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Abstract Genomic instability drives cancer progression by

promoting genetic abnormalities that allow for the multi-

step clonal selection of cells with growth advantages. We

previously reported that the IL-9-dependent TS1 cell line

sequentially acquired activating substitutions in JAK1 and

JAK3 upon successive selections for growth factor inde-

pendent and JAK inhibitor-resistant cells, suggestive of a

defect in mutation avoidance mechanisms. In the first part

of this paper, we discovered that the gene encoding mutL

homolog-1 (MLH1), a key component of the DNA mis-

match repair system, is silenced by promoter methylation

in TS1 cells. By means of stable ectopic expression and

RNA interference methods, we showed that the high fre-

quencies of growth factor-independent and inhibitor-

resistant cells with activating JAK mutations can be

attributed to the absence of MLH1 expression. In the

second part of this paper, we confirm the clinical relevance

of our findings by showing that chronic myeloid leukemia

relapses upon ABL-targeted therapy correlated with a

lower expression of MLH1 messenger RNA. Interestingly,

the mutational profile observed in our TS1 model, char-

acterized by a strong predominance of T:A[C:G

transitions, was identical to the one described in the liter-

ature for primitive cells derived from chronic myeloid

leukemia patients. Taken together, our observations

demonstrate for the first time a causal relationship between

MLH1-deficiency and incidence of oncogenic point muta-

tions in tyrosine kinases driving cell transformation and

acquired resistance to kinase-targeted cancer therapies.
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Introduction

Malignant cell transformation requires the acquisition of

various aberrant phenotypic hallmarks through the accu-

mulation of advantageous genetic abnormalities, defined as

driver mutations [1]. The notion of ‘‘mutator phenotype’’

has been formulated to reconcile the disparity between the

low spontaneous mutation rate of normal cells, and the

thousands of mutations present in a single cancer genome

[2]. This concept states that malignant cells exhibit a higher

mutation rate that increases the likelihood of acquiring

advantageous alterations needed to overcome each selec-

tive bottleneck in cancer evolution [2]. As a result, across

multiple rounds of selections for driver mutants, there is a

simultaneous progressive enrichment of inactivating
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mutations in caretaker genes that will further enhance

random mutagenesis and fuel tumorigenesis.

The mutator hypothesis also has major implications,

concerning the response to targeted therapies. Indeed, it

predicts that cancers constitute a highly heterogeneous

population of stochastically mutated malignant cells within

which drug-resistant variants pre-exist and are selected upon

treatment causing rapid disease relapse [3]. The importance

of such pre-existing mutants is best exemplified in chronic

myeloid leukemia patients treated with imatinib by the

emergence of tumors variants with point mutations in the

kinase domain of BCR-ABL, which could be detected at low

frequency in the bone marrow before treatment [4].

Whether all cancers invariably acquire a mutator phe-

notype as a driving force for progression is still

controversial [5]. However, it is well accepted that certain

tumors exhibit a marked genetic instability under the form

of chromosomal rearrangements or small deletions/inser-

tions within regions of short tandem repeated nucleotide

tracks called microsatellites, a phenotype referred to as

microsatellite instability (MSI).

The MMR system guarantees genome fidelity by rec-

ognizing and correcting post-replicative errors that escape

proofreading activity of DNA polymerases. MMR process

is initiated by the binding of a heterodimeric mismatch

recognition complex composed of MutS homolog-2 and -6

(MSH2 and MSH6) to mispaired or misinserted bases in

the newly synthesized DNA strand. Subsequent recruit-

ment of a second heterodimer of MutL homolog-1 (MLH1)

and post-meiotic segregation protein-2 (PMS2) at the site

of the mismatch triggers downstream events that eventually

lead to exonuclease-1-mediated removal of the error and

resynthesis by DNA polymerases d or e [6]. Inefficient

MMR confers a strong mutator phenotype characterized by

a mutation rate 100- to 1000-fold greater in MMR-deficient

cells as compared with normal cells [7–9].

In addition to resolving post-replicative mismatches,

MMR proteins also participate to DNA damage signaling

[10]. Consequently, cells lacking a functional MMR system

tolerate the presence of injured DNA resulting in primary

refractoriness to clinically used genotoxic chemothera-

peutics, such as 6-thioguanine (6-TG) [11].

