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Abstract: The most frequent BCR-ABL1-p210 transcripts in chronic myeloid leukemia (CML) are
e14a2 and e13a2. Imatinib (IM) is the most common first-line tyrosine–kinase inhibitor (TKI) used to
treat CML. Some studies suggest that BCR-ABL1 transcript types confer different responses to IM.
The objective of this study was to correlate the expression of e14a2 or e13a2 to clinical characteristics,
cumulative cytogenetic and molecular responses to IM, acquisition of deep molecular response
(DMR) and its duration (sDMR), progression rate (CIP), overall survival (OS), and treatment-free
remission (TFR) rate. We studied 202 CML patients, 76 expressing the e13a2 and 126 the e14a2, and
correlated the differential transcript expression with the above-mentioned parameters. There were
no differences in the cumulative incidence of cytogenetic responses nor in the acquisition of DMR
and sDMR between the two groups, but the e14a2 transcript had a positive impact on molecular
response during the first 6 months, whereas the e13a2 was associated with improved long-term OS.
No correlation was observed between the transcript type and TFR rate.

Keywords: chronic myeloid leukemia; BCR-ABL1 transcripts; response to imatinib; survival; discon-
tinuation; relapse-free survival
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1. Introduction

Chronic myeloid leukemia (CML) is characterized by a reciprocal translocation be-
tween chromosomes 9 and 22, known as the Philadelphia chromosome (Ph), containing
the BCR-ABL1 fusion gene. The most frequent breakpoint of chromosome 22, known as
the major breakpoint cluster region (M-bcr), comprises exon 13 or exon 14, generating the
e13a2 (b2a2) or the e14a2 (b3a2) transcripts. Both are translated into a constitutively active
protein of 210 kDa that differs in 25 amino acids more from the e14a2 transcript [1–3].

Imatinib (IM) is a tyrosine–kinase inhibitor (TKI) that inhibits the BCR-ABL1 protein
in Ph-positive CML [4]. IM is the most widely used TKI for first-line therapy in CML
patients, with most patients achieving optimal hematologic, cytogenetic, and major (MR3.0)
and deep molecular responses (MR4.0 or better) [5]. However, IM fails in some patients
and very few of them progress to acute leukemia. The causes of resistance to IM are
heterogeneous and have been investigated in depth. On the other hand, in some non-
resistant patients, minimal residual disease persists during TKI therapy. One hypothesis is
that the difference in M-bcr breakpoint may be a cause of this persistence [3]. Some studies
carried out prior to the IM era did not find any influence of BCR-ABL1 transcript type on
the clinical outcome [6–8]. However, in the IM era, a Brazilian study, including a small
number of patients at different phases of the disease, suggested that patients with the e13a2
transcript were more sensitive to IM in terms of molecular response [9], whereas other
studies with larger number of patients demonstrated a better molecular response to IM in
patients with the e14a2 transcript [3,10–12].

The achievement of deep molecular response (DMR) and its duration (sDMR) for at
least 2 years are the current goal for discontinuing TKI treatment in CML. Approximately
50% of patients with sDMR can remain relapse-free after discontinuing TKI treatment in
the so called treatment-free remission (TFR) phase, defined as the time from TKI discon-
tinuation to the date of restarting therapy or the date of last control if treatment is not
restarted. Therefore, there is a need to identify factors at diagnosis that will be associated
with the acquisition of DMR, sDMR, and TFR. In this respect, a negative effect of the e13a2
transcript on the probability of achievement of TFR has been reported [13–15].

The aim of the present study was to evaluate the influence of the e13a2 and e14a2 BCR-
ABL1 transcripts on outcomes of IM treatment in a multicenter series of 202 CML patients.

2. Material and Methods
2.1. Patient Samples

We selected patients from databases from seven Spanish centers diagnosed of chronic
phase CML from 1999 to 2016 and treated with IM at first-line according to the local
standard of care and with a minimum follow-up of 18 months in the majority of cases.
Samples were collected after obtaining informed consent in accordance with approved
Institutional Research Boards protocols and the Declaration of Helsinki (Ref. CEI: PI-15-007,
Code: ICO-ITK-2015-01 (ISOF-p210-LMC)).

Peripheral blood (PB) and bone marrow (BM) (when applicable) were obtained at
diagnosis and after 3, 6, and 12 months of IM treatment and during the follow-up. The main
demographic and clinical characteristics were collected from the records of all patients.
Cytogenetic and molecular responses were analyzed according to the 2013 European
Leukemia Net (ELN) guidelines [16].

