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Rappel: Biologie des cellules souches de LMC  
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Nouvelles stratégies de ciblage  



CML: A CANCER 
STEM CELL MODEL WITH CLONAL EVOLUTION 
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STEM CELL PROLIFERATION IN CML: 
SPONTANEOUS MOBILIZATION OF 

LEUKEMIC CFC INTO PB 

Marrow 
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CML STEM CELLS: CELL-AUTONOMOUS 
ABNORMALITIES 
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CML STEM CELLS: ORIGIN OF BLAST CRISIS 
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CML STEM CELLS IN THE ERA OF 
TARGETED THERAPIES 

Kantarjian et al, Blood 2012 Mahon et al, Lancet Oncol 
2010 

WHY DO PATIENTS IN COMPLETE MOLECULAR RESPONSE  
RELAPSE UPON IM DISCONTINUATION? 



CML:  WHAT REMAINS TO BE DONE ?  
-Very efficient first line therapies 

-Very efficient second line therapies 
- Unprecedented survival ( 90 % 5 yrs, 80% 10 years ) 

Persistent problems: 
- Patients with primary resistance exist 

- All data suggest CML stem cells are insensitive to TKI 
- 50-60 relapse upon TKI discontinuation. Others: some cures ?  

How can we improve  
existing therapies 
-TKI+ Other agents 

Can we find new targets ? 
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« PRIMARY » RESISTANCE PROFILE 
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« PRIMARY » RESISTANCE PROFILE 
WITH ABL-KINASE MUTATION 



boucle P charnière site catalytique boucle A 

MUTATIONS ABL-KINASE AND RESISTANCE 
 TO TKI  

> 100 mutations affectant plus de 70 aa Apperley, Lancet Oncol 2007 



ABL-KINASE MUTATIONS AS A MECHANISM OF  
RESISTANCE: QUESTIONS  

HOW  ? 
 

WHERE ? 
Ø  Progenitors ? 
Ø  Stem cells ?  
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CML WITH T315I MUTATION: WHAT IS  
THE HIERARCHICAL LEVEL OF STEM CELL ?  
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CML WITH T315I: MUTATION OCCURS IN 
STEM CELLS  

High Numbers of T315I CFU-C 
In BLOOD 
 
Decline of T315I in LTC 
 
Persistence of Normal  
Stem cells 

Chomel et al, Leuk Lymphoma 2010 



CML STEM CELLS IN THE ERA OF TARGETED 
THERAPIES: EVOLUTION OF MUTATED CLONES 
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versus polyclonal mutations is clinically important because it may
influence the selection of the most suitable TKI to overcome
resistance.14 Several compound mutations have been shown to
confer resistance to ponatinib, and this is likely to apply to other
third-line TKIs as well.13 Because the methods currently used for
BCR-ABL1 kinase domain mutation screening cannot definitively
distinguish compound from polyclonal mutations, there is little
information available regarding their respective frequencies and
clonal relationships.15 Therefore, in the present study, we used a
cloning and sequencing approach to establish the frequency and
clonal relationships of compound mutations in a cohort of CML
patients defined by clear evidence of more than 1 BCR-ABL1
kinase domain mutation in their conventional Sanger sequencing
trace.

Methods

Patients

We analyzed samples from 47 CML patients treated with various ABL1
TKIs. The unifying selection criterion was the presence of more than
1 BCR-ABL1 kinase domain mutation detected by Sanger sequencing.
Archived RNA or cDNA from the University of Utah (18 patients), Oregon
Health & Science University (7 patients), University of Leipzig (5 patients),
Hammersmith Hospital, Imperial College London (9 patients), and the
University of Bologna (8 patients) was used for analysis. The institutional
review boards of the participating centers approved this study and informed
consent was obtained according to the Declaration of Helsinki where
applicable. Serial samples were available for 5 patients, facilitating
investigation of the kinetics and evolution of BCR-ABL1 mutations.

BCR-ABL1 kinase domain amplification, cloning, and
sequencing

For the RNA samples, cDNA was synthesized as described previously.16

The BCR-ABL1 kinase domain was amplified in a 2-step nested PCR
reaction that does not amplify nontranslocated ABL1.16 The amplified
fragments were cloned using the TOPO TA cloning system (Invitrogen) and
introduced into E coli.17 In the standard procedure, 10 bacterial colonies
corresponding to BCR-ABL1 kinase domain amplicons from each patient
were selected at random and grown in Luria-Bertani medium, and plasmids
were extracted using the QIAGEN Plasmid Miniprep kit. The BCR-ABL1
kinase domain was sequenced in both directions using BigDye terminator
chemistry on an ABI3730 instrument (Applied Biosystems)17 and compared
against the ABL1 sequence (ENST00000318560) from Ensembl Genome
Browser using the BLAST alignment tool (National Center for Biotechnol-
ogy Information). If more than 1 mutation was detected at similar levels
among the initially surveyed 10 colonies, a greater number of bacterial
colonies were examined to gain a higher resolution for representation of
the clonal relationship. Specifically, an expanded number of clones were
sequenced in 2 cases: (1) sample CML#14 (55 in total) for which the
V299L/M351T compound mutation was detected in similar frequency to
the predominant compound mutation T315I/F359V of the original 10 clones
sequenced but was not detected by direct sequencing, and (2) CML#46
(15 in total) for which 4 different mutations were detected by direct
sequencing.

