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Abstract

BCR-ABL1 fusion gene is the driver mutation of Philadelphia chromosome positive acute
lymphoblastic leukemia (Ph+ ALL). Although the prognostic value of BCR-ABL1 isoforms in
Ph+ ALL patients has been investigated in numerous studies in the tyrosine kinase inhibitor
(TKI) era, the results were still conflicting. Hence we performed herein the meta-analysis to
comprehensively assess the impact of BCR-ABL1 isoforms on the clinical outcomes of Ph+
ALL patients. Systematic literature review was conducted in PubMed, Embase, and
Cochrane databases with the data access date up to June 15, 2020. Pooled hazard ratios
(HRs) with 95% confidence intervals (Cls) were calculated with fixed-effects or random-
effects models. Furthermore, subgroup analyses were performed to assess the robustness
of the associations. Nine studies with a total number of 1582 patients were eligible for this
meta-analysis. Combined HRs suggested that p210 was slightly associated with inferior
event-free survival (EFS) (HR = 1.34, 95% CI 1.05—-1.72). The overall survival (OS) was not
significantly affected (HR = 1.15, 95% CI 0.92—-1.45). In subgroup analyses, the HRs
showed a trend toward adverse impact of p210 on clinical outcomes. However, the confi-
dence intervals were not crossing the null value only in a minority of subgroups including
Caucasian studies, first-generation TKI treated cohort and transplant cohort. Our findings
suggested that p210 might pose a mild adverse impact on the EFS of Ph+ ALL patients.
This effect might be compromised by the use of second- or third-generation TKls. Further
studies are needed to verify our conclusions.

Introduction

Philadelphia chromosome positive acute lymphoblastic leukemia (Ph+ ALL) is one of the most
commonly encountered genetic subtypes of adult ALL, with the occurrence of about 25% in
ALL patients. And its frequency increases with age, reaching 40-45% in patients above 45
years [1, 2]. Historically, Ph+ ALL was considered as the most dismal subtype of ALL, with
long-term survival of less than 20%, and allogeneic hematopoietic stem cell transplantation
(allo-HSCT) was the mainstay of post-remission therapy [3-5]. The advent of tyrosine kinase
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inhibitors (TKIs) targeting the BCR-ABL1 oncoprotein has revolutionized the treatment
response and long-term survival of Ph+ ALL patients, making the outcome equivalent to or
better than that of Ph- ALL patients [6-10]. Despite the dramatic outcome improvement in
this group of patients, the long-term disease-free survival of 40-50% is still less than satisfac-
tory. Relapse and drug resistance remains a clinical challenge. Recognition of potential risk
factors for relapse and mortality could help inform clinical decisions for this heterogeneous
disease entity. As allo-HSCT might be dispensable in some patients, and some patients might
need intensified treatment regimens including allo-HSCT.

The Philadelphia (Ph) chromosome is the der(22) product of the reciprocal translocation
between 9934 and 22q11.2. This translocation joins almost the entire coding region of the
ABL1 (Abelson murine leukemia viral oncogene homolog 1) tyrosine kinase gene on chromo-
some 9 to the breakpoint cluster region (BCR) gene on chromosome 22, generating the
BCR-ABLI fusion gene [11]. There are two main breakpoint regions within the BCR gene,
namely major or minor breakpoint cluster region (M-BCR or m-BCR). M-BCR lies between
exons 12 and 16, producing the larger p210 oncoprotein, while the m-BCR yields a smaller
p190 product that retains only the first exon of BCR. A rare breakpoint between exons 19 and
20 has also been described, giving rise to the p230 fusion protein [12]. Most childhood Ph
+ ALL patients carry p190, whereas in adult Ph+ ALL, p190 and p210 are seen in 50-70% and
30-50% of the patients, respectively [13]. In transforming assays and transgenic mouse mod-
els, p190 exhibited stronger transforming potency than p210 [14-16]. The impact of
BCR-ABL1 isoforms on the prognosis of Ph+ ALL patients has been investigated in numerous
studies. However, the results remain conflicting. Hence we performed herein a systemic litera-
ture review and meta-analysis to quantitatively clarify its potential value as a prognostic
biomarker.