2.2. Cytogenetic Studies

Conventional chromosome G-banding (CG-banding) was performed at diagnosis and
at 3, 6, and 12 months. The analyses at 6 and 12 months were performed in patients who
did not achieve optimal cytogenetic response at 3 and 6 months, respectively.

Fluorescent “in situ” hybridization (FISH) at diagnosis was performed in cases where
CG-banding was not possible, according to the manufacturer’s instructions using LSI
BCR/ABL dual-color, dual-fusion (Vysis-Abbott Molecular). At least 200 interphase nuclei
were analyzed from each case.
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2.3. Determination of BCR-ABL1 Transcript Type

Whole PB or BM samples were collected in 10 mL or 3 mL EDTA tubes, respectively.
RNA was isolated from bone marrow or peripheral blood total leukocytes using TRIzol®

reagent (Invitrogen; Carslbad, CA, USA) according to the manufacturer’s protocol. RNA
concentration was quantified, and 1 µg of total RNA was reverse transcribed to cDNA using
SuperScript IV or MMLV Reverse Transcriptase with random hexamers/primers according
to the manufacturer’s protocol (Invitrogen; Thermo Fisher Scientific, Inc, Waltham, MA,
USA). BCR-ABL1 was amplified using PCR primers as previously described [17] using 3 µL
of cDNA. PCR products were transferred to a QIAxcel (QIAGEN Inc, Hilden, Germany) to
identify the type of transcript expressed depending on its size.

2.4. Real-Time Quantitative PCR

Real-time quantitative PCR was carried out in an ABI7900 PCR thermal cycler (Applied
Biosystems, Foster City, CA, USA). Messenger RNA (mRNA) expression of BCR-ABL1 was
calculated as a percentage relative to ABL1 expression and adjusted to the international
scale (IS). The ratio was calculated at diagnosis and at 3, 6, and 12 months and at different
points during follow-up of IM treatment to verify the acquisition of molecular response
and deep molecular response.

2.5. Statistical Analysis

Baseline characteristics were described as frequency and percentage for categorical
variables and median and range for quantitative variables. Comparisons of categorical
variables between groups were calculated using the Chi-square or Fisher exact test, when
necessary, while the median test was used to compare continuous variables.

Cumulative incidence of cytogenetic and molecular response was analyzed taking
into account competing risks. Achieving a response to IM during the first 12 months after
IM onset was considered, as main event and time was defined as months from IM onset to
response. Patients who died or changed TKI during the first 12 months without achieving
response were considered as competing events [4], and time was defined as months from
IM onset to date of death or date of IM stop. Patients alive or dead after 12 months without
response were considered as censures, and time was defined as months from IM onset to
date of last follow-up. The DMR was defined as the time from diagnosis until the time of
achievement of MR4.0 or MR4.5 and was analyzed by competing risks.

OS was defined as time from diagnosis to the last follow-up or death from any cause.
Survival probabilities were calculated using the Kaplan–Meier method, and the log-rank
test was used for comparisons between groups.

The CIP to acute leukemia was defined as the time from diagnosis to progression or
the last follow-up and was analyzed by competing risks, considering patients alive without
progression as censures, patients who progressed as events, and patients who died without
progression as competing events.

Both cumulative incidence curves for response and CIP were plotted, and comparison
analyses between groups were performed by Gray test.

The relationship between TKI discontinuation and isoform type was studied by
logistic regression.

Treatment-free remission (TFR) was defined as time from IM discontinuation to the
occurrence of loss of MMR, restart of TKI treatment, progression, or death from any cause,
the earliest of these events. TFR probabilities were calculated using the Kaplan–Meier
method, and a log-rank test was used for comparisons between groups.

Two-sided p values < 0.05 were considered as statistically significant. The statistical
package SPSS, version 24.0 (SPSS Inc., Chicago, IL, USA), and R software (version 3.3.2)
were used for all analyses.
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3. Results
3.1. Patients

We studied 202 CML patients from seven Spanish centers diagnosed from 1999 to 2016,
most of them with a minimum follow-up of 18 months on IM treatment (median 6 years;
0.3–11.6). The molecular analysis at diagnosis showed that 76 (37.6%) patients expressed
the e13a2 BCR-ABL1-p210 transcript, while 126 (62.4%) expressed the e14a2 transcript. All
patients were treated with IM at standard doses as first-line TKI therapy.