The link between MMR deficiency and tumorigenesis is

well established in HNPCC patients who inherit a

heterozygous germ-line mutation in one of the MMR com-

ponents (mainly MSH2 and MLH1) and are prone to cancer

development further to somatic inactivation of the remaining

wild-type allele [9]. Besides familial cancers, MMR defects

are present in a significant proportion (12–20 %) of sporadic

counterparts of the HNPCC-spectrum tumors (gastro-in-

testinal, urologic, and gynecologic tracts) [12–15]. More

recently, growing evidence for involvement of MMR defects

in sporadic hematological malignancies has also been

provided [16–22]. In contrast to HNPCC, MMR deficiency

in sporadic cancers is commonly caused by silencing of

MLH1 owing to promoter methylation.

We previously described a murine lymphoid cell line,

called TS1, which was initially dependent on interleukin-9

(IL-9) for proliferation, but sequentially gained growth

factor (GF)-independence and resistance to JAK inhibitors

at high frequencies (1/20,000 for GF-independent clones

and 1 in 2 millions for JAK inhibitor-resistant subclones)

[23]. Each of the two successive selection steps was

accompanied by newly acquired activating point mutations

in one of the kinases associated with the IL-9 receptor,

namely JAK1 and JAK3. Our data showed that the relative

expansion of the mutated cells occurred in culture prior to

the selective pressure exerted by cytokine withdrawal or by

the inhibitor. The high phenotypic plasticity of the TS1 cell

line is somewhat reminiscent of the mutator concept, where

selection from a large spectrum of randomly pre-existing

variants facilitates rapid adaptation to environmental

pressures. In this study, we took advantage of the TS1

model to investigate the molecular mechanisms underlying

the acquisition of oncogenic and inhibitor-resistant muta-

tions in JAK kinases.

Materials and methods

Cell culture

TS1 andTS2 cellswere cultured in the presence ofmurine IL-9

(100 U/ml) in Iscove-Dulbecco’s medium supplemented with

10 % fetal bovine serum, 50 lM b-mercaptoethanol,

0.55 mM L-arginine, 0.24 mM L-asparagine, and 1.25 mM L-

glutamine. Genome-wide demethylation was achieved by

supplementation of cell medium with 0.5–2 lM 5-AZA-

20deoxycytidine (Sigma-Aldrich, cat #A3656) during 48 h.

Plasmids construction, cell electroporation,

and selection of stable transfectants

Murine MLH1 cDNA was inserted into the pEF6V5His-

TOPO plasmid (Invitrogen). 107 cells were electroporated

with 50 lg of DNA (280 V, 1500 lF, 75 X) and selected

in the presence of blasticidin 40 lg/ml (Invivogen, ANT-

BL-1) 24 h after electroporation.

Retroviral infection with shRNA and selection

of stable transfectants

Retroviruses were obtained by transient transfection of

HEK293 cells with pLKO.1 lentiviral vector coding for

shRNAagainstmurineMLH1 (TRCN00000042721, Thermo

4740 L. Springuel et al.

123



Scientifics) or anti-GFP (SHC004, Sigma), packaging vector

psPAX2, and VSV-G protein vector pMD2-G following the

RNAi Consortium recommendations. HEK293 supernatants

were harvested at 24 and 48 h post-transfection and used to

spin-infect 0.5 9 106 cells. Three days after infection,

stable transfectants were selected with puromycin 5 lg/ml

(MP biomedicals, cat #194539).

Selection of growth factor-independent clones

and JAK inhibitor-resistant subclones

For the selection of GF-independent clones, IL-9-depen-

dent TS1 or TS2 cells were washed three times in PBS and

seeded in 96-well plates at a concentration of 20,000–200

cells/well in the absence of cytokines. After 1–2 weeks,

GF-independent clones were picked up from plates, where

less than 20 % of wells were positive for proliferation,

corresponding to a probability of clonality superior to 0.9

according to the Poisson distribution. For the selection of

JAK inhibitor-resistant subclones, GF-independent TS1

clones were seeded in 96-well plates at a density of 30,000

cells/well in the presence of 300–600 nM of pan-JAK

inhibitor CMP6 (Calbiochem, cat #420097). After

2–3 weeks, proliferation-positive wells from plates meet-

ing clonality conditions were counted.

Microarray

Whole transcripts were amplified from 250 ng total RNA and

converted into single-stranded DNA using the Ambion� WT

expression kit. 5.5 lg DNA was fragmented, labeled

(Genechip� WT terminal labeling kit, Affymetrix), and

hybridized on Genechip� Mouse Genome 1.0 ST array

(Affymetrix).Data are accessible on theGEOplatform (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70395).

