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Abstract
B ackground: Chronic myeloid leukemia (CML), a blood

, 1s*€aused by translocation between
BCR-ABL. In 20" century, CML was a deadly
remission in over 80% CML patients.

chromosomes 22 and 9 that gives rises to fu

Nevertheless, TKIs are expensive, and discontinua
treatment response. As no molecular markers of d
out molecular determinants of durable resp

Methods: Peripheral blood and cli were collected from CML patients with durable treatment
response, along with appropriate contro as extracted and whole exome sequencing (WES) carried out
to screen novel genes mutated dhly in mental groups and absent in control groups. Mutations were

confirmed using Sanger sequenci Datalwas analyzed using SPSS version 23.

0 genes mutated exclusively in CML patients with durable treatment
response, Sanger seq fl confirm mutations only in RAI1 gene (GC deletion at nucleotides 837-838,

a frameshift mu

Conclusions;
CML patien

ws that mutations in a novel gene (RAI1) are associated with durable response in
1 gene is active throughout the body and controls functions of many genes involved in daily
tudiés provide first important insights into molecular factors associated with long-term
e in CML that can serve as novel biomarker to identify patients eligible for TKI cessation in
ML STOP-TKI trials.
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Introduction

Chronic myeloid leukemia (CML) is an acquired
myeloproliferative neoplasm characterized by the
presence of Philadelphia (Ph) chromosome resulting
from reciprocal translocation between chromosomes 9
and 22, t (9;22) (q34; qll) [1]. This translocation
involves the ABL1 gene on chromosome 9 and the BCR
gene on chromosome 22 and formation of a BCR-ABL
fusion gene [2]. This BCR-ABL is an oncogene which
codes for 210 kDa oncoprotein with increased tyrosine
kinase activity [3]. Imatinib mesylate (IM) is synthetic
tyrosine kinase inhibitor (TKIs) designed as the first
specific molecularly targeted drug to inhibit the BCR-
ABL fusion protein in CML [4]. In last two decades, IM
has been used as a gold standard drug for the treatment
of newly diagnosed Ph chromosome positive CML
patients [4]. Second and third generation tyrosine kinase
inhibitors (TKIs) have further improved survival of CML
patients and in recent era the life expectancy of chronic
phase CML patients equals to general population at least
in developed countries [5]. This led to the idea of
cessation of TKI therapy in a subset of CML patients who
have long-term response, also known as treatment-free
remission.

Although TKI therapy is very effective, it is very
expensive that makes initial clinical recommendations
of prescribing TKIs for whole life impractical [6]. The
expense of targeted therapies may hinder sustaining
TKI-based treatment, not only in developing countries
but even in developed countries [7,8]. Furthermore, due
to high effectiveness of TKI therapy in recent ,
achievement of the durable molecular response (log
reduction BCR-ABLI1 transcripts) in about o
CML patients makes them candidates for_c

targeted therapy, termed as treatmentgffee r n
(TFR) in recent years [8]. This led to nitiation of TFR
trials in CML long-term TKI res s arpund the
world that led to successful T py ation in a
subset of CML patients with du malecular response

C ical guidelines

[9, 10]. Accordingly 4
recommend TFR a: oobjective of CML treatment

rable or durable molecular
response (DMR) for moréghan two years, in addition to
other clinical parameters [11]. Nevertheless, very recent
data suggests that about half of the patient subjected to
cessation of TKI therapy experienced disease relapse
[12]. Currently, clinical criteria to select CML patients
with durable molecular response does not include any
molecular biomarkers except molecular response
monitoring, a parameter that has many levels and
therefore has been adopted differently by different CML
groups globally [8-12]. Historically, a lot of work has
been done to find out biomarkers of inferior outcome of

CML patients but there are very few studies to find out
molecular biomarkers of superior outcome, specifically
related to TKI treatment, in CML [9,10,13]. Therefore, it
is the need of the hour to find out molecular biomarkers
of durable molecular response in CML patients that can
be utilized to identify patients that candidates for TFR
in CML [12, 13]. Keeping that in view, this study was
carried out to find novel genomic variants associated
with long-term response to TKIs in CML patients by
employing next-generation DNA sequencing.