Materials and methods
Literature search and study selection

This meta-analysis was performed and reported according to the PRISMA statement [17]. A
PRISMA checklist (S1 Checklist) was used to ensure standardized reporting. The review proto-
col has been registered in the PROSPERO international prospective register of systematic
reviews (registration number: CRD42020206891).

A systematic literature search was conducted in the PubMed, Embase and Cochrane data-
bases with the data access date up to June 15, 2020 with free-style words and Medical Subjects
Headings (MeSH): (("Philadelphia Chromosome"[Mesh] OR BCR-ABL1) AND "Precursor
Cell Lymphoblastic Leukemia-Lymphoma"[Mesh]) OR Ph positive acute lymphoblastic leuke-
mia OR BCR-ABLLI positive acute lymphoblastic leukemia. The search strategy for Pubmed
was provided in S1 File. References of the included studies in this meta-analysis and relevant
reviews were also screened for potentially eligible studies.

Two authors independently assessed the eligibility of the studies according to the following
criteria: (1) randomized controlled trials (RCT) or cohort studies that compared the clinical
outcomes of Ph+ ALL patients with p190 or p210 BCR-ABLI isoforms; (2) TKIs were included
in the treatment regimens; (3) the study outcomes were time-dependent endpoints, such as
disease-free survival (DFS)/relapse-free survival (RFS)/event-free survival (EFS) and overall
survival (OS); (4) hazard ratios (HRs) with 95% confidence intervals (Cls) were reported or
could be calculated with available data according to the approach described by Tierney et al.
[18]. We excluded studies if they included less than 50 patients or without sufficient data to
calculate HRs and 95% Cls. For overlapped cohorts, only the latest and most intact report was
included.
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Data extraction and quality assessment

Two authors independently extracted data from eligible studies using a data collection form
including the following items: first author, year of publication, study region, recruitment time,
study design, ethnicity, sample size, sex distribution, age range, TKI used, transplant status, num-
ber of cases with p190/p210, follow-up time, endpoint, statistical method, and HR with 95% CI.

The Quality in Prognosis Studies (QUIPS) tool [19] was used to assess the risk of bias of the
included studies in six dimensions: study participation, study attrition, prognostic factor mea-
surement, outcome measurement, study confounding, statistical analysis and reporting. The
risk of bias for each domain was indicated as low, moderate or high according to the rating cri-
teria. The overall risk of bias for individual studies was marked as high if one or more domains
were rated as high risk of bias, or moderate if one or more domains were rated as moderate
risk of bias, or low if all domains were rated as low risk of bias.

The study screening, data extraction and quality assessment procedure were all conducted
by two authors independently. Any discrepancies were resolved by consulting a third author.

Statistical analyses

The primary endpoints were EFS and OS. DFS and RFS were interpreted as synonymous with
EFS. HRs and 95% ClIs for EFS and OS were pooled to assess the prognostic value of
BCR-ABLI isoforms. If both univariate and multivariate analyses results were presented, we
used the latter. If HRs with 95% CIs were not provided, we estimated the data from Kaplan-
Meier survival curves using the methods described by Tierney et al. [18].

The heterogeneity between included studies was evaluated using chi-square based Q-test and
F test. Random-effects model was applied to pool the HRs and 95% Cls if significant heteroge-
neity existed (P < 0.10 or I* > 50%). Otherwise, fixed-effects model was used. Subgroup analy-
ses were further performed to assess the potential effect modification of the factors including
study region, study design, ethnicity, age group, type of TKI used and transplant status.

Publication bias was evaluated using Begg’s funnel plots and Egger’s test, with significance
defined as P < 0.05. Sensitivity analyses were performed to evaluate single study’s influence on
pooled HRs by sequentially omitting one study at a time. All of the analyses were performed
with Stata version 16.0 software (Stata Corporation, College Station, TX, USA).