Definition of mutations

Mutations identified by direct sequencing. Direct sequencing of PCR
products is the clinical standard and detects mutant alleles if they represent
at least 20%-30% of the amplicon pool. We refer to all mutations detected
with this method as predominant mutations. One mutation detected by
direct sequencing is referred to as a single mutation, whereas 2 mutations
detected by direct sequencing are referred to as a double mutation (Table 1).

Figure 1. Polyclonal versus compound mutations. In
a subset of patients who develop clinical resistance to
ABL1 TKIs, more than 1 point mutation in the kinase
domain of BCR-ABL1 is detectable by direct sequencing.
In the case of polyclonal mutations, these BCR-ABL1
mutations (green and red stars; top panel) exist sepa-
rately in different clones. In contrast, BCR-ABL1 com-
pound mutants exhibit 2 mutations within the same
BCR-ABL1 molecule (green and red stars; bottom panel).
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POLYCLONAL VERSUS COMPOUND 
MUTATIONS AS MECHANISM OF 

RESISTANCE TO TKI 

Khorashad et al, 2013 

70% OF DOUBLE MUTATIONS CONFIRMED AFTER 
CLONING ARE CIS-COMPOUND MUTATIONS  



underlying mutational complexity observed in our study, we
reasoned that patients with multiple mutations may have a height-
ened risk of acquiring further mutations. Therefore, for compari-
son, we applied the cloning and sequencing approach to 12 addi-
tional patients with single mutations as detected by direct sequencing
to screen for the presence of low-level mutations. However, we
found no statistically significant difference in the prevalence of
low-level single or compound mutations in patients with a single

predominant mutation (25%; 3/12) compared with the main study
group of patients with 2 or more predominant mutations detectable
by direct sequencing (32%; 15/47; P ! .74). The clinical signifi-
cance of these low-level mutations is unknown. A recent study
focusing on a selected set of 31 common BCR-ABL1 kinase
domain mutations demonstrated a clear association between the
presence of multiple low-level mutations and poor response to
subsequent ABL1 TKI therapy.22-24 Parker et al specifically looked

Table 3. Mutations, TKIs, and disease phase

Patient ID no. BCR-ABL1 mutations TKI therapy Disease phase Type of BCR-ABL1 mutation

CML#23 G250E‡/T315I‡ Im CP Compound

CML#27 V338F/L384M† Im CP Compound

CML#32 M244V/M351T Im CP Compound

CML#40 M244V/E459K Im CP Compound

CML#50 G250E‡/E459K Im CP Compound

CML#51 F311L/H396R† Im CP Compound

CML#24 G250E‡/T315A* Das BP Compound

CML#36 T315I‡/H396R† Pon BP Compound

CML#28 V299L*/E459K Im, Das BP Compound

CML#31 M244V/F317L‡ Im, Das CP Compound

CML#41 E255K‡/T315I‡ Im, Das BP Compound

CML#43 F317L‡/M351T Im, Das AP Compound

CML#44 T315I‡/L387M Im, Das BP Compound

CML#49 G250E‡/V299L* Im, Das CP Compound

CML#19 M351T/E255K‡ Im, Nil, Das CP Compound

CML#37 V299L*/F359V† Im, Nil, Das CP Compound

CML#42 G250E‡/F317L‡ Im, Nil, Das BP Compound

CML#45 Y253H†/F317L‡ Im, Nil, Das BP Compound

CML#30 Y253H†/F317L‡ Im, Nil, Das, Bos BP Compound

CML#35 Y253H†/F359V† Im, Nil, Das, Bos CP Compound

CML#33 M351T, F359V† Im CP Polyclonal

CML#39 Y253H†, T315I‡ Im BP Polyclonal

CML#48 T315I‡, F359V† Im AP Polyclonal

CML#20 H396R†, F317L‡ Das CP Polyclonal

CML#46 T315A*, F317C*, F317L‡, F317V* Das BP Polyclonal

CML#34 L248V‡, G250E‡ Im, Das BP Polyclonal

CML#47 Y253H†, E255V‡ Im, Das CP Polyclonal

CML#38 V299L*, F359V† Im, Nil, Das CP Polyclonal

Im indicates imatinib; Das, dasatinib; Nil, nilotinib; Pon, ponatinib; Bos, bosutinib; CP, chronic phase; AP, advanced phase; and BP, blastic phase.
*In vitro or clinical resistance to dasatinib according to published data as shown in supplemental Table 3.
†In vitro or clinical resistance to nilotinib according to published data as shown in supplemental Table 3.
‡In vitro or clinical resistance to nilotinib and dasatinib according to published data as shown in supplemental Table 3.