RNA extraction, cDNA synthesis, and qRT-PCR

Total RNAwas isolated from106 cells using TriPure Isolation

Reagent (Roche). Reverse transcription was performed on

1 lg of total RNA using an oligo-dT primer and M-MULV

Reverse transcriptase (RevertAid Reverse Transcriptase,

Thermo Scientific). qRT-PCRwas performed using the qPCR

core-kit for Sybrgreen I (Eurogentec) and primers sets

annealing to murineMLH1 (forward: 50-AGATGCTCCGTA
ACCATTCCTTTGTG-30 and reverse: 50-TAGAACAGCTC
TTCACTGAGCTTGGTA-30), murine b-actin (forward: 50-T
CCTGAGCGCAAGTACTCTGT-30 and reverse: 50-CTGAT
CCACATCTGCTGGAAG-30), humanMLH1 (forward: 50-A
CAGTAGCTGATGTTAGGACACTACC-30 and reverse:

50-CTATCAGTTCTCGACTAACAGCATTTCC-30), and

human EF1 (forward: 50-GCTTCACTGCTCAGGTGAT-30

and reverse: 50-GCCGTGTGGCAATCCAAT-30).

Bisulfite treatment of genomic DNA and sequencing

Bisulfite treatment of genomic DNA was performed as previ-

ously described [24]. PCR amplification was performed with

primers annealing to the bisulfite-modified sequence of the

murine promoter of MLH1 (forward: 50-GTTTTTAGAA
ATGAGTTAATAGGAAGAG-30 and reverse: 50-TACCAA
TTTTCTATCATCTCTTTAATAACATTAACC-30). PCR
products were cloned into the PCR2.1TOPO vector (invit-

rogen) and transformed into DH5a bacteria. Plasmid DNA

was extracted from seven colonies for each PCR amplifica-

tion (Nucleospin plasmid-8, Macherey-Nagel), and inserts

were sequenced using the DYEnamic Big Dye Terminator

Kit (Amersham).

Western blot

Western blot analysis was performed as previously

described [23]. Blots were probed with anti-MLH1 (Cell

Signaling Technology, #4256) and anti-b-actin (Sigma,

#A5441) antibodies.

CML patient samples

Peripheral blood leucocyte RNA was extracted from eight

patients at diagnosis, and eight patients relapsing after one or

more TKI were obtained from the Cliniques universitaires

Saint-Luc, Brussels. Reverse transcription was performed on

1 lg of total RNA using an oligo-dT primer and M-MULV

Reverse transcriptase (RevertAid Reverse Transcriptase,

Thermo Scientific). An independent cohort of 17 diagnostic

and 10 relapse samples obtained from the University of

Bordeaux was used as a validation cohort. In all samples, the

BCR-ABL/ABL transcript levels were above 10 % (IS).

Written informed consent was obtained in accordance with

the Declaration of Helsinki from all patients and from par-

ents or guardians on behalf of children who participated in

this study. The study was approved by the local Ethics

Committee: Comité d’Ethique Hospitalo-Facultaire Saint-

Luc, UCL, and Comité Consultatif de Protection des Per-

sonnes dans la Recherche Biomédicale (CCPRB) de

Bordeaux at the University of Bordeaux.

Results

MLH1 expression is repressed by promoter

methylation in TS1 cells

TS1 and TS2 are T-lymphocyte-derived cell lines that

strictly depend on the presence of IL-9 for survival [25, 26]

(Fig. 1a). IL-9 withdrawal results in rapid cell death in both

cell lines, though few TS1 cells occasionally succeed to
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proliferate independently of growth factor at a frequency of

1/20,000 cells. We previously showed that 100 % of those

GF-independent TS1 clones acquired activating point

mutations in JAK1 and/or JAK3 [23] suggestive of a high

rate of spontaneous mutagenesis. Interestingly, IL-9-

starved TS2 cells failed to give rise to GF-independent

clones (108 cells tested), indicating that this phenotype was

specific for the TS1 cell line (Fig. 1b).

Based on this observation, we hypothesized that TS1

cells have lost the expression of crucial genome mainte-

nance protein(s). Using a microarray technique, we

compared the transcriptomes of TS1 and TS2 cells and

obtained a list of 44 genes showing at least a 20-fold dif-

ferential expression (Fig. 1c; Supplementary Table 1).

Among these genes, we identified MLH1 as a relevant

candidate, because of its pivotal role in MMR, namely

coordination of mismatch recognition with effective repair.