Results
Literature selection and study characteristics

Initial literature searches in PubMed, Embase and Cochrane databases identified 5427 articles
published till June 15, 2020. After excluding duplicates, reviews, non-clinical and irrelevant
studies, 268 articles were deemed to be potentially relevant for further review. A total of 259
studies were excluded for the following reasons: not comparing the clinical outcomes of
patients with p190 or p210 (n = 233), insufficient data to calculate HRs and 95% ClIs (n = 11),
overlapped cohorts (n = 6), patients not or not all treated with TKIs (n = 5), less than 50
patients (n = 2), including patients with chronic myeloid leukemia (CML) or acute myeloid
leukemia (AML) (n = 2). Finally, nine studies were included in this meta-analysis [13, 20-27].
The study selection process is presented in Fig 1.

The characteristics of the included nine studies are summarized in Table 1. The raw data is
supplied in S1 Data. These studies were published from 2012 onwards with the patient recruit-
ment time ranging from 2001 to 2017, including two prospective cohort studies and seven ret-
rospective cohort studies. The nine studies were all composed of adult patients with de novo
Ph+ ALL. The sample size ranged from 57 to 850, with a total number of 1582 Ph+ ALL
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Fig 1. PRISMA flow diagram for study review and inclusion.
https://doi.org/10.1371/journal.pone.0243657.9001

patients. Two studies were conducted in Europe, five in the East Asia, and two in the USA. In
respect to TKIs, four studies used the first-generation TKI imatinib, one study applied the sec-
ond-generation TKI dasatinib, and four studies recruited patients treated with the first (imati-
nib)- or second (dasatinib)- or third-generation (ponatinib) TKIs. HSCT was conducted in all
patients in two studies, and in a subset of patients in seven studies.

According to the QUIPS tool, eight studies were ranked as low risk of bias, and one was
moderate risk of bias. The details are listed in Table 2.

Association between BCR-ABL1 isoforms and EFS

Eight studies investigated the correlation between BCR-ABLI isoforms and EFS. Pooled HR
indicated that p210 was associated with inferior EFS slightly (HR = 1.34, 95% CI 1.05-1.72)
(Fig 2A). The effect tended to be adverse in six studies, with the confidence intervals being sta-
tistically significant in two of the six studies. In the rest two studies, the effect tended to be
favorable, however, with non-significant confidence intervals. No significant heterogeneity
existed among the studies (P = 0.156, I = 34.2%) and fixed-effects model was employed to
pool the HRs. In subgroup analyses, the adverse effect was persistent in a minority of sub-
groups, including in the study region of USA (HR = 1.84, 95% CI 1.12-3.04), in the ethnicity
of Caucasian (HR = 1.36, 95% CI 1.00-1.84), in studies applying the first-generation TKI
(HR =1.75,95% CI 1.16-2.63), and in the transplant cohort (HR = 3.20, 95% CI 1.21-8.48)
(Table 3).
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Table 1. Characteristics of the studies included in this meta-analysis.

