the cumulative incidence of MMR among 
the three TKI-treated groups by transcript subtypes is illustrated in 
Figure 2(G,H). Higher cumulative incidences of MMR at 12, 24, 36, 
and 60 months were observed in 2G TKI treatment compared with 
imatinib-treated patients in both subtypes (P < 0.01). The cumula-
tive incidences of MMR at these time points were not significantly 
different between nilotinib- and dasatinib-treated patients in both 
transcript subtypes.
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The median time to achieve MMR, MR4.0, and MR4.5 and the cu-
mulative incidences of MR4.0 and MR4.5 were not statistically differ-
ent between the two transcripts in all TKI-treated groups (Table 1 
and Figure 3).

To exclude the possibility that more recent patients were 
prone to receive 2G TKIs, which might affect the results, we rean-
alyzed imatinib-treated patients diagnosed after 2012. As shown in 
Figure S3(A,B), a similar pattern of cumulative incidences of CCyR 

F I G U R E  1  Comparison of optimal molecular response rates at 3, 6, and 12 months between the two transcripts in CML-chronic phase 
patients who received front-line (A) imatinib, (B) nilotinib, and (C) dasatinib treatment.

F I G U R E  2  Comparison of the cumulative incidence of complete cytogenetic response (CCyR) and major molecular response (MMR) 
between the two transcripts in CML-chronic phase patients by treatment group. (A, B) Imatinib-treated patients, (C, D) nilotinib-treated 
patients, and (E, F) dasatinib-treated patients. Comparison of the cumulative incidence of MMR among the three tyrosine kinase inhibitors 
by (G) the e14a2 transcript and (H) the e13a2 transcript.
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and MMR was observed in the whole cohort of patients treated 
with imatinib from 2004 onwards (n = 752) and after 2012 (n = 248). 
Likewise, the cumulative incidence of MMR was significantly lower 
in imatinib-treated patients compared with that of nilotinib- or 
dasatinib-treated patients between the two transcript subtypes 
(Figure S3(C,D)).

3.4  |  Long-term outcomes

The 5-year PFS between the two transcript subtypes was not signifi-
cantly different in all three TKI-treated groups (P = 0.119 for imatinib, 
P  =  0.445 for nilotinib, and P  =  0.245 for dasatinib; Figure  4(A–
C)). Five-year OS also did not significantly differ between the two 
transcripts in all three TKI-treated groups (P  =  0.136 for imatinib, 
P = 0.454 for nilotinib, and P = 0.104 for dasatinib; Figure 4(D–F)).

3.5  |  Molecular responses and outcomes by Sokal 
risk group

Patients receiving different TKI treatments were stratified accord-
ing to the Sokal risk group (Table  1). We compared the molecular 

responses and outcomes between the patients with two transcript 
subtypes in different Sokal risk groups (Table S1). The optimal re-
sponse rate at 3  months was not significantly different between 
the two transcripts for all three Sokal risk groups in the three TKI-
treated patients. The 2-year MMR rates were significantly higher in 
the e14a2 than in the e13a2 transcript in low and intermediate Sokal 
risk groups (low: 61.0% vs. 44.3%, P = 0.024; intermediate: 55.5% vs. 
37.7%, P = 0.028) in the imatinib-treated patients. The 2-year MMR 
rate was significantly higher in the high risk group carrying the e14a2 
rather than the e13a2 transcript (66.1% vs. 43.2%, P = 0.031) in pa-
tients treated with front-line nilotinib but not in those treated with 
dasatinib. There were no statistically significant differences in the 
3-year MR4.5 rate, 5-year PFS, or OS between the two transcripts 
regardless of the Sokal risk groups across all three TKI-treated 
patients.

4  |  DISCUSSION

A recent CML study of an international cohort from 45 countries 
(n = 45,503), including our Taiwanese cohort, reported that the pro-
portion of transcript subtypes might differ to some extent across 
ethnicities.5 To the best of our knowledge, the present study is the 

F I G U R E  3  Comparison of the cumulative incidence of MR4.0 and MR4.5 between the two transcripts in CML-chronic phase patients by 
treatment group. (A, B) Imatinib-treated patients, (C, D) nilotinib-treated patients, and (E, F) dasatinib-treated patients.



