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PREFACE 

The regulations of the University of Western Australia provide the option for candidates 

for the Degree of Doctor of Philosophy to present their thesis as a series of papers, 

which have been published in peer-reviewed journals, manuscripts that have been 

submitted for publication but not yet accepted or manuscripts that could be submitted. 

All manuscripts presented relate to the study of rare childhood tumours. The papers 

have been presented in a logical format so as to address the issues raised in the 

prologue. The emphasis of this thesis is to demonstrate the advances that can be made, 

using different approaches, for rare disease entities following presentation of orphan 

cases for which optimal management is unknown. 

Volume I is presented as a series of clinically orientated papers focused on improving 

the therapeutic outcome of meningioma, a rare central nervous system tumour occurring 

in children and adolescents. Volume II comprises a series of scientific articles and 

manuscripts concentrated on broadening the molecular understanding of infant acute 

lymphoblastic leukaemia bearing a rare gene abnormality. The epilogue integrates the 

papers and places this work into the context of current practice, in particular how the 

clinical and genetic findings will help to improve patient outcome. The epilogue also 

provides direction on which to base future research for these particular tumours and 

extrapolates how the methodology used within this thesis can be used to advance our 

knowledge of other rare childhood tumours. Each paper is presented with the original 

headings, text, figures and tables, however, for ease of reading and flow, the formatting 

applied is to the guidelines specified by the University of Western Australia.  
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SUMMARY 

A rare disease is one that affects a small percentage of the population. Childhood cancer 

as a whole is encompassed within the definition of a rare disease. Despite its rarity, 

cancer is the most common cause of disease-related death in children from developed 

countries, second only to unintentional injury for all-cause mortality. Remarkable 

progress has been made in the understanding, management and outcome of frequently 

occurring paediatric malignancies, through clinical trials and biological research 

facilitated by large international cooperative groups. In comparison, there remains a 

significant group of children whose tumours are so infrequent that historically they have 

been overlooked. The gap in clinical and scientific knowledge for rare paediatric 

tumours has recently been recognised. In an attempt to better define and improve 

outcome for these children, rare tumour groups, international disease-specific registries 

and clinics have subsequently been established. However, this framework does not 

encompass the study of every rare paediatric cancer, with underrepresented 

malignancies classified as orphan diseases, for which neither clinical nor scientific 

structures have been developed to aid in their diagnosis or treatment. This thesis 

exemplifies how an individual can use distinct clinical and biological approaches to 

make significant advances for such rare childhood tumours. 

The first volume is dedicated to the clinical study of child and adolescent meningioma. 

Prior to this research, there were no evidence-based treatment guidelines for child and 

adolescent meningioma, with therapeutic recommendations based on extrapolation from 

adult data. A systematic review of the literature was initially performed to identify the 

differences between paediatric and adult meningioma, followed by two international 

individual patient data meta-analyses. The results of the first study have identified the 

epidemiological and prognostic features for child and adolescent meningioma and 
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provided evidence-based treatment recommendations, including aggressive surgical 

management, to achieve gross total resection, as the initial treatment of choice. This 

study additionally highlights the pitfalls in extrapolating adult data to provide treatment 

recommendations for rare paediatric diseases. The results of the second study have 

identified minimal or no morbidity in the majority of child and adolescent meningioma 

survivors. One-quarter suffered from moderate/severe morbidity, with significantly 

increased risk of morbidity occurring in relapsed disease. In those patients, morbidity 

predominantly occurred as a consequence of the tumour itself, justifying the therapeutic 

recommendation of aggressive surgery to achieve gross total resection. 

The second volume focuses on the biological study of a rare t(1;11)(p32;q23) mixed 

lineage leukaemia (MLL) rearrangement. This is the first clinical and cytogenetic 

characterisation of twins with t(1;11)(p32;q23) MLL-rearranged infant acute 

lymphoblastic leukaemia (ALL). Molecular characterisation using targeted Sanger 

sequencing of the leukaemia cells of each twin revealed novel and identical t(1;11) 

(p32;q23) MLL translocations, with the first known evidence for the non-homologous 

end joining mechanism of DNA repair occurring in leukaemia cells of infants with this 

translocation. Application of whole-genome cytogenetic arrays revealed a low 

frequency of additional copy number alterations (CNAs), pointing towards the MLL 

translocation as the major driver for leukaemogenesis. A number of the CNAs were 

present in the leukaemia cells from both twins, providing further support for the 

intrauterine monoclonal origin for infant ALL. However, several CNAs were unique to 

each patient, providing evidence for molecular heterogeneity for cells that have 

originated from a common cell of origin, demonstrated by identical t(1;11) molecular 

breakpoints.  
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In conclusion, the work presented in this thesis demonstrates how the study of selected 

rare childhood tumours has led to improved clinical understanding and management of 

children and adolescents suffering from meningioma and has provided further insights 

into the molecular biology underlying MLL-rearranged infant ALL. The thesis has 

shown how initiation of research by an individual can achieve such outcomes and 

provide a foundation upon which future research can be based for those tumours. The 

work presented in this thesis has been made feasible by international collaboration and 

the absence of competing interests, highlighting the need for a single unified global 

approach to the study of all rare childhood tumours in order for such gains to be 

achieved. Successful implementation of the concepts used for the studies conducted in 

this thesis provides a remarkable opportunity upon which to model research for other 

rare childhood tumours, and indeed rare diseases in general, to achieve similar gains.  
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PROLOGUE 

A rare disease affects a small percentage of the population and the definition differs 

according to geographical location. In the United States, the Rare Diseases Act of 2002 

defines  a  rare  disease  as  “any  disease  or  condition  that  affects  less  than  200,000  persons  

in  the  United  States”,  whilst  the  European  Commission  defines  a  rare  disease  as  “a  life-

threatening or chronically debilitating disease with a low prevalence, affecting less than 

5  per  10,000  persons  in  the  European  Union,  and  a  high  level  of  complexity.”     

By these definitions, childhood cancer as a whole is a rare disease, with complete 

prevalence counts of 169,844 for children under 15 years of age in the United States.1 

The definitions of a rare disease are based on prevalence as a measure of a chronic 

condition. However, childhood cancers are subacute illnesses and the burden within a 

population is better defined using age-specific incidence rates. Using this parameter, 

childhood cancer remains a rare entity with incidence rates of 138.5 per million in 

Europe, 157.5 per million in Australia and 172.8 per million in the United States for 

children aged between 0-14 years.1-3 Despite its rarity, cancer is the most common cause 

of disease-related death in children from developed countries, second only to 

unintentional injury for all-cause mortality.2 

In contrast to adults, childhood cancer is classified according to morphology rather than 

primary site of origin.4 Leukaemia, central nervous system (CNS) tumours and 

lymphoma are the most frequently occurring cancers in children. In the developed 

world, leukaemia accounts for 27-35% of all childhood cancer cases, with CNS tumours 

comprising 20-27% and lymphoma 8-15%.3 Since  the  1970’s,  remarkable  progress  has  

been made in the understanding, management and outcome of the more frequently 

occurring paediatric malignancies.5 The impossibility to perform meaningful studies on 
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the few patients treated in each paediatric oncology centre has fostered the 

establishment of large international cooperative groups, such as the Children’s  

Oncology Group (COG) and the International Society for Paediatric Oncology (SIOP). 

These groups have facilitated the conduct of clinical trials and biology studies, 

involving multiple institutions from different countries, enabling accrual of adequate 

patient numbers and ultimately leading to an improved outcome for the majority of 

childhood cancers.  

There remains, however, a significant group of children who have not benefited from 

the advances made by the large cooperative groups. This group constitutes children 

whose tumours are so infrequent that they have historically been overlooked due to the 

limited ability to accrue in a timely fashion onto clinical trials. These barriers have 

occurred as a consequence of small patient numbers from a heterogeneous group of 

diseases and the difficulty in establishing funding for rare tumours when competing 

with the more frequently occurring childhood cancers. Hence, our knowledge of the 

clinical presentation, management and long-term outcome of these tumours is based on 

limited single institution data or extrapolation from adult studies.5 

In recent years the gap in clinical and scientific knowledge for rare paediatric tumours 

has been recognised and a number of vehicles now exist to better define and improve 

outcome for these children. One initiative to study rare childhood tumours has been 

through the creation of international disease-specific registries and clinics. These 

include registries for pleuropulmonary blastoma (http://www.ppbregistry.org/), 

paediatric adrenocortical carcinoma (http://clinicaltrials.gov/show/NCT00700414) 

and NUT midline carcinoma (http://www.nmcregistry.org/); and an annual       

centralised clinic for paediatric gastrointestinal stromal tumour (GIST) 
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(http://www.pediatricgist.cancer.gov/). Another approach, by the two main cooperative 

study groups, has been the development of specialised task forces dedicated to 

developing clinical and biological research for rare cancers in children: the COG Rare 

Tumours Committee and the SIOP-supported European Cooperative Study Group for 

Paediatric Rare Tumours (EXPeRT). 

The COG Rare Tumour Committee was established in 2002 and initially comprised of 

three subcommittees for germ cell, hepatic and infrequent tumours. The retinoblastoma 

subcommittee was incorporated in 2008. Collectively, these four disease categories 

account for approximately 15-20% of all childhood malignancies.6 The COG has 

defined infrequent tumours as other malignant epithelial neoplasms and melanomas in 

the International Classification of Childhood Cancer subgroup XI of the Surveillance 

Epidemiology and End Results (SEER) database.7 These histologies include 

adrenocortical carcinoma, thyroid carcinoma, nasopharyngeal carcinoma, malignant 

melanoma, skin carcinoma, nonmelanoma skin cancers and other unspecified 

carcinomas. Although individually these tumours occur infrequently, collectively they 

account for 9% of all cancers seen in patients younger than 20 years of age in the United 

States, with three-quarters of these cancers affecting patients between the ages of 15-19 

years.7 

In Europe, there were a number of national cooperative groups in several countries 

focusing on the study of rare paediatric tumours prior to 2008. These included the 

Italian TREP (Tumori Rari in Età Pediatrica) project,8 which was established in 2000, 

the   Rare   Tumour   Working   Group   of   the   United   Kingdom’s   Children’s   Cancer   and  

Leukaemia Group which started operating in 1997, the Polish Paediatric Rare Tumours 

Study Group founded in 2002, the German Rare Tumour Working group,9 created in 
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2006, and the French rare tumour group, FRACTURE (groupe FRAnCais des TUmeurs 

Rares   de   l’Enfant),   formed   in   2007.  These   groups  merged   in   2008   to   form  EXPeRT,  

allowing a unified approach to the study of very rare paediatric tumours in Europe. Very 

rare tumours have been defined by EXPeRT as any solid malignancy or borderline 

tumour characterised by an annual incidence of less than 2 per million and/or not 

already considered in clinical trials.10 This definition incorporates the characterisation of 

very rare tumours as orphan diseases, which by definition indicates that neither clinical 

nor scientific structures have been developed to aid in their diagnosis or treatment.10  

 

The multitude of approaches into the study of rare childhood tumours has yielded 

remarkable clinical and biological success for a number of rare childhood cancers, 

however, for each individual tumour type significant resources are required to make 

such advances. Due to the broad heterogeneity of tumour types encompassing rare 

childhood tumours, the limited resources of the different groups, registries and clinics 

has resulted in disparity within the clinical and biological study of rare paediatric 

tumours. Whilst there is appropriate representation for certain tumour types or subtypes 

such as pleuropulmonary blastoma, adrenocortical carcinoma and nasopharyngeal 

carcinoma, there is a paucity of clinical and/or biological representation of others, such 

as clinical representation for child and adolescent meningioma and biological 

representation of certain mixed lineage leukaemia (MLL) gene translocations occurring 

in acute lymphoblastic leukaemia (ALL) of infancy. 

 

The primary aim of this PhD thesis is to demonstrate how presentation of individual 

cases of rare childhood tumours to the clinic can lead to the development of research to 

improve understanding and outcomes for these tumours, independent from the setting of 

a cooperative group trial or disease-specific registry/clinic. The secondary aim is to 
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show how these advances can be made by an individual at both the clinical and 

biological level, using distinct approaches to overcome the challenges encountered for a 

‘clinical’ orphan, child and adolescent meningioma, and identify novel genetic 

alterations for a ‘biological’ orphan, the t(1;11)(p32;q23) MLL gene translocation 

occurring in infant ALL.  

This PhD thesis is structured in two volumes, each comprising four chapters. The first 

volume is dedicated to the clinical study of child and adolescent meningioma. The 

second volume focuses on the biological study of a t(1;11)(p32;q23) MLL gene 

translocation occurring in monozygotic twins with infant ALL. The content of each 

volume has a uniform theme, including reports of the individual rare cases presenting to 

the clinic and inspiring this research, in-depth literature reviews of the known clinical 

and biological aspects of each tumour, with each volume culminating with the specific 

clinical/biological studies of the respective tumours. This thesis concludes with an 

epilogue comprising of an overarching discussion, relating the work contained within 

this thesis to current clinical and scientific approaches for rare childhood tumours and 

providing a policy for future direction. 
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VOLUME I 

CLINICAL CHALLENGES 
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CHAPTER 1 

Atypical meningioma presenting in a     

sixteen-month old boy 
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The following case was referred to the Department of Haematology and Oncology, 

Princess Margaret Hospital for Children in Perth, Western Australia. At the time of 

presentation, the body of knowledge regarding child and adolescent meningioma was 

sparse, consisting of single case reports and case series. There were no evidence-based 

guidelines to assist paediatric oncologists and neurosurgeons in providing the optimal 

management for child and adolescent meningioma. In an effort to provide the best 

possible outcome for this child, and indeed for all other children and adolescents 

subsequently diagnosed with meningioma throughout the world, this single case led to 

the body of work encompassed within this volume.

Illustrative case 

History 

RB was a previously well sixteen-month old boy, who presented to the emergency 

department with a three-week history of intermittent left arm twitching. Episodes lasted 

up to a minute in duration and were gradually increasing in frequency, occurring up to 

four times a day, both during sleep and whilst awake. During episodes he was 

unresponsive and following each event he was noted to be tired with hypotonia of his 

left arm. Development was normal until five months of age, after which delays in gross 

motor skills were appreciable. Early right hand preference was evident and although RB 

was able to sit at five months of age, he was never able to crawl. At one year of age he 

was unable to raise himself from a sitting position and his gait was wide-based and 

unsteady. RB had no significant past medical history and his immunisations were up to 

date. Family history included surgical correction of congenital bilateral ptosis in an 

older brother and multiple basal cell carcinomas in maternal grandmother during her 

fifth decade of life. 
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Examination 

On examination, significant findings included macrocephaly of 53cm (97th centile for 

age). The anterior fontanelle was soft. The left upper limb was held in a flexed position. 

He was able to take objects with his left hand but immediately transferred them to his 

right hand. The left upper limb exhibited hypertonia and deep tendon reflexes were 

brisker in both the left upper and lower limbs compared with the right. Substantial 

clonus was evident on the left and the plantar grasp was asymmetrical, being present on 

the left but not the right. Power was normal throughout. There were no neurocutaneous 

lesions. 

Investigations 

Baseline blood tests, including renal function, calcium, magnesium, phosphate, blood 

sugar, thyroid function, full blood count, inflammatory markers, liver function and a 

coagulation profile, were within normal limits. The electroencephalogram was mildly 

abnormal with asymmetric slowing over the right hemisphere. An escalating dose of 

carbamazepine was commenced.  

A magnetic resonance imaging (MRI) scan of the brain (Figure 1) and spinal cord 

demonstrated a vividly enhancing, solid, calcified mass in the superior aspect of the 

right cerebral hemisphere associated with nonenhancing cysts distorting the midline 

structures. Marked peritumoural and pericystic oedema was present. There was some 

prominence of the lateral ventricles but no evidence of significant hydrocephalus. There 

was no leptomeningeal spread. 
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Figure 1. Coronal MRI section from patient RB, showing a vividly enhancing, solid, 

calcified mass in the superior aspect of the right cerebral hemisphere associated with 

nonenhancing cysts distorting midline structures 
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Management 

Dexamethasone was commenced and a right parietal craniotomy was performed. The 

dura was easily peeled off the tumour. The tumour was attached to the arachnoid and 

pia mater. The firm tumour was removed piecemeal. The deeper aspect of the tumour 

had an indistinct brain-tumour junction.  The residual anteromedial cyst was opened but 

not removed. The dura over the tumour was excised and closed with periosteum.  