Expression values for MLH1 transcript were 25-fold lower

in TS1 compared with TS2 cells. All other components of

the MMR system showed similar expression profiles

between TS1 and TS2 cells (Fig. 1f). Loss of MLH1

expression in TS1 versus TS2 cells was confirmed both at

the mRNA level by quantitative RT-PCR and at the protein

level by the western blot analysis (Fig. 1d, e).

Given that the promoter of MLH1 is frequently hyper-

methylated in sporadic human tumors, we determined its

cytosine methylation status through sequencing of bisulfite-

treated genomic DNA. As shown in Fig. 2a, most CpG sites

present in the MLH1 promoter region appeared to be

methylated in TS1 cells, while this promoter was totally

unmethylated in TS2. In line with these data, TS1 cells

treated with demethylating agent 5-AZA-20deoxycytidine
(5-AZAdC) partially recovered MLH1 expression in a dose-

dependent manner (Fig. 2b). No mutations were observed in

the coding sequence of MLH1, MSH2, MSH6, and PMS2 in

TS1 and TS2 cell lines, excluding inactivating mutations of

MMR system components as a cause of the mutator pheno-

type. Considering those results, we postulated that MMR

deficiency caused by silencing of MLH1 locus accounts for

the high rate of spontaneous mutagenesis in TS1 cells.

Ectopic MLH1 expression in TS1 cells prevents

oncogenic and inhibitor-resistant point mutations

in JAK kinases

To demonstrate that loss of MLH1 is responsible for the

acquisition of oncogenic mutations, we electroporated IL-9-

dependent TS1 cells with an expression vector coding for

MLH1 or the empty vector as control. Doing so, we obtained

three independent sets of MLH1-expressing cells and paired

control cells coming from distinct electroporation experi-

ments. Effective restoration of MLH1 protein expression

was confirmed by western blot on a representative set of

Fig. 1 MLH1 expression is lost in TS1 cells. a TS1 and TS2 cells

were seeded in 96-well plates at a density of 1000 cells/well in the

presence of increasing concentrations of murine IL-9. After 48 h of

culture, methyl-H3 thymidine was added to the cells for 4 h and

thymidine incorporation was measured. Thymidine incorporation

values were standardized relative to the value in the presence of IL-9

100 U/ml. b TS1 and TS2 cells were plated in the absence of IL-9 on

96-well plates at different densities ranging from 200 to 40,000 cells/

well. 1–2 weeks later, wells positive for proliferation were visually

screened. For TS1 cells, histogram represents mean ± SEM of seven

independent selection experiments. Concerning TS2 cells, no GF-

independent clones arose from a total of 108 tested cells. c Microarray

data are represented as hierarchical clustering of transcripts 920

differentially expressed in TS1 versus TS2 corresponding to a list of

44 genes (biological duplicates). The image was obtained with the

Multiple Experiment Viewer program (MeV). The line corresponding

to MLH1 transcript is indicated. d MLH1 mRNA levels were assessed

by quantitative RT-PCR in TS1 and TS2 cells. Histograms represent

mean ± SD of biological triplicates. Student’s t test was performed to

determine p value. e MLH1 protein levels were assessed by western

blot in TS1 and TS2 cells. The membrane was probed with anti-b-
actin antibody as loading control. f mRNA expression levels of the

different components of the MMR system and JAK kinases in TS1

and TS2 cell lines based on the microarray transcriptome analysis.

Histograms represent mean ± SD of biological duplicates
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cells (Fig. 3a). Moreover, reconstitution of DNA damage-

signaling function of MMR system in MLH1-electroporated

TS1 cells was demonstrated by their increased sensitivity to

genotoxic agent 6-TG compared to control cells (Fig. 3b).

Exogenous MLH1 expression did not modify the prolifera-

tion of TS1 cells in response to IL-9 (Fig. 3c). By contrast,

when MLH1-expressing cells were plated in the absence of

IL-9 to select GF-independent clones, the frequency of GF-

independent clones displays a 50-fold decrease compared to

control cells (Fig. 3d). Because in TS1 cells, GF-indepen-

dence is systematically associated with acquisition of point

mutations [23], this difference reflects a reduced mutation

rate in MLH1-expressing cells.

As previously shown, GF-independent clones were sen-

sitive to JAK inhibitors, such as CMP6, in short-term assays.

