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Abstract

Recent studies demonstrate that early molecular response to tyrosine-kinase inhibitors is strongly predictive of outcome in
chronic myeloid leukemia patients and that early response landmarks may identify patients at higher risk for transformation
who would benefit from an early switch to second-line therapy. In this study, we evaluated the ability of the control gene
GUS to identify relevant thresholds for known therapeutic decision levels (BCR-ABL1/ABL1IS = 10% and 0.1%). We then
defined the most relevant cut-offs for early molecular response markers (transcript level at 3 months, halving time and log
reduction between diagnosis and 3 months of treatment) using GUS or ABL1. We demonstrated that, although both control
genes could be used (in an equivalent way) to accurately assess early molecular response, the BCR-ABL1/GUS level at
diagnosis is impacted by the higher GUS copy number over-expressed in CML cells, thus negatively impacting its ability to
completely replace ABL1 at diagnosis. Furthermore, we pointed out, for the first time, that it would be helpful to monitor
BCR-ABL1 levels at an earlier time point than that currently performed, in order to assess response to first-line tyrosine-
kinase inhibitors and consider a potential switch of therapy as early as possible. We evaluated this optimal time point as
being 19 days after the start of treatment in our cohort.
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Introduction

The European Leukemia Network (ELN) recommendations for

the management of chronic myeloid leukemia (CML) patients

define optimal response, warning or failure according to cytoge-

netic and/or molecular criteria obtained at 3, 6 and 12 months on

tyrosine-kinase inhibitors (TKI) therapy [1] and optimal response

is associated with best long-term outcome. Indeed, several studies

have highlighted that the achievement of early molecular and

cytogenetic responses on TKI was predictive of long term event-

free survival (EFS), treatment-free survival (TFS) and overall

survival (OS) and that this ability to predict outcome is observed

for all TKI although with different kinetics [2–11]. Marin et al.

reported that BCR-ABL1IS levels at 3 and 6 months on Imatinib

were significantly correlated with 8-year progression-free survival

(PFS) and OS [12], and Hanfstein et al. proposed BCR-ABL1IS

levels of 10% at 3 months and 1% at 6 months as clinically

important thresholds correlated with 5-year PFS and OS [3].

Therefore, early molecular response (EMR) to TKI is currently

identified as being one of the most important prognostic factors,

and early response landmarks may identify patients at higher risk

for transformation and poor outcome, who may benefit from

alternative treatments in order to improve response and thereby

minimize exposure to risk over time.

Is was also demonstrated that EMR at 3 and 6 months

correlates with future major molecular response (MMR) and deep

molecular response (ie, molecular response $4.5-log reduction

[MR4.5] and beyond) [5,9,10,13]. Although the prognostic

significance of achieving MMR at 12 or 18 months has been

controversial in the past [14,15], Hughes et al. showed that

patients who achieved MMR by 12 and 18 months while on

Imatinib therapy had significantly improved 7-year EFS and PFS
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rates [4], thus demonstrating a strong association between MMR

achievement and long-term clinical outcome. Moreover, reaching

the 12-month MMR still represents an ELN criterion of optimal

response and should be a main goal in the management of the

patient.

This growing interest in the assessment of EMR led to

reconsider the use of ABL1 as control gene (CG) when quantifying

the BCR-ABL1 transcript. This CG was selected by a Europe

Against Cancer (EAC) study group [16,17] but has the disadvan-

tage of inducing a quantification bias in determining BCR-ABL1
transcript levels. Indeed the location of ABL1 primers leads to the

simultaneous amplification of the non-translocated allele of ABL1
and the fusion gene BCR-ABL1, then quantifying total-ABL1
(figure 1). This may lead to underestimation of BCR-ABL1/
ABL1% when BCR-ABL1 expression is high. Although BCR-
ABL1 level at diagnosis has not been clearly identified as being of

prognostic significance by itself and has been cause for controversy

[18,19], it allows (at least) the assessment of early transcript kinetics

(for example between diagnosis and 3–6 months of treatment),

which recently arose as an important parameter of the EMR

[1,19,20]. Thus, the fact that BCR-ABL1 transcript level at

diagnosis should be measured as accurately as possible encouraged

efforts to find another CG. Accordingly, the GUS gene, encoding

for beta-glucuronidase, previously identified as a suitable CG in

CML [16], attracted interest for quantifying BCR-ABL1 and

assessing EMR to TKI [18,19].