Histopathology 

The intraoperative crush smears and frozen section demonstrated syncytia and fascicles 

of spindle cells with vesicular nuclei and discernible nucleoli. There were occasional 

intranuclear   inclusions   and   collagenised   nodules   with   entrapped   ‘atypical’   cells.   The  

sections from the formalin-fixed paraffin embedded tissue blocks revealed neoplastic 

spindle cells arranged in poorly formed fascicles that formed occasional whorls. The 

tumour cells exhibited mild to moderate nuclear pleomorphism and up to three mitotic 

figures per ten high power fields were identified (Figure 2). In several areas there was 

an irregular interface between tumour and brain parenchyma and groups of tumour cells 

were seen infiltrating the grey matter. There was adjacent florid pilocytic gliosis and 

microdysgenesis. There was no pericellular reticulin. Immunohistological staining for 

epithelial membrane antigen (EMA) was diffusely positive in tumour cells (Figure 3) 

and the proliferative marker Ki-67 (MIB-1) was positive in 10-15% of tumour cells 

(Figure 4). Occasional tumour cells were weakly positive for progesterone receptor and 

S100. Glial fibrillary acidic protein (GFAP) (Figure 5) and S100 highlighted entrapped 

brain parenchyma within the substance of the tumour and confirmed the presence of 

brain invasion. Banded chromosome analysis demonstrated no chromosomal 

abnormality. A diagnosis of atypical (World Health Organisation (WHO) grade II) 

meningioma was made. 
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Figure 2. Representative section of WHO grade II atypical meningioma, from patient 

RB (Haematoxylin and Eosin stain, x200) 

Figure 3. Immunohistochemical staining for epithelial membrane antigen showing 

diffuse positivity in tumour cells, from patient RB 
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Figure 4. Immunohistochemical staining for Ki-67 in tumour cells, from patient RB 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 5. Immunohistochemical staining for glial fibrillary acidic protein demonstrating 

invasion of brain parenchyma and adjacent reactive astrogliosis, from patient RB 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



17 

Outcome 

A postoperative MRI scan demonstrated gross total resection of the large solid mass in 

the superior aspect of the right cerebral hemisphere, with no contrast enhancement to 

suggest residual tumour. The postoperative course was unremarkable. He was 

commenced on an escalating dose of levetiracetam. Carbamazepine and dexamethasone 

were gradually weaned and eventually ceased.  Physiotherapy and occupational therapy 

were commenced for rehabilitation. 

Routine neurosurgical review two months after surgery demonstrated large bilateral 

subdural collections on MRI scan. At the time, RB was clinically well and managed 

expectantly with three-monthly MRI surveillance scans and clinical review. Drainage of 

the collections was planned in the event of deterioration, however they resolved 

spontaneously with time. RB currently remains clinically well five years and three 

months following gross total resection of the tumour.  
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Abstract 

With improvement in leukaemia therapy, CNS tumours are the leading cause of cancer 

mortality in children and the most expensive of all human neoplasms to treat. 

Meningiomas are rare intracranial tumours in childhood and adolescence, arising from 

arachnoid cell clonal outgrowth in the meninges. There have been no collaborative 

prospective therapeutic trials for paediatric meningioma because of its rarity and the best 

evidence for management comes from retrospective case analyses and extrapolation from 

the treatment of adult meningioma. However, this may not be ideal because the 

underlying biology of adult and paediatric meningioma seems to be different, as is the 

case for other CNS tumours. In addition, treatment of paediatric brain tumours requires 

consideration of long-term quality of life. This review reflects on what is currently known 

about paediatric meningioma and opportunities for future direction. 
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Introduction 

Meningiomas constitute 0.4-4.6% of paediatric CNS tumours.11 In marked contrast, 

meningiomas account for approximately 30% of all primary CNS tumours in adults. 

Only 1.5-2.0% of all meningiomas occur in children.11 They are twice as common in 

women as in men,12 whereas in children there is a slight male predominance. The 

incidence of paediatric meningioma increases with age and the mean age at diagnosis is 

greater than that of other paediatric CNS tumours.13, 14 Infantile meningiomas are 

exceedingly rare.15 The 2010 Central Brain Tumour Registry of the United States 

statistical report for tumours diagnosed between 2004 and 2006, recorded a total of 285 

paediatric meningiomas, with 84 cases occurring in the first decade of life and 201 in 

the second decade; whereas in adults, 53,170 meningiomas were recorded.16 

Aetiology 

A number of factors are known to contribute to paediatric meningioma. 

Neurofibromatosis type 2 (NF2) and ionising radiation are well known risk factors and 

are discussed in detail below. Rare associations include Gorlin syndrome, especially in 

those who have previously received cranial radiotherapy.17-19 Gorlin syndrome, also 

known as multiple basal cell carcinoma syndrome, is an autosomal dominant condition 

due to mutations in the patched (PTCH) gene on chromosome 9 and involves defects 

within multiple body systems. There is one report of seven children with chordoid 

meningiomas and systemic manifestations   of   Castleman’s   disease,20 a rare 

lymphoproliferative disorder characterised by nonmalignant tumours at a single or 

multiple sites throughout the body. Meningiomas have been associated with 

Rubenstein-Taybi syndrome.21 Rare cases of familial meningiomas without underlying 

genetic syndrome have been reported.22 Meningioangiomatosis (MA) has the most 

notable association with meningioma and is further discussed below. 
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Neurofibromatosis type 2 

After vestibular schwannoma, meningiomas are the second most frequent tumour in 

patients with NF2, seen in 53% of patients and 83% of those with the early onset, more 

severe “Wishart  variant”.23 However, neurofibromatosis type 1 (NF1) is not associated 

with an increased risk of meningioma.24 NF2-associated meningiomas have not been 

shown to differ significantly from sporadic paediatric tumours with regard to 

clinicopathological and genotypic features. However, NF2-associated meningiomas 

have a higher frequency of multiplicity and merlin loss and sporadic paediatric 

meningiomas have a higher incidence of brain invasion.25 Patients with NF2 have a 

higher risk of developing meningiomas of the spinal canal and optic nerve sheath.26

Loss of NF2 gene expression (which is located on 22q12) occurs in almost all NF2-

associated meningiomas and 40-60% of sporadic meningiomas.27 The high incidence of 

meningiomas in NF2, the fact that this population is more prone to develop multiple 

meningiomas and presentation at an earlier age conforms   to   Knudson’s   “two-hit”  

hypothesis, in that only one additional hit of the NF2 gene is required for 

tumourigenesis.  

Ionising radiation 

Cranial radiotherapy is a risk factor for meningioma development. There is a nearly 

tenfold higher risk for children with radiation exposure compared to those without.28 

The high sensitivity of arachnoidal tissue to irradiation in the meninges of children 

increases vulnerability to oncogenic stimulation. Ionising radiation causes mutations in 

the genome, either directly or indirectly via formation of free radicals. High doses elicit 

a more rapid loss of cellular control mechanisms and failure of the DNA repair system, 

eventually leading to tumour formation. Radiation-induced meningiomas rarely 

manifest in childhood, although they remain an ever-increasing problem among adults, 
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allowing for the latency period from the time of irradiation to clinical onset and that the 

incidence of meningiomas is known to increase as a function of time.29  

A comprehensive literature review of radiation-induced brain tumours after CNS 

irradiation in childhood has been recently published.30 Primary diseases encompassed 

both CNS and haematological tumours. Thirty-three WHO grade I and seven WHO 

grade II meningiomas of atypical subtype were identified. There was no clear 

correlation between dose of radiotherapy delivered and histological grade of the 

secondary meningioma. The latency period for the occurrence of secondary atypical 

meningiomas did not differ between children and adults, whereas the mean latency 

period for the occurrence of secondary benign meningiomas was longer in adults.  

Compared with spontaneous meningiomas, radiation-induced meningiomas in adults are 

characterised by younger age at diagnosis, atypical or malignant pathology, multiplicity 

and recurrence.31 In children, radiation-induced meningiomas arise within the irradiation 

field by definition, are more likely to be multifocal, have high proliferative potential and 

high degrees of atypia and mitosis. Higher levels of radiation exposure are associated 

with a shorter latency period, suggesting a dose effect.28 The latency period is shorter 

for patients irradiated at less than five years of age and for those who developed atypical 

or anaplastic meningiomas.15  

Radiation-induced meningiomas often have complex structural and numerical 

chromosomal abnormalities consistent with DNA damage induced by irradiation. Loss 

of 1p, 6q, 7p and chromosome 22 have been described in adult radiation-induced 

meningiomas.32, 33 NF2 gene alterations play a less important role in the pathogenesis of 

radiation-induced meningioma than sporadic meningiomas without previous history of 
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radiation.34 No specific molecular patterns enabling differentiation between radio-

induced and spontaneous lesions have been identified. Specific cytogenetic signatures 

of paediatric radiation-induced meningiomas have yet to be ascertained. Brassesco et al. 

have demonstrated loss of 1p and complex aberrations of chromosomes 1, 6 and 12 in a 

paediatric radiation-induced meningioma.35  

 

Meningioangiomatosis 

MA is a rare hamartomatous lesion of the CNS characterised by proliferation of 

meningothelial cells, microvasculature and fibroblasts. It can occur sporadically or in 

the setting of neurofibromatosis, especially type 2. Patients can be asymptomatic, 

especially those with neurofibromatosis, or present with a long history of seizures 

and/or headache, as is often seen in sporadic cases. Meningioma associated with MA is 

even rarer. The total number of cases reported under the age of 18, of meningioma 

associated with MA, is 19.14, 36-41 There is a male predominance (12 males, 7 females), 

with all cases located in the frontotemporal cortex. All meningiomas were WHO grade I 

tumours except for one atypical meningioma. One case had neurofibromatosis. The 

pathogenesis of this condition remains unclear. Cytogenetic studies have demonstrated 

loss of NF2 gene expression in both the MA and meningioma components but a much 

higher proliferation index (MIB-1 labelling index (LI)) in the meningioma than in the 

MA component. This suggests that both the meningioma and MA undergo the same 

overlapping clonal process with the meningioma undergoing additional genetic 

alterations that confer a greater proliferative potential.39, 42, 43 In benign meningiomas 

associated with MA, histological appearances are known to mimic brain invasion, so 

careful histopathological interpretation is necessary. Outcomes in this subgroup have 

generally been favourable. Five deaths have been recorded – two postoperative, one 

disease-related, one unspecified and one unrelated. Thirteen patients were alive at the 
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end of their follow-up periods, with one having sustained a recurrence two years after 

subtotal resection of the tumour. This patient had a high MIB-1 LI of 15%. The 

recurrence was treated with stereotactic radiosurgery and no further recurrence occurred 

during the four-year follow-up.41 Clinical outcome was unspecified for one patient. 

Clinical features 

Common presenting signs and symptoms include those of raised intracranial pressure 

(headache, vomiting and papilledema), seizures, visual disturbance, motor disturbance 

and cranial nerve defects. The most frequently affected CNS locations in children are 

supratentorial and include the cerebral convexity, intraventricular, anterior and middle 

cranial fossae, falcine and parasagittal regions. Infratentorial meningiomas occur more 

frequently in children than in adults (20% vs. 8-10%).36, 44 There is a greater incidence 

of intraventricular meningiomas in children (11.3% vs. 0.5-2%).36, 45 Of intraventricular 

tumours, third ventricular tumours are rare.46 Meningiomas can occur in other unusual 

locations in children, for example, intraparenchymal, intraosseus and deep within the 

Sylvian fissure. One adult study has reported distinct patterns of gene expression in 

spinal meningiomas compared with intracranial meningiomas,47 suggesting spinal 

meningiomas are a different clinical, biological and genetic entity, although no studies 

have been subsequently performed. 

Histological and immunohistochemical features 

Meningiomas are histologically classified according to the WHO grading system. The 

most recent revision of the WHO grading system was published in 2007, with the most 

significant change recognising brain invasion as reflecting more aggressive biological 

potential. Most paediatric meningiomas are WHO grade I (80.6%), with WHO grade II 

(10.4%) and III (8.1%) tumours occurring less frequently (Figures 1, 2 and 3).48 In 
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adults, the incidence of WHO grade II and III meningiomas is lower than in children, 

constituting 4.7-7.2% and 1.0-2.8% of cases, respectively.49 Metastatic meningioma is 

extremely rare in children, with isolated cases of extracranial metastases reported in the 

lung, liver, lymph nodes and bone in patients with WHO grade III meningiomas.36, 50-52 

Similarly, metastatic disease is rare in adults, estimated to occur in 0.1% of patients.53 

There is a known association between clinical behaviour and histological grade. The 

association is stronger for sporadic adult meningiomas because one study has shown 

recurrence/death to be relatively common in paediatric patients with WHO grade I 

tumours.25 However, recurrence-free survival was significantly related to WHO grade in 

the largest published cohort of paediatric meningiomas.19 Atypical and malignant 

transformation is a recognised phenomenon and has been identified in several cases at 

recurrence.54  

Figure 1. Sheets of tumour cells with uniform oval nuclei from a meningioma, WHO 

grade I 
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Figure 2. Atypical meningioma with brain invasion, WHO grade II 

Figure 3. Marked nuclear atypia and elevated mitotic index (>20 mitotic figures/10 

high power fields) in an anaplastic meningioma, WHO grade III 
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In adults, the staining index for the anti-Ki-67 monoclonal antibody, MIB-1, is 

correlated with histological atypia and tumour recurrence.55-60 Ki-67 is a nuclear antigen 

expressed during active phases of the cell cycle (G1, S, G2 and M phases) but is absent 

during the G0 phase. The monoclonal antibody, MIB-1, detects the Ki-67 antigen and is 

used as a marker of cellular proliferation. A higher MIB-1 LI indicates shorter cell cycle 

times and faster tumour growth.60 In paediatric meningiomas, most studies concur that 

MIB-1 LI correlates with tumour grade,25, 37, 60 although there is substantial overlap of 

MIB-1 LI values between histological grades and significant interinstitutional variation 

is often noted because of different counting and staining techniques. One study 

correlated elevated MIB-1 LI with meningioma recurrence,60 whereas other studies did 

not demonstrate statistical significance.11, 25, 37, 61 Im et al. correlated high MIB-1 LI 

with large tumour size and short symptom duration, but not with adverse outcome or 

higher histological grade.14 Although MIB-1 LI provides a useful adjunct in relating 

tumour to histological grade in children, it cannot be used in isolation because of 

substantial overlap between histological grades. There is a paucity of data to support its 

use in predicting recurrence in paediatric meningioma. Other immunohistochemical 

markers that are useful for confirming meningothelial phenotype include EMA and 

vimentin.  

 

Based on an association with breast cancer and female sex predominance, in 

combination with observations of acceleration of tumour growth during pregnancy and 

the luteal phase of the menstrual cycle in adults, a tumourigenic role of hormones in 

meningioma has been suggested. Adult hormone immunohistochemical receptor studies 

revealed an inverse relationship between progesterone receptor (PR) expression and 

tumour proliferation and histological grade.27, 62 In adult meningiomas, gene expression 

has revealed an association with PR status, with significant upregulation of genes on the 



 31 

long arm of chromosome 22 and near the NF2 gene in PR-positive lesions compared 

with PR-negative lesions, suggesting a higher rate of 22q loss in PR-negative lesions.63 

A clear consensus on the prognostic value of PR status in predicting recurrence in adult 

meningioma is yet to be drawn. Some studies have suggested PR negativity as a strong 

predictor for recurrence, whereas others have been unable to find a statistically 

significant correlation between the two variables.64-66 Immunohistochemical expression 

of the oestrogen receptor (ER) is traditionally low in adult meningioma and its role is 

less well described. A few recent reports have demonstrated higher ER expression in 

meningioma, although not to the levels observed for PR expression.62, 67 ER-positive 

tumours have been correlated with aggressive clinical behaviour, higher proliferation 

indices, progression, recurrence and karyotype abnormalities in a small number of 

recent studies, although much more validation is required before it can be regarded as 

an adjunctive prognostic variable.68, 69 Androgen, somatostatin, growth hormone and 

prolactin receptors have also been identified in adult meningiomas.  

 

There is scant information about children but reports tend to concur with adult data, that 

PRs are more frequently present than ERs. Sheikh et al. found three of their WHO grade 

I specimens negative for ER and positive for PR.70 In keeping with adult meningioma, 

Perry et al. observed an approximate inverse association between PR expression and 

tumour grade in paediatric meningiomas.27 PR expression was of similar frequency, 

irrespective of age at presentation.27, 71 PR status was not related to clinical outcome. PR 

status as an adjunctive diagnostic marker in paediatric meningioma is limited because of 

the degree of overlap amongst histological grades and because both PR positivity and 

negativity are encountered in all grades. The role of hormones and their receptors in the 

pathogenesis of meningiomas remains to be elucidated. 
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In adult meningioma, the prognostic value of p53 immunohistochemical overexpression 

remains controversial. Although most agree that higher p53 expression correlates with 

poorer histological grade, there is no clear consensus as to whether there is an 

association with recurrence.11, 55, 56 p53 immunohistochemistry in paediatric 

meningioma is not well described. For twenty-seven tumours, Gao et al. could not relate 

p53 immunoreactivity to recurrence.11 In addition, p53 expression in four tumours 

described by Alexiou et al. did not relate to histological grade or outcome.61 

Interestingly, a recent report of an eleven-month old child, in whom there was growth of 

chronic bilateral subdural collections, demonstrated overexpression of aquaporin 1 in 

the meningioma specimen and blood vessels on immunohistochemical staining. This 

suggests strong expression of aquaporin 1 in tumour vessels could be linked to cyst 

formation and fluid overproduction leading to subdural collections.72 This finding has 

yet to be repeated. 