First author | Year | Region Time Study Ethnicity Number (with Male/female Age (years)
design breakpoint)
Mizuta S [20] 2012 | East Asia 2002.09-2005.05 | prospective Asian 60 (60) 32/28 37 (15-64)
Rousselot P 2016 | Europe 2007.08-2010.07 | prospective | Caucasian 71 (71) 30/41 69 (59-83)
[21]
Qiu LL [13] 2016 | East Asia 2005.01-2014.12 | retrospective | Asian 65 (65) 38/27 36 (14-66)
DeBoer R [22] | 2016 | USA 2002.04-2010.04 | retrospective | Caucasian 57 (50) 25/32 44 (22-58)
Short NJ [24] | 2017 | USA 2001.06-2016.01 | retrospective | Caucasian 152 (151) NA 55 (19-85)
Yu GP [23] 2017 | East Asia 2010.01-2016.01 | retrospective | Asian 77 (77) 52/25 30 (13-59)
Fedullo AL 2019 | Europe NA retrospective | Caucasian 116 (115) 55/61 51 (19-89)
(27]
Huang AJ [25] | 2019 | East Asia 2007.01-2017.12 | retrospective | Asian 134 (134) 71/63 38 (14-60)
Akahoshi Y 2019 | East Asia 2001.01-2016.12 | retrospective | Asian 850 (832) 483/367 46 (16-71)
[26]
First author | Year | TKI Transplant p190/p210 | Follow-up Endpoint Multi/ HR (95% CI)
status Univariate
Mizuta S [20] | 2012 | imatinib transplant 42/18 31m (12-56m) DFS multivariate 3.20 (1.21-
8.50)
Rousselot P 2016 | dasatinib mix 54/17 32m (2-88m) REFS univariate 1.25 (0.64-
[21] 2.46)
(O univariate 1.32 (0.67-
2.60)
Qiu LL [13] 2016 | imatinib mix 41/24 21.6m (0.8- EFS survival curve 0.76 (0.29-
124.7m) 2.00)
oS survival curve 1.01 (0.16-
6.67)
DeBoer R [22] | 2016 | imatinib mix 33/17 6.5yrs (NA) DEFS survival curve 3.03 (1.22-
7.69)
(o survival curve 2.56 (0.76-
8.33)
Short NJ [24] | 2017 | imatinib/dasatinib/ mix 109/42 43m (2-173m) RFS univariate 1.49 (0.82-
ponatinib 2.70)
(o univariate 1.75 (0.93-
3.33)
Yu GP [23] 2017 | imatinib/dasatinib mix 51/26 456d (59-2327d) | DFS univariate 0.65 (0.24-
1.76)
(oN univariate 0.60 (0.21-
1.75)
Fedullo AL 2019 | imatinib/dasatinib mix 70/29 NA DES univariate 1.06 (0.66—
(27] 1.72)
Huang AJ [25] | 2019 | imatinib mix 98/36 32m (4-118m) DFS univariate 1.52 (0.83-
2.78)
(o univariate 1.33 (0.70-
2.56)
Akahoshi Y 2019 | imatinib/dasatinib transplant 639/169 1539d (91-5672d) | OS univariate 0.99 (0.73-
(26] 1.35)

Abbreviations: NA, not available; TKI, tyrosine kinase inhibitor; d, days; m, months; yrs, years.

https://doi.org/10.1371/journal.pone.0243657.t001

Association between BCR-ABLL1 isoforms and OS

Seven studies explored the influence of BCR-ABL1 isoforms on OS. No significant heterogene-
ity exited across studies (P = 0.405, I = 2.6%) and fixed-effects model was applied. Combined
HR suggested that BCR-ABLI1 isoforms did not significantly affect the OS of patients with Ph
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Table 2. Quality assessment of the included studies using the QUIPS tool.

First author Year Study Participation Study Attrition Prognostic Factor Measurement Outcome Measurement Study Confounding Statistical Analysis and Reporting Total
Mizuta S 2012 low low low low low low low
Rousselot P 2016 low low low low low low low
QiuLL 2016 low low low low low low low
DeBoer R 2016 low low low low moderate low moderate
Short NJ 2017 low low low low low low low

Yu GP 2017 low low low low low low low
Fedullo AL 2019 low low low low low low low
Huang AJ 2019 low low low low low low low
Akahoshi Y 2019 low low low low low low low

https://doi.org/10.1371/journal.pone.0243657.t002
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Fig 2. Forest plot for the impact of BCR-ABLI isoforms on the clinical outcomes of Ph+ ALL patients. (a) Forest
plot for event-free survival (EFS). (b) Forest plot for overall survival (OS).

https://doi.org/10.1371/journal.pone.0243657.9002
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+ ALL (HR = 1.15, 95% CI 0.92-1.45) (Fig 2B). The confidence intervals crossed the null value
in all the seven studies, although a trend toward adverse effect was seen in five studies. In sub-
group analyses, the pooled HRs were only statistically significant in the study region of USA
(HR =1.91, 95% CI 1.09-3.34) and in the ethnicity of Caucasian (HR = 1.64, 95% CI 1.07-
2.53) (Table 3).