Our study intended (i) to assess the ability of GUS to normalize

the BCR-ABL1 level without technical bias at diagnosis and

validate its potential predictive value at this time (ii) to evaluate its

ability to accurately define the relevant thresholds for known

therapeutic decision levels (10% and major molecular response

MMR: 0.1%) and (iii) to compare different markers of EMR (IS

cut off, halving time and fold reduction of transcript ratios) using

GUS and ABL1 to predict the achievement of MMR after 12

months of TKI in a series of front line therapy patients. We

describe the optimal cut-offs for the different markers to predict

the 12-month MMR achievement with confirmation in a

validation cohort. We highlight that it could be appropriate to

add a new, earlier time point to patient monitoring earlier than

those currently recommended in clinical practice in order to

identify patients likely to benefit from an early switch of TKI.

Subjects and Methods

1. Patients and samples
CML patients included in this retrospective analysis were

diagnosed and monitored on TKI in our institutions since August

2000 and the blood samples were collected between August 2000

and January 2013. Patients gave written informed consent for their

data to be used in this analysis and the procedures followed were

in accordance to the Helsinki declaration as revised in 2008.

Samples were stored in the Biological Resource Center Bank

according to the French ‘‘Comité de Protection des Personnes’’

specifications. The review board protocol of the Hospices Civils de

Lyon approved this study. To address the main questions of the

study, samples were collected as follows:

– First, we focused on the transcript values obtained by using

GUS as a CG. Therefore, we studied 3 groups of samples

according to their transcript values: the first group comprised

diagnostic samples (n = 124), the second group comprised

follow-up samples with a BCR-ABL1/ABL1IS ratio between 6

and 14% (n = 18) and the third group consisted of samples at

the MMR IS threshold of 0.1% (n = 42). We were particularly

interested in these transcript values since (i) diagnosis is highly

impacted by the quantification bias but is crucial to assess the

EMR (for example between diagnosis and 3–6 months of

treatment) and (ii) they represent the relevant thresholds for

known therapeutic decision levels (10% and major molecular

response MMR: 0.1%).

– We then went on to evaluate the prognostic value (probability

of obtaining MMR one year after diagnosis) of different

parameters described in the literature for assessing the early

molecular response (EMR) value. We then selected patients

with available samples at diagnosis and after 3 months of TKI

therapy. Of the 124 patients obtained at diagnosis, patients

with the following criteria were included: (1) TKI therapy

started less than 60 days after diagnosis (median, 29 days;

range, 0–58 days), (2) the patient should have received TKI

between 60 and 120 days before the follow-up so-called ‘‘3-

month’’ sample (median, 90 days; range, 62–117 days; 4 of

them received between 60 and 75 days of TKI) and (3)

molecular follow-up assessed for at least 1 year after diagnosis

in order to evaluate the achievement of MMR (median follow-

up 3.9 years; range 1.1–9.7 years). One patient who

simultaneously presented another haematological malignancy

and died before 1 year of treatment was excluded. Patient

characteristics at diagnosis are listed in table 1. Of the 84

patients who met the inclusion criteria, 55 were treated with

Imatinib and 29 received second-generation TKI (Nilotinib,

n = 12 or Dasatinib, n = 17). Treatment interruption and/or

switching was documented for 7 patients on Imatinib

(temporary interruption, n = 4 and switch to Nilotinib, n = 3)

Figure 1. Quantification bias in the assessment of BCR-ABL1 transcript levels by using ABL1 as control gene. Localization of primers
(arrows) and probes (rectangles) used for the relative quantification of the M-BCR-ABL1 transcript according to the EAC protocol [16,17] are
represented. Boxes represented the exon number. Red signs indicate primers and probe relative to the fusion transcript, blue signs to the control
gene ABL1. The ABL1 primers localization explains both amplification of ABL1 and BCR-ABL1 during the Q-RT-PCR reaction. ENF = forward primer,
ENPr = TaqMan reverse probe, ENR = reverse primer.
doi:10.1371/journal.pone.0106250.g001
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and 2 patients on Nilotinib (1 temporary interruption and 1

switch to Imatinib then Dasatinib because of blast crisis).

– We validated our results in a supplemental cohort of patients

(n = 58) selected according to the same criteria. Forty patients

were on Imatinib as first-line treatment, 9 on Dasatinib and 9

on Nilotinib. Treatment interruption and/or switching was

documented for 6 patients on Imatinib (switch to Nilotinib,

n = 3; switch to Dasatinib, n = 3).

