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ABSTRACT

lonal chromosome abnormalities in Philadelphia-negative cells

could concern chronic myeloid leukemia patients treated by

tyrosine kinase inhibitors. The European LeukemiaNet distin-
guishes -7/del(7q) abnormalities as a “warning”. However, the impact of
clonal chromosome abnormalities, and specifically those of -7/del(7q), in
Philadelphia-negative cells on clinical outcomes is unclear and based on
case-reports showing morphological dysplasia and increased risk of acute
myeloid leukemia, suggesting the coexistence of chronic myeloid leukemia
and high-risk myelodysplastic syndrome. The aim of this study was to
determine whether the impact of -7/del(7q) clonal chromosome abnormal-
ities in Philadelphia-negative cells on the clinical outcome is different from
that of other types of abnormalities, and we argue for an underlying asso-
ciated high-risk myelodysplastic syndrome. Among 102 chronic myeloid
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leukemia patients with clonal chromosome abnormalities in Philadelphia-negative cells with more than a
median of 6 years of follow up, patients with -7/del(7q) more frequently had signs of dysplasia, a lower
cumulative incidence of deep molecular response and often needed further treatment lines, with the conse-
quent impact on event-free and progression-free survival. Morphological features of dysplasia are associated
with myelodysplastic syndrome/acute myeloid leukemia mutations and compromise the optimal response
to tyrosine kinase inhibitors, irrespectively of the type of clonal chromosome abnormalities in Philadelphia-
negative cells. However, mutation patterns determined by next-generation sequencing could not clearly
explain the underlying high-risk disease. We hereby confirm the pejorative prognostic value of -7/del(7q)
clonal chromosome abnormalities in Philadelphia-negative cells and suggest that myelodysplastic features
constitute a warning signal that response to tyrosine kinase inhibitors may be less than optimal.

Introduction

Concurrently with the BCR-ABL1 fusion gene resulting
from t(9;22)(q34;q11) in Philadelphia-positive (Ph") cells,
clonal chromosome abnormalities (CCA) can be present at
the time of diagnosis of chronic myeloid leukemia (CML) or
emerge during therapy. CCA in Ph* cells (CCA/Ph") are well
known; they are associated with clonal cytogenetic evolu-
tion and failure of tyrosine kinase inhibitor (TKI) therapy.'
However, CCA may also occur in Philadelphia-negative
cells (CCA/Ph). According to reported series, CCA/Ph
could be present in 2% to 17% of CML patients treated
with TKI. These differences in frequencies could be partly
explained by taking into account (or not) the loss of chro-
mosome Y and transitory abnormalities.”” While the fre-
quency of CCA/Ph varies greatly from study to study,
other characteristics seem more reproducible, such as the
median age at onset (between 49 and 58 years), the median
time of the first appearance during TKI therapy (between
10 and 17 months) and the type of CCA/Ph" which is,
according to their frequencies: trisomy 8 (+8), monosomy
7/deletion 7q [-7/del(7q)], loss of the Y chromosome (-Y),
deletion 20q (20q) and others. Despite very limited infor-
mation on the occurrence of this phenomenon among
patients treated with second-generation TKI, the incidence
and type of abnormalities after nilotinib or dasatinib treat-
ment seem to be similar to those reported in patients after
imatinib therapy.*”®

Controversies still exist regarding the emergence of
CCA/Ph;, not only on the time of appearance (before or
after treatment), but also on the potential impact of the type
of TKI or high doses of TKI. For Kovitz et al’ the appear-
ance of CCA was not observed in the Ph' cells prior to ther-
apy with interferon or imatinib. This pleads for a support-
ing action of the treatment or a selective pressure on pro-
genitor cells. Conversely, HUMARA-polymerase chain
reaction and deep mutational screening of Ph' cells could
argue for the existence of clonal Ph™ hematopoiesis, either
before or after CML therapy.”" It could then be speculated
that a clonal Ph' state could precede the acquisition of BCR-
ABL1, as evidence of a two-step model of CML. Another
hypothesis is that Ph* or Ph concomitant clones arise from
genetically unstable progenitors, with the Ph' clone revealed
at the time of TKI-induced remission of CML.