The demographic and clinical characteristics were not significantly differing between
the two groups. Patient distribution according to Sokal [18], EUTOS [19], and ELTS [20]
scores was also comparable (Table 1).

Table 1. Demographic and baseline clinical characteristics of the study series.

e13a2
(n = 76)

e14a2
(n = 126)

Total
(n = 202) p Value

Sex (male/total) (%) 37/76 (49) 67/127 (53) 104/202 (52) 0.536

Age, median (min, max) 54 (15, 83) 57 (12, 84) 56 (12, 84) 0.828

Splenomegaly, n (%)
Median cm (min, max)

23/75 (31)
4 (2, 20)

39/120 (33)
5 (1, 30)

62/195 (32)
5 (1, 30)

0.789
0.542

Platelets (x10e9/L), median (min, max) 314 (37, 2236) 386 (21, 1872) 364 (21, 2236) 0.241

Blasts PB (%), median (min, max) 0 (0, 11) 0 (0, 11) 0 (0, 11) 0.918

Cytogenetics, n (%)
t(9;22) 61/68 (90) 99/116 (85) 160/184 (87)

0.397
t(9;22) + others 7/68 (10) 17/116 (15) 24/184 (13)

EUTOS, median (min, max) 28 (0, 143) 28 (0, 148) 28 (0, 148) 0.358

EUTOS > 87, n (%) 3/75 (4) 13/120 (11) 16/195 (8) 0.091

Sokal, n (%)

Low risk 39/75 (52) 46/120 (38) 85/195 (44)

0.173Int risk 26/75 (35) 54/120 (45) 80/195 (41)

High risk 10/75 (13) 20/120 (17) 30/195 (15)

ELTS, n (%)
Low risk 43/75 (57) 61/120 (51) 104/195 (53)

0.376
Int/High risk 32/75 (43) 59/120 (49) 91/195 (47)

PB: peripheral blood; ELTS: EUTOS long-term survival score; Int: intermediate.

Some patients showed suboptimal response or were intolerant to IM (Table 2). Nine-
teen patients required an increase in IM dose (five with e13a2 and 14 with e14a2), while a
change to a second-line treatment was needed in 96 patients (37 with e13a2 and 59 with
e14a2). Most of these patients switched beyond 12 months of treatment, and patients that
did so earlier were intolerant. The reason for switching to a second-generation TKI was not
influenced by the transcript types (Table 2).

Table 2. Intolerance, suboptimal response, and failure to imatinib treatment according to the tran-
script type.

e13a2
(n = 76)

e14a2
(n = 126)

Total
(n = 202) p Value

Intolerance, n (%) 12/76 (16) 22/126 (18) 34/202 (17) 0.758

Suboptimal
Response, n (%) 13/76 (17) 19/126 (15) 32/202 (16) 0.702

Failure, n (%) 19/76 (25) 28/126 (22) 47/202 (23) 0.651
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3.2. Cytogenetics According to the Transcript Type

Cytogenetic studies were available in 182 patients at diagnosis. In 154 out of 182
(84.6%) patients, the t(9;22) was the only alteration found. Additional chromosomal
abnormalities did not differ between the two groups (Table 1).

We analyzed the cumulative incidence of cytogenetic response during the first 12 months
of treatment and differences in the two groups regarding major and complete cytogenetic
response (MCyR and CCyR) were comparable (Figure 1A).
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Figure 1. Cumulative incidence of cytogenetic response at 12 months (A) and molecular response MR3.0 at 12 months
(B) and at 6 months (C) according to the transcript type in our series of patients.

3.3. Molecular Response by Transcript Type

The number of patients with molecular response during follow-up was similar in both
groups (Figure 1B), but a trend of better cumulative incidence of MR3.0 was observed at
6 months in patients expressing e14a2 (Figure 1C).