2. Molecular analysis
RNA was extracted from peripheral blood sample and reverse

transcription (RT) and Quantitative Real-time-PCR (RQ-PCR) to

amplify BCR-ABL1 fusion transcript ABL1 and GUS were

performed according to standardised EAC protocols previously

described [16,17]. Only patients expressing typical BCR-ABL1
transcripts (b2a2 or b3a2) were considered. The final results are

expressed as BCR-ABL1/ABL1 ratios in percent according to the

international scale IS (i.e. the conversion factor was applied for raw

ratios #10%, and not for raw values .10%) as it was previously

recommended [21,22] or as BCR-ABL1/GUS, without transfor-

mation of the original values since no conversion factor was defined

for this CG. Samples with copy numbers that were too low (CN,

10,000) for either ABL1 or GUS were presumably degraded

samples (according to the GBMHM [Groupe des Biologistes

Moléculaires de Hémopathies Malignes] recommendation guide-

lines: https://sites.google.com/site/gbmhmassociation/) and were

excluded.

3. Statistical and result analysis
The alignment between both methods using (BCR-ABL1/

ABL1)IS and BCR-ABL1/GUS values was performed by setting a

new conversion factor (CF), following the procedure that has been

used previously to set the international conversion factor IS [21].

To determine this new CF, each measurement generated by using

ABL1 as CG was compared with that generated with GUS for the

same sample. The bias between both measurements reflects the

tendency of a method using one given CG to exceed the method

using another CG. It was calculated as the difference between both

measurements: bias = log(BCR-ABL1/ABL1IS) – log(BCR-
ABL1/GUS) for each sample. The CF is calculated as the antilog

of the mean bias between measurements with both methods.

Three markers of EMR were used: halving time, transcript level

at 3 months and log reduction between diagnosis and 3 months on

TKI. The halving time defines the number of days over which the

BCR-ABL1 transcript value shows a 2-fold decrease [20,23].

According to Branford et al, the following formula was used:

halving time = ln2*d/[ln(a)-ln(b)] where (a) is the transcript value

at diagnosis, (b) the transcript value of the 3-month follow-up and

(d) the number of days between both measurements. The log

reduction in transcript level is another measurement of early

molecular response [19]. This was defined as log(Transcript level

at diagnosis/Transcript level at 3 months). All the analyses were

performed on an intention-to-treat basis. Groups were compared

using the ANOVA or the Kruskal-Wallis test adjusted for multiple

comparisons when relevant. The Fisher Exact test and x2 test were

used to compare frequencies. Correlations between different

variables were investigated using the Pearson test.

Results and Discussion

1. The use of GUS as CG requires the application of a
conversion factor

In the first group of patients, the BCR-ABL1/ABL1 median

ratio at diagnosis was 69.3% (range: 25.0–121.0%) whereas the

BCR-ABL1/GUS median ratio was 15.1% (range: 8.3–51.1%).

In the second group (patients chosen for their transcript BCR-
ABL1IS values comprised between 6% and 14%), the median ratios

of these transcripts were 11.1% for BCR-ABL1/ABL1 (range: 6.7–

13.8%) and 3.1% (range: 2.2–5.8%) for BCR-ABL1/GUS.

In the third group (patients with transcript levels at 0.1%), the

median ratios were 0.089% for BCR-ABL1/ABL1 (range: 0.047–

0.183%) and 0.035% (range: 0.016–0.072%) for BCR-ABL1/GUS.

As samples were chosen according to their transcript value of 0.1%

when analysed in laboratory routine practice, and that all

measurement were performed again simultaneously for this study,

ratios vary slightly in this range of values. Therefore, we will refer to

this group of samples as ‘‘MMR-related samples’’ later in this study.

As expected, BCR-ABL1/ABL1IS and BCR-ABL1/GUS
values showed a direct correlation (r= 0.762; p,0.001).

These results indicate that the conversion from BCR-ABL1/

ABL1 to BCR-ABL1/GUS values would require the introduction

of a further conversion factor in order to adapt them to the

decision thresholds currently used for MRD monitoring. This

conversion is exemplified in figure 2 for the MMR threshold, for

which the transcript ratio of 0.1% using ABL1 corresponds to a

ratio of 0.036% using GUS.