Most CCA/Ph are similar to those commonly associated
with myelodysplastic syndromes (MDS) or secondary
acute myeloid leukemia (AML), raising many questions
about their association with myelodysplasia and the risk of
transformation to MDS or AML. In 2013, the European
LeukemiaNet (ELN) recommendations,' -7/del(7q) abnor-
malities are considered as a “warning” compared to other

CCA/Ph. This is an innovation compared to the 2009 ELN
recommendations. This singling out of -7/del(7q) abnormal-
ities was based on some case reports indicating MDS fea-
tures and an increased risk of AML development among
patients with such abnormalities, not present with other
CCA/Ph in the absence of dysplasia.”””* Indeed Deninger
et al. reported 17 patients treated with imatinib after failure
of interferon therapy who had CCA/Ph" and developed
MDS; eight of them had -7.” In a meta-analysis, Groves et
al. found that 32% of 16 CCA/Ph patients with -7 had
transformation to MDS/AML.” However, the prognostic
impact of CCA/Ph, and specifically those of chromosome
7, on clinical outcomes is unclear as only limited studies
have had a sufficiently long follow up.' We, therefore, con-
ducted a large, retrospective French multicenter study of
CCA/Ph CML patients with a prolonged follow up to: (i)
evaluate the frequency of abnormalities of chromosome 7
among CCA/Ph;, especially in the era of second-generation
TKJ; (ii) determine their impact on clinical outcomes; and
(iii) assess the existence of an underlying associated high-
risk MDS by systematic bone marrow morphological
review and next-generation sequencing (NGS) using a
MDS/AML panel.

Methods

Patients

The databases of French institutions were screened, leading to
the identification of 102 CML patients with a CCA/Ph- at diagno-
sis or during the course of treatment with one or more lines of TKI,
and 11 MDS patients without a history of CML who had an
abnormal karyotype who formed the control group. Among these
patients, a chromosome 7 abnormality [-7/del(7q)] was detected in
26 CML cases and in four MDS cases. Patients in blast phase CML
at diagnosis were excluded.

The patients’ clinical and biological data were obtained from
medical records. The study was performed in accordance with the
Declaration of Helsinki, and was approved by a local investigation-
al review board (CPP DC 2015/133).

Procedures

Cytogenetic response was determined using standard proce-
dures. Clonality was defined by two or more metaphases present-
ing the same abnormality, or three metaphases presenting the
same monosomy except for -Y because the rate of this monosomy
could be age-related. The potential involvement of -Y in the
leukemic process was only established for patients with more than
75% -Y metaphases. All karyotypes were reviewed by Groupe
Francophone de Cytogénétique Hématologique members and then clas-
sified according to the 2016 International System for Human

Prognosis of -7/del(7q) in Ph- cells and underlying MDS -

haematologica | 2019; 104(6) -



I A. Bidet et al,

- haematologica | 2019; 104(6)

Cytogenetic Nomenclature. Molecular monitoring was performed
according to the ELN recommendations." A morphological central
review was used to screen for myelodysplastic features at the time
of CCA/Ph" emergence in 48 cases. Morphological dysplasia was
considered significant when it was observed for 10% or more cells
in any hematopoietic lineage with or without excess of blasts
(>5%). Erythroid lineage dysplasia criteria include nuclear and
cytoplasmic abnormalities (multinuclearity, laminated cytoplasm,
macroerythroblasts). Dysgranulopoiesis also includes hypogranu-
lar or hypergranular precursors and/or neutrophils and/or lack of
nuclear segmentation. Micromegakaryocytes, multinuclear or
hypolobulated megakaryocytes were the main abnormalities
observed in the megakaryocyte lineage. Patients were stratified
according to the presence or absence of chromosome 7 abnormal-
ities, whether isolated or not, leading to -7/del(7q) CCA/Ph" iden-
tified by conventional cytogenetics. In the case of CCA/Ph detec-
tion after the diagnosis of CML, time of emergence was retrospec-
tively evaluated on prior samples by fluorescence in situ hybridiza-
tion when possible. Complex karyotypes (=3 anomalies) affected
only five of the 102 patients; since this precluded statistically
meaningful analyses, these abnormalities were not considered as a
separate category. Underlying MDS was documented both by cen-
tralized morphological analysis of bone marrow smears and by
NGS for a targeted panel of 27 genes frequently altered in MDS
and AML (ASXL1, CBL, CEBPA, DNMT3A, ETV6, EZH2, FLT3,
IDH1, IDH2, JAK2, KIT, KRAS, MPL, NPM1, NRAS, PHF6,
PTPN11, RIT1, RUNX1, SETBP1, SF3B1, SRSF2, TET2, TP53,
U2AF1, WT1, ZRSR2). NGS data obtained for 45 CML patients
were compared with a MDS control group of patients with (n=4)
or without (n=7) cytogenetic chromosome 7 anomalies. NGS was
performed as previously described” on follow-up bone marrow
samples at complete cytogenetic response and preferably at best
molecular response, to limit the risk of residual Ph* clone contam-
ination.