3.4. Effect of Transcript Type on Deep Molecular Response (DMR)

One hundred and four out of 202 patients (51.4%) who started IM as first-line obtained
a DMR within two years. No statistically significant differences were observed in the
cumulative incidence of DMR 4.0 and 4.5, respectively, at 2 years between the e13a2 and
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e14a2 groups (Figure 2A,B). On the other hand, a better DMR (4.0 and 4.5) in patients with
a low and intermediate Sokal score as compared to patients with a high Sokal score was
observed (33% [23%, 43%] vs. 22% [15%, 30%], p = 0.0169 and 27% [17%, 37%] vs. 14% [8%,
21%], p = 0.018, respectively) (Figure 2C,D).
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3.5. Prognostic Impact of Transcript Type on Overall Survival and CIP

The 8-year OS probability (95% CI) of the whole cohort was 87% (82–92%) (Figure 3A),
being significantly better in the e13a2 group (Figure 3B). At the standard IM dose, 25% and
22% of patients in the e13a2 and e14a2 groups, respectively, did not achieved the optimal
response to treatment during follow-up. Eight of these patients (two in the e13a2 group
and six in the e14a2 group) progressed to accelerated phase without significant differences
in the 8-year CIP between the two groups (Figure 3C), and with one out of two (50%)
and four out of six (67%), respectively, dying after progression to blast phase due to CML
causes (two patients died due to cerebral hemorrhage, two due to infection, and one due to
multi-organ failure).

3.6. Analysis of TKI Discontinuation and Treatment-Free Remission (TFR) According to the
Transcript Type

Data of TKI discontinuation and TFR were available in 104 patients that acquired
DMR. Only 66 of these patients achieved sDMR (25 with the e13a2 and 41 with the e14a2
transcript) during at least two years, and 36 of them discontinued IM treatment after a
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minimum of five years of treatment (Supplementary Figure S1). Within this group, 16 (44%)
had the e13a2 transcript and 20 (56%) the e14a2. There was no correlation between the
transcript type and the fulfillment of discontinuation criteria (16/24 e13a2 (67%) and 20/36
e14a2 (56%), p = 0.389).
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TFR (95% CI) of the whole series of discontinued patients (n = 44, 36 with sDMR and
eight without sDMR due to toxicity or patient’s decision) was 63% (48%, 78%) (Figure 4A).
Fifteen out of 44 cases relapsed, being the median follow-up after discontinuation of non-
relapsed patients of 28 months (range 0, 65), but all of them regained molecular response
when reintroducing the TKI. Differences in the TFR between e14a2 and e13a2 transcript
were not statistically significant (55% [32%, 78%] vs. 69% [49%, 89%], respectively, p = 0.265)
(Figure 4B).

Duration of IM treatment and DMR duration before discontinuation did not signifi-
cantly correlate with TFR in our cohort (HR [95% CI]: 0.99 [0.98, 1.01], p = 0.237 and 0.99
[0.98, 1.01], p = 0.372, respectively).



J. Clin. Med. 2021, 10, 3146 8 of 12J. Clin. Med. 2021, 10, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 4. Analysis of treatment-free remission (TFR) in the global series (A) and in the two groups according to the tran-
script type (B). 

Duration of IM treatment and DMR duration before discontinuation did not signifi-
cantly correlate with TFR in our cohort (HR [95% CI]: 0.99 [0.98, 1.01], p = 0.237 and 0.99 
[0.98, 1.01], p = 0.372, respectively). 

4. Discussion and Conclusions 
This multicenter study performed in 202 patients with chronic phase CML treated 

with IM as first-line therapy showed a higher percentage of major molecular response at 
6 months in the e14a2 group that also presented a descriptively tendency to better TFR 
rates, even though no differences in the cumulative incidence of cytogenetic and molecu-
lar responses nor in the acquisition of DMR and sDMR between the two groups were 
found. Although transcript type had no impact on CIP, patients with the e13a2 transcript 
had better OS. 

The majority of CML patients have a BCR-ABL1-p210 with an e13a2 or an e14a2 tran-
script [1,21]. Previous studies have shown that the e13a2 transcript is more frequent in 
young men and is associated with a blast crisis of myeloid phenotype [8,12,22,23]. The 
e14a2 transcript has been associated with higher platelet count [12,24], while its relation-
ship with lower white cell counts is controversial [11,12,25]. In our series, we did not ob-
serve any of these correlations, not even with sex, age, splenomegaly, or platelet and blast 
count. Patients with CML were stratified in low, intermediate, or high-risk groups accord-
ing to EUTOS or Sokal scores [18,19]. The recently developed ELTS score divides the pa-
tients in three different risk groups according to the probability of dying of CML improv-
ing prognostication compared to EUTOS and Sokal scores [20]. Nevertheless, patient dis-
tribution according to Sokal, EUTOS, and ELTS scores between the two groups was com-
parable in our study so that transcript type did not affect the patients’ risk stratification. 