The bias between measurements using ABL1 or GUS was

calculated for each sample. In diagnostic samples, the mean bias

was 0.65 (standard deviation SD: 0.12) whereas it valued at 0.45

(SD: 0.16) in samples with a 6–14% BCR-ABL1/ABL1 ratio and

was somewhat similar, 0.42 (SD: 0.12) in the third group. The CF

was then calculated as the antilog of the mean bias and valued at

4.45, 2.84, and 2.65 in the three groups of samples, respectively

(table 2). A CF of 2.14 was reported by Hanfstein et al [19].

Nevertheless, we observed that the mean bias (and therefore the

CF) differed within the different groups of samples (table 2 and

figure 3). In particular, it was significantly different in the group of

diagnostic samples (p,0.001, adjusted for multiple comparison

test) whereas it did not differ significantly between the two other

groups. Therefore, the conversion factor from BCR-ABL1/ABL1
to BCR-ABL1/GUS is not constant within the different disease

times and contrary to what was expected, is more pronounced at

Table 1. Patient Characteristics (N = 84).

Characteristics No. %

Age, years

Median 58

Range 20–89

Sex

Male 58 69

Female 26 31

Sokal risk group*

Low 19 24

Intermediate 34 43

High 23 29

Accelerated phase at diagnosis 3 4

Chromosomal abnormalities in addition to the
Philadelphia chromosome**

8 10

*We could not calculate Sokal score in 5 patients because of missing data.
**Information relative to chromosomal abnormalities was not available for 2
patients.
doi:10.1371/journal.pone.0106250.t001

Use of GUS or ABL1 as Control Gene and Early Molecular Response in CML

PLOS ONE | www.plosone.org 3 September 2014 | Volume 9 | Issue 9 | e106250

https://sites.google.com/site/gbmhmassociation/


diagnosis implying that GUS is not a better GC than ABL1 at

diagnosis.

2. GUS is overexpressed at diagnosis
This difference in CF values during the course of the disease was

due to the overexpression of GUS at diagnosis, with GUS mean

copy number of 290 800, 117 200 and 110 900 in the 3 groups,

respectively (p,0.001). Thus the higher copy number of GUS at

diagnosis is responsible for the higher CF. Although ABL1 is also

overestimated at diagnosis due to the quantification test bias (p,

0.001), GUS expression varies at least in the same range of values as

ABL1 (mean copy number: 66 500, 37 900 and 33 700, respectively)

(Figure 4). The values of transcripts, gene copy number and

conversion factor for the 3 groups are summarized in table 2.

This higher copy number of GUS at diagnosis is not due to the

higher number of cells at this point in the disease, since the

reverse-transcription protocol is designed to ensure that the same

amounts of RNA are used whatever the sample is (MRD or

diagnosis) [16,17].

It was previously reported that GUS was overexpressed at CML

diagnosis compared to healthy donors [16]. We thus hypothesized

that GUS may be overexpressed in leukemic cells compared to

normal cells and that GUS quantification may be correlated to the

BCR-ABL1 transcript level. Indeed, a significant correlation was

found between GUS and BCR-ABL1 copy number (R2 = 0.704;

p,0.001, figure 5).

This overexpression of GUS, impacts the BCR-ABL1/GUS
ratio at diagnosis and warrants the use of a unique conversion

factor for all disease levels. Nevertheless, the number of copies of

GUS did not differ significantly between the 6–14% samples and

MMR-related samples, nor did the ABL1 copy number.

Therefore, the quantification bias observed for diagnostic samples

does not seem to impact the values under 14%.

3. The transcript level at diagnosis does not impact on
the achievement of MMR

In order to determine whether the transcript level at diagnosis

could be used as a prognostic indicator for disease evolution, we

compared patients who achieved the MMR threshold 1 year after

TKI introduction (n = 70) and those who did not (n = 54). The

BCR-ABL1/GUS median ratio at diagnosis was 13.78% in the

first group and 15.96% in the second, and it did not differ

significantly between both groups; neither did the BCR-ABL1/

ABL1 median ratio (69.3% in both groups). The sub-group

analysis for patients receiving TKI 1st or 2nd generation did not

show any other difference for the BCR-ABL1/GUS or BCR-
ABL1/ABL1 ratios. Besides, no prognostic cut-off could be

identified for either BCR-ABL1/GUS or BCR-ABL1/ABL1 at

diagnosis. Therefore, the transcript level at this time, whatever CG

is used, does not predict the achievement of MMR after one year

of treatment. Another group reported that elevated BCR-ABL1/
GUS at diagnosis correlated with inferior probabilities of optimal

response [18]. We could not confirm these findings since we did

not identify any prognostic cut-off, which is in accordance with a

recent report assessing the absence of prognostic significance of

transcript level at diagnosis on OS and PFS [19].