The quality of response to treatment was classified by the best
cytogenetic or molecular response obtained at any point after one,
two, three or more lines of treatments into no cytogenetic
response, partial cytogenetic response, complete cytogenetic
response, major molecular response and deep molecular response
<0.0032% (MR4.5). The response criteria were according to the
standard ELN definitions.'

Statistical analysis

Bivariate analyses were performed to compare -7/del(7q versus
other CCA/Ph. Quantitative variables were described by their
mean and standard deviation in both groups and compared by a
Student ¢ test if the distribution was normal or with their median,
range and quartiles along with a non-parametric Mann-Whitney
test when the distribution was not normal. Cumulative incidences
from diagnosis or initiation of first-line TKI treatment until the
achievement of the considered response were calculated with
death without response as a competing risk. Gray tests were per-
formed to compare cumulative incidence curves. Analyses from
time of CCA/Ph" emergence were not performed because detec-
tion time may be delayed and underestimated for some patients
depending on the clinical context and requirement of additional
cytogenetic controls despite complete cytogenetic response.
However, the effect of type of CCA/Ph’ on response, progression,
or late events was considered by landmark analyses 3 years after
the initiation of TKI therapy. Probabilities of overall survival, pro-
gression-free survival and event-free survival since initiation of
first-line TKI therapy were calculated and illustrated by the
Kaplan-Meier method: until death at any time and for any reason
(overall survival); until death or progression to accelerated phase or
blastic transformation (progression-free survival); and until intoler-

ance, loss of response, resistance, treatment switch, progression, or
death (event-free survival). Survival curve comparisons, including
landmark analyses, were performed using log-rank tests. The level
of statistical significance was set at 5%. All the statistical analyses
were performed with R V3.2.3.

Results

Clinical and cytogenetic presentation of patients with
chronic myeloid leukemia

The patients’ baseline characteristics are summarized in
Online Supplementary Table S1). Twenty-six out of the 102
(25.5%) patients had CCA/Ph" affecting chromosome 7,
which was an isolated abnormality in 13 out of the 26 cases
(50%) and associated with +8 in 19.5% cases. In one
patient with -7 CCA/Ph;, +8 was detected in a separate
clone. Among other CCA/Ph' cases, +8 was the most fre-
quent other abnormality, affecting 31 out of the 46 patients
(67.4%); 18.7% (n=14) patients had -Y CCA/Ph". Patients
who developed -7/del(7q) CCA/Ph were significantly
younger (mean 48 vs. 55 years old; P=0.035) and mostly
benefited from second-generation TKI as first-line treat-
ment (mainly dasatinib: 15.4% vs. 2.6% cases in the other
CCA/Ph group; P=0.027). Other baseline characteristics
were similar between the -7/del(7q) CCA/Ph’ cases and the
other CCA/Ph cases. The median follow up from the diag-
nosis of CML was 6.47 (range, 1-19) years. The median
time of CCA/Ph" detection after starting TKI therapy was
2.08 (range, -0.8 to 12.65) years for -7/del(7q) CCA/Ph and
1.02 (range, -3.32 to 11.02) years for other CCA/Ph". The -7
CCA/Ph was present at diagnosis in only one case, as deter-
mined by retrospective fluorescence in situ hybridization
analysis. Twelve out of the 26 patients who developed -
7/del(7q) CCA/Ph were in complete cytogenetic response
at the time the abnormality was detected. The median fol-
low up since CCA/Ph™ detection was 5.35 (range, 1-14)
years for -7/del(7q) and 7.41 (range, 0-15) years for other
CCA/Ph (P=0.05). The trend approached statistical signifi-
cance for the number of treatment lines required after the
first 3 years of follow up, as patients with -7/del(7q)
CCA/Ph’ more frequently needed two or more treatment
lines (30% vs. 13.10% of patients with other CCA/Ph;
P=0.049, chi-square).