Radiological features 

On MRI, meningiomas are iso-hypointense on T1-weighted imaging and hyperintense 

on T2-weighted imaging. Marked gadolinium enhancement is seen (Figure 4). MRI is 

superior to computed tomography (CT) in providing detailed information about the 

tumour. MRI enables better delineation of tumour borders, associated oedema, 

interfaces and  cystic   areas.  The  “dural   tail   sign”   can  occur   as   a   characteristic   feature,  

although it is not present in every case, and reflects neoplastic dural infiltration or 

reactive vascularity or both, draining into the adjacent dura. CT appearances are of a 

hyperdense mass with variable calcification, oedema and hyperostosis. CT is more 

effective than MRI at demonstrating the effects on adjacent bone.73 On CT, 

meningiomas enhance homogeneously and diffusely after contrast.70, 74-76 Several 
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studies have looked at the correlation between MRI signal changes, diffusion-weighted 

MR, MR spectroscopy and positron emission tomography with histopathology in adult 

meningiomas. Whereas some studies have revealed a correlation between imaging 

features and tumour grade, others have not. Consequently, no clear consensus has been 

reached.73, 77-83

Figure 4. MRI demonstrating a vividly enhancing, solid meningioma in the superior 

aspect of the right cerebral hemisphere associated with nonwall enhancing cysts. Cyst 

indicated by arrow
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Meningiomas can also have a cystic component (Figure 4). Paediatric meningiomas are 

more likely to be cystic than their adult counterparts (24% vs. 2-4%).84 Four types of 

cyst have been described in meningiomas. The cyst may be intratumoural, either in the 

centre (type I) or on the periphery (type II), or peritumoural, either within the brain 

substance (type III) or at the brain-tumour interface (type IV).70 Type II cysts are the 

most frequent in paediatric meningiomas.85 Cysts form after necrosis, degeneration and 

haemorrhage. Glial response or arachnoid reaction may also contribute.11 Paediatric 

meningiomas have been noted to be larger in size compared to adult tumours.74 Multiple 

meningioma at presentation is less common in children than adults (2.5% vs. 8-9%).86 

Lack of dural attachment is rare in adults but can be found in up to 13-30% of childhood 

cases.87 Calcification is another finding that can be present on imaging (Figure 5) and is 

more readily seen on CT than MRI. 

Figure 5. MRI demonstrating punctate foci of calcification seen within a solid 

meningioma in the superior aspect of the right cerebral hemisphere associated with 

marked peritumoural and pericystic oedema. Peritumoural oedema indicated by arrow 
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Molecular abnormalities 

In adults, meningioma was the first solid tumour associated with a characteristic 

cytogenetic abnormality, monosomy 22.88, 89 Subsequent studies revealed that loss of 

NF2 gene expression was an early tumourigenic event. Loss of heterozygosity on 

chromosome 22q with bi-allelic inactivation of the NF2 tumour suppressor gene is one 

of the most frequently observed genetic alterations.27 Merlin is the resulting protein 

product of NF2 gene expression and is thought to play a role in regulating cell growth 

(particularly under conditions of increased cell density), cell motility, binding of several 

transmembrane signalling proteins and interaction with important proteins. 

Meningioma-associated NF2 mutations result in a truncated nonfunctional merlin 

protein. Other genes located on chromosome 22q that have been implicated in 

meningioma tumourigenesis include BAM22, breakpoint cluster region (BCR) and 

TIMP metallopeptidase inhibitor 1 (TIMP-1), the latter in higher grade meningiomas.53 

Protein 4.1 molecules are structurally similar to merlin and losses of 4.1R and 4.1B 

protein, because of differentially expressed in adenocarcinoma of the lung 1 (DAL1)

gene deletions on chromosome 18p11.32, have been demonstrated in adult 

meningiomas. The precise functions of protein 4.1 tumour suppressor genes have yet to 

be elucidated. Deleted in liver cancer 1 (DLC1) is a recently identified tumour 

suppressor gene located on chromosome 8p21.3-22 that may have a role in meningioma 

formation.90 

In adults, cytogenetic alterations associated with meningioma progression and 

atypical/anaplastic histology are well characterised. These include the presence of 

dicentric or ring chromosomes, losses of chromosome arms 1p, 6q, 9p, 10, 14q and 18q 

and gains/amplifications on 1q, 9q, 12q, 15q, 17q and 20q.91 Alterations of the cyclin 

D-dependent kinase tumour suppressor genes, CDK2NA (p16INK4a, p14ARF) and 
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CDK2NB (p15INK4b), on chromosome 9p21 are found in approximately two-thirds of 

anaplastic meningiomas.92 Loss of cell adhesion molecule 1 (CADM1) gene expression, 

previously known as tumour suppressor in lung cancer 1 (TSLC1), on chromosome 

11q23 has been correlated with increased tumour grade.93 Aberrant CpG island 

hypermethylation has been associated with atypical and anaplastic meningiomas.94 

Whereas NF2 and DAL1 deletions are strongly implicated in meningioma pathogenesis, 

1p and 14q deletions are progression-associated markers associated with higher tumour 

grade. Reduced expression of maternally expressed gene 3 (MEG3) and N-myc 

downstream regulated gene 2 (NDRG2) have been identified on chromosome 14q.53  

Overexpression of various growth factors, for example, platelet-derived growth factor 

(PDGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), 

insulin-like growth factor (IGF) and transforming growth factor-beta (TGF-β), and their 

receptors; together with their downstream signalling pathways, including RAS/mitogen-

activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT, have 

been shown to occur in the pathogenesis of adult meningioma.95 Deregulation of the 

Notch, hedgehog and β-catenin/Wnt pathways have also been identified.96  

Limited molecular characterisation has been performed in paediatric meningiomas. 

Most reports consist of only a few cases. As with adults, chromosome 22 abnormalities 

are the most frequent change.97-101 Biegel et al. also described ring and dicentric 

chromosomes, loss of chromosome 6 and loss of chromosome 1 in several cases in their 

initial series and suggested that complicated karyotypes may be associated with 

increased risk of recurrence.97 Perilongo et al. performed karyotype analysis for five 

patients. Three demonstrated chromosome 22 abnormalities, with two having more 

complex numerical and structural changes.75 Zwerdling and Dothage performed 
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karyotype analysis on eight patients; all yielded abnormal results.102 Three had 

chromosome 22 abnormalities. Several other unusual trisomies, translocations, 

duplications and deletions were also observed. Perry et al. found that codeletion of four 

chromosome sites (NF2, DAL1, 1p and 14q) increased with tumour grade.25 NF2 and 

DAL1 deletions, with corresponding loss of protein products, were common across all 

tumour grades, further supporting the role of these genetic lesions in early tumour 

development. 1p and 14q deletions, both individually and in combination, were more 

frequently observed in higher tumour grades. The association was weaker than reported 

in adult meningiomas because these deletions were also frequently evident in 

histologically benign paediatric meningiomas. Although paediatric and NF2-associated 

meningiomas have been shown to share common molecular alterations with their adult 

sporadic counterparts, a higher fraction are genotypically and phenotypically more 

aggressive.25 

Treatment options 

The prognosis of paediatric meningioma has improved over the years with advances in 

surgical techniques and supportive care. The largest case series of 87 paediatric 

meningiomas reported a mortality of 10.6% and recurrence of 19.4%. Other than 

recurrence-free survival being significantly related to WHO grade in this cohort,19 there 

has been no statistical validation of prognostic factors and treatment of paediatric 

meningioma. Recommendations have largely been drawn from retrospective case 

analyses and the treatment of adult meningioma. 

Gross total resection is the ultimate therapeutic objective in children and adults and re-

resection should be considered in the event of initial subtotal resection.26 Resection of 

the dural origin/attachment is recommended because there is a higher reported incidence 
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of recurrence if dural attachment is left behind.26 In children, tumour size, vascularity 

and location may hamper the ability to perform a gross total resection because of the 

risk of excessive intraoperative haemorrhage and postoperative neurological morbidity. 

In this instance, staged multiple procedures are recommended.26 Preoperative 

embolisation may be useful in giant vascular tumours, although the risk of procedural 

morbidity because of small vessel calibre in children must be taken into account.  

Because of lack of evidence for children and adults, guidelines for radiotherapy are 

limited and use varies significantly between institutions. Recommendations are based 

on adult retrospective series.26, 103 Current National Institute for Health and Clinical 

Excellence recommendations for adult patients suggest radiotherapy be considered for 

those with WHO grade II or III tumours, multiple relapses, contraindication to surgery, 

invasion of adjacent brain or extensive invasion of other tissues.104 The National Cancer 

Institute (NCI) is currently conducting a phase II risk stratified trial of observation or 

radiotherapy in adults with WHO grade I, II or III meningioma  

(http://www.cancer.gov). In children, the use of radiotherapy must be balanced against 

the risk of significant late sequelae. This is particularly important in infants and young 

children,  whose  CNS  is  more  vulnerable  to  the  effects  of  radiotherapy.  The  Children’s  

Cancer and Leukaemia Group (CCLG) suggests consideration of three-dimensional 

(3D), conventionally fractionated, conformal radiotherapy in WHO grade I and II 

meningiomas after multiple relapses not amenable to further surgery or evidence of 

clinically relevant progression after incomplete resection, especially if the tumour 

threatens to compromise vital functions; and in all WHO grade III meningiomas at time 

of diagnosis, irrespective of surgical outcome.26 The use of stereotactic radiosurgery has 

been reported for adults with small tumours,26, 49, 105 however, there are limited data on 

the use of this modality in children. Stereotactic radiosurgery was used for successful 
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treatment of a child with recurrence of meningioma in association with MA.41 Gamma-

knife radiosurgery was successful for three children with recurrent meningioma.14, 106 

Use of proton beam therapy and intensity-modulated radiation therapy in adults has had 

promising results,49, 92, 107 although use is limited as these modalities are not currently 

widely available compared with 3D conformational radiotherapy. 

Use of drug therapy in the treatment of meningioma has been disappointing. In adult 

meningioma, various chemotherapeutic agents have been investigated, including single 

agent temozolomide and irinotecan, and combinations of adriamycin, vincristine, 

dacarbazine and cyclophosphamide or high-dose ifosfamide. However, none have 

demonstrated any benefit.95 Hydroxyurea, an oral ribonucleotide reductase inhibitor, 

was marginally beneficial. Stabilisation of progressive adult meningiomas using 

interferon alpha-2B has been reported in a small cohort of patients. Anti-hormonal 

therapies have not been successful using mifepristone, an anti-progesterone agent, or 

tamoxifen, an anti-oestrogen agent.95 

Trials of molecularly targeted therapies have included the EGF receptor inhibitors, 

gefitinib and erlotinib. However, they did not have significant activity against recurrent 

meningioma.95 Several NCI phase II trials are currently open, for recurrent or 

progressive adult meningiomas, investigating a variety of novel molecularly targeted 

therapies including bevacizumab (VEGF antibody) alone and in combination with 

everolimus (mammalian target of rapamycin (mTOR) inhibitor), hydroxyurea and 

imatinib mesylate (PDGF receptor inhibitor), vatalanib (VEGF receptor and PDGF 

receptor inhibitor), and sunitinib malate (VEGF receptor and PDGF receptor inhibitor) 

(http://www.cancer.gov). 
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In vivo experiments have demonstrated growth-inhibitory effects of several different 

agents including calcium channel antagonists.96 Consequently, verapamil, a calcium 

channel antagonist, is currently being investigated in a NCI phase II trial, in 

combination with hydroxyurea for recurrent or progressive adult meningiomas 

(http://www.cancer.gov). A pilot study using the sustained-release somatostatin receptor 

agonist, sandostatin LAR, has revealed some efficacy against meningiomas which 

overexpressed the somatostatin receptor.95 Pasireotide LAR, a somatostatin receptor 

agonist, is being investigated in a NCI phase II trial for recurrent or progressive adult 

meningiomas (http://www.cancer.gov). 

Use of chemotherapy in eight paediatric meningioma cases has been reported. One 

patient remained alive three years after receiving hydroxyurea and an unspecified phase 

II agent after subtotal resection of a malignant meningioma.102 Another patient 

remained alive four years after gross total resection of a rhabdoid meningioma and 

receipt of unspecified chemotherapy (J Sudhir, personal communication). Another case 

received unspecified chemotherapy and was lost to follow-up.19 The other five patients 

died – in three chemotherapy was unspecified,19, 52, 108 one received intrathecal 

methotrexate and radiation after gross total resection of a meningothelial meningioma 

and the other received vincristine, ifosfamide, adriamycin, cyclophosphamide and 

radiation after subtotal resection of a malignant meningioma.102 There are no paediatric-

specific meningioma drug trials currently open. Based on current evidence there is no 

recommendation for the use of drug therapy in children or adults with meningioma. 

In a paediatric patient in whom meningioma is diagnosed, work up should include 

assessment for presence of NF2 and Gorlin syndrome. Referral to a geneticist should be 

undertaken because manifestations of NF2 are often absent at the time of presentation 
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and somatic mosaicism can occur in up to 33% of patients with NF2, which may 

explain milder phenotypes. New germline mutations account for 50% of 

neurofibromatosis cases and so family history is frequently negative.24 Life-table 

analyses from adult series have revealed relapses as late as 15 years after initial surgery, 

so long-term follow-up for paediatric patients is mandatory.102 The CCLG recommend 

annual MRI surveillance for at least 10 years.26 In the setting of NF2, Gorlin syndrome 

or a previous history of cranial irradiation, follow-up should be life-long. Long-term 

sequelae of paediatric meningioma survivors should not be overlooked and include 

visual deficits, neuropsychological abnormalities, developmental delay, CNS palsies, 

motor deficits, seizure disorders and sensory deficits. 

Future directions 

We have entered an era of technology that enables screening of genes at the molecular 

level to characterise the molecular genetic signatures of tumours. Gene expression 

profiling has been undertaken in meningiomas derived from adult patients and has 

enabled the identification of specific deregulated pathways, novel genes implicated in 

meningioma pathogenesis and detailed characterisation of gene expression according to 

tumour grade and gender. Single nucleotide polymorphism (SNP) array karyotyping is 

enabling identification of a higher frequency of genomic lesions than traditional 

cytogenetics and microRNA profiling is opening up new avenues for exploration.  

An extensive body of molecular biology data exists for several paediatric CNS tumours, 

most notably ependymoma, medulloblastoma and glioma. These data have enabled 

identification of deregulated growth factors, receptors and signalling pathways, which 

are potential targets for pharmacological intervention.  In addition, several molecular 

markers have been identified to assist in guiding diagnosis and prognosis. However, 
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genome-wide profiling of paediatric meningioma has not yet been undertaken. The 

number of striking differences between adult and paediatric meningiomas probably 

reflects differing biology, as with other paediatric CNS tumours, and so treatment 

considerations and the molecular characteristics of paediatric meningiomas should not 

be presumed to be the same. Within the current literature, statistical validation regarding 

prognostic variables and treatment for paediatric meningioma is lacking. We must take 

advantage of these sophisticated molecular biology tools to molecularly characterise 

paediatric meningiomas and use the knowledge in the clinical setting, such that a 

therapeutic international prospective randomised controlled trial, which includes 

collection of tumour samples, can be considered in the not too distant future. Only then 

are we likely to achieve significant progress in the treatment of paediatric meningioma.
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Abstract 

Background The epidemiological, prognostic and therapeutic features of child and 

adolescent meningioma are poorly defined. Clinical knowledge has been drawn from 

small case series and extrapolation from adult studies. This study was done to pool and 

analyse the clinical evidence on child and adolescent meningioma. 

Methods Searches of PubMed, Medline and Embase identified 35 case series of child 

and adolescent meningioma completed over the past 21 years. Individual patient data 

were obtained from 30 studies via direct communication with investigators. Primary 

outcomes were relapse-free survival (RFS) and overall survival (OS). Prognostic 

variables were extent of initial surgery, use of upfront radiotherapy, age, sex, presence 

of neurofibromatosis, tumour location and tumour grade. RFS and OS were analysed 

using Kaplan-Meier survival curves and multivariate Cox regression models. 