However, resistant subclones arose upon long-term culture

in the presence of inhibitor as a result of secondarymutations

in JAK1 or JAK3 [23]. Hence, we asked whether restoration

of MLH1 in TS1 GF-independent clones could prevent the

occurrence of secondary mutations and thereby the emer-

gence of CMP6-resistant subclones. Two different GF-

independent clones (TS1 A6 and T4) were electroporated

with MLH1 vector (Fig. 4a). In short-term assays, ectopic

MLH1 expression had no impact on the sensitivity of clones

to CMP6 (Fig. 4b, c). However, when cells were seeded in

the presence of the inhibitor for 3 weeks, significantly less

CMP6-resistant subclones emerged from cells that express

MLH1 as compared to control cells (Fig. 4d, e).

Altogether, our data demonstrate that ectopic expression

of MLH1 in TS1 cells significantly diminishes the inci-

dences of GF-independent clones and CMP6-resistant

subclones.

MLH1 knock-down in TS2 cells promotes oncogenic

point mutations in JAK3

We next sought to determine if the TS2 cell line could give

rise to GF-independent clones with acquired mutations in

JAK1 and JAK3 upon MLH1 knock-down (KD). To that

Fig. 2 MLH1 expression is repressed by promoter methylation in

TS1 cells. a Methylation status of the MLH1 promoter was

determined by bisulfite sequencing of genomic DNA in TS1 and

TS2 cells. Circles represent CpG sites (methylated in black,

unmethylated in white). Data represent sequencing results of seven

clones from the PCR product for each cell line. Numbers indicate the

nucleotide position relative to the origin of transcription. b MLH1

mRNA levels were assessed by quantitative RT-PCR in TS1 cells

treated with 0/0.5/1/2 lM of 5-AZA-20deoxycytidine for 48 h.

Histograms represent mean ± SEM of three independent experi-

ments. One-way ANOVA test was performed to determine p values

(*p\ 0.05, ***p\ 0.001)

Fig. 3 Ectopic MLH1 expression in TS1 cells decreases the

frequency of GF-independent clones. a MLH1 protein levels were

assessed by western blot in TS1 cells electroporated with MLH1 or

empty vector. The membrane was probed with anti-b-actin antibody

as loading control. b TS1 cells electroporated with MLH1 or empty

vector were seeded in 96-well plates at a density of 1000 cells/well in

the presence of IL-9 100 U/ml and with increasing concentrations of

6-TG. After 48 h of culture, methyl-H3 thymidine was added to the

cells for 4 h and thymidine incorporation was measured. Thymidine

incorporation values were standardized relative to the value in the

absence of 6-TG. c TS1 cells electroporated with MLH1 or empty

vector were seeded in 96-well plates at a density of 1000 cells/well in

the presence of increasing concentrations IL-9. After 48 h of culture,

methyl-H3 thymidine was added to the cells for 4 h and thymidine

incorporation was measured. Thymidine incorporation values were

standardized relative to the value in the presence of IL-9 100 U/ml.

d TS1 cells were plated in the absence of IL-9 on 96-well plates at

different densities ranging from 200 to 20,000 cells/well. 1–2 weeks

later, wells positive for proliferation were visually screened. His-

tograms represent mean ± SEM of six independent selection

experiments (3 independent electroporated bulks, each bulk was

tested twice). Student’s t test was performed to determine the p value

(***p\ 0.001)

Loss of mutL homolog-1 (MLH1) expression promotes acquisition… 4743

123



end, TS2 cells were infected with retroviruses coding for

shRNAs against MLH1 or against GFP as a control. In

doing so, we obtained seven paired TS2 bulks coming from

seven independent infection experiments. As presented in

Fig. 5a, shRNA-targeting MLH1 successfully silenced

78 % of the mRNA expression. Subsequent reduction in

MLH1 protein amount was corroborated by western blot on

a representative set of cells (Fig. 5b). MLH1-KD TS2 cells

showed a decreased sensitivity to 6-TG compared to con-

trol cells, indicating that effective MMR-dependent DNA

damage signaling was impaired (Fig. 5c).

Altogether, 162 9 106 shRNA-infected TS2 cells were

plated in the absence of IL-9 with the hope to select GF-

independent clones from MLH1-KD cells. In line with our

expectations, a series of GF-independent clones arose at an

average frequency of 1 in a million MLH1-KD TS2 cells

(Fig. 5d). By contrast, only rare (three) GF-independent

clones emerged from the control TS2 cells, at an extremely

low frequency (\2 9 10-8). Fourty-five GF-independent

TS2 clones (including the three clones from the control

cells) were picked up and screened for mutations in JAK1

and JAK3 (Table 1). 89 % (40/45) of them had acquired a

mutation in JAK3, whereas none did in JAK1. Altogether,

we identified nine different substitutions affecting six

conserved residues between mouse and human JAK3. All

residues were previously shown to be mutated in GF-in-

dependent TS1 clones [23] and for three of them (A572,

R657, and V674), mutations have been also described in

human leukemia [27, 28]. The remaining five clones dis-

played no mutation indicating that acquiring a mutation in

JAK3 is not the only way for TS2 cells to proliferate

Fig. 4 Ectopic MLH1 expression in GF-independent TS1 clones

decreases the frequency of CMP6-resistant subclones. a MLH1

protein levels were assessed by western blot in TS1 A6 and T4 GF-

independent clones electroporated with MLH1 or empty vector. The

membrane was probed with anti-b-actin antibody as loading control.