We did not find a correlation between the presences of additional chromosomal ab-
normalities at diagnosis in the two groups. Intolerance, suboptimal response, or failure to 
achieve optimal response to IM were also similar in both groups. Our results are in ac-
cordance with previous studies that did not find any correlation between the transcript 
type and clinical characteristics and prognostic scores [26–28]. 

In the pre-IM era, no differences in outcomes were found between patients with CP-
CML expressing the e13a2 or e14a2 transcripts [6–8,24,29]. In the IM era, some studies 
have addressed the influence of the BCR-ABL1-p210 transcript type with response to IM 
treatment and CML outcome with controversial results [9–12]. Lucas et al. [2] found that 
the one-year CCyR rate in 78 patients treated with IM 400 mg daily was higher in e14a2 
patients than in those with e13a2. In a larger study, Hanfstein et al. [25] demonstrated that 

Figure 4. Analysis of treatment-free remission (TFR) in the global series (A) and in the two groups according to the transcript
type (B).

4. Discussion and Conclusions

This multicenter study performed in 202 patients with chronic phase CML treated
with IM as first-line therapy showed a higher percentage of major molecular response at
6 months in the e14a2 group that also presented a descriptively tendency to better TFR
rates, even though no differences in the cumulative incidence of cytogenetic and molecular
responses nor in the acquisition of DMR and sDMR between the two groups were found.
Although transcript type had no impact on CIP, patients with the e13a2 transcript had
better OS.

The majority of CML patients have a BCR-ABL1-p210 with an e13a2 or an e14a2
transcript [1,21]. Previous studies have shown that the e13a2 transcript is more frequent
in young men and is associated with a blast crisis of myeloid phenotype [8,12,22,23].
The e14a2 transcript has been associated with higher platelet count [12,24], while its
relationship with lower white cell counts is controversial [11,12,25]. In our series, we did
not observe any of these correlations, not even with sex, age, splenomegaly, or platelet and
blast count. Patients with CML were stratified in low, intermediate, or high-risk groups
according to EUTOS or Sokal scores [18,19]. The recently developed ELTS score divides
the patients in three different risk groups according to the probability of dying of CML
improving prognostication compared to EUTOS and Sokal scores [20]. Nevertheless, patient
distribution according to Sokal, EUTOS, and ELTS scores between the two groups was
comparable in our study so that transcript type did not affect the patients’ risk stratification.

We did not find a correlation between the presences of additional chromosomal
abnormalities at diagnosis in the two groups. Intolerance, suboptimal response, or failure
to achieve optimal response to IM were also similar in both groups. Our results are in
accordance with previous studies that did not find any correlation between the transcript
type and clinical characteristics and prognostic scores [26–28].

In the pre-IM era, no differences in outcomes were found between patients with
CP-CML expressing the e13a2 or e14a2 transcripts [6–8,24,29]. In the IM era, some studies
have addressed the influence of the BCR-ABL1-p210 transcript type with response to IM
treatment and CML outcome with controversial results [9–12]. Lucas et al. [2] found that
the one-year CCyR rate in 78 patients treated with IM 400 mg daily was higher in e14a2
patients than in those with e13a2. In a larger study, Hanfstein et al. [25] demonstrated
that the probability of achieving MR3.0 or MR4.0 was significantly higher in e14a2 than in
e13a2 patients. Baccarani et al. [3] described no statistically significant differences in CCyR
achievement, while the major molecular response rate was lower in e13a2 patients in seven
of the eight studies analyzed. In our analysis, the cumulative incidence of cytogenetic and
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molecular responses during the first 12 months of IM treatment was similar in both groups
of patients, with optimal responses at 3 and 6 months being also similar. Nevertheless, we
observed a better cumulative incidence of major molecular responses at 6 months in the
e14a2 group, comparable to previously reported data, and supporting the concept that this
transcript type may be more sensitive to IM [3,11,12,30,31].

Correlation between BCR-ABL1 transcript type and the probability of achieving DMR
and its duration has less frequently been investigated. However, some studies demon-
strated a significantly lower rate of DMR in the e13a2 subgroup [3,14,23], while few studies
showed that patients with the e14a2 transcript have prolonged sDMR [14,15]. In our study,
we did not observe differences in the number of patients that acquired DMR between the
two groups nor in the time of the achievement such DMR and the sDMR, maybe because
some patients changed to a second TKI and were censored for the analysis at that time.
On the contrary, we found a tendency and a significant correlation between ELTS and
Sokal scores, respectively, and the acquisition of DMR according to what was published
by Breccia et al. [15] who found an association between a stable DMR and Sokal risk in
univariate and multivariate analysis.