Methods

Patient Selection:
In this study, 142 Ph-chromosomeQposi C

patients were recruited who were recei if1ib
mesylate (IM) as first-line therapy a otinib, (NI) as
second-line treatment in case®f IM\gesistafice or non-
responsiveness. These CML pati uited from

Hayatabad Medical Compl
Pakhtunkhawa (KP) Paki

C)WBeshawar, Khyber
uary 2012 to Dec

also included. Ou
phase (CP-),

log 4.5, n=63, 44.4%) were control group 1 (11). AP-

(n=6, 4.2%) and BC-CML (n=13, 9.2%) were also
included as additional control groups (control groups 2
and 3, respectively). Healthy controls (n=10) were
included as control group 4. All response criteria were
per European LeukemiaNet (ELN) guidelines 2013
(stated below) as treatment of patients started in Jan
2012 [6]. Study was approved by ethical review boards of
participating centers. Consent was taken from the study
subjects and the study was conducted in accordance
with the Declaration of Helsinki.

Clinical Criteria:

Disease Phases: In the peripheral blood, CML-CP was
characterized as the presence of less than 5% blast cells,
15 to 19% basophils, less than 30% blast and
promyelocyte cells, and no evidence of blast cells in
extramedullary sites [14]. Blasts in blood or marrow 15-
29% or greater than or equal to 30% blasts and
promyelocytes (with blasts count less than 30 percent)
in blood or bone marrow were classified as CML-AP. The
presence of equal to or higher than 30% blasts in blood
or bone marrow, as well as blast cells in extramedullary
sites other than the spleen, was used to assign BC-CML.
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Response Criteria:

Complete hematological response (CHR) was defined as
platelet count of less than 450 x 109/L, WBC count of
less than 10 x 109/L, differential count without
immature granulocytes and with less than 5% basophils,
along with no extramedullary disease and all disease-
related signs and symptoms have disappeared.
Anything less than CHR was taken as partial
hematological response (PHR). Complete cytogenetic
response (CCyR) was defined as 0%-1% Ph+ cells out of
> 200 metaphases by cytogenetic analysis. Partial
cytogenetic response (PCyR) was considered as 1-35%;
Ph+ cells, minor cytogenetic response (mCyR) as 36—
65% Ph+ cells and minimal cytogenetic response
(miCyR) as 66-95% Ph+ cells while no cytogenetic
response (nCyR) was taken as Ph+ cells equal to at least
95% (6) .

The ELN response to treatment was considered
optimal at 3 months when Ph+ chromosomes were 35%,
warning when Ph+ chromosomes were 36-95%, and
failure when the percentage of Ph+ chromosomes was
>95%. Similarly, optimal response at 6 months when Ph+
0% and failure when Ph+ chromosomes were >95%,
warning when Ph+ 1-35%, and failure when Ph+ >3§%.
Due to ELN requirements requiring molecular testing
interpretation, we were unable to measure the
treatment response at 12 months [6]. The revised

guidelines were used to define molecular S
Major molecular response (MMR) was descri alber-
abl /abl ratio cutoff of <0.1%, MR4 wa si sa
ratio £0.01%, and MR4.5 as ratio of 0 ].

Survival definitions:
(i) From the start of IM them@py ast follow-up
date or the patients expireg g the OS (overall
survival) was measufed. (i PFS (progression-free

the start of first diagnosis
CML to AP or BC, or until

Blerance because of therapy-related
e, JM dosage was decreased. If grade 3 or 4

the toxicity diminished.

Study approval:

This study was approved by the institutional ethical
review committees of all participating centers which
comply with the Declaration of Helsinki [16]. A written
informed consent was derived from all participants in
the present study.

Patient Treatment:

Prior to treatment, patients were categorized into
various risk categories, using clinical and laboratory
data [6, 17]. Patients with CML-CP were given 400 mg of
imatinib orally once a day. In IM non-responders or
patients with suboptimal cytogenetic response (minor
or minimal) after 6 months, the IM dose was increased
to 600-800mg daily. Patients with new-onset AP or BC
were given 600-800mg IM regular. Nilotinib was used as
a first-line treatment in CP patients who developed
resistance or intolerance to IM, and as a second-line
treatment in AP and BC at a dose of 400mg twice a day,
with doses increasing to 60 800mg twice a day if
response was low. T at refction to treatment
was assessed clinically, ounts were checked
every 4-8 weeks. A no months, 12 months, and
yearly theredfter, d§piratedifrom bone marrow were used
for cytogenetic ular analysis using real-time
quantitati CR;Qand all definitions for molecular
respon we pted per international guidelines