Publication bias and sensitivity analyses

Begg’s or Egger’s test showed no publication bias for EFS (P = 1.000 or 0.641, respectively) or
OS (P = 1.000 or 0.452, respectively) (Fig 3). Sensitivity analyses revealed that no single study
significantly altered the results (Fig 4).

Discussion

Despite the tremendous outcome improvement for Ph+ ALL patients in the TKI era, resistance
or relapse still remains a problem yet to be resolved for clinicians. The heterogeneous clinical
outcomes suggest the necessity of identifying potential high risk factors so as to adopt more
individualized therapeutic regimens. BCR-ABL1 fusion gene is the primary oncogenic driver
mutation of Ph+ ALL. Two different transcripts (p190 or p210), resulting from different fusion
patterns of the two genes, are detected in most Ph+ ALL patients. Whether the BCR-ABLL iso-
forms imply different clinical outcomes is still controversial in previous studies. Thus, we

Table 3. Subgroup analyses of the impact of BCR-ABLI1 isoforms on the prognoses of Ph+ ALL.

EFS oS

No.  |metaHR (95%CI)  |P, I’ (%) |Effecctmodel |No. |metaHR(95%CI)  |P, I’ (%) | Effect model
Overall 8 1.34 (1.05-1.72) 0.156 34.2 F 7 1.15 (0.92-1.45) 0.405 2.6 F
Region
East Asia 4 1.27 (0.67-2.42) 0.087 543 R 4 1.01 (0.77-1.32) 0.647 0.0 F
Europe 1.12 (0.76-1.66) 0.703 | 0.0 F 1 1.32 (0.67-2.60) / / /
USA 2 1.84 (1.12-3.04) 0.206 37.5 F 2 1.91 (1.09-3.34) 0.583 0.0 F
Study design
prospective 1.87 (0.75-4.64) 0.120 58.7 R 1 1.32 (0.67-2.60) / / /
retrospective 6 1.27 (0.96-1.67) 0.194 32.2 F 6 1.13 (0.89-1.44) 0.307 16.5 F
Ethnicity
Caucasian 1.36 (1.00-1.84) 0.255 26.1 F 3 1.64 (1.07-2.53) 0.614 0.0
Asian 1.27 (0.67-2.42) 0.087 54.3 R 4 1.01 (0.77-1.32) 0.647 0.0
Age group
15-39 4 1.27 (0.67-2.42) 0.087 54.3 R 3 1.07 (0.63-1.81) 0.451 0.0 F
40-59 3 1.38 (0.98-1.96) 0.136 49.9 F 3 1.38 (0.81-2.36) 0.114 53.9 R
> 60 1 1.25 (0.64-2.45) / / / 1 1.32 (0.67-2.60) / / /
TKI
1st-generation 4 1.75 (1.16-2.63) 0.117 49.2 F 3 1.49 (0.87-2.57) 0.585 0.0 F
2nd-generation 1 1.25 (0.64-2.45) / / / 1 1.32 (0.67-2.60) / / /
mix 3 1.13 (0.79-1.60) 0.354 3.8 F 3 1.06 (0.81-1.39) 0.157 46.1 F
Cohort
transplant 1 3.20(1.21-8.48) / / / 1 0.99 (0.73-1.35) / / /
mix 6 1.27 (0.98-1.63) 0.288 18.6 F 6 1.38 (0.99-1.93) 0.537 0.0 F
Abbreviations: Py, P value for heterogeneity; F, fixed-effects model; R, random-effects model.
https://doi.org/10.1371/journal.pone.0243657.t003
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Fig 3. Begg’s test of publication bias for (a) event-free survival (EFS) and (b) overall survival (OS).

https://doi.org/10.1371/journal.pone.0243657.9003

conducted herein a meta-analysis to clarify the prognostic value of BCR-ABLLI isoforms in
Ph+ ALL patients.