It has also been suggested that the transcript type not only affected response outcomes,
but also long-term OS and CIP to acute leukemia [11]. Additionally, the e14a2 transcript
has been correlated with longer OS, and on the contrary, patients with e13a2 may have an
aggressive course. Although previous studies did not show any difference in event-free
survival (EFS) or transformation-free survival (TFS) according to transcript type among
patients treated with IM [22,32], Jain et al. [11] analyzed the impact of transcript types in
481 patients with CML treated with different TKI regimens and suggested that the e13a2
transcript may negatively impact EFS and TFS, but these results were not statistically
significant. Castagnetti et al. [4] demonstrated a better 7-year OS in patients with the
e14a2 transcript. In contrast, Baccarani et al. [3] did not observe differences in the impact
of transcript type in PFS and OS, and Pagnano et al. [32] observed a superior 10-year
OS in patients with e13a2 transcript, although they could not find differences at 5-year
OS. In our study, we found significant differences in OS between the two groups, with
the e13a2 transcript having a better OS than the e14a2 transcript despite a tendency to
better molecular response at 6 months in the e14a2 group. One plausible explanation
of this discrepancy might be that due to the efficacy of TKI treatment most patients die
in the long term from causes other than CML due to older age, toxicities of TKIs, or
co-morbidities especially under treatment with second- or third-generation TKI. Other
factors such as the resistance to more than one TKI might also play a role in the long-term
OS. All these data suggest several discrepancies between studies about OS and transcript
type relationship that should be investigated in larger trials [12]. Patients with e14a2
transcript predicted for longer transformation-free survival and lower progression to acute
leukemia [11]. We did not observe differences in CIP between the two groups with only
eight patients who progressed to accelerated phase and five out of eight who died due to
CML. Although these patients who died were young patients with high-risk Sokal and
ELTS scores, and nowadays, they would be treated with second-generation TKI, they were
treated with imatinib because no other options as first line were possible at the moment of
their diagnosis.

Some limitations of our study are the limited number of cases available for analyzing
the endpoints of our study, its retrospective and multicenter nature, and the different
treatment approaches that have emerged throughout the years since IM became available.
There may be also technical limitations, because the same PCR assay is used to amplify
both transcripts variants, and some studies have suggested that e14a2 amplification may
be technically limited during RT-qPCR quantification [33,34]. Moreover, a polymorphism
in exon 13 of BCR that reduced the efficiency of the primers used to amplify e13a2 has been
described [3].

There are few studies focused on the effect of transcript type and the maintenance of a
long-term TFR after TKI discontinuation. D’Adda et al. [14] reported the negative effect
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of e13a2 transcript on a durable TFR in a larger series of 173 patients and suggested that
differences in immunogenic ability between the two transcript types may be associated
with the risk of relapse after TKI discontinuation [14], and other studies postulated that IM
treatment and DMR duration may modulate the immunogenic system [35,36]. Our results,
with a lower number of cases, are in line with D’Adda et al.’s study suggesting a negative
effect of e13a2 transcript on TFR.

In summary, in this CP-CML series of patients treated with IM in first line, the e14a2
transcript type may have a positive impact on cumulative incidence of major molecular
response at 6 months, whereas the e13a2 transcript type might be associated with improved
long-term OS. The influence of transcript type on outcomes in CML remains controversial
and needs further investigations with a larger series to consider transcript type as a
prognostic factor associated with TFR. For the time being, we think that the transcript type
(e13a2 vs. e14a2) should not guide treatment decision making in CML.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10143146/s1, Figure S1: Diagram of CML cases in each analysis performed.

Author Contributions: S.M., B.X., M.C. (Marta Cabezón), N.E., P.V., C.B., M.S., A.A., R.T.-M., F.F.-M.,
P.A., J.C.H.-B., M.M.I., E.A., M.C. (Montserrat Cortés), A.F.-R., S.F., L.Z. made substantial contri-
butions to the conception of the work and acquisition of data. Interpretation, formal analysis and
investigation of data, S.M. and O.G.; writing—original draft preparation, S.M.; writing review, B.X.,
J.C.H.-B., and L.Z.; software, O.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by a grant from Instituto de Salud Carlos III through the
project “PI16/01200” as well as 2017 SGR288 (GRC) Generalitat de Catalunya.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Research Boards protocols and the
Ethics Committee of Hospital Germans Trias i Pujol (Ref. CEI: PI-15-007, Code: ICO-ITK-2015-01
(ISOF-p210-LMC), 24 April 2015)

Informed Consent Statement: Information was collected after obtaining informed consent from
all patients.