3524  |    SU et al.

first report on nationwide multicenter research in Asia comparing 
the difference in molecular responses and outcomes between the 
e14a2 and e13a2 transcripts in patients with CML who were treated 
with different TKIs. In our study, more patients carried the e14a2 
transcript than the e13a2 transcript in all three TKI-treated groups. 
Our findings were in line with the most previous reports.5,22

In our study, the optimal response rates at 3 and 6  months 
were comparable between e14a2 and e13a2 patients who received 
front-line imatinib treatment, but the difference became statis-
tically significant at 12 months. A significantly higher optimal mo-
lecular response rate at 3 and 6 months was observed in patients 
with e14a2 compared to those with e13a2 in the nilotinib-treated 
group, whereas the response rates were not significantly different 
between the two transcript subtypes in the dasatinib-treated pa-
tients. Previous studies showed that patients who carried the e14a2 
transcript receiving front-line imatinib treatment had a higher op-
timal response rate at landmark monitoring (Table  S2).10,12,13 Only 
three studies compared the optimal response rates at treatment 
milestones between the two transcripts in patients treated with 
front-line 2G TKIs.7,14,15 A higher MMR rate at 12 months was also 
observed in patients with the e14a2 transcript in the two previous 

studies of front-line nilotinib-treated patients,14,15 but Genthon 
et al.15 reported the optimal response rates were not significantly 
different between the two transcripts at 3 and 6 months. We did 
not find any statistically significant difference in optimal response 
rates at 3, 6, and 12 months between the two transcript subtypes in 
front-line dasatinib treatment as had been reported by Jain et al.,7 
in which it should be noted that more patients carried the e13a2 
transcript than the e14a2 transcript, which contrasts with our co-
hort and all other series. The distribution of Sokal risk group was 
different in different study groups (Table S2).6,7,9,11–13,15 Thus, ethnic 
differences and different patient characteristics might contribute to 
the conflicting results.

Our study showed that the cumulative incidences of CCyR and 
MMR at 12, 24, and 36 months were higher in patients with the 
e14a2 transcript than patients with e13a2 receiving front-line ima-
tinib or nilotinib treatment, but the cumulative incidences were 
not significantly different between the two transcript subtypes 
in dasatinib-treated patients. Achieving an MMR predicts a CML-
specific survival close to 100% as disease progression is uncom-
mon once this level of molecular response has been achieved.23 
The probability of MMR achievement was lowest in patients 

F I G U R E  4  Kaplan–Meier assessment of progression-free survival and overall survival in front-line imatinib-treated patients (A, B), 
nilotinib-treated patients (C, D), and dasatinib-treated patients (E, F).
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treated with imatinib compared with the 2G TKI treatment, ir-
respective of transcript type. The cumulative incidence of MMR 
was not statistically significant different between nilotinib- and 
dasatinib-treated patients. We observed that patients with the 
e14a2 transcript reached an optimal response earlier than patients 
with e13a2, but the long term PFS and OS were not statistically 
significant different between the two transcripts, as described by 
other investigators (Table S2).7–12,14 All these studies were based 
on retrospective analyses. Clinicians might change TKIs if treat-
ment responses were suboptimal, thus PFS and OS will not be af-
fected by the transcript type.