ection & DNA extraction
tilized EDTA blood collection tubes to extract
eral blood samples (3-5 mL) (BD Vacutainer
Systems, Franklin Lakes, and N.J.). The QIAamp DNA
lood Mini Kit (Qiagen, Hilden, Germany) was used to
remove genomic DNA (gDNA) from the entire blood of
advanced-stage CML patients [19]. The DNA was
quantified with  NanoDrop  Spectrophotometer
(NanoDrop Technologies, Inc., USA) and diluted into 70-
80ng/1 aliquots for whole exome sequencing (WES). The
rest of the DNA was diluted to 40ng/l for mutation
validation and later use on Sanger sequencing. DNA was
kept in a -80°C freezer until it was time to test it.

Whole Exome Sequencing (WES)

WES was carried out at Centre for Genetics and Inherited
Diseases, College of Medicine, Taibah University,
Medina Saudi Arabia. For library preparation and exome
enrichment, we used the SureSelectXT V6-Post Capture
Exome package (SureSelect, Agilent). Exonic and intron
flanking regions were enriched using Illumina Paired-
End Multiplexed Sequencing (SureSelectXT2) according
to manufacturer protocol. In a brief, 50ng of DNA was
fragmented and tagmentation was performed.
Purification and amplification followed the DNA
tagmentation process. The amplified DNA libraries were
purified with magnetic beads, and target regions were
captured with oligos (entire exome), followed by PCR
amplification of the enriched libraries. The enriched
libraries were quantified using a Qubit fluorometer, and
the distribution of library size was calculated using an
Agilent Bioanalyzer. Finally, the quantified DNA
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libraries were loaded onto a flow cell for cluster
generation and whole exome sequencing using an
[llumina NextSeq500 computer [20].

Data Analysis for Exome sequencing

BCL2FASTQ program was used to convert the WES
output BCL files to FASTQ files. BWA aligner was used
to align the FASTQ files to the human genome
(GRCh37/hg19) using the BWA-MEM algorithm. The
GATK (Genome Analysis Tool Kit) was used to name
variants. Illumina Variant Studio was used to annotate
and filter genomic variants [20].

Strategy for variant analysis

To discover a common biomarker of CML progression,
we first focused on DNA repair genes that were mutated
in all advanced phase CML patients. WES annotated
Excel file and was processed in the following manner:
first, all synonymous and intron variants were removed.
Second, “rare variants calling” was performed, which
was described as a filtration strategy for all variants with
less than 70% of allele frequencies. Furthermore, all
Tolerant (T) and Benign (B) Variants that had a known
prediction were removed. We considered multiple B or T
to be B if the frequency of Bwas 70% or T if the frequency
of T was 70%, and all TBB combinations were
eliminated. Finally, WES data were examined for driver
mutations, which are gene variants that are not found in
CP-CML patients but are found in AP-BC CML patients,
suggesting that these variants may be involved in
disease progression.

Variants validation by Sanger Sequencing
To confirm the WES-identified variants in B

RAI1 and KCNJ12, Sanger sequencing [21
University of California Santa Cru
browser  (http://genome.ucsc.ed
was used to obtain specific g
variants in detected genes. F

ibi ateway)
rs for the

preparation, a
0 @enetic Analyzer
ia, , and ABI PRISM
equéficing Ready Reaction
kits were used (V.3). O@yCML patients, whole-exome
sequencing was performed? We confirmed RAII gene
since it is associated with good response to imatinib.
The RAII gene, which is active throughout the body and
regulates the functions of many genes involved in daily
rhythms, had different frameshift mutations.

Statistical Analysis of patient data

Based on the normality test, we presented absolute
numbers and percentages for categorical variables, as
well as mean and median with an adequate measure of
variance for continuous variables. Association between

two groups for categorical data were compared using
Chi-Square or Fisher’s exact test. For continuous data,
the two-sample independent test or the Mann Whitney
U test was used, depending on the normality hypothesis.
For >3 groups, analysis of variance (ANOVA) or Kruskal-
Wallis test was utilized. All statistical tests were
performed using [SAS/STAT] software version 9.4 (SAS
Institute Inc., Cary, NC, USA.) and for statistical
computing, R foundation was used (Vienna, Austria).
The Sokal risk score was determined according to the
literature description [17].