Data Availability Statement: The data present in the study can be partialy available upon the request
to corresponding author, under national regulations for data sharing.

Acknowledgments: The authors would like to thank Diana Domínguez for her technical support,
the Grupo Español de Leucemia Mieloide Crónica (GELMC) for its project support and the CERCA
Programme/Generalitat de Catalunya, Josep Carreras International Foundation and “La Caixa”
Foundation for institutional support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Deininger, M.W.; Goldman, J.M.; Melo, J.V. The molecular biology of chronic myeloid leukemia. Blood 2000, 96, 3343–3356.

[CrossRef]
2. Lucas, C.M.; Harris, R.J.; Giannoudis, A.; Davies, A.; Knight, K.; Watmough, S.J.; Wang, L.; Clark, R.E. Chronic myeloid leukemia

patients with the e13a2 BCR-ABL fusion transcript have inferior responses to imatinib compared to patients with the e14a2
transcript. Haematologica 2009, 94, 1362–1367. [CrossRef]

3. Baccarani, M.; Rosti, G.; Soverini, S. Chronic myeloid leukemia: The concepts of resistance and persistence and the relationship
with BCR-ABL1 transcript type. Leukemia 2019, 33, 2358–2364. [CrossRef]

4. Castagnetti, F.; Gugliotta, G.; Breccia, M.; Iurlo, A.; Levato, L.; Albano, F.; Vigneri, P.; Abruzzese, E.; Rossi, G.; Rupoli, S.; et al. The
BCR-ABL1 transcript type influences response and outcome in Philadelphia chromosome-positive chronic myeloid leukemia
patients treated frontline with imatinib. Am. J. Hematol. 2017, 92, 797–805. [CrossRef] [PubMed]

5. An, X.; Tiwari, A.K.; Sun, Y.; Ding, P.R.; Ashby, C.R.; Chen, Z.S. BCR-ABL tyrosine kinase inhibitors in the treatment of
Philadelphia chromosome positive chronic myeloid leukemia: A review. Leuk. Res. 2010, 34, 1255–1268. [CrossRef]

6. Morris, S.W.; Daniel, L.; Ahmed, C.M.; Elias, A.; Lebowitz, P. Relationship of bcr breakpoint to chronic phase duration, survival,
and blast crisis lineage in chronic myelogenous leukemia patients presenting in early chronic phase. Blood 1990, 75, 2035–2041.
[CrossRef]

https://www.mdpi.com/article/10.3390/jcm10143146/s1
https://www.mdpi.com/article/10.3390/jcm10143146/s1
http://doi.org/10.1182/blood.V96.10.3343
http://doi.org/10.3324/haematol.2009.009134
http://doi.org/10.1038/s41375-019-0562-1
http://doi.org/10.1002/ajh.24774
http://www.ncbi.nlm.nih.gov/pubmed/28466557
http://doi.org/10.1016/j.leukres.2010.04.016
http://doi.org/10.1182/blood.V75.10.2035.2035


J. Clin. Med. 2021, 10, 3146 11 of 12

7. Shepherd, P.; Suffolk, R.; Halsey, J.; Allan, N. Analysis of molecular breakpoint and m-RNA transcripts in a prospective
randomized trial of interferon in chronic myeloid leukaemia: No correlation with clinical features, cytogenetic response, duration
of chronic phase, or survival. Br. J. Haematol. 1995, 89, 546–554. [CrossRef]

8. Polampalli, S.; Choughule, A.; Negi, N.; Shinde, S.; Baisane, C.; Amre, P.; Subramanian, P.G.; Gujral, S.; Prabhash, K.; Parikh, P.
Analysis and comparison of clinicohematological parameters and molecular and cytogenetic response of two Bcr/Abl fusion
transcripts. Genet. Mol. Res. 2008, 7, 1138–1149. [CrossRef]

9. de Lemos, J.A.; de Oliveira, C.M.; Bentes, A.Q.; Beltrão, A.C.; Bentes, I.R.; Azevedo, T.C.; Maradei-Pereira, L.M. Differential
molecular response of the transcripts B2A2 and B3A2 to imatinib mesylate in chronic myeloid leukemia. Genet. Mol. Res. 2005, 4,
803–811.