Biological analysis of underlying associated
myelodysplastic syndrome

The presence of MDS features at the time of CCA/Ph;,
determined by morphological analysis of the bone mar-
row, was evaluated in 48 patients and appeared to alter
the quality of response to treatment, as only 9.4% of
patients with MDS signs (24 patients) reached a major
molecular response or better versus 47 % of patients with-
out MDS signs (P<0.0001, chi-square). Morphological
MDS features were more frequent among the -7/del7q
CCA/Ph group [50% of patients with -7/del(7q) CCA/Ph
vs. 20% with other CCA/Ph7], and only 33% (4 out of 12)
of the -7/del(7q) patients with MDS signs achieved a
major molecular response or better compared to 75% (9
out of 12) of these patients without MDS signs. For
patients with other types of CCA/Ph;, only six out of 49
patients (18.8%) with an optimal response had morpho-
logical features of MDS (P<0.00001, chi-square). NGS was
performed for 45 CML patients with available DNA at the
time of detection of CCA/Ph and 11 MDS patients as a
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Figure 1. Landscape of mutations detected by next-generation sequencing in patients with chronic myeloid leukemia and myelodysplastic syndromes. Columns
(patients) are first sorted by the type of clonal chromosome abnormalities in Philadelphia chromosome-negative cells (CCA/Ph’), then by disease [chronic myeloid
leukemia in green, myelodysplastic syndrome (MDS) in yellow, advanced disease in orange) and by the presence of morphological features of MDS (in blue charac-
ters) from the youngest to the oldest. Pink cells indicate somatic mutations that were detected.

control group (Figure 1). At least one mutation was identi-
fied in 90% (10 out of 11 patients) of the MDS group ver-
sus 37% (16 out of 43 patients) of the CCA/Phr CML
group. The proportion of patients with mutations in the
MDS group was consistent with that reported in the liter-
ature’ and the MDS/AML mutations detected were signif-
icantly associated with the MDS group versus CCA/Ph
CML patients (P<0.0011, chi-square). In CML cases, 13
out of the 24 patients with morphological signs of MDS
had DNA available for NGS. No significant association
was found between NGS-detected mutations and
patients’ age or type of CCA/Ph” but MDS morphological
features were significantly associated with the presence of
mutations as nine (68.75%) of the patients with morpho-
logical signs of MDS had mutations versus four (31.25%)
without signs (P<0.00001, chi-square). This result sup-
ports the presence of an underlying MDS disease in CML
patients with observed morphological signs of dysplasia.
Among the 12 patients with -7/del(7q), four had morpho-
logical signs of MDS and three had mutations. Two of
them had some mutations in a gene known to be implicat-
ed in disease progression: one patient had an undescribed
EZH2 ¢.826C>T:p.GIn276" alteration with a low variant
frequency (1%), and the other had an isolated TP53
c.709A>C:p.Met273Leu mutation (variant frequency,
71%) but reached MR4.5 after first-line TKI treatment
with dasatinib. The other two have an isolated mutation
of ASXL1 or STAG2. Of note, EZH2 on chromosome 7
was also mutated in two other patients with +8 CCA/Ph
: one with EZH2 c.2079T>A: p.Asn693Lys (variant fre-
quency, 17%) with a poor response to second-line TKI
and the other with EZH2 ¢.826C>T:p.GIn276* (variant fre-
quency, 1%) with a poor response after third-line TKI.