Figure 2. Mutational patterns revealed by cloning and
sequencing of the BCR-ABL1 kinase domain region.
Hypothetical mutation identities are designated A through
H for discussion/explanation purposes. The range of
mutation patterns revealed by cloning and sequencing
when 2 BCR-ABL1 kinase domain mutations, A and
B (green and red stars in the trace), are detected by direct
sequencing are represented. This model encompasses
all observed mutational patterns among the patients with
2 mutations evident by direct sequencing in this study.
Detection of mutations A and B by direct sequencing can
reflect their presence in the same BCR-ABL1 molecule
(detected in 1 clone) or in different BCR-ABL1 molecules
(detected in separate clones). The presence of both
A and B in the same or different clones is signified as
A/B or as A and B, respectively. In some compound
mutant patients, clone A and clone B were observed
separately in addition to clone A/B. Mutation A or B was
sometimes coexistent with add-on mutations, for ex-
ample, A/D and B/E. Predominant compound mutants
could also acquire further add-on mutations as exempli-
fied byA/B/C. Some mutations, such as F (single indepen-
dent low-level mutants) or G/H (compound independent
low-level mutants), were observed in clones that did not
carry either predominant mutation, A or B.
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POLYCLONAL VERSUS COMPOUND MUTATIONS AS MECHANISM 
OF RESISTANCE TO ALL TKI 



MÉTHODE DE DÉTECTION ET/OU DE CARACTÉRISATION 
DES MUTATIONS COMPOSÉES BCR-ABL KD 

Méthode Sensibilité 
Détection des 
mutations 
composées 

Caractérisation 
des mutations 
composées 

Référence 

Séquençage direct 10-15% NON NON Branford et al, Blood  2003 

Sous-clonage + 
séquençage 5-10% * OUI OUI Shah et al, Cancer Cell 2002 

Pyroséquençage 5% NON NON Khorashad et al, Leukemia 2006 

PCR allèle spécifique 0,001-0,01% NON NON 
Roche-Lestienne et al, Blood 2002 
Willis et al, Blood 2005 
Chomel et al, Leuk Res 2009 

DGGE 2-5% OUI ** NON Sorel et al, Clin Chem 2005 

DHPLC 1-2% OUI ** NON Deininger et al, Leukemia 2004 
Soverini et al, Clin Chem 2004 

HRM 1-2% OUI ** NON Poláková et al, Leuk Res 2008 

NGS 1% OUI ** OUI ** Soverini et al, Blood 2013 
Poláková et al, J Canc Res Clin Onc 2014 

NGS longue distance 1% OUI OUI Kastner et al, Eur J Cancer 2014 



RESISTANCE AT THE STEM CELL LEVEL 

PERSISTENCE 
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QUESTIONS 

Do LSC persist in profound MR ? 
 

What are the mechanisms of resistance of 
LSC ? 

 
What are the mechanisms of persistence of 

LSC ?  



WHAT IS THE NATURE OF THE  
CELLS AT THE ORIGIN OF RELAPSES ? 

ANALYSIS OF LSC IN PATIENTS IN 
LONG-LASTING DEEP 

MOLECULAR RESPONSE  



PILOT « PERSISTEM »STUDY   
6 patients ( 1M / 5F) 

 (Age 66 – 78) 
Therapies:  

 IFN–α (Pt 1, 2, 3 ) 13, 9, 6 years, Off Rx 11,16, 8 years 
 IFN-α + IM  (Pt 4, 5) 8, 6 years, Off Rx 2 & 2 years 
 IM + DASATINIB (Pt 6) > 4 years, Dasatinib ON 

RQ-PCR-NEGATIVITY In Peripheral Blood 
 IFN-α patients: 5, 4 and 6 years 
 IFN-α + IM patients: 4 & 5 years 
 IM + Dasatinib : 3 years 