Results From a total of 677 children and adolescents with meningioma, 518 were 

eligible for RFS analysis and 547 for OS analysis. Multivariate analysis showed that 

patients who underwent initial gross total resection had better RFS (hazard ratio 0.16, 

95% confidence interval 0.10-0.25; p<0.0001) and OS (0.21, 0.11-0.39; p<0.0001) than 

those who had subtotal resection. No significant benefit was seen for upfront 

radiotherapy in terms of RFS (0.59, 0.30-1.16; p=0.128) or OS (1.10, 0.53-2.28; 

p=0.791). Patients with NF2 had worse RFS than those without neurofibromatosis 

(2.36, 1.23-4.51; p=0.010). There was a significant change in OS with time between 

patients with NF2 compared with those without neurofibromatosis (1.45, 1.09-1.92; 

p=0.011); although OS was initially better for patients with NF2 than for those without 

neurofibromatosis, OS at 10 years was worse for patients with NF2. Patients with WHO 

grade III tumours had worse RFS than those with WHO grade I (3.90, 2.10-7.26; 

p<0.0001) and grade II tumours (2.49, 1.11-5.56; p=0.027). 
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Conclusions Extent of initial surgical resection is the strongest independent prognostic 

factor for child and adolescent meningioma. No benefit for upfront radiotherapy was 

noted. Hence, aggressive surgical management, to achieve gross total resection, is the 

initial treatment of choice. In the event of a subtotal resection, repeat resection is 

recommended to achieve maximal extirpation. Close observation is warranted for 

patients who have a subtotal resection or who have WHO grade III tumours. Patients 

without neurofibromatosis should have a minimum 10-year follow-up, whereas patients 

with NF2 should be considered a special risk category, necessitating life-long follow-

up.  
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Introduction 

Meningiomas are CNS tumours arising from the arachnoid cap cells of the meninges. 

Cushing   and  Eisenhardt’s109 1938 monograph meticulously categorised meningiomas, 

including their presentation, clinical outcome and surgical therapies, and recognised the 

occurrence of child and adolescent meningioma. Several striking differences have 

subsequently been noted between meningioma in adults and in children and adolescents. 

In adults, meningioma accounts for roughly 30% of primary CNS neoplasms110 and 

extensive research has been directed towards these tumours. By contrast, child and 

adolescent meningioma is rare, accounting for 0.4-4.6% of CNS tumours in this 

population,110 and published data regarding the features of child and adolescent 

meningioma are scarce. Descriptions are limited to small case series and individual 

cases. Management approaches have been drawn from such reports and extrapolated 

from the treatment of adult meningioma,26 without clear, statistically validated 

guidelines for the management of child and adolescent meningioma. For these reasons 

we did a pooled analysis, using the PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) reporting guidelines,111 of every child and adolescent 

meningioma case series published in the past 21 years, with the aim of defining clear 

epidemiological features of child and adolescent meningioma and validating prognostic 

factors and therapeutic modalities. 

Methods 

Search strategy and selection criteria 

We searched PubMed, Medline and Embase for relevant articles published from 

January   1989   to   December   2010,   with   the   terms:   “meningioma”,   “childhood”,  

“paediatric”,   “pediatric”   and   “adolescent”.   Single   case   reports   and   case   series   of  

radiation-associated meningioma were excluded, to prevent skewing of the data towards 
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rare and unusual features. The biological behaviour of radiation-associated meningioma 

is thought to differ from meningioma arising de novo, and were therefore excluded to 

prevent confounding of the results for spontaneously arising meningioma. Full-text 

copies of all case series were independently studied by two reviewers (RSK and NGG), 

who assessed the eligibility of each study and extracted study-level data from the text.

Additional studies were traced by checking the reference lists of selected publications. 

Forty studies were initially identified.11, 13, 14, 19, 25, 28, 31, 36, 37, 52, 54, 61, 70, 74-76, 84, 86, 102, 106, 

108, 112-130 There were no language exclusions; publications in Japanese116 and 

Spanish,124  were independently translated. One study contained adult patients in 

addition to children and adolescents, and only data for the children and adolescents 

were included.25 The remaining studies were exclusive to children and adolescents. Five 

of the initial 40 studies identified were excluded,84, 108, 128-130 because they reported the 

same data as other included studies. Thus 35 eligible studies were included for collation 

of study-level data (Figure 1).11, 13, 14, 19, 25, 28, 31, 36, 37, 52, 54, 61, 70, 74-76, 86, 102, 106, 112-127 Data 

from 13 patients, whose meningioma could not be histologically categorised according 

to the 2007 WHO grading system131 (e.g. meningeal sarcoma, haemangiopericytoma), 

or were of unknown histology, were excluded from the pooled study-level data. Six 

additional patients had meningioma that could not be categorised according to the 2007 

WHO criteria or were of unknown histology, but the data for these patients could not be 

separated from other cases within the studies. These cases were included in the pooled 

study-level data and the tumour was recorded as unclassifiable or unknown. A further 

ten patients had sclerosing meningiomas, which is a histological subtype not assigned a 

grade in the 2007 WHO classification system. These patients were included in the 

pooled study-level data. With regard to location, all meningiomas, including those 

affecting the spine and optic nerve sheath, were included. There were 677 cases within 

the pooled study-level data. 
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Figure 1. Selection of studies and patient data
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Selection of individual patient data 

The corresponding authors of the 35 eligible studies were invited to submit their 

individual patient data for the purpose of this meta-analysis. Prognostic variables for 

which data were requested included extent of initial surgery (subtotal resection or gross 

total resection), use of upfront radiotherapy (yes or no), tumour grade according to the 

2007 WHO classification system (WHO I, II or III), tumour location (supratentorial, 

infratentorial or spinal), neurofibromatosis (none, NF1 or NF2), sex and age at time of 

diagnosis. Ages were grouped to differentiate between infants and young children (0-

2.99 years) in whom radiotherapy is avoided, prepubertal (3-11.99 years) and 

postpubertal   (≥12   years).   Data   obtained   for   clinical   endpoints   included first relapse 

(defined as either progression or recurrence), time to first relapse, death, time to death 

and overall length of follow-up.  

 

Investigators from 30 studies11, 13, 14, 19, 28, 31, 36, 37, 52, 54, 61, 70, 75, 76, 86, 102, 106, 112, 114, 116, 118-

127 provided individual patient data for a total of 592 patients. One article122 was not 

solely a case series of meningioma, but was included because the corresponding author 

provided full details of the meningiomas within this study. Data returned by each 

corresponding author was verified by independent assessment of the original published 

study, by the two reviewers. Clarification and confirmation was sought from the 

original local centre for any discrepancies. All data were combined into one dataset. 

Eighteen patients, of which two had Gorlin syndrome, were identified as having 

radiation-associated meningioma and excluded from the individual patient data meta-

analysis. The ten patients with sclerosing meningioma were excluded from the 

individual patient data meta-analysis since they could not be assigned a grade according 

to the 2007 WHO classification system. Only complete datasets were used and of the 

remaining 564 eligible patients, 17 were excluded from the overall survival (OS) 
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analysis and a further 29 patients were excluded from the relapse-free survival (RFS) 

analysis because information from the corresponding authors was returned with data 

unavailable for at least one variable. Overall, complete individual patient data for 

children and adolescents with meningioma was captured for 80.8% (n=547 of 677) in 

the OS and 76.5% (n=518 of 677) in the RFS analysis. 

Statistical analyses 

Study-level data were collated and presented as number (percent), mean and range, as 

appropriate for the type of data. Binomial exact confidence intervals (CIs) were 

calculated for percentages. Individual patient data were analysed using univariate and 

multivariate survival methods. Patients were included for meta-analysis if complete 

information for every variable requested from the corresponding authors was returned. 

Patients were excluded from the analysis if any variable (e.g. extent of surgery), was 

unknown for any reason. For univariate analysis, Kaplan-Meier survival curves were 

used to display cumulative RFS and OS probabilities and each prognostic factor was 

analysed using the log-rank test stratified by study. Survival times were measured from 

initial surgery to first relapse and death and from initial surgery to last follow-up for 

those who did not experience an event. For RFS analysis, patients who died were 

censored at the time of death. 5-year, 10-year and 15-year RFS and OS probabilities 

with 95% CIs are reported. For multivariate analysis, RFS and OS were analysed with 

Cox regression models stratified by study. Multivariate results are reported as hazard 

ratios (HRs) with 95% CIs. p values less than 0.05 were considered statistically 

significant. Prognostic variables were individually tested for their interaction with time 

in univariate and multivariate analysis, using Cox regression models stratified by study, 

and included when statistically significant. Analyses were done with SAS version 9.1 

and Stata version 11.2. 
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Results 

There were 677 children and adolescents with meningioma from 35 studies included in 

the aggregate, study-level analyses (Table 1). From the data available, meningiomas 

represented 2.2% of all childhood and adolescent CNS tumours and meningioma in 

children and adolescents comprised 2.5% of the total adult, adolescent and childhood 

meningioma population. Ratio of male to female patients was 1.3:1. From the available 

data, 31 cases occurred in patients younger than 3 years, 232 cases in patients aged 3-

11.99 years and 375 cases in patients 12 years or older (no data on age was available for 

39 patients). The ratio of male patients younger than 12 years of age to those 12 years 

and older was 1:1.3 (n=155:199) and the ratio for female patients was 1:1.6 

(n=108:176). Prevalence of neurofibromatosis was 14.5% (n=94 of 648), of which NF2 

accounted for 10.2% (n=66) and NF1 for 3.4% (n=22); for the remaining six patients, 

the type of neurofibromatosis was not documented. Meningioma associated with 

meningioangiomatosis occurred in three patients.14, 36, 37  

The most common presenting signs and symptoms were raised intracranial pressure 

(headache, vomiting and papilloedema), seizures, visual disturbance, motor disturbance 

and cranial nerve defects (Table 2). Mean symptom duration until diagnosis was 13.3 

months (calculated for 264 patients). Tumours were most commonly supratentorial 

(Table 3). The locations most often affected were the cerebral convexity, 

intraventricular, falcine and parasagittal and anterior and middle cranial fossa (Table 3). 
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Table 1. Study-level characteristics of 677 cases of child and adolescent meningioma 
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Table 1. Study-level characteristics of 677 cases of child and adolescent meningioma 

Data are number of patients (n), unless otherwise specified. NF1, neurofibromatosis type 1; NF2, neurofibromatosis type 2; NR, not reported; NA, not applicable. *Six cases of neurofibromatosis of 

unknown type from references 70, 113 and 119 are not represented within these columns. †One case, ‡three  cases,  and  §four cases removed from study-level data because tumours were not classified as 

meningiomas under the 2007 WHO grading system.  ¶Patients who died early or in the perioperative period, or who were lost early in follow-up could not be included in assessment of relapse, so a 

denominator could not be defined. ||Study included data from two institutions; no incidence data from the second institution, which contributed 15 patients with child and adolescent meningioma. 

**Incidence data was available for 59 patients with child and adolescent meningioma, but the study concentrated on 34 patients for whom there was sufficient information. 
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Table 2. Presenting signs and symptoms of child and adolescent meningioma from 

study-level data* 

* No data on signs and symptoms from references 25, 75, 112, 120 and 122.

†Percentages are calculated from a total n=572. 
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Table 3. Location of child and adolescent meningioma from study-level data* 

* Six tumours of unknown location from reference 25 are not shown.

†Percentages calculated from a total of n=698, which also includes multifocal tumours.
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WHO grade I tumours were more common than WHO grade II or III tumours (Table 4). 

Metastasis occurred in five patients; one patient had a WHO grade III tumour with 

cerebrospinal seeding at diagnosis,25 and the other four had metastases at relapse. Of 

these four patients, one with NF1 had cervical lymph node metastasis after relapse of a 

WHO grade I tumour,36 another had spinal metastasis after relapse of a WHO grade II 

tumour106 and the remaining two had pulmonary metastases after relapse of WHO grade 

III tumours.19, 52 Multifocal meningioma at presentation occurred in 24 patients (3.5%), 

of which 19 had WHO grade I, four had WHO grade II and one had WHO grade III 

histology. There was a significantly higher risk of multifocal meningioma in patients 

with NF2 (n=14 of 66; p<0.0001;;  Fisher’s  exact  test)  and  in  patients  with  NF1  (n=4 of 

22; p=0.0002) than in patients without neurofibromatosis (n=6 of 583). Calcification 

was seen on imaging in 56 (19.5%) of 287 tumours and a cystic component in 52 

(13.4%) of 387. Mean tumour size was 5.48cm (n=156). Seven patients with WHO 

grade III tumours received chemotherapy,19, 28, 52, 102 although the specific regimen was 

unspecified for four of these patients and whether administration was at diagnosis or 

relapse was unspecified for all. 

Eighty-four (12.7%) deaths occurred in the 664 patients for whom outcome was 

documented. The mean time to death for study-level data was 5.2 years (range 0.0-

31.7). The most common cause of death was relapse, which accounted for 46 (54.8%) 

deaths. This was followed by death due to intraoperative or postoperative 

complications, which accounted for 20 (23.8%) events. Other causes of death were 

nonmeningioma CNS tumours in patients with neurofibromatosis (n=4), unrelated 

trauma (n=3), status epilepticus (n=2), preoperative complications (n=1), recurrence of 

a previously treated anaplastic astrocytoma (n=1), complications of initial radiotherapy 

(n=1) and unknown or unspecified cause (n=6). First tumour relapse was detected in 
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141 patients, of which 46 (32.6%) ultimately died.  The mean time to first relapse at 

study-level was 3.6 years (range 0.1-25.0). 

Table 4. Histological classification of child and adolescent meningioma from study-

level data 



59 

Figure 2 shows Kaplan-Meier curves for RFS and OS for patients included in the 

individual patient data analysis. There were 518 patients included in the RFS analysis, 

with a mean total follow-up of 5.7 years (range 0.0-39.1); 109 patients had a first 

relapse. 5-year, 10-year and 15-year RFS for all patients was 76.0% (71.1-80.2, 87 first 

relapses), 67.9% (61.9-73.2, 102 first relapses) and 64.6% (57.6-70.7, 105 first 

relapses), respectively. There were 547 patients included in the OS analysis, with a 

mean follow-up of 5.6 years (range 0.0-44.9). There were 68 deaths. 5-year, 10-year and 

15-year OS for all patients was 90.3% (87.0-92.8, 42 deaths), 81.1% (75.2-85.7, 57 

deaths) and 73.3% (65.1-79.8, 64 deaths), respectively.  

Figure 2. Kaplan-Meier survival curves showing relapse-free survival (RFS) and 

overall survival in all patients with child and adolescent meningioma 

Figure 3 shows Kaplan-Meier curves for RFS and OS according to the extent of initial 

surgery, presence of neurofibromatosis and WHO grade. The univariate results show 

that patients who had an initial gross total resection had better RFS and OS than did 
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patients who had subtotal resections. Patients with NF2 had worse RFS than patients 

without neurofibromatosis and there was a significant difference in the change in OS 

with time between patients with NF2 compared with those without neurofibromatosis. 

Patients with WHO grade III tumours had significantly worse RFS than those with 

WHO grade I tumours. Figure 4 shows that patients who had initial gross total resection 

had better RFS and OS than patients who had subtotal resection, across all WHO 

grades, although the magnitude of the difference is less pronounced with increasing 

WHO grade. Table 5 gives results from the stratified multivariate Cox regression model 

for RFS and OS. Patients who had initial gross total resection had significantly better 

RFS and OS than patients who had subtotal resection. RFS was worse for patients with 

NF2 than for those without neurofibromatosis. There was a significant interaction 

between neurofibromatosis and time for OS. This was attributable to patients with NF2 

having initially better OS than patients without neurofibromatosis, then a worse OS 10 

years after surgery. NF1 was not significantly associated with RFS or OS, compared 

with patients with NF2 or without neurofibromatosis. There was a significant effect of 

WHO grade on RFS but not on OS. The effect on RFS was attributable to significantly 

worse RFS for patients with WHO grade III tumours compared with WHO grade I and 

WHO grade II tumours. The relationship between age and RFS was not significant, 

whereas the relationship between age and OS was of borderline significance. Patients 

aged 3-11.99 years seemed to show better OS than those younger than 3 years and those 

12 years or older. Use of upfront radiotherapy, tumour location and sex were not 

significantly associated with RFS or OS in the multivariate analyses. 
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Figure 3. Kaplan-Meier survival curves showing (A) relapse-free survival and (B) overall survival in child and adolescent meningioma according to 

extent of initial surgery  
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Figure 3. Kaplan-Meier survival curves showing (C) relapse-free survival and (D) overall survival in child and adolescent meningioma according to 

presence of neurofibromatosis 
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Figure 3. Kaplan-Meier survival curves showing (E) relapse-free survival and (F) overall survival in child and adolescent meningioma according to 

histological grade  

 

p values were determined by log-rank test in all cases, apart from time-dependent p values, which were determined by Cox regression. Survival 

probabilities are given below each graph (%, 95% CI; n=cumulative number of events). GTR, gross total resection; STR, subtotal resection; NF1, 

neurofibromatosis type 1; NF2, neurofibromatosis type 2. 
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Figure 4. Kaplan-Meier survival curves showing relapse-free survival (left panel) and 

overall survival (right panel) in child and adolescent meningioma according to extent of 

initial surgery stratified by WHO histological grade

p values were determined by log-rank test. GTR, gross total resection; STR, subtotal 

resection. 
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Table 5. Multivariate Cox regression results for individual patient data; relapse-free and 

overall survival according to prognostic factor 
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In univariate analysis, patients who received upfront radiotherapy had worse RFS than 

those who did not (p=0.042), although there was no significant effect of upfront 

radiotherapy on OS. Further statistical analysis of RFS showed that the inclusion of 

surgery alone was sufficient to negate the univariate effect of upfront radiotherapy on 

RFS. For a more detailed analysis of the effect of upfront radiotherapy, WHO grade and 

extent of initial surgery were variables used to create subgroups. The log-rank test 

stratified by study was used to compare RFS and OS within these subgroups. For 

patients with the same histological grade and extent of initial surgery, RFS and OS did 

not differ significantly between those who received upfront radiotherapy and those who 

did not (Supplementary Figure). 