4. The transcript kinetics between diagnosis and 3
months of treatment predicts reaching the MMR levels at
12 months

The median BCR-ABL1IS level in this 84-patient cohort was

69.6% (range, 25.0–95.7%) at diagnosis and 0.98% (range, 0.01–

Figure 2. The use of GUS as control gene would need the introduction of a conversion factor. The conversion from BCR-ABL1/ABL1 to BCR-
ABL1/GUS values would need the introduction of an additional conversion factor to define the major thresholds used in the clinics for the MRD
monitoring, as exemplified for the MMR threshold. (a) Graph A plots the (BCR-ABL1/ABL1)IS % value of each patient close to the MMR threshold. The
mean of 42 samples was 0.092%, 2 s.d. range 0.038–0.147%. (b) Graph B plots the BCR-ABL1/GUS % value of the same samples. The mean was 0.036%
and 2 s.d. range 0.010–0.062%.
doi:10.1371/journal.pone.0106250.g002

Figure 3. Box plot of the bias between (BCR-ABL1/ABL1)IS and
BCR-ABL1/GUS measurement in the 3 groups of samples. The bias
(leading to conversion factor calculation) was compared between 3
groups of samples: diagnostic samples, samples with 6–14% and 0.1%
transcript levels. It is significantly higher in the group of diagnostic
samples (*** represents p-value,0.001; ns, non-significant).
doi:10.1371/journal.pone.0106250.g003
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36.9%) at 3 months. We used a receiver operating characteristic

(ROC) curve to identify the optimal cut-off for the different

variables tested that would allow us to classify the patients as

presumably achieving or not the MMR at 12 months with

maximal sensitivity and specificity (table 3).

Transcript level at 3 months. It was recently demonstrated

that the persistence of BCR-ABL1IS transcript levels above 10% at

3 months identified a group of high-risk patients that would benefit

from treatment optimization [3,12]. Similarly, Marin et al. found

that patients with a transcript value #2.81% had a significantly

higher rate of MMR achievement during an 8-year follow-up [12].

Branford et al. reported a cut-off level for MMR achievement of

1.4% [20]. We tested, in our cohort, whether another cut-off point

could predict long-term achievement of MMR at 12 months.

Patients with BCR-ABL1IS transcript levels .0.99% at 3 months

had less chance of attaining the 1-year MMR threshold (18% vs.

84%, p,0.001). These results were concordant with recent reports

regarding the 3-month landmark analysis predictive of 1-year

MMR [3], including for separate analysis of patients on TKI 1st

and 2nd generation [5]. The use of BCR-ABL1/GUS levels with a

cut-off at 0.36% (corresponding to the 0.99% BCR-ABL1IS

corrected by the conversion factor of 2.65 defined for this MRD

Table 2. Summary of the results obtained in the 3 groups of samples.

Diagnosis samples 6–14% samples 0,1% samples p

n 124 18 42 /

BCR-ABL1/ABL1IS ratio (%)

median 69.3 11.1 0.089 /

range 25.0–121.0 6.7–13.8 0.047–0.183

BCR-ABL1/GUS ratio (%)

median 15.1 3.1 0.035 /

range 8.3–51.1 2.2–5.8 0.016–0.072

Bias

mean 0.65 0.45 0.42 ,0.001

standard deviation 0.12 0.16 0.12

antilog of bias = Conversion Factor 4.45 2.84 2.65

GUS copy number

mean 290,800 117,200 110,900 ,0.001

standard deviation 164,400 46,700 28,900

ABL1 copy number

mean 66,500 37,900 33,700 ,0.001

standard deviation 49,300 16,700 9,200

doi:10.1371/journal.pone.0106250.t002

Figure 4. Mean copy number of both control genes for the 3 groups of samples. GUS and ABL1 copy number is significantly higher at
diagnosis (*** represents p-value,0.001; ns, non-significant).
doi:10.1371/journal.pone.0106250.g004
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level) led to the same conclusions (p,0.001), for both generation of

TKI.