b, c GF-independent TS1 A6 and T4 clones electroporated with

MLH1 or empty vector were seeded in 96-well plates at a density of

1000 cells/wells in the presence of increasing concentrations of

CMP6. After 48 h of culture, methyl-H3 thymidine was added to the

cells for 4 h and thymidine incorporation was measured. Thymidine

incorporation values were standardized relative to the value in the

absence of CMP6. d, e GF-independent TS1 A6 and T4 clones

electroporated with MLH1 or empty vector were plated in the

presence of CMP6 (300–600 nM) on 96-well plates at a density of

30,000 cells/well. 2–3 weeks later, wells positive for proliferation

were visually screened. Graphs represent paired frequency values

from seven and eight independent selection experiments (each of the

four electroporated set was at least tested once). Paired Wilcoxon test

was performed to determine p values (*p\ 0.05)

Fig. 5 shRNA-mediated MLH1 knock-down in TS2 cells increases

the frequency of GF-independent clones. a MLH1 mRNA levels

assessed by quantitative RT-PCR in TS2 cells infected with

retroviruses coding for shRNA against MLH1 or GFP. Histograms

represent mean ± SEM of seven independent infection experiments.

Student’s t test was performed to determine p value. b MLH1 protein

levels assessed by western blot in shRNA-infected TS2. The

membrane was probed with anti-b-actin antibody as loading control.

c TS2 cells infected with retroviruses coding for shRNA against

MLH1 or GFP were seeded in 96-well plates at a density of

1000 cells/well in the presence of IL-9 100 U/ml and with increasing

concentrations of 6-TG. After 48 h of culture, methyl-H3 thymidine

was added to the cells for 4 h and thymidine incorporation was

measured. Thymidine incorporation values were standardized relative

to the value in the absence of 6-TG. d TS2 cells infected with

retroviruses coding for shRNA against MLH1 or GFP were plated in

the absence of IL-9 on 96-well plates at a density of 40,000 cells/well.

1–2 weeks later, wells positive for proliferation were visually

screened. Histograms represent mean ± SEM of seven independent

selection experiments (each set of infected cells was tested once).

Student’s t test was performed to determine p values (*p\ 0.05,

***p\ 0.001)
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independently of growth factor. This contrasts with the TS1

cell line, where 100 % of GF-independent clones gained a

mutation in JAK1 and/or JAK3.

Thus, these data show that selection of GF-independent

clones with activating mutations in JAK3 from the MLH1-

expressing TS2 cell line is a rare event, but its incidence is

strongly increased upon MLH1 silencing.

TS1 cells and primitive CML cells share a common

mutational profile dominated by T:A>C:G

transitions

Next, we investigated if the loss of MLH1 would be

translated into a mutational signature present in our col-

lection of TS1-derived JAK1 and JAK3 mutations. As

shown in Fig. 6, nucleotide exchanges in TS1 cells are

strongly biased towards T:A[C:G transitions in compar-

ison with the expected pattern of mutations arising

spontaneously in normal human cells [29]. Thus, in TS1

cells, the accumulation of T:A[C:G substitutions is

favored, potentially as a reflect of MLH1-deficiency or

MMR-defect, in general. Our data are consistent with

studies in bacteria demonstrating that the spectrum of base

substitutions is dominated by T:A[C:G mutations in the

absence of efficient MMR [30, 31].

As already mentioned in the introduction, a fraction of

CML patients treated with imatinib experience disease

relapse owing to the emergence of pre-existing tumors

variants with point mutations in the kinase domain of BCR-

ABL. This is somewhat reminiscent of the selection of JAK

inhibitor-resistant subclones with acquired mutations in our

MLH1-deficient TS1 model. Interestingly, Grant et al.

showed that point mutations in BCR-ABL arising in

primitive CML cells from Imatinib-naive and Imatinib-

resistant patients are characterized by a predominance of

T:A[C:G transitions and an under-representation of

C:G[T:A transitions, as a result of an unknown mutator

process [32, 33]. Knowing this, we compared the profile of

nucleotide exchanges in our TS1 model with the one

described in CML cells. As shown in Fig. 6, TS1 cells and

primitive CML cells display an identical mutational pat-

tern, which differs significantly from the standard profile.