Discussion 

This meta-analysis of individual patient data from several international institutions is, to 

the best of our knowledge, the largest study of child and adolescent meningioma to date. 

We analysed complete individual patient data for most of the reported cases over the 

past 21 years. Findings show that children and adolescents with meningioma who 

undergo initial gross total resection have significantly better RFS and OS than those 

with an initial subtotal resection. Extent of initial resection has previously been shown 

to be a key independent prognostic variable for a range of CNS tumours in children and 

adolescents – e.g. ependymoma,132 high-grade glioma,133 choroid plexus tumours134 and 

medulloblastoma,135, 136 – with these findings directly affecting the neurosurgical 

management and clinical outcome of patients with these tumours. Based on this 

knowledge, it might have been presumed that extent of initial resection was a key 

prognostic factor for child and adolescent meningioma; however, this is the first time a 

significant association has been demonstrated. We showed that this finding holds true 

for all childhood and adolescent meningiomas, irrespective of other prognostic 
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variables. This result can be explained by the fact that residual tumour after subtotal 

resection provides an opportunity for disease progression, in terms of growth and 

malignant transformation, which is a recognised but rare event in children and 

adolescents with meningioma.54 Despite patients with an initial gross total resection 

having better outcomes, relapse and death still occurred in this group. Possible 

explanations include erroneous reporting of surgical outcome, unavailable postoperative 

imaging, failure to eradicate microscopic infiltration, accidental implantation of viable 

tumour during surgery or the presence of multifocal neoplastic change. Irrespective of 

the exact causes, this shows that initial gross total resection does not guarantee zero risk 

of relapse or death.  

Patients who received upfront radiotherapy had significantly worse RFS by univariate 

analysis. However, this effect was entirely negated by inclusion of the extent of initial 

surgery as the sole added variable and the effect was not evident in multivariate 

analysis, suggesting a strong selection bias to irradiate patients who underwent subtotal 

resection. No beneficial effect of upfront radiotherapy was seen when comparing 

subgroups of the same histological grade and extent of initial surgery. Upfront 

radiotherapy has therapeutic benefit for many CNS tumours occurring in childhood and 

adolescence and although no definitive indications exist for the use of upfront 

radiotherapy in children and adolescents with meningioma, guidelines issued by the 

CCLG suggest consideration of radiotherapy for anaplastic, WHO grade III 

meningioma at the time of primary diagnosis, irrespective of surgical outcome.26 The 

results of this study do not substantiate the use of radiotherapy as an initial treatment in 

children and adolescents with meningioma. Instead, the data support use of aggressive 

surgery for any WHO grade tumour, to achieve gross total resection in lieu of 

radiotherapy. If technically feasible, a staged procedure should be attempted in the 
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event of subtotal resection at initial surgery, to achieve gross total resection as part of 

initial management. However, since there were 21 deaths in the perioperative period, 

the implications of aggressive surgical management to achieve a gross total resection 

need to be balanced against the risk of surgical mortality and the potential for 

significant long-term neurological morbidity. 

Only one previous report of 87 children and adolescents with meningioma has assessed 

the prognostic significance of various clinicopathological features and identified a 

significantly worse RFS for patients with WHO grade III tumours.19 Our study, which 

includes the data from this previous report, substantiated this finding using a much 

larger cohort of patients. These results suggest a more aggressive biological behaviour 

of higher grade tumours, as is the case for other CNS tumours occurring in childhood 

and adolescence.132, 134, 137 However, the biological behaviour of child and adolescent 

meningioma is notoriously difficult to predict on the basis of WHO grade alone; 

occasionally, histologically benign tumours relapse and malignant tumours have a 

favourable outcome. In the present study, metastases were extremely rare at diagnosis, 

occurring in only one (0.15%) of 677 patients, but were identified more often at relapse 

(n=4 of 141; 2.8%). Children and adolescents with meningioma have better survival 

outcomes than do adults with meningioma, when comparing RFS and OS according to 

WHO histological grade. 138, 139 

Patients with NF2 have significantly worse RFS and a significant change in OS with 

time, compared with patients without neurofibromatosis. Neurofibromatosis is a 

dominantly inherited tumour predisposition syndrome. Patients with NF2 are 

predisposed to develop several types of benign tumours, including schwannomas, 

meningiomas and ependymomas.24 The present study showed an NF2 prevalence of 
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10.2% within the population of children and adolescents with meningioma. 

Meningiomas associated with NF2 have a lower frequency of brain invasion than 

sporadic paediatric meningiomas,25 which might explain the better OS within the first 

10 years of diagnosis for patients with NF2 than for patients with nonneurofibromatosis 

associated meningiomas. However, patients with NF2 are prone to develop several 

meningiomas. Since the risk of treatment needs to be balanced against the natural 

history of the disease, these tumours are often not aggressively resected. Both of these 

factors could account for the decline in OS in NF2 patients after 10 years and worse 

RFS compared with patients without neurofibromatosis. However, the advent and 

increasing use of novel therapies in patients with NF2, such as bevacizumab for 

stabilisation of vestibular schwannoma,140 might translate to a more optimistic outcome 

for patients with neurofibromatosis and meningioma in the future.  

The incidence of meningioma in patients with NF1 is reported to be that of the general 

population, although patients with NF1 are more prone to optic pathway gliomas and 

peripheral and plexiform neurofibromas.24 The present study identified a NF1 

prevalence of 3.4% within the population of children and adolescents with meningioma 

and a higher risk of developing multifocal meningiomas in patients with NF1 than in 

those without neurofibromatosis. In view of this finding, we recommend assessment for 

stigmata of NF1, in addition to the previously proposed assessment for NF2,110 in 

children and adolescents presenting with meningioma. Further population-based studies 

are needed to determine the true incidence and prevalence of meningioma in children 

and adolescents with neurofibromatosis.  

Conditions that have documented associations with meningioma include 

meningioangiomatosis,   Gorlin   syndrome,   Castleman’s   disease   and   Rubenstein-Taybi 
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syndrome.110 Our analysis highlights the rarity of these associations, with 

meningioangiomatosis present in three patients (0.4%), Gorlin syndrome in two patients 

(0.3%)  and  no  cases  of  Castleman’s  disease  or  Rubenstein-Taybi syndrome. 

Patients aged 3-11.99 years seemed to have better OS than those younger than 3 years 

or those 12 years or older. There is potential within childhood and adolescence for 

differing meningioma biology according to age. Age younger than 3 years confers 

worse prognosis for most paediatric CNS tumours. Worse OS in this age group might be 

explained by congenital tumour development, which often results in tumours that are 

more aggressive in their biological behaviour. Additionally, there is higher operative 

mortality and morbidity in children younger than 3 years. A tumourigenic role for 

hormones has been suggested in adult meningioma.110 Compared with meningioma in 

children younger than 12 years, postpubertal meningioma might have a closer similarity 

to that in adults. This suggestion is further supported by the sex distribution of 

childhood and adolescent meningioma. Although our data showed a slight overall male 

predominance, the ratio of postpubertal to prepubertal meningioma was higher for 

female patients than for males. The higher proportion of meningioma in adolescent 

females might be indicative of the role of hormones and the start of the tendency for 

predominance of meningioma in adult female patients. 

There data on which this study is based have several limitations. Because child and 

adolescent meningioma is uncommon, the initial sample size was small and was further 

reduced by the exclusion and unavailability of specific data. Small sample size was 

particularly evident in the subgroup analysis, contributing to the absence of any effect 

associated with upfront radiotherapy. Unavailability and incomplete data for 

management at recurrence prevented an analysis of salvage therapy. Analysis was 
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further limited by the fact that several patients had short follow-up times, because of 

loss of patient follow-up or recent treatment.  

The absence of central pathology and radiology review is the most significant limitation 

of a retrospective, multi-institutional analysis. There is no accountability for author bias 

regarding outcomes, accuracy of WHO histological diagnosis or precise definition and 

confirmation of surgical outcome. In particular, the detailed and accurate Simpson scale 

of meningioma removal was not used to define the extent of surgical resection in most 

of the reports. Additionally, it is not possible to predefine inclusion criteria for a 

retrospective analysis, which was exemplified by the differences between studies in the 

upper age limits used for defining childhood and adolescence. 

The long duration of time encompassed by our systematic review is also a limiting 

factor, since there have been three revisions of the WHO classification system – in 

1993, 2000 and 2007. The more recent revisions have recognised features of 

meningioma that reflect more aggressive potential, upgrading meningiomas that would 

previously have been categorised as WHO grade I. This could have contributed to the 

lack of prognostic significance between WHO grade I and II tumours. There is the 

potential for higher perioperative mortality among patients treated chronologically 

earlier, because of evolution of surgical techniques and supportive care; however, this 

association was not apparent from our data.  

All patients with neurofibromatosis in the study had a definitive histological diagnosis 

of meningioma after surgery. However, since a large proportion of tumours occurring in 

neurofibromatosis are benign and exhibit slow growth, many patients do not undergo 

intervention to obtain a histological diagnosis and are observed clinically in conjunction 
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with serial imaging. Surgery is usually done if the tumour is causing significant clinical 

sequelae. Therefore, our study has a selection bias against the indolent, untreated 

meningiomas that can occur in patients with neurofibromatosis.  

The finding that upfront radiotherapy was not associated with improved outcome was 

surprising, particularly since this treatment improves survival and is indicated in adults 

with the following: WHO grade I and II meningiomas after subtotal resection, 

unresectable tumours such as optic nerve sheath meningiomas and all WHO grade III 

meningiomas, irrespective of surgical outcome.92, 103, 107 A possible explanation for this 

finding is the small number of patients who received upfront radiotherapy, particularly 

when analysing the different subgroups. Additionally, the dose, type and rationale 

behind the decision to administer upfront radiotherapy for each patient were unknown. 

Selection bias towards upfront irradiation of patients considered to have adverse 

prognostic features might contribute to the lack of treatment effect. The use of 

chemotherapy in children and adolescents with meningioma has been extremely limited, 

thus precluding statistical assessment as a therapeutic variable.  

In conclusion, aggressive surgical management is the initial treatment of choice for 

child and adolescent meningioma, with gross total resection as the ultimate therapeutic 

goal. No benefit of upfront radiotherapy was noted. In view of this finding and the 

absence of successful chemotherapy options,110 repeat resection is recommended as part 

of the initial management of all surgically accessible tumours in the event of a subtotal 

resection, to achieve maximal extirpation. The pattern of the survival curves in our 

analysis show that follow-up of children and adolescents with meningioma without 

neurofibromatosis should be for a minimum of 10 years, although longer follow-up 

should be considered, since relapse and death can occur beyond this time. Close 
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observation in the follow-up period is warranted for patients who have a subtotal 

resection or WHO grade III tumours. Screening outside the neuroaxis should be 

considered at relapse because of the unusual metastatic locations that can occur. 

Children and adolescents presenting with meningioma should be assessed for NF1 and 

NF2 and regularly monitored for future development of these conditions if not present 

at diagnosis. Referral to a geneticist should be done to facilitate screening for 

neurofibromatosis and rare associated conditions. Patients with NF2 should be 

considered a special risk category, necessitating close life-long follow-up.  

To definitively assess the therapeutic value of upfront radiotherapy and the benefit of 

second surgery in the setting of subtotal resection, a randomised controlled trial with 

central radiological and histopathological review would be necessary. However, with 

the rarity of childhood and adolescent meningioma, it is unlikely that such a trial will be 

developed in the near future. A more feasible approach would be to establish a central 

database with standardised international reporting, as has been done for other rare 

childhood tumours such as pleuropulmonary blastoma (http://www.ppbregistry.org/). 

This would enable prospective collection of data and overcome several of the 

limitations of our analysis, to further substantiate the conclusions that have been drawn. 
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Supplementary Figure. Subgroup analysis according to WHO histological grade, 

extent of initial surgery and use of upfront radiotherapy for child and adolescent 

meningioma. Presented are total number and percent of patients (A) with a first relapse 

and with no relapse (B) alive and dead for WHO grade I meningiomas. p values were 

determined by log-rank test
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Supplementary Figure. Subgroup analysis according to WHO histological grade, 

extent of initial surgery and use of upfront radiotherapy for child and adolescent 

meningioma. Presented are total number and percent of patients (C) with a first relapse 

and with no relapse (D) alive and dead for WHO grade II meningiomas. p values were 

determined by log-rank test
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Supplementary Figure. Subgroup analysis according to WHO histological grade, 

extent of initial surgery and use of upfront radiotherapy for child and adolescent 

meningioma. Presented are total number and percent of patients (E) with a first relapse 

and with no relapse (F) alive and dead for WHO grade III meningiomas. p values were 

determined by log-rank test
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Abstract 

Background The extent of initial surgical resection has been identified as the strongest 

prognostic indicator for survival in child and adolescent meningioma. Given the paucity 

of data concerning long-term outcome, the authors undertook a meta-analysis to analyse 

morbidity in survivors of this disease.

Methods Individual patient data were obtained from 19 case series published over the 

last 23 years through direct communication with the authors. Ordinal logistic regression 

models were used to assess the influence of risk factors on morbidity. 

Results Of 261 patients, 48% reported a completely normal life with no morbidity and 

25% had moderate/severe meningioma-associated morbidity at last follow-up. 

Multivariate analysis identified relapse as the only independent variable associated with 

an increased risk of morbidity (odds ratio 4.02, 95% CI 2.11-7.65;;  p≤0.001).  Univariate  

analysis also revealed an increased risk for patients with neurofibromatosis (odds ratio 

1.90, 95% CI 1.04-3.48; p=0.04). Subgroup analysis identified a higher incidence of 

morbidity among patients who had intracranial tumours with a skull base location 

compared  with  a  nonskull  base  location  (p≤0.001).  Timing  at  which  morbidity  occurred  

was available for 70 patients, with persistence of preoperative tumour-related symptoms 

in 67% and as a result of therapy in 20%.  

Conclusions The majority of survivors of child and adolescent meningioma had no or 

only mild long-term morbidity, whereas 25% had moderate/severe morbidity, with a 

significantly increased risk in patients with relapsed disease. In the majority, morbidity 

occurred as a consequence of the tumour itself, justifying aggressive surgery to achieve 

gross total resection. However, for patients with neurofibromatosis and skull base 

meningioma, a more cautious surgical approach should be reserved.  
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Introduction 

CNS tumours have the second highest frequency of all childhood cancers.2 With 

advances in neurosurgery, radiotherapy techniques, the use of combination 

chemotherapy and improved supportive care, the last 40 years have witnessed a 

significant improvement in the survival of these children. However, the price of survival 

has not been inconsequential and has been accompanied by an increased burden of long-

term morbidity. Subsequently, the long-term follow-up of survivors has become 

essential. Several collaborative groups have been established to study large childhood 

cancer survivorship cohorts with the objective of identifying, characterising and 

ultimately reducing such complications.141-144 Notably, one of the largest groups, the 

Childhood Cancer Survivor Study,142 excludes meningioma within its selection criteria. 