Results

Overall, 142 CML patients were inclu in tudy,
with mean age of 35.5 (range: 9-67) yea o
female ratio of 1.6:1. The mean hem count
and platelet count were d 400.2,
respectively. CP-, AP- and ients were

123 (86.6%), 6 (4.2%) and
mean age of CP, AP, and
and 38.1 years, re
11 disease phases with

.5:1,72:1 and 1.6:1 for CP-, AP-
vely (p=0.02). Furthermore, CP-
ifferent from advanced phase
respect to male to female ratio,
, WBC count, platelet count and
able 1).

[Patients Group |Statistica1
CP-CML,N |AP-CML,N [BC-CMLN [ .° ..~
(%) (%) %)
# of Patients 123(87.2) |6 (4.3) 13 (8.5) IP=0.05
|Age (in years) b
Mean (range) [35.5 9-67) [35.6 (27-43) [38.1 (29-50) p=0-4
IGender
Male 74 (60.2) K (66.67) 8 (66.7) p=0.02
[Female 149 (39.8) 2 (33.33) K4 (33.3) .
[Ratio of Male: Female 1.5:1 2:1 2:1
[Hemoglobin (g/dL)
Mean: 10.1 b
<12g/dl 69 (56.1) |5 (83.3) 9 (75) [P =0.0642
>12g/dl 14(11.4) |1 (16.7) 3 (25)
[WBC count (x 109/L)
IMean: 317.9
<50 20 16.3) 1 20) [ a6.7) [P =0.0184
>/=50 lo4 52) 5 80 [10(83.3)
Platelets (x 109/L)
IMean: 400.2
<450 75 (61) 4 (66.7) 10(83.3) [P =0.05
>/=450 33(26.8) [2(33.3) 2 (16.7)
Splenomegaly
<5cm 14 (3.3) 0 (0) 0 (0)
5-8cm 9 (7.3) 1(16.7) 3 (25) [P =0.06
>8cm 70 (56.9) [5(83.3) 9 (75)
INo splenomegaly M40 (32.5) 0 (0) 0 IP = 0.0044
IHepatomegaly 35 (28.5) K4 (66.7) 8 (66.7) IP=0.0014
|JAnemia 97 (78.9) 5 (83.3) 9 (75) IP = 0.9807
Pregnant 4 (8.2) 0 (0) 0 (0) P = 0.2090

Table 1: Comparison of demographic and laboratory
parameters between CP-, AP- and BC-CML patients.
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Overall, 66.7% (82), 4 (66.7%) and 7 (53.8%) of CP-, AP-
and BC-CML patients received standard imatinib dose,
respectively. About 33.3% (41) CP-CML switched from
interferon to imatinib. All patients resistant or
intolerant to imatinib were switched to standard dose
nilotinib. Other second generation and third generation
TKIs were not available. Mean follow-up of CP-, AP- and
BC-CML was 66, 28 and 14.2 months, respectively.
Among CP-CML patients, 60 (42.2%) had durable
molecular response (log 4.5 MMR durable for at least
three consecutive years) while 63 (44.4%) CP-CML
patients did not quality criteria for DMR. Therefore, our
CML patients were grouped into CP-CML with DMR
(experimental group), CP-CML without DMR (control
group 1), AP-CML (control group 2) and BC-CML
(control group 4) patients. It is important to mention
that as all CP-CML patients in experimental group and
control group 1 had at least MMR, both groups had no
statistical difference with respect to clinical features,
except durable molecular response.

Exome sequencing
Initial screening for mutations for genes related to
durable response
In initial WES screening, mutations were detected
PTPN22, TTN, PDLIM4, CACNA1B, CELF2, A}
MYO16, TP53, RAI1 and KCNJ12 for CP-CML
durable MMR (experimental group). Mutatio

genes were not detected in any of control g
as in healthy controls (Table 2)

IPatients Group

Characteristics  [CP-CML, N ’AP—CML, N [BG
(%) (%)

[Sokal Score

<0.8 owrisk)  [29 (23.6) o

0-8-1.2 52 (42.3)

(intermediate risk)
>1.2 (high risk) 10 (32

(100%)

Imatinib 7 (53.8) IP =0.7260
INilotinib as 2nd 3 (61.5) P = 0.0065
0 (0) P = 0.0038

28 (14-41) [14.2 (12-28) [NA

0 (0) 9 (69.2) P = 0.0003

113(91
.9)

up (overall IP = 0.0003
survival)
Table legends: WES: Whole Exome Sequencing, WBC; White blood Cells, CP;
Chronic Phase, AP; Accelerated Phase, BC; Blast Phase, CP-CML; Chronic Phase-
Chronic Myeloid Leukemia, AP-CML; Accelerated Phase-Chronic Myeloid Leukemia,
BC-CML; Blast Phase-Chronic Myeloid Leukemia.