Purifica(on	  CD34+Cells	  

Pluck	  20	  individual	  &	  10	  and	  	  20	  	  pools	  of	  10	  colonies	  

Q-‐RT	  PCR	  (ABL	  et	  BCR-‐ABL)	  on	  individual	  and	  pooled	  colonies	  

Confirm	  	  by	  nested	  qRT-‐PCR	  

LTC-IC 

	  MED	  
CHANGE	  

CLONOGENIC	  
ASSAYS	  

LTC-‐IC	  
DERIVED	  
CFU-‐C	  

220	  colonies	  /	  pa.ent	  

Chomel	  et	  al,	  Blood	  2011	  

	  
Bone	  Marrow	  

Aspirate	  
	  

HoxB4/MS5	  
	  

MS5	  

EVALUATION OF BCR-ABL EXPRESSING LSC IN 
PATIENTS IN DEEP MR 



Pt	  	   Previous	  
Therapies	  

D0	  :	  Clonogenic	  	   Week	  5:	  LTC-‐IC-‐derived	  CFU	  

CFU-‐Cs	  	   Pools	  de	  10	  
CFU-‐Cs	  

Individual	  	   Pools	  of	  10	  LTC-‐ICs	  

MS-‐5	   MS5/
HOXB4	   MS-‐5	   MS5/HOXB4	  

1	   IFN-‐α	
 0/20	   1/18	   4/31	   1/8	  

2	   IFN-‐α	
 0/20	   1/19	   2/39	   4/40	  *	  

3	   IFN-‐α	
 9/19	   11/16	   1/30	   9/30	  *	  

4	   IFN-‐α;	  IM	
 2/20	   0/19	   0/20	   0/19	  

5	   IFN-‐α;	  IM	
 1/20	   0/20	   0/20	   2/17	  *	   0/20	   0/20	  

6	   ON	  DASA	   1/17	   23/24	   12/43	  

N=	  2000	  

BCR-ABL EXPRESSING HSC AND CFC IN PATIENTS WITH 
UMRD 

Chomel	  et	  al,	  Blood	  	  2011	  



Persistance d’une quantité significative de  
cellules souches leucémiques in vivo 

MO 
3-5 ml 

« Charge » estimée des patients en MRI en cellules 
souches leucémiques BCR-ABL+ 

Patients Nb de cellules CD34+ Fraction de CD34+ testées en 
culture à long terme  

Fraction de LTC-Ics testées 
en méthylcellulose 

1 0,1 106 1/2 1/4 

2 0,7 106 1/10 1/5 

3 1,2 106 1/20 1/4 

4 0,2 106 1/5 1/1 

5 3,5 106 1/20 1/6 

6 0,03 106 1/2 1/1 

X 20 X 4 



EVALUATION OF LSC PERSISTANCE 
ON MR 4.5 INDUCED BY TKI 

21 PATIENTS ON MR 4.5 > 2 YEARS (Median 7) 

Chomel et al, Oncotarget 2016 



CML patients in sustained and deep molecular 
response induced by tyrosine kinase inhibitors Bone marrow 

CD34+ cells 

CFU-C assays 

Detection of BCR-ABL1- expressing stem cells 

LTC-IC assays 

Detection of BCR-ABL1 mRNA 
 transcripts by qRT-PCR 

on 20 individual colonies 
and 20 pools of 10 colonies on 40 individual colonies or 

STRATEGY USED FOR THE DETECTION OF 
 BCR-ABL1 +  STEM CELLS 

CFU-C assays 

Incubation 5 weeks 
with weekly 
medium changes 

Incubation for 
14-16 days 

Incubation for 
14-16 days 

Chomel et al, Oncotarget 2016 



BCR-ABL+ STEM CELL PERSISTENCE AND OUTCOME 
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(n=6) 

Continuous TKI therapy 
 

TKI-ON (n=6) 
 

Stopped TKI therapy 
 

TKI-OFF (n=11) 

CML patients included in the study 
 

(n=21) 

New 
molecular response 

 

(n=1) 

TKI retreatment 
 

(n=1) 

New 
molecular response 

 

(n=4) 

TKI retreatment 
 

(n=4) 

Fluctuation of the 
BCR-ABL1/ABL1 ratio 

 

(n=1) 

Fluctuation of the BCR-
ABL1/ABL1 ratio 

 

(n=4) 

New TKI discontinuation 
 

(n=1) 

Fluctuation of the BCR-
ABL1/ABL1 ratio 

 

(n=1) 

 

Molecular relapse 
 

(n=4) 

 

Molecular relapse 
 

(n=1) 

Chomel et al, Oncotarget 2016 



MECHANISMS OF SURVIVAL OF Ph1+ 
STEM CELLS IN THE PRESENCE OF TKI 

ABL-K mutations 
 
LSC Quiescence 

Alternate mechanisms 
 of persistence 

Survival  
signals 

Quiescence 
signals  

« LEUKEMIC NICHE » 

« Oncogene- 
Independence » 

Low BCR-ABL 
expression 

Novel 
pathways 



Ph1+ HSC 
(Quiescent 
& TKI-resistant) 

CXCR4 
 
SDF1 

Int. 
 
OPN 

Tie2 
 
Ang 

Ph1+ 
HSC  (cycling) 

TGF-β	


OPN 

PLGF 

Ph1+ 

Intrinsic 
« Quiescence » 
pathways 

Angio 
genesis 

+ 

Foxo3a 
PML 
Alox5a 

« NICHE »- 
dependent 
TKI 
RESISTANCE 

RESISTANCE TO TKI: NICHE-RELATED 
MECHANISMS? 