Meningiomas constitute 2.2% of all CNS tumours in children and adolescents.145 We 

previously undertook a multivariate meta-analysis of individual patient data and 

identified the extent of initial surgical resection as the strongest prognostic indicator for 

RFS and OS in child and adolescent meningioma; and we concluded that aggressive 

surgical management, to achieve gross total resection, was the optimal initial treatment 

of choice.145 Given our previous findings and the paucity of data concerning the long-

term outcome in survivors of child and adolescent meningioma, we sought to identify 

the morbidity profile associated with the treatment of this group of patients. We 

undertook a pooled analysis, using the PRISMA reporting guidelines,111 of every child 

and adolescent meningioma case series published over the last 23 years, with the aim of 

defining the overall morbidity in survivors of this disease. 
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Materials and Methods 

Search strategy and selection criteria 

We searched PubMed, Medline and Embase for articles published from January 1989 to 

January 2013 that included the following terms:   “meningioma,” “childhood,”  

“pediatric,”   “paediatric” and   “adolescent”.  All single case reports and case series of 

radiation-associated meningioma were excluded. No study was excluded on the basis of 

language. Two reviewers independently assessed full text copies of all case series for 

entry into the meta-analysis (RSK and NGG). Additional studies were traced by 

checking the references of the selected publications. The search strategy has been 

previously described in detail.145  

Figure 1 illustrates the selection of studies and patient data. Forty-six studies initially 

were identified,11, 13, 14, 19, 25, 28, 31, 36, 37, 52, 54, 61, 70, 74-76, 84, 86, 102, 106, 108, 112-121, 123-130, 146-152 

five of which were excluded84, 108, 128-130 because they reported duplicate data. Morbidity 

was reported in 21 studies,11, 13, 14, 28, 36, 52, 61, 86, 102, 106, 114, 116, 119-121, 124, 125, 146-149 all of 

which were exclusive to children and adolescents. Ten patients, who had meningiomas 

that could not be categorised histologically according to the 2007 WHO grading 

system131 (e.g. angioblastic, sclerosing) or that were of unknown histology were 

excluded. Eleven patients with radiation-induced meningioma, 24 patients for whom 

outcome was unknown and three patients147 for whom there were duplicate data in 

another included publication148 also were excluded. Of the remaining 326 patients, 52 

had died, leaving 274 patients who were eligible for the selection of individual patient 

data. 
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Figure 1. The selection of studies and patient data are illustrated 
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Selection of individual patient data 

Corresponding authors of the 21 eligible studies were invited to submit their individual 

patient data. Variables for which data were requested included the extent of initial 

surgery (subtotal resection, gross total resection), use of upfront radiotherapy (no, yes), 

tumour grade according to the 2007 WHO classification system (WHO grade I, II or 

III),131 tumour location (supratentorial, infratentorial, spinal), neurofibromatosis (no, 

yes), patient sex (male, female), patient age at diagnosis and whether the patient 

suffered a relapse (defined as either progression or recurrence; no, yes). To allow a 

comparison with previously published data,145 identical categories were selected and 

included within the multivariate analysis for each variable. Data obtained for clinical 

endpoints included descriptions of reversible deficits suffered that were no longer 

apparent at last follow-up, including immediate postoperative complications (defined by 

the Ibanez classification system153 as occurring within 30 days of the procedure) that 

were subsequently treated or resolved, any long-term morbidity that existed at last 

follow-up, the timing at which the morbidity occurred in relation to surgery and the 

overall length of follow-up.  

Nineteen studies11, 13, 14, 28, 36, 52, 61, 86, 102, 106, 114, 116, 119-121, 146-149 provided individual 

patient data for 261 patients. Data returned were verified by independent assessment 

with the published study by the two reviewers. Clarification and confirmation were 

sought from the originating centre for any discrepancies identified. Morbidity was 

graded independently based on severity into three categories – none, mild or 

moderate/severe (Table 1) – by the two reviewers. If the assessments differed, then a 

consensus opinion was determined in consultation with a third reviewer (CHC).  
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Table 1. Classification of morbidity according to severity 

Statistical analyses 

Patients were included in the meta-analysis if complete information for every variable 

requested was returned. Data were collated and are presented as number (percentage), 

mean and range, as appropriate for the type of data. To assess whether these patients 

provided an appropriate representation of the previously published cohort,145 the 

survivors from the previously published cohort who were included in the current study 

were compared with those who were excluded using the chi-square test for sex, 

location, histology, extent of surgery and relapse and using the t-test for age.  

Ordinal logistic regression models using the proportional odds assumption were used to 

assess the influence of prognostic factors on morbidity. Univariate and multivariate 

odds ratios (ORs) were calculated for each prognostic factor. Subgroup analysis to 

assess the effect of intracranial tumour location (recategorised as skull base vs. nonskull 
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base) on morbidity was performed using the chi-square test. p values <0.05 were 

considered statistically significant. Analyses were done with Stata version 12. 

Results 

In total, there were 261 patients from 19 studies. Patient characteristics are listed in 

Table 2. We determined that this study provided an appropriate representation of the 

previously published patients,145 because no significant differences were detected 

between data sets for the variables tested. The mean follow-up was 7.11 years. At last 

follow-up, 126 patients (48%) were reported as leading a completely normal life with 

no meningioma-associated morbidity or other comorbidity. There were 116 patients 

(44.5%) suffering from meningioma-associated morbidity, with 51 cases (19.5%) 

classified as mild and 65 (25%) classified as moderate/severe. The majority of patients 

with mild morbidity had minimal reductions in their Karnofsky performance status 

(KPS) or Glasgow Outcome Score (GOS) (KPS 90, 8.4%; KPS 80, 6.5%; and GOS 5 

with deficit, 3.4%). The most frequently occurring morbidities in the moderate/severe 

category included visual deficit (6.9%), cranial nerve deficit (5.4%), seizure disorder 

(4.6%), GOS 4 (4.6%) and motor deficits (3.4%), such as hemiparesis and specific limb 

weakness (Figure 2).  
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Table 2. Patient characteristics 

WHO, World Health Organisation. 
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Figure 2. Morbidity is illustrated among survivors of childhood and adolescent 

meningioma. KPS indicates Karnofsky performance status; GOS, Glasgow Outcome 

Score

 

 

Meningioma relapse was identified as the only independent risk factor for long-term 

morbidity on multivariate analysis (Table 3), with a four-fold increased risk in patients 

who relapsed compared with patients who did not relapse (OR 4.02, 95% CI 2.11-7.65; 

p≤0.001).  On  univariate   analysis   (Table  3),   neurofibromatosis  was   associated  with   an  

increased risk of long-term morbidity (OR 1.90, 95% CI 1.04-3.48; p=0.04). Subgroup 

analysis of intracranial tumour location revealed a significantly higher incidence of 

morbidity for survivors with skull base tumours (61%; n=45 of 74) versus those with 

nonskull base tumours (34%; n=53 of 155;;  p≤0.001). 
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Table 3. Univariate and multivariate ordinal logistic regression results for individual 

patient data: morbidity according to prognostic factor 

CI, confidence interval; OR, odds ratio; WHO, World Health Organisation.
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The timing at which the morbidity occurred was available for 70 of the 116 patients 

(60%) who suffered from meningioma-associated morbidity. In the majority (67%; 

n=47 of 70), the morbidity was present before surgery, occurring as a consequence of 

the meningioma with subsequent failure of recovery from symptoms after therapeutic 

intervention and at last follow-up. In 20% (n=14 of 70), the morbidity occurred as a 

direct result of treatment. Of these patients, cranial nerve injury after surgery for skull 

base meningioma accounted for 64% (n=9 of 14). The remainder (n=5) were individual 

patients with growth arrest secondary to radiosurgery, cognitive impairment after 

radiotherapy, severe neurologic disability after surgery for recurrence, chronic headache 

and new-onset seizure disorder. The small number of patients who suffered morbidity as 

a consequence of therapy precluded a meaningful statistical analysis of therapy as a risk 

factor. In 13% (n=9 of 70), morbidity was related to multiple craniospinal tumours in 

patients with neurofibromatosis. 

Information regarding the presence of reversible postoperative deficits was available for 

169 patients and the occurrence rate was 22% (n=38 of 169). Reversible postoperative 

deficits comprised infections (n=13), including meningitis and osteomyelitis, reversible 

motor deficits (n=8), seizure disorders, which subsequently resolved (n=7), intracranial 

haemorrhage/haematoma (n=4), cerebrospinal fluid leak (n=2), hydrocephalus (n=2), 

pseudomeningocele (n=1) and urinary retention (n=1). When only considering the 

medical complications in these patients in addition to those that occurred in the 52 

patients who died, the overall rate of medical complications was 8.1% (n=18 of 221) 

and included infections (n=14), postoperative multiorgan failure (n=3) and urinary 

retention (n=1). 
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Discussion 

Meningioma is the most frequently occurring CNS tumour in adults154 and several 

studies have reported an increased risk of morbidity in survivors.155-159 In contrast, child 

and adolescent meningioma is rare, with the majority of reports for this condition 

retrospective in nature and restricted to single cases and case series. Consequently, there 

is a paucity of literature regarding long-term outcomes in survivors. To our knowledge, 

the current individual patient meta-analysis represents the largest study to date of 

morbidity specific to survivors of child and adolescent meningioma. 

This study reveals that, although the majority of children and adolescents with 

meningioma have no or only mild residual morbidity after treatment, 25% of survivors 

have moderate/severe morbidity. This compares favourably with adult meningioma 

survivors, in which 67% have been reported to suffer from long-term neurologic 

sequelae.155 The lower incidence revealed in our study may be explained by the 

increased ability of children to undergo neurologic recovery compared with adults160 

and/or the increased risk of comorbidities associated with age and lifestyle in adults. 

The incidence of moderate/severe morbidity identified in this study is similar to that 

reported in a previous study of long-term neurologic morbidity in a heterogeneous 

group of patients with low-grade childhood brain tumours who underwent surgery 

alone; in that study, 35% of patients had persistent moderate or severe neurologic 

deficits at last follow-up.161 Historically, the focus of survivorship has been related 

primarily to the sequelae of chemotherapy and radiotherapy. Because aggressive 

surgical resection is the recommended optimal therapeutic strategy for child and 

adolescent meningioma,145 our study further highlights the importance of monitoring 

and time-appropriate intervention for late effects in survivors of childhood brain 

tumours for whom surgery is the mainstay of treatment. 
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Although we have demonstrated an appreciable morbidity profile in survivors of child 

and adolescent meningioma, morbidity attributable to therapy was low. The rate of 

clinically detected, serious medical complications after resection of child and adolescent 

meningioma was low (8.1%) and was comparable to the reported incidence in adults 

(6.8%).162 In adults, a wide spectrum of serious medical complications has been 

reported after meningioma surgery,162 however, in our analyses, infection was the 

primary cause of a serious postsurgical medical complication (78%; n=14 of 18). Given 

this finding, appropriate antibiotic prophylaxis should be instigated perioperatively,163 

and immediate presumptive treatment with broad-spectrum antibiotics should be 

undertaken if there is any clinical suspicion of infection after surgery for child and 

adolescent meningioma. For patients in whom timing at which the morbidity occurred 

was available, morbidity predominantly occurred as a direct consequence of the 

meningioma, was present before surgery and the patient failed to recover from the 

symptoms. One possible explanation may be that the majority of meningiomas have an 

indolent growth pattern over a period of years, with consequent prolonged pressure 

exerted by the tumour on intracranial structures resulting in irreversible neurologic 

deficits before diagnosis. Indeed, in adults with untreated, radiologically suspected, 

WHO grade I meningiomas, neurocognitive deficits and reductions in health-related 

quality of life have been demonstrated, suggesting that these effects occur as a result of 

the tumour itself or as a consequence of tumour-related oedema.158 These findings, in 

combination with the previously demonstrated low perioperative mortality (3%; n=20 of 

664),145 support the recommendation for initial aggressive surgical management for 

child and adolescent meningioma.  

However, we have identified several caveats for which a more cautious surgical 

approach should be considered. The first is for meningioma located at the skull base. 
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Subgroup analysis revealed a significantly higher incidence of morbidity among 

patients with skull base tumours overall; and it is noteworthy that, of the 14 patients 

who had therapy-related morbidity, nine developed a cranial nerve deficit secondary to 

surgical excision of a skull base meningioma. The proximity of the cranial nerves to the 

skull base, poor accessibility, more complex approach and dural attachments that cannot 

be sacrificed increase the complexity and duration of surgery for skull base meningioma 

and, ultimately, the ability to perform gross total resection.149 For these patients, the risk 

of significant long-term neurologic morbidity needs to be carefully considered against 

the benefit of aggressive surgery to achieve gross total resection. If the risk of morbidity 

precludes gross total resection for skull base meningioma, then it may be more 

beneficial to perform a subtotal resection and to reserve repeat surgery for tumour 

progression.  

Second, caution should be undertaken for patients who have neurofibromatosis. 

Meningiomas are the second most frequently occurring tumours in patients with NF2,164 

whereas they reportedly occur at the same incidence as the general population in 

patients with NF1.24 Several studies have demonstrated that a large proportion of 

meningiomas in patients with NF2 exhibit minimal or saltatory growth on serial 

imaging.165, 166 Both types of neurofibromatosis predispose patients to multiple 

craniospinal tumours and the natural history of the disease has to be balanced against 

the risk of additional long-term morbidity with aggressive surgical management. Our 

results have indicated an increase in meningioma-associated morbidity among patients 

with neurofibromatosis, with the effect persisting at a reduced level after adjustment for 

covariates. Our findings add further support to the recommendation that surgery should 

be reserved for symptom-producing tumours,166 with the overall neurosurgical goal of 
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achieving symptom control rather than radical resection in patients with 

neurofibromatosis. 

Our study demonstrated a significant increase in morbidity for patients who relapsed. 

This may occur because of the cumulative effect of pressure on intracranial structures 

by recurrent/progressive tumour and/or repeated therapeutic intervention resulting in 

irreversible neurologic deficits. In our analyses, only three patients developed morbidity 

as a result of repeat surgery after a relapse and two of those patients had meningiomas 

located at the skull base. Patients with meningioma relapse are challenging, because this 

likely signifies recalcitrant disease with potential for a higher proliferative index.167 

Given our findings and taking into consideration the aforementioned caveats, we 

advocate aggressive surgical management for children and adolescents with 

meningioma relapse.    

This study has several limitations, the most notable being that it is retrospective. In 

addition, there is no standardised classification system for morbidity, which has resulted 

in heterogeneous recording and reporting by different authors. Furthermore, morbidity 

was reported as an ancillary finding within the majority of studies for child and 

adolescent meningioma. Indeed, only 21 of the 41 studies (51%) that were eligible for 

entry reported morbidity data. Moreover, examination of long-term sequelae, such as 

neurocognitive and health-related quality of life assessment, was not undertaken. To our 

knowledge, only one detailed case report exists documenting time-dependent recovery 

of motor and cognitive functions in a boy aged six years who had a right frontal lobe 

atypical meningioma.168 The paucity of data regarding these outcome measures is in 

contrast to adult meningioma survivors, in which several studies have demonstrated that 

significant numbers of patients experience impaired cognition and worse health-related 
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quality of life compared with healthy matched controls.156-159 Because child and 

adolescent meningioma is rare, the number of patients available for study is small, 

which may explain the lack of statistical significance for several variables associated 

with morbidity. The small number of patients who suffered morbidity as a consequence 

of therapy precluded meaningful statistical analysis for therapy as a risk factor. For the 

same reason, we were unable to distinguish between the different types of 

neurofibromatoses. A feasible approach to overcome the limitations of this analysis and 

definitively assess the extent of morbidity and risk factors pertaining to long-term 

sequelae in survivors of child and adolescent meningioma would be to establish a 

central registry with standardised international reporting of morbidity data. 

In conclusion, in contrast to adults, the majority of survivors of child and adolescent 

meningioma had no or only mild long-term morbidity. However, 25% of patients had 

moderate/severe long-term neurologic morbidity. Given that the risk of morbidity is 

significantly increased in patients with relapsed disease and that, in the majority of 

patients, morbidity occurs as a consequence of the tumour itself, we conclude that 

aggressive surgery to achieve gross total resection is warranted. However, for children 

and adolescents with neurofibromatosis and for those with meningioma of the skull 

base, a more cautious surgical approach should be observed. 
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Abstract 

ALL in infants has a significantly inferior outcome in comparison with older children. 

Despite initial improvements in survival of infants with ALL since establishment of the 

first paediatric cooperative group ALL trials, the poor outcome has plateaued in recent 

years. Historically, infants were treated on risk-adapted childhood ALL protocols. 

These studies were pivotal in identifying the need for infant-specific protocols, 

delineating prognostic categories and the requirement for a more unified approach 

between study groups to overcome limitations in accrual because of low incidence. This 

subsequently led to the development of collaborative infant-specific studies. Landmark 

outcomes have included the elimination of cranial radiotherapy following the discovery 

of intrathecal and high-dose systemic therapy as a superior and effective treatment 

strategy for CNS disease prophylaxis, with improved neurodevelopmental outcome. 

Universal prospective identification of independent adverse prognostic factors, 

including presence of an MLL rearrangement and young age, has established the basis 

for risk stratification within current trials. The infant-specific trials have defined limits 

to which conventional chemotherapeutic agents can be intensified to optimise the 

balance between treatment efficacy and toxicity. Despite variations in therapeutic 

intensity, there has been no recent improvement in survival due to the equilibrium 

between relapse and toxicity. Ultimately, to improve the outcome for infants with ALL, 

key areas still to be addressed include identification and adaptation of novel prognostic 

markers and innovative therapies, establishing the role of hematopoietic stem cell 

transplantation in first complete remission, treatment strategies for relapsed/refractory 

disease and monitoring and timely intervention of late effects in survivors. This would 

be best achieved through a single unified international trial. 
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Introduction 

ALL is the most common malignancy occurring in children and adolescents, accounting 

for approximately 20% of cancers in patients younger than 20 years of age.1, 2 

Remarkable therapeutic advances have been made since Sidney Farber first reported 

temporary remission in five children with acute leukaemia using the folate antagonist, 

aminopterin, in 1948.3 The 5-year OS now exceeds 90%, with significant improvements 

in survival for subgroups according to age, sex, race, immunophenotype and NCI risk 

status.4 However, infants less than one year of age at diagnosis are the exception to this 

success. The initial modest improvement in survival following inception of cooperative 

group clinical trials has stalled with minimal gains over the past decade.4 This review 

encompasses the evolution of clinical trials for infant ALL, from the risk-adapted 

protocols of the past to the current collaborative infant-specific studies, and provides 

perspectives for improving outcome for infant ALL in the future. 