This analysis indicates that a defect in MLH1 is a potential

suspect for the mutator mechanism operative in CML cells

that renders them prone to acquire new mutations in BCR-

ABL.

MLH1 expression is down-regulated in BCR-ABL

inhibitor-resistant versus newly diagnosed CML

patients

Given the mutational bias described above, we sought to

compare the expression of MLH1 in peripheral blood

samples coming from BCR-ABL inhibitor-resistant

patients and newly diagnosed inhibitor-naı̈ve ones. First,

we assessed the mRNA expression of MLH1 in a test

cohort, including 16 non-paired CML samples (8 at diag-

nosis and 8 at relapse), from patients referred to the Saint-

Luc Hospital in Brussels. For six out of the eight relapsed

samples, acquired mutations in BCR-ABL could be

detected. In this cohort, MLH1 expression was significantly

down-regulated in the samples at relapse as compared to

samples at diagnosis (Fig. 7a, left panel). BCR-ABL/ABL

ratios were similar between the two groups (Fig. 7a, right

panel). For the other components of the MMR system, we

Table 1 List of the JAK3 mutations identified in growth factor-in-

dependent TS2 clones

shRNA JAK1 JAK3 Number of sequenced

clones (n = 45)

Anti-MLH1 WT A572V 9

WT L586S 6

WT R657H 3

WT R657C 6

WT F666C 2

WT V674A 10

WT V674G 1

WT T848A 1

WT WT 4

Anti-GFP WT R657H 1

WT V674F 1

The table shows the 9 different identified substitutions and their

respective absolute frequencies for in a total of 45 characterized TS2

clones. All six affected amino acids are conserved in mouse and

human JAKs (amino acid numbers correspond to human sequence)

Fig. 6 TS1 and CML cells share a common mutational profile

distinct from normal cells. The diagrams present the percentages of

T:A[C:G and C:G[T:A transitions as well as transversions (substi-

tutions of a purine by a pyrimidine base and conversely) occurring in

JAK1 and JAK3 genes for the TS1 cells, in BCR-ABL for CML cells

[32, 33] and in unselected regions of the genome for the normal cells

[29]. v2 test was performed to determine the p values (***p\ 0.001;

NS non-significant)
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observed no difference in the expression of MSH2 and

PMS2, whereas MSH6 mRNA levels displayed a reduction

in relapsed patients versus patients at diagnosis (Fig. 7a),

but this was only tested in the Saint-Luc Hospital cohort

representing a limited set of data.

The difference in MLH1 expression was further con-

firmed on a separate validation cohort coming from the

University of Bordeaux comprising 17 diagnosed and 10

relapsed samples from which 6 acquired a mutation in

BCR-ABL (Fig. 7b). Clinical details of the patients are

described in Supplementary Table 2. Thus, selection of

BCR-ABL inhibitor-resistant tumor subclones in CML

patients is correlated with the selection of cells with a

reduced MLH1 expression, corroborating the clinical sig-

nificance of our previous in vitro findings.

Discussion

In this paper, we made the clinically relevant observation

that loss of MLH1 expression continuously promotes the

appearance of point mutations in kinases leading to

genetically distinct cell variants within a population that

are selected by their fitness to adapt upon cytokine depri-

vation or therapeutic pressure. This finding stems from

experiments carried out on the MLH1-deficient TS1 model,

in which sequential acquisition of activating mutations in

JAK1 and JAK3 are required to overcome successively IL-

9 withdrawal and exposure to JAK inhibitor. Restoration of

MLH1 expression at both stages, IL-9-dependent TS1 cells

or GF-independent TS1 clones, significantly reduces the

frequencies of further transformed cells with newly

acquired JAK mutations, whereas conversely, down-regu-

lation in MLH1-proficient TS2 cells enhances the

incidence of GF-independent clones harboring mutations in

JAK3.

At the moment, ruxolitinib is the only JAK inhibitor that

achieved FDA approval. Although no clinical resistance

mediated by acquired mutations has been reported yet upon

treatment with ruxolitinib, we believe that our model sys-

tem would be also relevant in other cancer therapies for

which patient-derived drug-resistant mutations are descri-

bed, as illustrated here for BCR-ABL? CML. Indeed, it

seems very likely that mutations in MMR-deficient cells

are not restricted to JAK1 and JAK3 genes, but rather occur

randomly across the genome. Therefore, extrapolation of

our findings to other oncogenes strongly suggests that

MLH1-silenced tumors are predisposed to develop sec-

ondary resistance against any clinically used targeted

therapy.

