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A B S T R A C T

The relative genetic simplicity of leukaemias, the development of which likely relies on

a limited number of initiating events has made them ideal for disease modelling, particu-

larly in the mouse. Animal models provide incomparable insights into the mechanisms of

leukaemia development and allow exploration of the molecular pillars of disease mainte-

nance, an aspect often biased in cell lines or ex vivo systems. Several of these models,

which faithfully recapitulate the characteristics of the human disease, have been used

for pre-clinical purposes and have been instrumental in predicting therapy response in pa-

tients. We plea for a wider use of genetically defined animal models in the design of clinical

trials, with a particular focus on reassessment of existing cancer or non-cancer drugs,

alone or in combination.
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oncogenic drivers (Look, 1997). These advances were not only

stimulated by the ability to sample the tumour easily, includ-

ing during or after therapy, but also by the ability to flow sort

leukaemic cells. Finally, even though leukaemias are rare

(sometimes even orphan) and very diverse diseases, the rela-

tive simplicity of genetic alterations has permitted physio-

pathological studies, including the pioneering creation of ani-

mal models recapitulating the diseases and constituting pre-

cious tools for experimental therapeutics. These diseases are

now much better understood in their physiopathology than

most other cancers and some of them are even definitively

cured. Clinically, the small numbers of leukaemia patients

has facilitated tailored strategies and clinical protocols, allow-

ing them to gain very significant survival benefits in the past

40 years. Haematology appears as a leading field in cancer

biology at large, in particular to demonstrate that cancers con-

stitute a juxtaposition of rare distinct diseases and that biol-

ogy can pave the way to cures.
2. Leukaemias: a genetic metonymy of cancers?

2.1. Specific features of leukaemias

Cancers result from the accumulation of multiple genetic or

epigenetic lesions in cells, progressively driving them from

normal to fully malignant. This is well reflected by epidemio-

logic studies from the 1950’s, demonstrating an exponential

incidence of cancer rates as age progresses. More recently,

genome sequencing has revealed the existence, in many solid

tumours of 6e10 recurrentmutations likely to be the drivers of

transformation and a 10-fold larger number of random alter-

ations considered as passenger ones (Jones et al., 2008).

In contrast to solid tumours, some leukaemias are not dis-

eases of old age and many of them actually only occur in in-

fants or young children. Others have a constant incidence

with age. As expected, the genetics of these conditions vary

and the earlier the disease occurs, the fewer genetic events

are likely to be involved. The reason why haematopoietic cells

aremore susceptible to oncogenic transformation than epithe-

lial or mesenchymal ones is not understood. In lymphocyte-

derived leukaemias, however, this likely reflects their ability

to rearrange their genomes as part of their differentiation pro-

gram (Haluska and Croce, 1987). It is also clear that some ini-

tiating events may occur very early in development,

sometimes in utero (Ford et al., 1993; Hong et al., 2008).

For the purpose of our demonstration, we will focus on

some well-characterized diseases for which significant evi-

dence points to a single dominant rate-limiting genetic altera-

tion. These are often the results from chromosomal

translocations and represent highly attractive therapeutic tar-

gets, as demonstrated below.

2.2. Some leukaemias are quasi-monogenic

The best-studied disease to that respect is probably acute pro-

myelocytic leukaemia (APL). APL incidence is poorly affected

by age (Vickers et al., 2000). It is driven by a t(15,17) transloca-

tion present in over 98% of patients (Rowley et al., 1977),

shown to yield the expression of the PML/RARA fusion protein
(de Th�e et al., 1990; de Th�e et al., 1991). It was assumed that

cooperating events were required for the full APL phenotype,

because transgenicmice do not develop an immediate disease

(see below). Yet, recent whole genome genetic exploration

revealed the near absence of gene amplification, deletion, or

mutations in addition to the main driving translocation

(Akagi et al., 2009; Karnan et al., 2006; Wartman et al., 2011;

Welch et al., 2012). The only rare additional alterations (Ras,

UTX, ASLX1 or FLT3 mutations, Myc trisomy, KDM6A loss),

shared with other myeloid leukaemias have been associated

with disease progression and appear to accelerate the course

of the disease, butmay not be absolutely required for its onset.