 

The past: Risk-adapted therapy on childhood leukaemia studies  

The first cooperative clinical trials for childhood leukaemia were established in the 

1950s.5 Initially all children were treated uniformly; however, it was soon recognised 

that certain clinical features at diagnosis had profound prognostic significance. The 

unfavourable prognosis carried by infants less than one year of age was identified 

following analysis of prognostic features from successive trials and registry data.6-8 This 

led to the strategy of risk adaptation within clinical trials, with the majority increasing 

the intensity of therapy delivered to infants by stratification to high-risk arms. Table 1 

summarises published outcomes for infants treated within childhood ALL studies. 
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Table 1. Summary of results for infants treated on childhood ALL protocols 
Group 

Country 
Study Year Number 

of 
infants 

5-year 
EFS 
(%) 

5-year 
OS 
(%) 

Ref. 

AIEOP 

Italy 

 

AIEOP-ALL 82 

AIEOP-ALL 88 

AIEOP-ALL 91 

AIEOP-ALL 95 

1982-1987 

1988-1992 

1991-1995 

1995-2000 

16 

16 

21 

31 

31.3 

31.3 

33.3 

51.6 

37.5 

56.3 

52.4 

57.6 

 
 

9 

BFM 

Germany, 

Austria, 

Switzerland 

ALL-BFM 81 

ALL-BFM 83 

ALL-BFM 86 

ALL-BFM 90 

ALL-BFM 95 

1981-1983 

1983-1986 

1986-1990 

1990-1995 

1995-2000 

9 

13 

34 

60 

33 

55.6 

23.1 

38.2 

51.6 

38.5 

100 

46.2 

50.0 

58.3 

44.7 

 
 

10 
 

CCG, USA CCG-192P 1982-1984 27 36.0a — 11 

EORTC-CLG 

France, Belgium, 

Portugal 

58831 

58832 

58881 

 
1983-1989 

1989-1998 

 
23 

60 

 
39b 

42.5 

 
— 

— 

 
 

12 

CoALL 

Germany 

COALL 82 

COALL 85 

COALL 89 

COALL 92 

1982-1985 

1985-1989 

1989-1992 

1992-1997 

3 

6 

10 

17 

0.0 

0.0 

40.0 

44.0 

— 

— 

— 

— 

 
 

13 
 
 

CPH 

Czech Republic 

ALL-BFM 83 

ALL-BFM 90 

1986-1990 

1990-1996 

14 

13 

— 

30.8 

— 

30.8 
14 

15 

DCOG 

The Netherlands 

DCLSG-ALL-7 

DCLSG-ALL-8 

1988-1991 

1991-1997 

3 

13 

66.7 

0.0 

33.3 

15.4 

 
16 

DFCI 

Dana-Farber 

Cancer Institute, 

USA 

85-01 

87-01 

91-01 

95-01 

1985-1987 

1987-1991 

1991-1995 

1996-2000 

10 

8 

7 

14 

60.0 

50.0 

71.4 

41.7 

60.0 

62.5 

71.4 

41.7 

 
 

17 
 
 

FRALLE 

France 

FRALLE 83 

FRALLE 87 

FRALLE 89 

FRALLE 93 

1983-1986 

1987-1989 

1989-1992 

1993-1999 

 
 

38 
 

34 

 
 
— 

— 

 
 
— 

— 

 
 

18 
 

19 

INS 

Israel 

ALL-INS 89 

ALL-INS 98 

1989-1997 

1998-2003 

10 

12 

50.0b 

50.0b 

60.0b 

58.3b 

 
20 

JACLS 

Japan 

No uniform study. 
Retrospective analysis of 
infants treated by JACLS 

institutions. 

 
1991-1995 

 
19 

 
28.7c 

 
— 

 
21 
 

JCCLSG 

Japan 

ALL811 

ALL841 

1981-1984 

1984-1987 

9 

7 

33.3 

57.1 

44.4 

71.4 

 
22 

KYCCSG 

Japan 

AL851 

ALHR88 

1985-1988 

1988-1990 

 
7 

 
— 

 
— 

 
23 
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a 4-year EFS. b10-year EFS and OS. c 3-year EFS. d 5-year disease-free survival. e 9-year EFS. 

AIEOP, Associazione Italiana Ematologia Oncologia Pediatrica; ALL, acute lymphoblastic leukaemia; 

BFM, Berlin-Frankfurt-Münster   study   group;;   CCG,   Children’s   Cancer   Group;;   CoALL, Cooperative 

study group for treatment of ALL; CPH, Czech Paediatric Haematology working group; DCOG, Dutch 

Childhood Oncology Group; DFCI, Dana-Farber Cancer Institute consortium; EFS, event-free survival; 

EORTC-CLG, European Organisation for Research and Treatment of Cancer – Children’s   Leukaemia 

Group; FRALLE, French Acute Lymphoblastic Leukaemia group; INS, Israeli National Studies of 

childhood ALL; JACLS, Japan Association of Childhood Leukaemia Study; JCCLSG, Japanese 

Children’s  Cancer  and  Leukaemia  Study  Group;;  KYCCSG,  Kyushu  Yamaguchi  Children’s  Cancer  Study  

Group; NOPHO, Nordic Society of Paediatric Haematology and Oncology; OS, overall survival; 

PETHEMA, Programa de Estudio Tratamiento de las Hemopatías Malignas; PINDA, Programa Infantil 

Nacional de Drogas Antineoplásicas; POG, Paediatric Oncology Group; Ref., Reference; SJCRH, St. 

Jude   Children’s   Research   Hospital;;   TCCSG,   Tokyo   Children’s   Cancer   Study   Group;;   TPOG, Taiwan 

Paediatric Oncology Group; UK CLWP, United Kingdom Childhood Leukaemia Working Party. 

Group 

Country 

Study Year Number 
of 

infants 

5-year 
EFS 
(%) 

5-year 
OS 
(%) 

Ref. 

Ma-Spore 

Malaysia, 

Singapore 

 
Ma-Spore ALL 2003 

 
2002-2011 

 
21 

 
52.4 

 
— 

 
24 
 

NOPHO 

Denmark, 

Finland, Iceland, 

Norway, Sweden 

No uniform study. 
Retrospective analysis of 

infants treated by 
NOPHO institutions. 

1981-1986 

1986-1991 

 
1992-1998 

23 

27 

 
36 

39.1 

18.5 

 
39.9 

— 

— 

 
— 

 
 

25 
 
 

PETHEMA 

Spain 

 
PETHEMA ALL-93 

 
1993-2002 

 
12 

 
50.0d 

 
— 

 
26 

PINDA 

Chile 

 
PINDA 87 

 
1987-1992 

 
15 

 
21 

 
— 

 
27 

POG, USA POG 8398 1984-1990 33 17.7 36.4 28 

SJCRH 

St. Jude 

Children’s  

Research 

Hospital, USA 

Total Therapy Study 10 

Total Therapy Study 11 

Total Therapy Study 12 

Total Therapy Study 13A 

Total Therapy Study 13B 

1979-1983 

1984-1988 

1988-1991 

1991-1994 

1994-1998 

5 

11 

8 

5 

10 

20e 

45.5 

25.0 

20.0 

70.0 

— 

63.6 

50.0 

40.0 

70.0 

29 

30 

 

TCCSG 

Japan 

No uniform study. 
Retrospective analysis of 

infants treated by 
TCCSG institutions. 

 
1977-1995 

 
62 

 
13.1 

 
13.1 

 
31 
 

TPOG 

Taiwan 

TPOG-ALL 97 

TPOG-ALL 2002 

1997-2001 

2002-2007 

19 

32 

55.3 

32.0 

56.3 

30.4 

 
32 

UK CLWP 

United Kingdom 

UKALL VIII 

UKALL X 

1980-1984 

1985-1990 

20 

26 

30.0 

26.9 

— 

— 

 
33 
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Although the number enrolled onto each study was limited by the rarity of infant ALL, 

and several studies did not differentiate infants by B or T-cell lineage, they were 

fundamental in demonstrating the poor EFS and OS of infants within high-risk strata of 

childhood ALL studies. 

 

Combined analysis of infants treated on successive childhood ALL protocols within 

individual study groups identified key biological and clinical prognostic features. 

Presence of an MLL rearrangement,34 hyperleukocytosis at presentation,35 absence of 

CD10 antigen,35 age <6 months at diagnosis,36 and poor response to initial prednisone 

therapy,36 were independently associated with an inferior outcome. 

 

Despite suboptimal outcomes, this period in the history of clinical trials for infant ALL 

was pivotal in defining the foundations for future therapy, namely the need for infant-

specific ALL protocols, delineation of prognostic categories to allow for risk-

stratification within infant ALL and a more unified approach between study groups to 

overcome limitations in accrual because of low incidence. 

 

The present: Infant-specific collaborative group protocols 

Currently, there are three large collaborative groups conducting infant ALL-specific 

clinical trials – the COG, the Japanese Paediatric Leukaemia/Lymphoma Study Group 

(JPLSG) and the Interfant Study Group. Their trials and outcomes are described below 

and summarised in Figure 1 and Table 2.  



 135 

   Figure 1. The roller coaster journey of infant ALL 
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Table 2. Summary of results for infant-specific collaborative group ALL protocols 
 

Group Study Year Number 

analysed 

CR 

(%) 

5-year 

EFS (%) 

5-year 

OS (%) 

Ref. Key conclusions 

CCG CCG-107 1984-1988 98 87.8 32.6 42.8  

 

 
37, 38

 

 Progressive improvement in outcome with intensified therapy 
 Marrow relapse primary cause of treatment failure 
 Intrathecal and high-dose systemic therapy superior treatment strategy for 
prevention of CNS relapse compared with cranial radiotherapy 
 Age <6 months, CD10–, failure of morphological remission on day 14, 
WBC >50x109/l at diagnosis and presence of t(4;11) MLL translocation 
identified as adverse prognostic factors 

CCG-1883 1989-1993 135 94.1 37.6 50.2 

CCG-1953 1996-2000 115 82.5 43.2 46.8 38, 39  Early intensification reduced relapse rate but increased toxicity 
 CD10– identified as an independent adverse prognostic factor 
 No benefit in the routine use of HSCT for MLL-rearranged infants 

POG POG 8493 1984-1990 84 89.3 25.0 31.6  
 
 

28 
 

 Early intensification using rotating cycles of combination chemotherapy 
showed progressive modest improvement in survival but outcomes remained 
poor  
 Marrow relapse primary cause of treatment failure 
 Low rate of isolated CNS relapse with triple intrathecal therapy 
  WBC >50x103/μl at diagnosis identified as an independent adverse 
prognostic factor 

POG 9107 1991-1993 47 89.4 31.9 40.2 

POG 9407 

(cohorts 1+2) 

1996-2000 68 — 47.0 53.0 40  Early intensification reduced relapse rate but increased toxicity 
 No benefit in the routine use of HSCT for MLL-rearranged infants 

COG P9407  

(cohort 3) 

2001-2006 141 — 42.3 53.0 40  Therapeutic modifications reduced toxicity but increased relapse rate 
compared with cohorts 1 and 2 
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Group Study Year Number 

analysed 

CR  

(%) 

5-year 

EFS (%) 

5-year 

OS (%) 

Ref. Key conclusions 

JILSG MLL96 1995-1998 55 

 

 

 

 

94.1 

 

 

 

50.9 

 

 

 

60.5 

 
 
 
 

41, 42 
 
 
 
 

 Infants with germline MLL highly curable with chemotherapy alone (95.5% 
5-year EFS and OS) showing benefit of risk-stratification by MLL status 
 High proportion of relapses between first CR and HSCT in MLL-rearranged 
infants suggesting need for more effective postremission therapy  
 Age <6 months at diagnosis identified as an independent adverse prognostic 
factor for MLL-rearranged infants 
 Failure to achieve remission following salvage therapy identified as an 
independent adverse prognostic factor for recurrent/refractory MLL-
rearranged disease 

MLL98 1998-2001 47 

UK 

CLWP 

Infant 87  

1987-1999 

40 92.5 22.5a 30a  
43, 44 

 

 Significant treatment related toxicity and high relapse rate despite increased 
therapeutic intensity 
 Age <6 months, presence of CNS disease and hyperleukocytosis at 
diagnosis identified as independent adverse prognostic factors  

Infant 92 86 94.2 29a 42.5a 

Interfant Interfant-99 1999-2005 483 93.9 46.1 55.2 45-48  Efficacy of a hybrid protocol demonstrated 
 MLL rearrangement, age <6 months at diagnosis and poor day 8 prednisone 
response identified as independent adverse prognostic factors 
 No benefit from adding a late intensification course 
 Prognostic impact of MRD following induction and consolidation identified 
 Risk of relapse significantly higher for congenital ALL 
 HSCT beneficial for MLL-rearranged infants aged <6 months and poor day 
8  prednisone  response  or  WBC  ≥300g/L  at  diagnosis 

 
a 6-year EFS and OS; UK CLWP studies included 9 patients between 12 and 18 months of age with biological features of infant ALL.  

ALL, acute lymphoblastic leukaemia; CCG,  Children’s  Cancer  Group;;  CNS, central nervous system; COG,  Children’s  Oncology  Group;;  CR, complete remission; EFS, event-free 

survival; HSCT, haematopoietic stem cell transplantation; JILSG, Japan Infant Leukaemia Study Group; MLL, mixed lineage leukaemia; MRD, minimal residual disease; OS, 

overall survival; POG, Paediatric Oncology Group; Ref., Reference; UK CLWP, United Kingdom Childhood Leukaemia Working Party; WBC, white blood cell.  
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Children’s  Oncology  Group 

Several US paediatric cooperative trial groups merged in the year 2000 to form the 

COG. Those groups relevant to the study of childhood leukaemia included the 

Children’s  Cancer  Group  (CCG)  and  the  Paediatric Oncology Group (POG), who were 

the first cooperative groups to conduct clinical trials specific for infant ALL.  

 

CCG trials 

The first infant-specific CCG trials were based on a preceding pilot study for patients 

with poor prognosis ALL, CCG-192P, that enrolled 27 infants from 1982 to 1984. This 

pilot followed a retrospective review of 115 infants treated on preceding noninfant- 

specific protocols between 1972 and 1982 that revealed a dismal 4-year EFS (23%) 

because of disease recurrence rather than excessive toxicity.49 The premise of CCG-

192P was intensification of multiagent chemotherapy, administered in three phases 

using weight-based dosages, to prolong remission and ultimately survival, with delayed 

CNS prophylaxis   of   1800cGy   cranial   radiation   until   patients  were   ≥   1   year   of   age.11 

Complete remission (CR) following induction was achieved in 92.6% and no 

differences in toxicity were observed compared with older children on the same 

protocol. There was a 36% 4-year EFS with four CNS relapses, all of whom had 

received cranial irradiation. Univariate analysis revealed a more favourable outcome for 

infants with a white blood cell (WBC) count <50x103/μl   and   age   >6   months   at 

diagnosis.11  

 

CCG-107 enrolled 98 evaluable infants between 1984 and 1988 and CCG-1883 enrolled 

135 evaluable infants between 1989 and 1993. Both studies intensified systemic 

chemotherapy, administered in five phases with dosages calculated on body surface 

area, and introduced high-dose methotrexate with intrathecal chemotherapy for CNS 
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prophylaxis. CCG-1883 was further intensified postinduction, primarily with the 

addition of high-dose cytarabine. CR was achieved for 87.8% on CCG-107 and 94.1% 

on CCG-1883.37 There was an improvement in 5-year EFS (37.6% vs. 32.6%) and OS 

(50.2% vs. 42.8%) when comparing CCG-1883 with CCG-107,38 with tolerable 

toxicities. However, the 5-year disease-free survival (DFS) on CCG-1883 remained low 

(38.5%),39 with a high overall relapse rate in both studies (CCG-107, 59.2%; CCG-

1883, 55.6%). Isolated marrow relapse was the most common cause of treatment failure 

(CCG-107, 35.7%; CCG-1883, 40.7%). The majority of first relapses occurred early 

(within 13 months of diagnosis) and was the primary cause of death.37 Nevertheless, the 

probability of isolated CNS relapse on CCG-1883 was lower (3.0%) as compared with 

CCG-107 (8.2%),38 and was similar to a historical control (CCG-160) that used cranial 

radiotherapy (5%).37 This led to the conclusion that compared with cranial radiotherapy, 

the combination of intrathecal and high-dose systemic therapy represented a superior 

and effective treatment strategy for prevention of CNS disease, with improved 

neurodevelopmental outcome.37, 50 Analysis of combined data from both studies 

identified several prognostic factors associated with poor outcome, including age <6 

months at diagnosis, with the most inferior outcome in those <3 months, CD10 

negativity, failure of morphological remission on day 14 marrow, WBC >50x109/l at 

diagnosis and presence of the t(4;11) MLL rearrangement.37  

 

The subsequent study, CCG-1953, aimed to improve the overall poor outcome and 

reduce the early relapse rate shown in the preceding studies via introduction of early 

treatment intensification, with dosages based on body surface area and elimination of 

age-related dose reductions. In addition, the feasibility and outcome of allogeneic 

haematopoietic stem cell transplantation (HSCT) was examined for MLL-rearranged 

infants for whom HSCT could be scheduled by four months of study entry and a 5-6/6 
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human leukocyte antigen related or unrelated matched donor was available. Overall, 

115 infants were enrolled between 1996 and 2000.39 As a consequence of excessive 

infectious induction toxicity, the daunorubicin dosage during induction was modified, 

calculated  on  weight  and  age  at  diagnosis,  and  for  infants  ≤90  days  of  age  at  diagnosis,  

daily short rather than continuous infusion was implemented. CR was achieved in 

82.5% of the infants.39 Compared with CCG-1883, there was an improved 5-year EFS 

(43.2%)38 and DFS (49.2%),39 but slightly lower 5-year OS (46.8%).38 The 

improvements were especially marked when comparing 5-year EFS (41.7% vs. 9.5%) 

and DFS (56.3% vs. 11.1%) for infants younger than 90 days of age at diagnosis. There 

was a significant difference in 5-year EFS between MLL-rearranged (33.6%) and MLL-

nonrearranged cases (60.3%) when prognostic factors were considered individually; 

however, CD10 negativity was the only independent adverse prognostic factor 

identified.39 The key finding of CCG-1953 was that despite fewer relapses (20.9% vs. 