Table 2: Comparison of clinical data between three phases of
CML.

6 (100) 4 (30.8)

Mutation validation by Sanger Sequencing

Sanger sequencing was employed to confirm mutations
in PTPN22, TTN, PDLIM4, CACNA1B, CELF2, ANO5,
MYO16, TP53, RAI1 and KCNJ12 in all patient groups.

)

We could confirm RAI1 gene mutation (GC deletion at
nucleotides 837-838) in our experimental group (CP-
CML patients with durable MMR) but in none of other
control groups. Bioinformatics analysis revealed that
this two-nucleotide deletion leads to frameshift
mutation at amino-acid 279 (GIn279fs) which leads to
change in all amino-acids downstream of GIn279 in
RAI1 protein (Table 3). It shows that this RAI1 mutation
is associated with durable MMR in CML patients and
could be potential new biomarker for durable molecular
response in CML patients treated with tyrosine kinase
inhibitors.

©2135-4delT

©.10361-5delT jon_variant & intron_variant Low

©.-62_-60delTGC

01C>G PAsN1E;
©.-03_-034@IGAGA
n GA
3del
o TTGTG
1813 IAAA

enes variants associated exclusively with long-

5_prime_UTR _variant MODIFIER

Missense_variant MODERATE
MODIFIER
MODIFIER
MODIFIER

Upstream_gene_variant
Upstream_gene_variant
3_prime_UTR_variant

MODIFIER

MODIFIER
HIGH
HIGH

5_prime_UTR_variant MODIFIER

CML was associated with younger age in our patient
groups. We found mean age of CP, AP, and BC CML
patients to be 33.5, 35.6 and 38.1 years in our studies,
which is in accordance with various other studies [23].
Bansal et al. reported median age of 38 years in newly
diagnosed Indian CML patients [24]. Two previous
studies published from Pakistan have reported median
ages of 38 and 37 years for CML patients [25]. In contrast
to our study a study conducted in Atlanta reported the
median age for CML patients was 74.8 years [27].

In our studies, 42.2% of CP-CML patients had durable
molecular response (MMR durable for at least three
consecutive years). Similarly, a study conducted in UK
showed that 35% imatinib-treated CML patients showed
durable MMR [26]. Another study carried out in Pakistan
reported 86% MMR and 39% durable molecular response
[25].

The goal of current management of patients with
chronic phase chronic myeloid leukemia (CML) is to
reach treatment-free remission with durable deep
molecular remission (DMR) being the prerequisite.
Therefore, Second-generation tyrosine kinase inhibitors
can induce deeper and faster remission than imatinib.
Nilotinib was noted to provide the highest rate of MMR
among other TKIs [28]. a retrospective observational
study conducted in --- found that patients with chronic-
phase CML who had been prescribed a first line imatinib.
A durable molecular response was observed in 50% and
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29% of the patients, however more durable molecular
responses were observed in patients who receive a

second-generation TKI second line 77% and 44% of

evaluable patients with >13 months follow-up [29].
Finding CML patients who achieve DMR has clinical
significance as these patients are candidates for TFR and
discontinuation of TKI therapy which is focus of many
ongoing clinical trials [30]. Unfortunately, no reliable
biomarkers of DMR and TFR are currently available that
can early identify such CML patient groups [31]. In our
studies, exome sequencing of CP-CML patients' groups
with DMR found RAI gene mutation (GC deletion at
nucleotides 837-838, corresponding to frameshift
mutation at amino-acid 279/ GIn279fs). This mutation

was detected in all DMR CP-CML patients but in none of

non-DMR CP-CML, AP-CML, BC-CML or healthy
controls. RAI gene has never been reported in any type
of leukemia or other related diseases [32].