Outcomes and survival
The cumulative incidence of MR4.5 is illustrated in Figure
2. The median time to MR4.5 after starting TKI therapy

Cumulative incidence of MR4.5

A 100
9
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Figure 2. Cumulative incidence of deep molecular response following the first
line of tyrosine kinase inhibitor therapy. (A) Cumulative incidence of deep
molecular response (MR4.5) following initiation of the first line of tyrosine
kinase inhibitor (TKI) therapy according to the type of clonal chromosome
abnormalities in Philadelphia chromosome-negative cells (CCA/Ph). (B)
Cumulative incidence of MR4.5 according to the type of CCA/Ph by landmark
analysis 36 months after initiation of the first line of TKI therapy.
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was 2.3 (range, 0.66-10.5) years for -7/del(7q) CCA/Ph
patients versus 3.55 (range, 0.5-11.77) years for patients with
other CCA/Ph™ (P=NS, exact Mann-Whitney test) (Figure
2A). However, landmark analysis after 3 years of therapy
revealed the adverse effect of -7/del(7q) CCA/Ph (P=0.04)
(Figure 2B) on the cumulative incidence of MR4.5. The type
of CCA/Ph did not have an impact on overall survival
(P=0.717; data not shown). The overall rates of progression-
free survival at 3, 5 and 10 years were 94.74% [95% confi-
dence interval (95% CI): 90.35-99.35], 86.28% (95% CI:
78.94-94.30), and 78.60% (95% CI: 69.12-89.39), respec-
tively. The overall rates of event-free survival at 3, 5 and 10
years were 67.36% (95% ClI: 58.63-77.39), 56.32% (95%
Cl: 46.72-67.90), and 43.61% (95% CI: 33.34-57.06),
respectively (data not shown). Landmark analyses at 3 years
after starting first TKI therapy revealed a strong negative
impact of -7/del(7q) CCA/Ph on both event-free and pro-
gression-free survival (P=0.015 and P=0.022, respectively,
log-rank test), as shown in Figure 3.

Discussion

To our knowledge, this is the largest study of CML
patients with CCA/Ph, with 26 (25.4%) out of 102 patients
having -7/del(7q) abnormalities in a consistent, long follow
up [median 6.47 (range, 1-11) years]. Our cohort required
particular care as 37 % of them needed at least two switches
of TKI prior to achieving their optimal response. Patients
who developed -7/del(7q) CCA/Ph were significantly
younger (means 48 years old) and mostly benefited from
second- and/or third-generation TKI, with a significantly
lower cumulative incidence of MR4.5 at the landmark
analysis 3 years after starting TKI therapy (P=0.04) than
other patients. Almost half of the patients (46%) with -
7/del(7q) CCA/Ph were in complete cytogenetic remission
at the time of detection of the CCA/Ph". Because the quality
of cytogenetic responses significantly affects the prognosis,
the high proportion of good cytogenetic responders in this
group strengthens the involvement of chromosome 7
abnormalities in our prognostic results. Furthermore, addi-
tional cytogenetic abnormalities in Ph* cells (which are con-
sidered as clonal evolution with greater risk of transforma-
tion) cannot be suspected to be involved in prognosis in our
study because only one out of 102 patients had an atypical
t(7;14)(p21;q12) translocation in Ph* cells at diagnosis.

Associated dysplastic features, identified by morphologi-
cal analysis of bone marrow, seemed to be a more frequent
event in the -7/del(7q) group, and had a significant negative
impact on quality of response and outcomes as compared
to that in other types of CCA/Ph cases. In addition, irre-
spectively of the type of CCA/Ph;, patients with morpho-
logical MDS signs had significantly lower rates of major
molecular response (P<0.0001). Likewise, 78% of the
patients who did not have a complete cytogenetic response
were those who had morphological features of MDS. This
is in accordance with the findings of a preceding study by
Deininger et al.” who reported that patients with isolated
CCA/Ph without morphological evidence of dysplasia do
not require special management. In a study by Terré et al.,
CCA/Ph were not associated with myelodysplasia and did
not impair the cytogenetic response to imatinib.® However,
although this was the largest published series of CCA/Ph
cases to date, only two out of 28 evaluated patients had
dysgranulopoiesis, the median follow up was short (only 24

A Landmark event-free survival
100
s 75 —+— del(7) or del(7q)
= —+— other abnormalities
% log-rank test: P = 0.015
s 50
o
3
2
3 25 *
0
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time since 1st TKl initiation (years)
B Landmark progression-free survival
100
g 75
=
3
©
S 50
Q
T
2
2
=
@ 25 —+— del(7) or del(7q)
—+— other abnormalities
log-rank test: P = 0.022
0

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16

Time since 1st TKl initiation (years)

Figure 3. Landmark survival analyses according to the type of clonal chromo-
some abnormalities in Philadelphia chromosome-negative cells 36 months
after initiation of the first line of tyrosine kinase inhibitor therapy. (A) Event-
free survival. (B) Progression-free survival. TKI: tyrosine kinase inhibitor.

months after imatinib initiation), and the majority of
patients in this study had been previously treated.