10. Vega-Ruiz, A.; Kantarjian, H.; Shan, J.; Wierda, W.; Burger, J.; Verstovsek, S.; Garcia-Manero, G.; Cortes, J. Better molecular
response to imatinib for patients (pts) with chronic myeloid lekemia (CML) in chronic phase carrying the b3a2 transcript compared
to b2a2. Blood 2007, 110, 1939. [CrossRef]

11. Jain, P.; Kantarjian, H.; Patel, K.P.; Gonzalez, G.N.; Luthra, R.; Shamanna, R.K.; Sasaki, K.; Jabbour, E.; Romo, C.G.; Kadia, T.M.;
et al. Impact of BCR-ABL transcript type on outcome in patients with chronic-phase CML treated with tyrosine kinase inhibitors.
Blood 2016, 127, 1269–1275. [CrossRef] [PubMed]

12. Ghalesardi, O.K.; Khosravi, A.; Azizi, E.; Ahmadi, S.E.; Hajifathali, A.; Bonakchi, H.; Shahidi, M. The prognostic importance
of BCR-ABL transcripts in Chronic Myeloid Leukemia: A systematic review and meta-analysis. Leuk. Res. 2021, 101, 106512.
[CrossRef]

13. Hernández-Boluda, J.C.; Pereira, A.; Pastor-Galán, I.; Alvarez-Larrán, A.; Savchuk, A.; Puerta, J.M.; Sánchez-Pina, J.M.; Collado,
R.; Díaz-González, A.; Angona, A.; et al. Feasibility of Treatment Discontinuation in Chronic Myeloid Leukemia in Clinical
Practice: Results From a Nationwide Series of 236 Patients. Blood Cancer J. 2018, 8, 91–98. [CrossRef] [PubMed]

14. D’adda, M.; Farina, M.; Schieppati, F.; Borlenghi, E.; Bottelli, E.; Bottelli, C.; Cerqui, E.; Ferrari, S.; Gramegna, D.; Pagani, C.;
et al. The e13a2 BCR-ABL transcript negatively affects sustained deep molecular response and the achievement of treatment-
free remission in patients with chronic myeloid leukemia who receive tyrosine kinase inhibitors. Cancer 2019, 125, 1674–1682.
[CrossRef]

15. Breccia, M.; Molica, M.; Colafigli, G.; Massaro, F.; Quattrocchi, L.; Latagliata, R.; Mancini, M.; Diverio, D.; Guarini, A.; Alimena, G.;
et al. Prognostic factors associated with a stable MR4.5 achievement in chronic myeloid leukemia patients treated with imatinib.
Oncotarget 2018, 9, 7534–7540. [CrossRef]

16. Baccarani, M.; Deininger, M.W.; Rosti, G.; Hochhaus, A.; Soverini, S.; Apperley, J.F.; Cervantes, F.; Clark, R.E.; Cortes, J.E.; Guilhot,
F.; et al. European Leukemia Net recommendations for the management of chronic myeloid leukemia: 2013. Blood 2013, 122,
872–884. [CrossRef]

17. Marcé, S.; Cortés, M.; Zamora, L.; Cabezón, M.; Grau, J.; Millá, F.; Feliu, E. A thirty-five nucleotides BCR-ABL1 insertion mutation
of controversial significance confers resistance to imatinib in a patient with chronic myeloid leukemia (CML). Exp. Mol. Pathol.
2015, 99, 16–18. [CrossRef]

18. Sokal, J.E.; Cox, E.B.; Baccarani, M.; Tura, S.; Gomez, G.A.; Robertson, J.E.; Tso, C.Y.; Braun, T.J.; Clarkson, B.D.; Cervantes, F.; et al.
Prognostic discrimination in “good-risk” chronic granulocytic leukemia. Blood 1984, 63, 789–799. [CrossRef]

19. Hasford, J.; Baccarani, M.; Hoffmann, V.; Guilhot, J.; Saussele, S.; Rosti, G.; Guilhot, F.; Porkka, K.; Ossenkoppele, G.; Lindoerfer,
D.; et al. Predicting complete cytogenetic response and subsequent progression-free survival in 2060 patients with CML on
imatinib treatment: The EUTOS score. Blood 2011, 118, 686–692. [CrossRef]
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