Retinoic acid-inducible or induced gene 1 (RAI-1)was
firstly identified as a main regulator of neuronal and
glial differentiation induced during a mouse model of
embryonal carcinoma cell line after treatment with high
doses of retinoic acid [32]. At the transcriptional level,
retinoids regulate gene expression in a variety of cells
and tissues. Downstream regulatory molecules such as
enzymes, transcription factors, cytokines, and cytokine
receptors are all transcriptionally regulated by retinoic
acid. The role of retinoid signaling pathways in the
regulation of synaptic plasticity and learning has been
demonstrated in animal models. (ref11). The RAII gene
provides instructions for making a protein that is actj
in cells throughout the body, particularly nerve cglls
(neurons) in the brain. Located in the nucleus o
the RAI1 protein helps control the activity (eXpres

of certain genes [32]. Most of the genesftegul@ted b
RAII have not been identified. ns S
ok

le for a
phenotype like 17p11.2 del me [33].
However, studies suggest that in controls the
expression of several nvoled infdaily (circadian)
rhythms, such as thg ake cycle. The RAII protein
also appears to play e :
and of bones in the hea
[32].

RAIl is a dosage-sensitive gene. Several studies have
indicated that the chromosomal segment of RAI1 gene
is critically involved in both SMS and Potocki-Lupski
syndrome with deletions and duplications, respectively
[34]. Murine models of SMS, deletions of the area
containing RAIlI or focused on targeted gene
inactivation, cause the vast majority of the clinical
features seen in the SMS patients (craniofacial
anomalies, obesity, unusual circadian rhythm, and
seizures) [35]. However, murine models with duplication

ng
decreased amount of RAII gene ar

and face (craniofacial bones)

incorporating RAII or with additional duplicates of RAII
showed entirely restricting aggregates in hyperphagia,
body weight, percent of muscle to fat ratio, anxiety,
social and behavioral conduct, and hyperactivity [36].

A recent study identified two SNPs (rs9907986 and
rs4925102) in the 5’-upstream region (5-UTR) as
putative regulatory elements to investigate the possible
involvement of RAIl in the pathogenesis of
neuropsychiatric disorders [37, 38]. These two SNPs,
which fall within the binding sites for the transcription
factors DEAF1 and the retinoic acid RXRa-RARaq,
account for 30-40% of the variance in RAII mRNA

expression in the prefrontal and tempor X,
respectively. A recent study found a mitatio A

in a patient with clinical features like th S
but negative for both the 17p11.2 ion'and RAII
mutations, further supportingﬁqe function ‘AF1 in
controlling RAII expressi y exome

sequencing [39].

Genetic variations a ass with clinical
responses to Imatinib Mesylate. The human organic
cation transporte ; SL@22A1) has been reported
to be the main infl spotter involved in IM uptake
esponse may be influenced by
r changes in hOCT1 expression.

pared to the IM-responder group, the hOCT1
3 icantly downregulated in the samples of
stant group (p =0.0211), according to a study
Mill patients [6]. Moreover, IM uptake is mediated
b CT1 protein generated by the solute carrier 22
(SLC22A1). A study has investigated the impact of
ew single-nucleotide polymorphisms (SNPs) of
SLC22A1 on mediating resistance and/or good response
to IM among 278 Malaysian CML patients. Results
showed as compared to the IM good response group,
allelic frequencies of heterozygous (CG) and
homozygous variant (GG) genotypes of SLC22A1 C480G
were significantly higher in the IM-resistant group
(41.8% versus 30.3% and 10.9% versus 4.5% with P
values of 0.047 and 0.048, respectively) [40].

In nearly all cases, patients who relapsed in these trials
remained sensitive to TKIs and regained MMR upon re-
treatment. Based on these findings, Imatinib is highly
effective in most patients with CML-CP; patients who
respond are likely to live substantially longer than those
treated with earlier therapies [5]. Achieving CCyR
correlated with PFS and overall survival but achieving
MMR had no further predictive value. Only restricted
CML patients will currently maintain a TFR. While this
target appeals to young patients and those without
other comorbidities, we agree that it will eventually
become the therapy goal for all CML patients if we can
find ways to increase the rate of effective
discontinuation with a minimum of side effects. As a
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result, efforts to incorporate TFR through biological and
clinical research programs must also consider logistic
procedures that are simpler than those currently
recommended, in order to expand the TFR option to a
larger population of CML patients around the world.
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