The present meta-analysis included nine studies with a total number of 1582 Ph+ ALL
patients. Combined HRs suggested that p210 posed a mild adverse impact on EFS yet not OS.
The biological and clinical heterogeneity of BCR-ABLI1 isoforms might account for the diverse
influence on clinical outcomes. Nagel et al. found that patients with p210 mainly showed
hematopoietic stem cell involvement, whereas in most patients with p190, only the CD19+ leu-
kemia compartments were BCR-ABLI1 positive [28]. As to disease presenting features, patients
with p190 were described with younger age [4] and lower presenting white blood cell count
[29]. In the study of Chiaretti et al.,, treated with imatinib plus chemotherapy, patients with
p190 showed a significantly faster molecular response than patients with p210 [30]. Yu et al.
also showed a higher major molecular response rate after the first cycle of induction therapy in
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patients with p190 than in patients with p210 [23]. In contrast to Ph+ ALL, however, the pres-
ence of p190 is associated with higher risk of disease progression and inferior cytogenetic and
molecular responses to TKI therapy in patients with CML [31-33].

In subgroup analysis of EFS, the effect was statistically significant in the subgroup of first-
generation TKI (imatinib) treated cohorts, yet not in the next generation TKIs treated cohorts,
suggesting that the adverse impact of p210 might be overcome by next generation TKIs. This
suggested the possibility that second- or third-generation TKIs might be a preferred choice for
patients with p210. In subgroup analysis of transplant status, the adverse effect was statistically
significant in the transplant cohort, while not in the studies recruiting both transplant or non-
transplant patients. It should be noted that the transplant subgroup included only one study.
Further studies are needed to validate the result.

The heterogeneity in the treatment responses and clinical outcomes of patients with
Ph+ ALL has aroused particular interest in the investigation of additional genomic lesions and
potential prognostic markers. Through genome-wide analysis, researchers found that the most
commonly detected alterations were those targeting the IKZF1, PAX5 and CDKN2A/B genes,
with deletions being the dominant anomaly patterns [34, 35]. IKZF1 or CDKN2A/B deletions
were demonstrated to be adverse prognostic factors for Ph+ ALL patients in several studies
[36-39], and there were evidences that these might not be overcome by allo-HSCT [35, 40].
Fedullo et al. once investigated the copy number aberrations (CNA) in 116 de novo Ph+ ALL
patients and revealed that simultaneous deletions of IKZF1 plus CDKN2A/B and/or PAX5
conferred a significantly worse DFS [27]. We have performed two meta-analyses to assess the
prognostic value of IKZF1 and CDKN2A/B deletions in patients with ALL [41, 42]. In the Ph
+ ALL subgroup, the adverse impact on EFS and OS was statistically significant for CDKN2A/
B deletions but not for IKZF1 deletions. Minimal residual disease (MRD) was another exten-
sively investigated prognostic factor. In the systematic review and meta-analysis performed by
Bassan et al., MRD positivity was associated with inferior RFS and OS in the Ph+ ALL sub-
group [43]. A refined risk stratification algorithm comprising disease presenting features,
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additional genomic lesions, MRD and mutations at relapse need to be proposed to help inform
disease prognosis and optimize treatment strategies for individual patients.

Several limitations should be considered in this meta-analysis. Firstly, due to the rarity of

p230, we could not achieve enough data to analyze its impact on prognosis. Secondly, some of
the HRs were extracted from Kaplan-Meier curves, which might be less reliable than the origi-
nal data or multivariate analysis results. Thirdly, specific BCR-ABL1 kinase domain mutations
might be associated with BCR-ABLL1 isoforms. However, due to few data available in the
included studies, this was not considered in our analysis.

In conclusion, our meta-analysis showed that p210 was slightly associated with inferior EFS

of patients with Ph+ ALL. The negative effect might be overcome by second- or third-genera-
tion TKIs. Further prospective studies are needed to verify our findings.
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