The mean daily doses of the three TKIs and adherence rates in 
the present study were not statistically significant different be-
tween the two transcripts in each treatment group. The underlying 
mechanism of the difference in the molecular responses between 
the two transcript subtypes was unclear. The possible explanation 
might be the different biological features of the two transcripts. 
The p210 BCR::ABL1 onco-protein isoforms, e14a2 and e13a2, dif-
fer in size, with a 25 amino acid insertion coded by the e14 exon 
and a Glu903Asp substitution between e14a2 and e13a2. The sec-
ondary structural elements of the two proteins show differences 
in 5α-helices and 9β-strands which relate to differences in the Src 
homology 1 (SH1)-, SH2-, SH3-, and DNA-binding domains of the 
p210 protein. In addition, the modification in the SH3 region of 
ABL1 affects BCR::ABL1 catalytic efficiency and leukemogenic 
ability, probably resulting in the different roles of the two iso-
forms in mediating signal transduction.24,25 In addition, Lucas et al. 
discovered phosphorylation of the CT10 regulator of kinase-like 
adaptor protein (CrKL), an adaptor protein that consists of an SH2 
domain and two tandem SH3 domains in the absence of a catalytic 
domain. The pCrKL/CrKL ratio was used to measure BCR::ABL1 
tyrosine kinase activity,26 and a higher level was found in patients 
with e13a2 at diagnosis.9 These findings were based on imatinib-
treated patients, and investigation focusing on 2G TKIs remains to 
be explored.

Other investigators showed the conformation differences of the 
BCR::ABL1/TKI complex.27 The imatinib and nilotinib bind to the 
inactive conformation of ABL1. On the contrary, the affinity of da-
satinib for BCR::ABL1 drastically decreases in the order active > al-
ternative > inactive as a result of differential contributions from the 
single residues lining the kinase binding pocket.28 The difference in 
the BCR::ABL1 conformation and TKI affinity might partially explain 
why the molecular responses between the two transcript subtypes 
existed in the nilotinib-treated group but not in the patients receiv-
ing dasatinib treatment.

Previous study found that JAK/STAT, PI3K/AKT, and Ras/MEK 
signaling proteins are at the forefront of pathogenic signaling via 
BCR::ABL1.29 Dasatinib has been developed as a dual SRC/ABL in-
hibitor, and is 325 times as potent as imatinib in vitro with much 
higher number of protein kinases interaction.30 This might explain 
in part the better treatment response in e13a2 patients receiving 
dasatinib treatment than the other two TKIs. Clark et al.31 reported 
that the e14a2 junctional sequences KQSSKALQR and GFKQSSKAL 

are bound to HLA-A3/A11 and HLA*B8, respectively, and these 
peptides induced cytotoxic T-cell responses, which might kill HLA-
matched CML leukemic cells. Dasatinib could inhibit T-cell activation 
and proliferation as well as cytokine production and degranula-
tion.32,33 We hypothesized that the molecular responses were com-
parable between the two transcripts in dasatinib-treated patients 
because the cytotoxic T-cell responses to HLA-matched CML leuke-
mic cells were inhibited by the e14a2 transcript, which in turn might 
abolish its advantage. However, all these hypotheses merit further 
investigation.

Nowadays, most newly diagnosed CML patients have normal 
life expectancy under front-line TKI treatment. The identification 
of patients with the potential of discontinuation of TKI treatment 
is a rapidly developing research field. Young female CML patients 
may consider starting a family and planning for pregnancy. The 
teratogenicity of TKIs is related to off-target, most likely platelet-
derived growth factor receptor (PDGFR), inhibition during organ-
ogenesis. All TKIs are contraindicated throughout pregnancy.34 
We found no impact on molecular responses among different age 
groups. Despite this, the BCR::ABL1 transcript type could serve as 
one of the parameters for selecting TKIs in newly diagnosed CML 
patients. For young female patients who are planning pregnancy 
and intend to discontinue TKI treatment, our results suggest that 
patients harboring the e13a2 transcript might benefit from dasati-
nib therapy to achieve rapid deep molecular response with shorter 
treatment duration. However, the impact of transcript subtype on 
the discontinuation of TKI therapy requires further prospective 
studies in a large number of patients across different ethnicities 
for confirmation.

In summary, the present study showed that BCR::ABL1 transcript 
subtypes affected the optimal responses at milestone landmarks 
in imatinib- and nilotinib-treated patients, but no significant differ-
ence was observed in dasatinib-treated patients and there was no 
influence on long-term outcomes in all three TKI-treated groups. 
In view of the different speed and depth of molecular responses 
among various TKIs, our results might provide helpful information 
in selecting the most appropriate front-line TKI for individual young 
CML patients at initial diagnosis, especially for the future potential 
of treatment-free remission.
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