Imatinib, an ABL1 inhibitor, represents an appropriate

clinical illustration of targeted therapy whose effectiveness

is limited by the emergence of pre-existing tumor sub-

clones carrying drug-resistant mutations in the kinase

domain of BCR-ABL resulting in CML relapse [34]. It has

been assumed that the appearance of CML cells harboring

such tyrosine kinase inhibitor (TKI)-resistant mutations is

fostered by the increased genomic instability in the subset

of cells from which the leukemic cells are derived, the so-

called leukemia stem cells (LSC) [35]. This genomic

instability in LSC, manifested as chromosomal aberrations

and point mutations (including BCR-ABL mutations) [32],

Fig. 7 MLH1 mRNA expression is down-regulated in imatinib-

resistant versus newly diagnosed CML patient samples. MLH1

mRNA levels assessed by quantitative RT-PCR in CML blood

samples taken at diagnosis or at relapse after imatinib treatment from

two independent sets of patients, a samples of our test cohort (cohort

#1) from Saint-Luc Hospital, Brussels (n = 8 for both diagnosis and

relapse) and b samples of the validation cohort (cohort #2) from the

University of Bordeaux (n = 17 for diagnosis, n = 10 for relapse).

MSH2, MSH6, PMS2 levels, as well as BCR-ABL/ABL ratios of our

test cohort from Saint-Luc Hospital are also shown. Horizontal lines

represent the mean values. Non-parametric Mann–Whitney one-tailed

test was performed to calculate the p values (*p\ 0.05, **p\ 0.01,

NS non-significant
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is believed to stem from a combination of increased DNA

damages and inefficient repair [36, 37]. BCR-ABL itself

promotes genetic instability through excessive ROS pro-

duction [38–40] and inhibition of MLH1-PMS2 dimers

assembly, but does directly inhibit the expression of MMR

proteins [41]. The cause of reduced MLH1 expression at

relapse remains unknown. Promoter hypermethylation was

not be detected by bisulfite sequencing and Methylation-

Specific MLPA, and no haploinsufficiency could be

detected in our validation cohort (data not shown).

Here, we provide arguments in favor of a down-reg-

ulation of MLH1 expression playing a role in genetic

instability of LSC. We show that the pattern of BCR-

ABL arising in vivo and in vitro in primitive CD34? -

cells from Imatinib-naive and Imatinib-resistant CML

patients strikingly resembles the JAK1 and JAK3

mutations occurring spontaneously in our MLH1-defi-

cient TS1 cells [32]. Indeed, both mutational profiles are

characterized by a marked prevalence of T:A[C:G

transitions, which is distinct from the natural predomi-

nance of C:G[T:A mutations due to spontaneous

cytosine deamination [29].

A link between genomic instability and high risk of

relapse upon TKI therapy was already evoked by the

observation that the overall frequency of BCR-ABL

mutations increases with sequential TKI use [42]. In par-

ticular, patients who harbor BCR-ABL mutations

conferring resistance to first-line inhibitor are more likely

to develop additional mutations on second-line or third-line

TKI therapy than patients without such mutations [43, 44].

This correlation suggests that, in this specific subset of

patients, a higher genetic instability boosts spontaneous

mutagenesis and fosters the rapid emergence of resistant

clones upon treatment. In our paper, we demonstrate that

MLH1 expression is significantly down-regulated in leu-

kemic cells from BCR-ABL inhibitor-resistant CML

patients compared to newly diagnosed ones. This indicates

that therapy relapse might be due to selection of a subset of

leukemic progenitors with lower MLH1 expression that

consequently possess a higher likelihood to acquire addi-

tional mutations in BCR-ABL.

In conclusion, our results indicate that MLH1-deficient

tumors are associated with a high risk of relapse upon

oncogene inhibitor as monotherapy. Exploiting the

Achilles heel of MMR-deficient tumors by making use of

synthetic lethal interactions or boosting anti-tumor immune

surveillance represents attractive tumor-specific therapeu-

tic avenues. Therefore, combining oncogene-targeted drugs

with synthetic lethal approaches or immunotherapy could

specifically and efficiently ablate the MMR-defective

cancer cells while avoiding the selection of tumor variants

harboring drug-resistant mutations.
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