Some specific epigenetic changes were observed, but it is un-

clear whether those are acquired of just a marker of a specific

differentiation stage (Figueroa et al., 2010). That APL genomes

are so stable is likely an important explanation for the rare

occurrence of therapy resistance. In fact, the delay observed

in mice may reflect the time for PML/RARA to acquire the spe-

cific post-translational modifications required for its full

transforming activity (Zhu et al., 2005) or to tune down an

inappropriately activated senescence program. Thus APL can

be considered as an example of monogenic cancer.

Some other leukaemias share similar features with APL.

Chronic myelogenous leukaemia is due to the Philadelphia

chromosome, encoding the Bcr/Abl fusion. Careful epidemio-

logicalmodelling has revealed that it can be explained by a sin-

gle mutation model (Michor et al., 2006), despite the fact that

its genome is quite unstable and that other genetic abnormal-

ities are frequently observed, particularly when the disease

progresses towards acute phase (Wada et al., 1994). This rela-

tive low number of driving abnormalities holds true for most

translocation-associated leukaemias. Thus, haematopoietic

disorders are associated with fewer genetic alterations than

most solid tumours, suggesting that their biologic modelling

and reconstruction in model systems are likely to be much

easier.

2.3. Darwinian selection and/or hierarchy?

The novel power of deep sequencing has allowed an unprece-

dented exploration of the Darwinian evolution of cancers,

notably leukaemias. This has uncovered the existence of mul-

tiple parallel pathways of disease evolution after a common

initiating event (Notta et al., 2011). Importantly, these clones

evolve during the course of the disease and in response to

therapy (Ding et al., 2012). Chemotherapy not only enhances

genomic instability and favours new mutations, but also al-

lows the clonal dominance of a pre-existing minor tumour

component resistant to therapy (Greaves and Maley, 2012).

Similar findings have been made in other tumours, where

deep sequencing has allowed the pioneering observation of

clonal dynamics during spontaneous evolution and adapta-

tion to therapy, providing one of the most striking example

of rapid genetic drift under stress adaptation.

How can sense bemadewithin this genetic catastrophe? In

contrast to many solid tumours, where it is difficult to find

recurrent alterations or construct pathways that would drive

or initiate the disease, leukaemia are often characterised by

well-identified recurrent alterations, which are most likely

to be the primary drivers of the disease. For example, elegant
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studies have demonstrated that the Tel/AML1 fusion is the ini-

tiating event of some B-cell ALL (Anderson et al., 2011). Yet,

molecular epidemiological studies have demonstrated that

this fusion can be observed in a number of individuals that

will never develop the disease (Brassesco, 2008). Its expression

induces the formation of a small clone of stem cells which can

persist for a long time, until other events occur or this clone is

ultimately cleared (Hong et al., 2008). One of the important

events of progression towards growth appears to be the loss

of the remaining AML1 allele. Importantly, relapse often oc-

curs through a reinitiation of leukaemia from the pre-

malignant clone, rather than from additional mutations con-

ferring resistance to the fully malignant clone (van Delft

et al., 2011). Thus these studies demonstrate that although

multiple genes may be mutated in a haematologic malig-

nancy, even sometimes in normal stem cells prior to actual

transformation (Welch et al., 2012), there is a sharp hierarchy

and a primary, if not single, driver alteration, at least in

translocation-associated diseases. The latter is obviously

a prime candidate, not only for deconstructing the disease

pathogenesis, but also for therapeutic purposes. Besides, ge-

netic analyses can unravel the unexpected requirements of

some specific pathways for tumour maintenance, but not for

that of normal cells.

Several lines of evidence have suggested that cell-lines

only imperfectly reflect tumour biology. Not every leukaemia

can be derived into a cell line, and for many of them signifi-

cant concerns were raised as to the presence of additional ge-

netic/epigenetic changes required to sustain growth ex vivo.
3. Mouse models of leukaemias

On the contrary, the creation of murine models of leukaemias

has allowed significant advances we will review the different

approaches in a historical order. The respective uses, advan-

tages and limitations of each system are summarized in Fig-

ure and Table 1.