Turhan AG & Chomel JC : Oncotarget 2011 



IS THE LEUKEMIC « NICHE » 
NORMAL ?  



CML STEM CELLS AND THEIR NICHE: A 
CONSENSUAL CROSS-TALK ? 

 

Marrow « Niche »  

CML STEM Ph1 

+ 

Schmidt et al, Cancer Cell 2011 

CML STEM Ph1 

Normal 
Marrow  Niche 

Contribution to CML  
resistance & persistence 

« Abnormal » 
Marrow  Niche 

+ 

Protection from TKI toxicity 
Induction of Quiescence  

Weisberg et al. Mol Cancer Ther 2008 



Corbin	  et	  al,	  JCI	  2010	  

ONCOGENE INDEPENDENCE AS A MECHANISM 
OF LSC RESISTANCE TO TKI 



 
- Compensation of TK-induced 
signalling by other pathways 

-Niche 
-Intrinsic signalling 

CML STEM CELLS: HOW TO BE « NON-
ADDICT » TO BCR-ABL ? 

 
- Down-regulation of BCR-ABL 

expression 



HIERARCHICAL AND TIME-DEPENDENT 
EXPRESSION OF BCR-ABL IN STEM CELLS 

100	  

10	  

1	  

0.1	  

1000	  

0.01	  

p=0.0024	  

p<0.0001	  

p<0.0001	  
BC

R-‐
AB

L/
AB

L	  I
S	  
(%

)	  
from	  TKI-‐resistant	  
paIent	  with	  a	  T315I	  

mutaIon	  

BCR-‐ABL-‐posiIve	  hematopoieIc	  colonies	  	  

from	  6	  CML	  paIents	  
in	  UMRD	  >	  3years	  

CFU-‐Cs	  
n=163	  

median=52.1	  

LTC-‐ICs	  
n=58	  

Median=51	  

CFU-‐Cs	  
n=13	  

Median=12	  

LTC-‐ICs	  
n=55	  

Median=0.7	  

Kumari	  et	  al,	  Blood	  2011	  
Chomel	  et	  al,	  Blood	  2012	  	  

LOW LEVEL BCR-ABL-EXPRESSION IN MMR vs CMR:    
LSC ARE NOT ADDICTED TO BCR-ABL 



HOW TO TARGET CML HSC NON-
DEPENDENT OF TK ACTIVITY OF BCR-ABL? 

SHH /SMO 
Gli,Ptch 
 
 
Self-renewal 
Expression 
Increased in CML 
 
 

Alox5a 
 
Expression  
induced 
In  CML HSC 
 
 
 

AHI-1 
Jak2 
STAT5 
SIRT 
 
Complex 
BCR-ABL 
 

PML 
 
ATM /BID 
 
Quiescence 
 

DRUGGABLE 
TARGETS 

Naka et al, Nature 2010 ; Zhao et al, Cancer Cell 2007;  
Dierks et al, Cancer Cell 2008;  Ito et al, Nature 2008; 
Chen Y et al, Nat Genet 2009;  Zhao et al, Nature 2009 

TGF-B 
FOXO 
Wnt/b-catenin 
 
Maintenance 
Of LSC 
 

Zhou  et al, J Exp Med 2008; 



 TARGETING ALOX5 GENE TO INHIBIT 
CML STEM CELLS 

Arachidonate 5-Lipooxygenase(ALOX5) 
 expression  induced by  BCR-ABL 

Souris	  Alox5-‐/-‐:	  Resistance	  
À	  la	  leucemogenèse	  induite	  par	  BCR-‐ABL	  

Zileuton	  (ZYFLO)	  :	  	  
5-‐Lipooxygenase	  Inhibitor	  

Chen	  et	  al,	  Nat	  Gene(cs,	  2009	  

	  Alox5	  deficiency:	  No	  effect	  on	  normal	  HSC	  

AA	  	   Leukotrienes	  

Alox5	  	  



DUAL ACTIVATION OF STAT5PHOSPHORYLATION 
BY BCR-ABL AND JAK2 V617F 

Nelson et al, Blood 2011 



STRATEGIES FOR CML STEM CELL 
TARGETING USING NOVEL MARKERS OF 

CML STEM CELLS ?  
 