Even though the overall survival rates were not statistical-
ly significantly different between the two groups, landmark
analyses of the impact of -7/del(7q) CCA/Ph after 3 years
of starting TKI treatment revealed lower event-free and pro-
gression-free survival rates (P=0.015 and P=0.022, respec-
tively). Recently, Issa et al.’ reported the prognostic rele-
vance of CCA/Ph in 58 patients with a median follow-up
of 7.6 years. Among them, only four patients had -7/del(7q)
type abnormalities. The disease progressed in three of these
four patients, transforming to either MDS or CML blast cri-
sis, without an obvious link with MDS signs in this small
cohort. Excluding —Y CCA/Ph;, a decreased survival was
observed for patients with CCA/Ph  and seemed to be relat-
ed to MDS or CML transformation. A specific -7/del(7q)-
associated risk could not be determined in their study. In
another recent study, Wasilewska et al. found that -7 and +8
CCA/Ph did not have an impact on the long-term outcome
of CML patients, but survival was not investigated in this
study and the series was limited to five observations.”

The occurrence of Ph* and CCA/Ph' in the same patient
could suggest the presence of two concurrent, distinct
hematologic disorders: CML and MDS. To investigate the
biological features of such underlying diseases, we screened
for mutations in frequently altered genes in MDS or AML
by NGS at the time of best response to therapy. Mutations
were detected more frequently in our MDS control group of
patients than in the CML group, and were also mostly found




in CCA/Ph' CML patients with features of MDS (P=0.006).
Mutations were not associated with age and there was no
preferentially significant association with -7/del(7q), despite
a higher rate of MDS features in this subgroup. As already
reported in CML,** ASXL1 is one of the most frequently
mutated genes. Although somatic mutation or decreased
expression of EZH2 at 7q36.1 plays a role in cancer, the
molecular mechanisms responsible for the poor prognosis of
chromosome 7 alterations in hematologic diseases remains
undefined. In this study, three patients had EZH2 mutations.
One of them had -7 CCA/Ph;, thus suggesting a bi-allelic
alteration. This patient further progressed to an advanced
phase of CML, but the direct role of the EZH2 mutation in
this case could not be determined because the frequency of
the variant was low (1%) and it was associated with other
mutations in ASXL1, CBL, SETBP1 and SRSF2. The two
other patients with EZH2 mutations had +8 CCA/Ph;, asso-
ciated in one case with an ASLX7 mutation, and neither of
them had further disease evolution. It has been described
that NGS screening of CML patients in major molecular
response revealed a higher rate of other gene mutations in
patients with CCA/Ph" than in patients without CCA/Ph .
These latter mutational events may therefore be independ-
ent, and could result from genetic instability.

In conclusion, in this study we were able to demonstrate
the negative prognostic impact of -7/del(7q) CCA/Ph on
the cumulative incidences of MR4.5, event-free survival and

Prognosis of -7/del(7q) in Ph- cells and underlying MDS

progression-free survival in a cohort of 102 CML patients
with CCA/Ph” with a median follow up of more than 6
years. Morphological features of MDS represent a negative
prognostic factor for optimal response to treatment, irre-
spectively of the type of CCA/Ph;, even though they are
more frequent in the -7/del(7q) CCA/Ph" subgroup. NGS
screening for MDS/AML mutations failed to clearly
explain the underlying high risk of myelodysplastic disease
in the -7/del(7q) CCA/Ph group, but the presence of muta-
tions in genes of our MDS/AML panel was statistically
associated with morphological features of MDS on bone
marrow smears. Further analyses will help to determine
whether morphological signs of MDS in the bone marrow
and/or MDS mutations at the time of emergence of
CCA/Ph represent a warning signal in these particular CML
patients.
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