3.1. Xenografts

Although growth of human leukaemia cell lines in rodent was

described as early as in the 1960’s, it is only recently that the

use of profoundly immuno-deficient mice has allowed

the transplantation and propagation of primary human
Table 1 e Comparison of the respective features of different technologies

Advantages

Xenografts � Human diseases
� Ready to use

Viral transformation-derived models � Fast
� Allow large-scale exper

Transgenics-derived models � Reproducible
� Allow large-scale exper
leukaemia cells (Imada, 2003). While these studies have been

essential in analysing hierarchy in human myeloid malig-

nancies and contributed to define human leukaemia stem

cells (Greaves, 2010), they are often limited by the low effi-

ciency of engraftment, precluding drug screening or pathway

identification.

3.2. Retroviral transductions

Manipulation of themurine bonemarrow, purification of hae-

matopoietic progenitors, viral transduction of oncogenic pro-

teins and reimplantation of these transformed cells in

syngenic animals, a technically simple procedure was rou-

tinely performed to establish oncogene-driven leukaemia

models in mice, particularly with BCR/ABL, a very potent

oncogene (Pear et al., 1998). The retroviral transduction/trans-

plantation CML mouse model was shown to be a faithful rep-

resentation of the human CML and was successfully used for

genetic analyses of the driver’s function, for the identification

of critical downstream signalling pathways of BCR-ABl and for

testing the efficacy of therapeutic drugs in vivo. However is-

sues related to the level of expression of the transduced onco-

genes, as well as the nature of the precursor cell transduced

have been raised. Moreover, for some unknown reason this

approach is not suitable for all oncoproteins.

3.3. Transgenics

Because of the relative genetic simplicity of leukaemia, these

were among the first diseases to be successfully modelled in

transgenic experiments (Harris et al., 1988). Multiple issues

were later raised, notably regarding the critical importance

of the maturity of the cell population actually targeted by

the promoter driving expression of the transgene. However,

technological progress has permitted hundreds of models of

haematopoietic malignancies to be generated that way. Multi-

ple refinements have been obtained through the incredible

power of mouse genome technology, so that most human

haematopoietic malignancies now have several faithful

equivalents in the mouse. These are allowing an extraordi-

nary dissection of the biochemical and cellular mechanisms

of disease development and maintenance.

The APLmodel has been an unprecedented example ofmo-

lecular investigation of tumour pathogenesis. After some un-

successful attempts using promoters that were only active in
used to obtain mouse models of leukaemia.

Drawbacks

� Engraftment difficulties
� Experimental reproducibility
� Transplantability?
� Cohorts size and homogeneity

iments
� Choice of oncogene(s)
� Insertion site issues

iments
� Choice of transgene(s)
� Choice of promoter/cell type specificity issue
� Time-consuming
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fully differentiated cells (Early et al., 1996), two promoters

MRP8 and cathepsin G were found to yield APL-like leukemias

at an efficient rate (Brown et al., 1997; Grisolano et al., 1997; He

et al., 1997). These model systems became invaluable to anal-

yse APL pathogenesis. This first started with deciphering the

role of the two fusion partners (Kogan et al., 2000), of partners

proteins involved in the oncogenic complex (RXRA, HDAC)

(Matsushita et al., 2006; Zhu et al., 2007), then with the identi-

fication of critical post-translational modifications (Nasr et al.,

2008; Zhu et al., 2005), culminating with the elucidation of the

mechanisms of therapy response (de The and Chen, 2010;

Kogan, 2009; Lallemand-Breitenbach et al., 2012; Nasr et al.,

2008)(see below). The pathogenesis of the variant form of the

disease was also investigated (He et al., 2000). The almost per-

fect parallelism between mice and patient response was cov-

ered in many influential reviews (Kogan and Bishop, 1999;

Lallemand-Breitenbach et al., 2005; Piazza et al., 2001).
4. Mouse models as relevant pre-clinical tools