IL1-RAP 

CD26 

IL-2 R (CD25) 

 

 

 



CD26 AS A CML STEM CELL MARKER 

42	  

Highly expressed in CML CD34+ CD38- HSC 
Not expressed in CML CD34+ CD38+ Cells 
Expressed in AML 
Not expressed in normal BM	  

CD34+ / CD38- CML cells  

CD26  

CD26-NEG 
FRACTION: 

FISH –NEG BCR-ABL 

CD26-POS 
FRACTION: 

FISH –POS BCR-ABL 
Herrmann et al, Blood 2014 



CD26	  INHIBITOR	  VILDAGLIPTIN	  TO	  TARGET	  CML	  STEM	  
CELLS	  

43	  
Herrmann et al Blood 2014 
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Erosion of the chronic myeloid leukaemia
stem cell pool by PPARc agonists
Stéphane Prost1, Francis Relouzat1, Marc Spentchian2, Yasmine Ouzegdouh1, Joseph Saliba1, Gérald Massonnet3,
Jean-Paul Beressi4, Els Verhoeyen5,6, Victoria Raggueneau7, Benjamin Maneglier8, Sylvie Castaigne9, Christine Chomienne3,
Stany Chrétien1,10*, Philippe Rousselot3,9* & Philippe Leboulch1,11,12*

Whether cancer is maintained by a small number of stem cells or is
composed of proliferating cells with approximate phenotypic equi-
valency is a central question in cancer biology1. In the stem cell
hypothesis, relapse after treatment may occur by failure to erad-
icate cancer stem cells. Chronic myeloid leukaemia (CML) is quint-
essential to this hypothesis. CML is a myeloproliferative disorder
that results from dysregulated tyrosine kinase activity of the fusion
oncoprotein BCR–ABL2. During the chronic phase, this sole genetic
abnormality (chromosomal translocation Ph1: t(9;22)(q34;q11)) at
the stem cell level causes increased proliferation of myeloid cells
without loss of their capacity to differentiate. Without treatment,
most patients progress to the blast phase when additional oncogenic
mutations result in a fatal acute leukaemia made of proliferating
immature cells. Imatinib mesylate and other tyrosine kinase inhibi-
tors (TKIs) that target the kinase activity of BCR–ABL have
improved patient survival markedly. However, fewer than 10% of
patients reach the stage of complete molecular response (CMR),
defined as the point when BCR-ABL transcripts become undetect-
able in blood cells3. Failure to reach CMR results from the inability
of TKIs to eradicate quiescent CML leukaemia stem cells (LSCs)2–4.
Here we show that the residual CML LSC pool can be gradually
purged by the glitazones, antidiabetic drugs that are agonists of
peroxisome proliferator-activated receptor-c (PPARc). We found
that activation of PPARc by the glitazones decreases expression of
STAT5 and its downstream targets HIF2a5 and CITED26, which are
key guardians of the quiescence and stemness of CML LSCs. When
pioglitazone was given temporarily to three CML patients in chronic
residual disease in spite of continuous treatment with imatinib, all of
them achieved sustained CMR, up to 4.7 years after withdrawal of
pioglitazone. This suggests that clinically relevant cancer eradication
may become a generally attainable goal by combination therapy that
erodes the cancer stem cell pool.

Cell division tracking with carboxyfluorescein diacetate-succinimi-
dyl ester (CFSE) indicates that non-cycling CML cells are poorly sens-
itive to TKIs7,8 and that the quiescent TKI-resistant subpopulation is
enriched in CD341382 cells9. CML LSCs are hence similar to normal
quiescent haematopoietic stem cells (HSCs), although they are cyto-
kine-independent7. Because failure to reach CMR occurs even when
BCR–ABL remains sensitive to TKIs2, we searched for possible ‘non-
oncogene addiction (NOA)’ of CML LSCs as a novel therapeutic target.
NOA indicates that a given malignant cell is abnormally sensitive to
quantitative variations in an otherwise normal molecular pathway10.

We previously reported that the Nef proteins of the immuno-
deficiency viruses impair haematopoiesis by activating peroxisome

proliferator-activated receptor gamma (PPARc)11. This effect was
reproduced by the thiazolidinediones, a class of synthetic PPARc ligands
(Extended Data Fig. 1a), although it is compensated in individuals with
otherwise normal haematopoiesis12. We then became intrigued with our
observation that the CML cell line K562 is particularly sensitive to Nef
and thiazolidinediones11. The involvement of PPARc was also more
recently reported in haematopoietic stress response13.

We turned to a cohort of 29 chronic phase (CP) CML patients at
diagnosis whose CD341 cells were .95% Ph1. Combining imatinib
and pioglitazone showed evidence of synergy with a decrease in the
number of colony-forming cells (CFC) sixfold more pronounced
(P , 0.0001) than with imatinib alone (Extended Data Fig. 2a). A
similar trend was observed when normal CD341 cells were transduced
with a lentiviral vector expressing p210 BCR–ABL (Extended Data
Fig. 2b). Whereas imatinib alone was unable to reduce significantly
the frequency of CP-CML long term culture-initiating cells (LTC-ICs)
(P 5 0.067), we found that pioglitazone was able to do so, either as a
single agent by 2.4-fold (P 5 0.008) or with an improved effect by 3.5-
fold in the presence of imatinib (P , 0.001) (Fig. 1a, b). Similar results
were obtained with the second generation TKI dasatinib or with
another thiazolidinedione, rosiglitazone (Extended Data Fig. 2c, d).