Halving time. The halving time defines the number of days

over which the BCR-ABL1 transcript value shows a 2-fold

decrease [20,23]. The median halving time was 18 days (range, 9–

202 days) and was similar between Imatinib (18 days) and 2nd

generation TKI (19 days). Using (BCR-ABL1/ABL1) IS, we found

that patients with a halving time #19 days (n = 46) had a superior

rate of MMR achievement at 12 months than patients with

halving time .19 days (n = 38) (85% vs. 18%, p,0.001). Similarly

to the predictive cut-off for transcript level at 3 months which

varies according to the end-point of the study, our halving time

cut-off value for 1-year MMR is lower than the 90-day cut-off used

by Branford et al. to predict survival [20], but confirms that the

transcript kinetics also represents an important information to

predict the MMR achievement. Using BCR-ABL1/GUS, we

found that the cut-off of 21 days separated both groups with the

maximal accuracy (22.5% vs. 84%, p,0.001). The same results

were obtained by TKI sub-group analysis.

Log reduction between diagnosis and 3 months. Similarly,

the reduction of the transcript BCR-ABL1/GUS ratio between

diagnosis and 3 months of treatment was reported as a predictor of

survival [3,19]. The median reduction in our cohort was a 43-time

decrease, corresponding to a 1.63 log reduction, and we identified

the value of 1.45 log reduction at 3 months as the best predictive

cut-off for MMR achievement. Eighty-one % of patients who

obtained a log reduction .1.45 achieved the MMR threshold at 12

months, vs. 19% of patients with a log reduction #1.45 (p,0.001).

By using the (BCR-ABL1/ABL1) IS ratio, the median log reduction

was 1.86 and a cut-off of 1.70 log reduction allowed the best

discrimination for MMR achievement (83% vs. 19%, p,0.001).

The same results were obtained by TKI sub-group analysis. Of

note, all the patients with a BCR-ABL1IS transcript level #0.99%

at 3 months also obtained a log reduction .1.70.

Therefore, the use of halving time, log reduction or transcript

level at 3 months seem to have similar capacity to predict the

molecular evolution of a patient, whatever CG is used. The

comparison of EMR obtained according to the 3 markers using

ABL1 as CG is shown figure 6. Nevertheless, 7 patients still did

not achieve MMR at 12 months although they obtained all the

cut-offs listed here (BCR-ABL1IS ratio #0.99% at 3 and 6

months, a halving time #19 days and a log reduction ,1.70) (7

patients out of 43: 16%). No treatment interruption or transfor-

mation was reported for these patients and all of them achieved

the 0.1% threshold 15 to 22 months after treatment initiation

without changing therapy (3 patients on Imatinib, 3 Dasatinib, 1

Nilotinib), suggesting that some patients may respond more slowly

to TKI therapy. Conversely, 6 patients obtained MMR at 12

months although they were classified as high-risk patients

according to each of these early molecular markers (BCR-ABL1IS

ratio .0.99% at 3 months, a halving time .19 days and a log

reduction ,1.70) (6 patients out of 35: 17%). Interestingly, of these

6 patients, 5 had a BCR-ABL1IS ratio #1% at 6 months (3 on

Imatinib, 1 Dasatinib, 1 Nilotinib) and 4 obtained a deep

molecular response level of at least MR4 at a later stage. It is

noteworthy that the cohort of discordant patients is too small to

identify the best EMR marker (if one of them would be superior to

others). Although all the markers seem to be relevant, the halving

time cut-off identified allows the earliest detection of EMR failure.

5. Validation of the early 19 days monitoring time point
The observation that a halving time cut-off of 19 days may

distinguish patients more likely to achieve MMR 1 year after

diagnosis is a new finding that could change the current practices

of molecular follow-up. In other words, a patient whose transcript

level has not decreased by half after 19 days of treatment would

benefit from an early switch of TKI. In order to confirm this

finding, we evaluated this cut-off in a validation cohort of 58

patients. Only the BCR-ABL1/ABL1 ratios were determined in

this cohort, since we demonstrated the equivalence of both CG for

the determination of EMR markers. The median halving time was

11 days (range, 3–171 days). MMR achievement rate was 70% in

patients with a halving time #19 days (n = 43) and 7% in patients

with a halving time .19 days (n = 15) (p,0.001), thus confirming

Figure 5. The copy number of GUS and BCR-ABL1 are highly correlated. This supports the hypothesis that GUS may be overexpressed in
leukemic cells compared to normal cells.
doi:10.1371/journal.pone.0106250.g005
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the reliability of this cut-off. Similarly, cut-offs of 1.70 for log

reduction and 0.99% for the 3-month ratio also showed a good

distinction between patients achieving MMR and those who did

not (log reduction: 89% vs 20%, p,0.001; 3–month ratio: 88% vs

27%, p,0.001).