Thesemousemodels are particularly well-suited to assess the

effects of new drugs, but also to identify among existing drugs

those that may have the greatest efficacy alone or in combina-

tion Figure 1. Leukaemic blasts are easily and rapidly trans-

plantable, allowing the formation of large cohorts of mice

with identical diseases that can be used for preclinical pur-

poses (Lallemand-Breitenbach et al., 2005; Nardella et al.,

2011).
4.1. Clinical utility: the APL paradigm

In some cases, these models have shown clinical utility, as

curative regimens have been discovered inmice and later suc-

cessfully transferred to patients (de The et al., 2012; Nasr and

de The, 2010; Nasr et al., 2009). Perhaps the most demonstra-

tive illustration of the combined power of mouse models

and drug combinations is the cure of APL by the retinoic

acid and arsenic association (Chen et al., 2011; Wang and

Chen, 2008). Either drug alone was known to yield APL regres-

sion in patients and arsenic even allowed 70% cure rates

(de The and Chen, 2010; Mathews et al., 2010). Studies of
Transp

leuke

Preclinical 

studies

Conceptual 

advances

Cancer stem cells , tumor

microenvironment, clonal evolution,…

Phase I-II trials

Figure 1 e Schematic representation of the differen
ex vivo differentiation demonstrated a clear antagonism be-

tween the two drugs, precluding their combination in patients

(Shao et al., 1998). However subsequent studies in the mouse

demonstrated that differentiation was not a valid end-point

reflecting APL eradication (Ablain and de The, 2011; Nasr

et al., 2008). On the contrary, several different mouse models

had predicted synergistic effects of the two drugs given front-

line (Jing et al., 2001; Lallemand-Breitenbach et al., 1999; Rego

et al., 2000). Importantly, while a clear-cut synergy for disease

elimination and survival was found, an antagonism for differ-

entiation was also observed, in line with the observations

made on primary cells (Shao et al., 1998). It is remarkable

that these different models, using different technologies and

approaches all reached the same conclusion (Bernardi et al.,

2002; Lallemand-Breitenbach et al., 2005).

Ultimately, several clinical trials demonstrated the po-

tency of the frontline combination and its superiority to the

standard of care for overall survival, patient comfort and

treatment cost (Estey et al., 2006; Hu et al., 2009; Shen et al.,

2004; Tallman and Altman, 2009). Thus APL can be considered

not only an exemplary clinical success of targeted therapies

(de The and Chen, 2010), but also one of mouse modelling of

human cancers (Lallemand-Breitenbach et al., 2005).
4.2. Testing new drugs and associations?

It is becoming increasingly clear that cancer is a highly hetero-

geneous group of diseases. Each molecularly homogeneous

groupmay end up being an orphan disease. It is nowmost un-

likely that we will find universal strategies against tumours at

large. As microbiologists learnt to adjust the antibiotics to the

pathogenic bacteria strains, we will have to test thousands of

drugs and/or combinations to find the one to which a specific

cancer subset is exquisitely sensitive. In some cases, the num-

ber of available drugs, exceeds the actual number of patients

available for phase I/II trials, not to mention combinations in

phase III. Clearly, mice present an attractive alternative to

demonstrate the potency of drugs in a defined genetic setting

and even more to test associations between different drugs

with different targets or even drugs targeting the same protein

through non-overlapping (and hence potentially synergistic)

mechanisms.
lantable 

mia

Mechanistic 

modeling

Experimental 

therapeutics

Testing new drugs

or combinations

Molecular determinantsof tumor
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t possible uses of mouse models of leukemia.
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In the APL example,micewere used to test new drugs, such

as nucleotide derivatives (Guillemin et al., 2002; Nasr et al.,

2008), arsenicals (Kroemer and de The, 1999; Lallemand-

Breitenbach et al., 1999) or rexinoids (Altucci et al., 2005).

Actually, on the basis of the APL studies, several centres

have gone forward to implement the systematic coupling of

mouse modelling and patient trials, an approach known as

the “co-clinical trial project” (Nardella et al., 2011). Indeed, it

is anticipated that patients could benefit from early drug test-

ing to tailor treatment regimen not only on tumour genetics

(targeted therapy), but also on the actual in vivo tumour

sensitivity.

4.3. Exploring new therapeutic endpoints

Most drug screening processes use growth arrest or apoptosis

as theirmajor endpoint. However, in linewith the cancer stem

cell hypothesis, multiple studies have identified drugs that

efficiently kill the tumour bulk, but unfortunately cannot pre-

vent rapid regrowth of the tumour. These agents most likely

target progression events, but fail to assess “stemness” or

self-renewal. Although feasible, testing “stemness” ex vivo is

highly cumbersome experimentally.