CFSE assays were then performed with CP-CML CD341 cells in the
absence of cytokines (Fig. 1c–e and Extended Data Table 1). Untreated
control CP-CML CD341 cells proliferated and differentiated actively.
Imatinib exposure resulted in the elimination of actively dividing cells
but also in the accumulation of viable CFSE-bright CD341 cells that
never divided (‘P’) or had divided only once (Fig. 1d). Pioglitazone
alone was less effective than imatinib to deplete the bulk of dividing
CML cells but triggered exit from quiescence (Fig. 1c–e and
Extended Data Table 1). Combining pioglitazone with either imatinib
or dasatinib acted in synergy to deplete both proliferating and non-
proliferating cells (Fig. 1c–e, Extended Data Table 1 and Extended
Data Fig. 2e). Imatinib alone was effective at decreasing the number
of Ph1 CD341 CD381 progenitors but failed to reduce the more
immature CD341 CD382 population, opposite to pioglitazone alone
(Extended Data Fig. 3b).

We then investigated the possible molecular pathways that mediate
pioglitazone activity against CML LSCs. We previously reported that
PPARc is a negative transcriptional regulator of STAT5 (A and B)11.
STAT5 is known to be critical for maintenance and fitness of both
normal HSCs14 and CML cells, where STAT5 is activated upon direct
phosphorylation by the BCR–ABL kinase15. STAT5 expression levels
were abnormally high in both total CP-CML CD341 cells and qui-
escent LSC (Fig. 2a). In CFSE-bright cells (that is, P and 1 division of

*These authors contributed equally to this work.
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5CIRI, International Center for Infectiology Research, EVIR team, Inserm, U1111, CNRS, UMR5308, Université de Lyon-1, ENS de Lyon, 69007 Lyon, France. 6Inserm, U895, Centre de Médecine
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Deregulated hedgehog pathway 
signaling is inhibited by the 
�������������������������ͻ�
(Sonidegib) in chronic phase chronic 
myeloid leukaemia
David A. Irvineͷ,*, Bin Zhang,*, Ross Kinstrieͷ, Anuradha Tarafdarͷ, Heather Morrisonͷ, 
Victoria L. Campbellͷ, Hothri A. Mokaͷ, Yinwei Ho, Colin Nixonͺ, Paul W. Manley, 
Helen Wheadonͷ, John R. Goodladͻ, Tessa L. Holyoakeͷ, Ravi Bhatiaͼ & Mhairi Coplandͷ

Targeting the Hedgehog (Hh) pathway represents a potential leukaemia stem cell (LSC)-directed 
therapy which may compliment tyrosine kinase inhibitors (TKIs) to eradicate LSC in chronic phase 
(CP) chronic myeloid leukaemia (CML). We set out to elucidate the role of Hh signaling in CP-CML and 
���������������������������������������ǡ����������������������������������ȋ���Ȍǡ���������ơ�������
strategy to target CP-CML LSC. Assessment of Hh pathway gene and protein expression demonstrated 
��������������������������������������ͺ+���Ǧ��������Ȁ����������������Ǥ����ͻ�ȋ���������Ȍǡ���
small molecule, clinically investigated SMO inhibitor, used alone and in combination with nilotinib, 
������������������������������ͺ+ CP-CML cells, reducing the number and self-renewal capacity of 
CML LSC in vitro.�������������������������ơ�������������������������������������Ǥ��������������ǡ�
���ͻ�+���������������������ͺ+ CP-CML cell engraftment in NSG mice and, upon administration 
to EGFP+ /SCLtTA/TRE-BCR-ABL mice, the combination enhanced survival with reduced leukaemia 
development in secondary transplant recipients. In conclusion, the Hh pathway is deregulated in 
CML stem and progenitor cells. We identify Hh pathway inhibition, in combination with nilotinib, as a 
�������������ơ������������������������������������������������������Ǧ�������������������������������
progenitor cells.

Chronic myeloid leukaemia (CML) is a clonal myeloproliferative disorder characterised by massive myeloid 
expansion, accumulation of differentiating granulocytic precursors and terminally differentiated effector cells 
leading to the key clinical features at presentation of marked peripheral blood granulocytosis, basophilia, sple-
nomegaly and often thrombocytosis and anaemia1. Untreated, the clinical course of CML is one of inevitable 
progression from a stable chronic phase (CP) lasting about 5 years from diagnosis, where there is gradual accu-
mulation of leukaemic myeloid progenitors, to accelerated phase characterised by accumulation and clonal evolu-
tion of increasingly primitive myeloid precursors in the blood or bone marrow (BM) before terminating in a blast 
crisis (BC) with rapid accumulation of immature myeloid or lymphoid precursors resembling acute leukaemia.