6. Conclusions
Does GUS represent a better CG than ABL1? Although

GUS may be used as CG to quantify the BCR-ABL1 transcript,

our study highlights that the use of BCR-ABL1/GUS instead of

BCR-ABL1/ABL1 would have several consequences.

Firstly, GUS and ABL1 are not expressed in the same range of

values, which impacts the ratio BCR-ABL1/[CG] and requires a

conversion factor to assess the connection between both measure-

ments. This signifies that the use of GUS as CG would (i) imply a

new standardization of the international scale and (ii) change in

particular the MRD thresholds defined in the international

recommendations to assess patient’s response to therapy as the

MMR threshold [1].

Secondly, we highlighted that GUS transcript levels at diagnosis

show a direct correlation with BCR-ABL1 levels, thus raising the

hypothesis that GUS expression may depend on BCR-ABL1
transcript level. Therefore, although GUS measurement is not

affected by a technical quantification bias as observed with ABL1,

this overexpression (directly linked to BCR-ABL1 expression or

not) does not allow more precise quantification of BCR-ABL1 at

diagnosis. Furthermore, GUS expression varies in a greater range

of values than ABL1 between the different disease times, which

may preclude its use to assess the BCR-ABL1 transcript kinetics of

the EMR. Given the limitations described, we therefore do not

consider that the replacement of ABL1 by GUS represents an

ideal option to assess EMR in CML patients.

Evaluation of molecular response with time-dependent

variables. In the second part of our study, we investigated

different ways recently described to assess the EMR and evaluated

the ability of BCR-ABL1/GUS and BCR-ABL1/ABL1 kinetics to

predict the achievement of MMR 12 months after the TKI

introduction. Using stringent inclusion criteria to ensure the

reliability of our findings, we confirmed the strong predictive value

of several early molecular markers in CML patients treated with

1st or 2nd generation TKI: the transcript level at 3 months of

treatment, the halving time and the log-reduction of transcript

levels between diagnosis and 3 months. We described the optimal

cut-offs for the different markers for predicting 12-month MMR

achievement in our cohort. In accordance with previous studies

[3,10,12], we found that these molecular markers may predict

patient molecular evolution with accuracy since the rate of

molecular response was lower in patients with EMR failure than in

patients who achieved EMR. Thus, in a near future the evaluation

of the molecular response of each patient to TKI therapy will not

only use the raw transcript levels but also different time-dependent

variables assessing the transcript kinetics which are predictive of

future molecular response and survival. Of note, there is currently

no evidence that the use of GUS enables the prediction of patient

evolution with more accuracy than ABL1. We identified a time

point of 19 days after TKI introduction to assess whether halving

time has been reached and these results were confirmed in an

additional validation cohort. Patients whose transcript level has

not decreased by half after 19 days of treatment are less likely to

achieve MMR 1 year after diagnosis. It would therefore be

appropriate to add this time point to patient monitoring in order

to identify those patients likely to benefit from an early switch of

TKI. Although these results remain to be validated on larger

cohorts of patients, they suggest that it would be helpful to monitor

BCR-ABL1 levels at an earlier time point (close to 19 days) than

Figure 6. BCR-ABL1/ABL1IS transcript evolution of patients according to their classification with the 3 EMR markers. Three markers were
used to assess early molecular response (EMR) with the use of BCR-ABL1/ABL1IS ratio: transcript level at 3 months, halving time and log reduction.
Patients are classified as ‘‘high-risk’’ or ‘‘low-risk’’ according to the cut-offs described for each marker (see table 3) and their transcript level evolution
at 6 and 12 months is reported. A: In most cases, all three markers were consistent to classify these patients as high risk (left part) or low risk (right
part). B: In some discordant cases one of the markers showed a predictive value that differed from the other two. In this latter case, we took into
account both concordant markers to classify the patients.
doi:10.1371/journal.pone.0106250.g006
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realized in the current practice, in order to accurately assess

response to TKI.
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