Conversely, in several mouse models of cancer, some

recent studies have identified drugs or combinations that

havemodest effect on short-term tumour growth, but dramat-

ically affect the ability of tumour cells to transplant into sec-

ondary hosts. The latter only, actually predicts disease

eradication and long-term survival. For example, the combi-

nation of arsenic and interferon alpha appears to be selec-

tively toxic for HTLVI-infected cells that express the viral

transactivator Tax (Bazarbachi et al., 1999; El-Sabban et al.,

2000). This interferon/arsenic combination cures mice trans-

planted withmurine adult T cell leukaemia (ATL) cells derived

from Tax transgenics (El Hajj et al., 2010). However, this com-

bination does not induce rapid growth arrest or apoptosis.

Indeed, the tumours continue to grow on a therapy that is ul-

timately curative! But in vivo treated ATL cells are incapable of

transplanting leukaemia into secondary hosts, demonstrating

that even a short treatment abolished “stemness” (El Hajj

et al., 2010). Importantly, as in APL, cure of the animals was

translated into clear-cut benefit in patients (Kchour et al.,

2009). Similar findings were made on calcineurin inhibition

by cyclosporine A in T-ALL, which appears to have the same

effect (Medyouf et al., 2007) (J. Ghysdael, unpublished).

4.4. Understanding and manipulating tumour biology

Mouse models are also precious to address a number of very

basic issues about cancer biology. The first issue is tumour

heterogeneity and clonal selection. As described above, it is

becoming increasingly clear that tumours constitute proto-

typic models of clone selection and evolution (Greaves and

Maley, 2012). The advantage of the mouse system is that it al-

lows external manipulation of several types of selective pres-

sure and the brutal increase in genomic changes through

mutagenic interventions to accelerate the tumour evolution

(irradiation, ENU mutagenesis, retroviral mutagenesis)

(Joslin et al., 2007; Kool and Berns, 2009; Uren et al., 2008). Sim-

ilarly, treatment-related selective pressure can be applied to
promote (…) and to highlight a rapid evolution of the leukemic

clone, together with highlighting the basis for therapy resist-

ance. These are key issues, with major implications for clini-

cal management of the disease, that obviously cannot be

efficiently tackled in patient-derived materials.

Novel imaging strategies have allowed an unprecedented

level of morphological analyses of cell interaction and in vivo

migration. Cell labelling combined to two-photon imaging

has permitted the visualisation of multiple cellular events,

including migration, invasion, interaction with the haemato-

poietic niche or the stroma, formation of immunological syn-

apse, destruction by immune cells, phagocytosis (Bengtsson

et al., 2011; Rauch et al., 2009). In that respect, mouse models

have enabled a complete reassessment of the relationship be-

tween tumour and stroma, together with the realisation that

the latter is not restricted to epithelial tumours. Indeed, cellu-

lar interactions between leukemic cells and themicroenviron-

ment have been discovered (Zhang et al., 2012). Thus, in many

unrelated aspects, mouse models have driven major concep-

tual advances in cancer biology.
5. Perspective: using mice to promote more
investigator-driven trials

Science most often proceeds by chance and some of the most

important breakthroughs came from unexpected, puzzling,

findings that were subsequently explored in great details

and often justified or explained a posteriori. These curative reg-

imen were invariably first disregarded, progressively con-

firmed, ultimately becoming standard of care.

The last 20 years have seen an growing interest in the

methodology of clinical trials. Very elaborate statistical

methods, rigid procedures and quality controls, external

data committees have been implemented in very large groups

of patients. While this undoubtedly improved the intrinsic

quality of trials aimed at comparing two predefined strategies,

one could argue that this has paradoxically yielded a negative

effect on the discovery process at large. With the current

organisation of clinical research and the increasingly strict

publications standards, it is probable that the princeps clinical

observations of retinoic acid or arsenic in acute promyelocytic

leukaemia (Chen et al., 1996; Huang et al., 1988; Sun et al.,

1992), high dose cis-platinum in testicular cancer, methotrex-

ate in osteosarcoma (Jaffe, 1972), may experience difficulties

to be published today. Yet, these represent some of the too

rare examples of cancer cures by medical oncology.

Effective and innovative clinical trials should assess strat-

egies, stratify cancer patients using genetics or other biologi-

cal annotations, but also test combinations and/or dosage of

existing drugs. Clearly, they should also be based on physio-

pathological disease models. In that sense, preclinical data

from mouse is most likely going to emerge as one of the

most important contributors to the cures to come.
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