In optimally responding CP-CML patients, the majority have molecular evidence of persisting disease after 
prolonged tyrosine kinase inhibitor (TKI) therapy2,3. Furthermore, of those patients who achieve sustained 
molecularly undetectable leukaemia and discontinue TKI treatment the majority suffer molecular relapse4–7. One  
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TARGETING LSC BY SYNTHETIC 
LETHALITY 

45	  

Down-regulation of BCR-ABL in BCR-
ABL-expressing leukemic cells  

Deutsch et al, Blood 2003 

BCR-ABL-expressing Leukemic can not 
use 

BRCA1 for DNA repair 



TARGETING LSC VIA GENETIC INSTABILITY  

46	  

F79 APTAMER + TKI :  
Synergistic effects on BCR-ABL-

expressing stem cells 

Cramer-Morales et al Blood 2013 



CML IN THE ERA OF TARGETED 
THERAPIES: INCREASED SURVIVAL ON 

THERAPY BUT:  

Increased survival  
only in responders 
(patients in MMR 
 or less) 
 
 Long term effects of 

TKI are unknown 
 

Who is going to pay 
At long-term ?  
 



ESTIMATED PREVALENCE OF CML IN 
2050 IN USA : 250000  



THERAPY-FREE REMISSION : WHAT IS 
THE BEST STRATEGY TO OBTAIN MR ?  
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MR 4 /4.5 

TKI 

Switch to  
Another TKI 

TKI+ Drug X « upfront » 

Use same TKI 
+ Drug X  

If not MR4:  

TKI TKI 

MR 4 /4.5 

Stop TKI  
Molecular Follow-

up 

Stop TKI  
Molecular Follow-up 

MR 4 /4.5 

If not MR4:  

MR 4 /4.5 MR 4 /4.5 

If not MR4:  

MR 4 /4.5 Relapse-‐free	  
survival	  

	  

Other Rx 

Chomel JC & Turhan AG Oncotarget 2011 



TFR and Concept of 
« Adjuvant » therapies of CML  

50	  

MMR on TKI 

TKI  + Adjuvant  

MR4.5 
> 2 Years 

D /C TKI: TFR ? Chomel JC & Turhan AG Oncotarget 2012 



POTENTIAL TARGETS FOR 
ADJUVANT THERAPIES…. 
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COMPOUND	   TARGET	   STUDY	  
PIMOZIDE,	  PIOGLITAZONE	   STAT5,	  PPAR-‐G	   PIMOZIDE	  +	  IMATINIB*	  

PIO	  +	  IMATINIB*	  

GLIPTINS	   CD26	   VILDAGLIPTINE	  +	  IMATINIB	  

INECALCITOL	   	  VITAMIN	  D3	  SIGNALLING	   INECALCITOL	  +	  IMATINIB*	  

FTY720,	  FORSKOLIN	  (PAD)	   PP2A	   PAD	  +	  TKI	  

BP-‐5-‐087	   STAT3	   BP5	  +	  TKI	  

TRAMETINIB	   PRKCH	   TRAMETINIB	  +	  TKI	  

F79	  APTAMER	   RAD52	   F79	  +	  TKI	  

EW-‐7197	   TGF-‐b	  inhibitor	   ?	  

Many runners but .. A winner ?  

PAD: PP2A activating drugs 
* Ongoing 
 Chomel JC & Turhan AG Oncotarget 2011 



TKI « COMBOS » UNDER 
CLINICAL INVESTIGATION 
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Combination Phase  
Imatinib/peg-IFN (Spirit)1 III 

Nilotinib/Peg-IFN2 II 
Dasatinib/Peg-IFN3 I 
Dasatinib/zileuton4 IB 

Dasatinib/nivolumab5 IB 
Dasatinib/vorinostat6 I 
Dasatinib/decitabine7 I/II 
TKI + arsenic trioxide8 I 

TKI + ruxolitinib9 I/II 

1. Clinicaltrials.gov. NCT00219739. 2. Clinicaltrials.gov. NCT01866553. 3. Clinicaltrials.gov. NCT0172524.  4. Clinicaltrials.gov. NCT02047149.   
5. Clinicaltrials.gov. NCT02011945. 6. Clinicaltrials.gov. NCT00816283. 7. Clinicaltrials.gov. NCT01498445. 8. Clinicaltrials.gov. NCT01397734.  
9. Clinicaltrials.gov. NCT01914484.  



TOWARDS HORIZON 2020: AIMING FOR 
CURE 

53	  

TKI:  
Main therapies 

Imatinib Dasatinib,Nilotinib 
Bosutinib, Ponatinib  

TKI +    

IFN-alpha 
STAT3 / STAT5 
RAD52 
PML 
Alox5 
PRKC 
INECALCITOL 
F79 APTAMER 
 

Cure by single pathways targeting ? 
Cure by « adjuvant » therapies ? 

For whom ? Preduction of response  
Novel ancillary tests  

  
 

+ Other TKI ?   Proof of concept for Ph1+ 
Stem cell targeting 
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