55.6%), no isolated CNS relapses38 and relapses occurring later compared with CCG-

1883,39 the remission induction rate was inferior because of early, predominantly 

infectious, toxicity.51  

  

POG trials 

The first infant-specific study, POG 8493, enrolled 84 evaluable infants between 1984 

and 1990, with the aim of intensifying therapy using pulsed weight-based doses of 

cyclophosphamide, vincristine, cytarabine and prednisone (COAP) and teniposide and 

cytarabine. Despite a CR rate of 89.3%,28 the 5-year EFS (25.0%) and OS (31.6%) were 

poor, with adverse prognosis on univariate analysis for age <9 months at diagnosis.52 

POG 8493 ran concurrently with the noninfant-specific POG 8398 pilot study that 

enrolled 33 evaluable infants. POG 8398 was designed to address early relapse with 

intensive early consolidation and prevent drug resistance by using rotating drug pairs 
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during this phase. Drug pairs selected included intermediate-dose methotrexate and 6-

mercaptopurine, daunorubicin and cytarabine, and teniposide and cytarabine.53 CR was 

achieved in 93.9%, but 5-year EFS (17.7%) and OS (36.4%) remained poor.28 POG 

9107 further evaluated postinduction rotating cycles of intensive, weight-based dosing, 

combination chemotherapy comprising high-dose cytarabine and daunorubicin, 

intravenous 6-mercaptopurine and methotrexate, etoposide and cytarabine, and COAP 

with the aim to reduce bone marrow relapse rate with early intensification. There were 

47 evaluable infants enrolled between 1991 and 1993, with CR achieved in 89.4% and 

an improved 5-year EFS (31.9%) and OS (40.2%). Triple intrathecal therapy was used 

as CNS prophylaxis for all three studies with a low cumulative incidence of isolated 

CNS relapse on POG 8398/8493/9107 of 3.4% at 10 years. However, there was a high 

overall relapse rate (59.8%), with marrow relapse being the primary cause of treatment 

failure.28 When analysed in combination, WBC >50x103/μl  at  diagnosis  was  identified  

as the only independent prognostic variable predictive of adverse outcome, with 

presence of the t(4;11) MLL rearrangement tending to predict poorer outcome.28  

 

POG 9407 delivered shortened (46 weeks) intensified therapy, with dosages based on 

body surface area, using two high-dose methotrexate courses followed by one 

cyclophosphamide/etoposide course during induction and later as reintensification, with 

the aim of improving outcome by decreasing early relapse. HSCT was permitted for 

MLL-rearranged infants following completion of reinduction. Cohort 1 enrolled 16 

infants between 1996 and 1997, with daunorubicin administered during induction and 

reinduction as a body surface area-based 48-hour continuous infusion. Due to excessive 

toxicity, the same amendments for CCG-1953 regarding daunorubicin during induction 

were made for cohort 2 that enrolled 52 infants between 1997 and 2000. For the 68 

infants, the 5-year EFS and OS were 47% and 53% respectively.40 However, there was a 
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high early death rate (25%), defined as within 90 days of enrolment, particularly among 

infants  ≤90  days  of  age  (58.8%  vs. 13.7%), with the majority of deaths attributable to 

infection.40  

 

A total of 53 patients underwent HSCT on the parallel CCG-1953 and POG 9407 

studies (Table 3). HSCT was the preferred treatment for infants with MLL 

rearrangements on CCG-1953, whereas on POG 9407 transplantation was an 

investigator option. HSCT according to the protocol-specified conditioning, consisting 

of cytarabine, cyclophosphamide, methylprednisolone and total body irradiation, was 

undertaken in 25 cases, whereas the remainder followed nonprotocol-specified 

regimens. Median time to transplant from first CR was 4.7 months  (range 3-13). The 5-

year EFS (48.8%) and OS (53.1%) were comparable to a control group of 47 MLL-

rearranged infants who were enrolled on study but did not receive HSCT (5-year EFS, 

48.7%; 5-year OS, 59.4%), suggesting no benefit in the routine use of HSCT for infants 

with MLL-rearranged ALL.54  

 

COG trials 

The COG continued the premise of POG 9407, enrolling 141 infants on P9407 cohort 3 

from 2001 to 2006. Modifications aimed to reduce toxicity and included substitution 

and relative dose reduction of steroid during induction, reinduction and continuation 

(dexamethasone 10 mg/m2/day replaced with prednisone 40 mg/m2/day) and 

substitution of the continuous with daily short daunorubicin infusions during induction 

and reinduction for all infants. In addition, extensive supportive care recommendations 

were provided. Compared with the preceding cohorts, a reduction in the early death rate 

(5.7%) for all age groups was offset by a significantly increased overall relapse rate 

(37.6% vs. 17.6%),40 resulting in unchanged 5-year EFS (42.3%) and OS (53%). 
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Table 3. Summary of results for allogeneic HSCT in first complete remission in clinical trials for infant ALL 

 
Group 

 
Study 

 
Year 

 
Number with 

HSCT in first CR 

 
Outcome post HSCT 

 

 
Ref. 

 
Continued 

first CR 
 

 
Death 
in CR 

 
Relapse 

 
CCG 

 

 
CCG-1883 

 
1989-1993 

 
12 

 
2 

 
5 

 
5 

 
37

 

 
UK CLWP 

 

 
Infant 87/92 

 
1987-1999 

 
15 

 
5 

 
3 

 
7 

 
43, 44

 

 
AIEOP 

 

 
AIEOP-ALL 91/95 

 
1991-2000 

 
6 

 
3 

 
3 

 
0 

 
55

 

 
JILSG 

 

 
MLL96/98 

 
1995-2001 

 
47 

 
27 

 
8 

 
12 

 
41

 

 
COG 

 

 
CCG-1953/POG 9407 

 
1996-2000 

 
53 

 
27 

 
17 

 
9 

 
54

 

 
Interfant 

 

 
Interfant-99 

 
1999-2005 

 
37 

 
21 

 
2 

 
14 

 
46

 

 
Total 

 

 
1987-2005 

 
170 

 
85 

 
38 

 
47 

 

 
AIEOP, Associazione Italiana Ematologia Oncologia Pediatrica; ALL, acute lymphoblastic leukaemia; CCG,  Children’s  Cancer  Group;;  

COG,   Children’s   Oncology   Group; CR, complete remission; HSCT, haematopoietic stem cell transplantation; JILSG, Japan Infant 

Leukaemia Study Group; Ref., Reference; UK CLWP, United Kingdom Childhood Leukaemia Working Party.  
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AALL01P1, a limited institution pilot study, opened in 2002. It aimed to demonstrate 

the feasibility of an augmented intensive regimen with a dexamethasone-based 

induction and augmented consolidation followed by a modified augmented Berlin-

Frankfurt-Münster (BFM) regimen for infants who did not undergo HSCT. However, 

this study closed in 2003 because of poor accrual. 

 

The current COG trial, AALL0631 (http://clinicaltrials.gov/ct2/show/NCT00557193), 

opened in 2008 and incorporates risk-directed therapy according to significant 

prognostic factors identified from combined analysis of the three 9407 cohorts. Infants 

are classified as standard risk (MLL-nonrearranged), intermediate risk (MLL-rearranged, 

≥90  days  at  diagnosis)  or  high  risk  (MLL-rearranged, <90 days at diagnosis). Initially, 

therapy was a modified COG P9407-based induction. As a result of excessive toxicity, 

the study was amended for all infants to receive an Interfant-99-based induction, 

modified to eliminate the steroid taper, reduce all nonintrathecal chemotherapy doses by 

25% for infants <7 days old at diagnosis and introduce enhanced supportive care 

guidelines.56, 57 The postinduction chemotherapy backbone is based on P9407 with an 

extended continuation to deliver therapy for a total of two years to all patients, with the 

aim to reduce late relapse seen on P9407. More intensive postinduction chemotherapy 

for MLL-rearranged infants has the goal of reducing the high proportion of relapses 

reported during continuation for MLL-rearranged infants on P9407. 

 

AALL0631 is the first collaborative group trial to incorporate a novel targeted therapy 

for infant ALL. Following a successful drug safety and activity phase,58, 59 MLL-

rearranged infants were randomised to receive the highly selective small molecule fms-

like tyrosine kinase 3 (FLT3) inhibitor, CEP-701. High FLT3 protein levels are 

expressed in the leukaemic blasts of infants with MLL-rearranged ALL,60 even in the 
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absence of FLT3 activating mutations, which occur in less than 20% of infants with 

MLL-rearranged ALL.61-63 Due to drug supply limitations, a subsequent amendment 

ensures that all newly enrolled MLL-rearranged infants receive CEP-701, with a 

decrease in the overall duration of CEP-701 therapy.  

 

Japanese Paediatric Leukaemia/Lymphoma Study Group  

The JPLSG was founded in 2003 and became the single collaborative group unifying 

Japan  in  2010  following  complete  amalgamation  of  the  Tokyo  Children’s  Cancer  Study  

Group   (TCCSG),   the   Japanese   Children’s   Cancer   and   Leukaemia   Study Group 

(JCCLSG), the Japan Association of Childhood Leukaemia Study (JACLS) and the 

Kyushu  Yamaguchi   Children’s   Cancer   Study  Group   (KYCCSG).  However,   a   unified  

approach for the study of infant leukaemia in Japan had commenced before formation of 

the JPLSG under the guise of the Japan Infant Leukaemia Study Group (JILSG).  

 

The JILSG were the first group to study the effectiveness of risk-adapted therapy 

according to the presence or absence of MLL rearrangements, based on this being 

identified as the most important prognostic factor for infant ALL.34, 64-66 Two 

consecutive protocols, MLL96 and MLL98, enrolled 102 infants between 1995 and 

2001.41, 67, 68 MLL-rearranged infants received induction and three courses of 

postremission intensification followed by HSCT, with protocol-specified conditioning 

comprising either total body irradiation or busulfan, etoposide and cyclophosphamide, if 

a 5-6/6 human leukocyte antigen-matched related, 6/6-matched unrelated or 4-6/6-

matched cord blood donor was available. Infants with germline MLL received intensive 

chemotherapy administered over 83-85 weeks. Aside from vincristine, drug dosages 

were calculated on body surface area for MLL98 as compared with weight for MLL96. 
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Despite resulting in a 1.2- to 2-fold increase in dosage for MLL98, this was not 

associated with improved outcome.41  

 

For all 102 infants, CR was achieved in 94.1%, with 5-year EFS and OS of 50.9% and 

60.5% respectively.41 These studies were fundamental in demonstrating the benefit of 

risk-adapted therapy according to MLL status, with outcomes significantly better for 

infants with germline MLL compared to those with MLL-rearranged disease. There were 

22 infants with germline MLL who were highly curable, all achieving CR, with 5-year 

EFS and OS of 95.5%.69 In contrast, although the 80 MLL-rearranged infants achieved a 

similar CR rate (92.5%), the 5-year EFS and OS were 38.6% and 50.8%, respectively. 

Of the 74 MLL-rearranged infants who achieved CR, 53 remained in CR during the 

postremission phase, with 47 undergoing allogeneic HSCT (Table 3), 2 receiving high-

dose chemotherapy and autologous stem cell rescue and 4 with no suitable donor who 

remained in CR with chemotherapy alone.41 The median time to transplant from first 

remission was 4 months (range 0-9).  

 

Relapse occurred in 34 MLL-rearranged infants, with isolated bone marrow relapse 

occurring in 30 and 2 isolated CNS relapses. Another key conclusion from these studies 

was the need for more effective postremission therapy, as a high proportion of relapse 

(61.7%, n=21/34) occurred before HSCT.42 Age <6 months was the only independent 

prognostic factor associated with inferior outcome for MLL-rearranged infants (5-year 

EFS 27.8% <6months vs. 52.9%  ≥6  months)  with  CNS  disease  at  diagnosis   identified  

on univariate analysis.41 Compared with the germline group, univariate analysis 

demonstrated that MLL-rearranged infants were significantly younger, had higher WBC 

counts, increased frequency of CNS disease and CD10 negativity at diagnosis.41  
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MLL03 built on findings   of   the   preceding   studies   with   the   aim   of   early   phase   (≤4  

months after first CR) HSCT to prevent early relapse for MLL-rearranged infants. The 

study recruited 63 infants between 2004 and 2009. Therapy consisted of a seven-day 

prednisolone prophase followed by induction that included dexamethasone, vincristine, 

doxorubicin, cyclophosphamide, cytarabine, etoposide and triple intrathecal therapy, 

followed by two intensification courses including high-dose methotrexate and high-dose 

cytarabine. If CR was achieved and  a  ≥5/6-matched  related  or  ≥4/6-matched unrelated 

cord blood donor was available, HSCT was performed using a busulfan, etoposide and 

cyclophosphamide protocol-specified conditioning. Preliminary data have shown 18-

month EFS and OS of 54.5% and 80.8%, respectively,70 with a reduced early relapse 

rate, occurring in 3 patients before HSCT compared with 21 patients following HSCT.71  

 

The aim of the current JPLSG study, MLL10 (https://upload.umin.ac.jp/cgi-open-

bin/ctr/ctr.cgi?function=brows&action=brows&type=summary&recptno=R000005714

&language=E), which opened in 2011, is to evaluate the efficacy and safety of risk-

directed therapy using a new stratification system. MLL germline infants are classified 

low risk and treated with the MLL96/98 chemotherapy backbone. MLL-rearranged 

infants   ≥180  days   of   age  with no CNS disease are intermediate risk and treated with 

intensive combination therapy without HSCT in first CR. MLL-rearranged infants <180 

days of age or with CNS disease are deemed high risk and treated with intensive 

combination therapy with HSCT in first CR. 

 

Interfant Study Group 

The Interfant Study Group is a large international collaborative dedicated to infant ALL 

research, with representation from the Dutch Childhood Oncology Group (DCOG), 

BFM study group, Associazione Italiana Ematologia Oncologia Pediatrica (AIEOP), 
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Australian  and  New  Zealand  Children’s  Haematology/Oncology  Group   (ANZCHOG),  

European Organisation for Research and Treatment of Cancer – Children’s  Leukaemia 

Group (EORTC-CLG), Cooperative study group for treatment of ALL (CoALL), Czech 

Paediatric Haematology working group (CPH), French Acute Lymphoblastic 

Leukaemia group (FRALLE), Nordic Society of Paediatric Haematology and Oncology 

(NOPHO), Programa Infantil Nacional de Drogas Antineoplásicas (PINDA), Polish 

Paediatric Leukaemia and Lymphoma Study Group (PPLLSG), United Kingdom 

Children’s   Cancer   and   Leukaemia   Group   (CCLG), St.   Jude   Children’s   Research  

Hospital, Dana-Farber Cancer Institute consortium, MD Anderson Cancer Centre and 

centres from Seattle, Argentina and Hong Kong.  

 

Before formation of the Interfant Study Group, the UK Medical Research Council 

Childhood Leukaemia Working Party, now operating as the CCLG, conducted two 

infant-specific studies. Infant 87 was a pilot study designed to increase the intensity of 

therapy from the preceding risk-adapted UKALL trials, with inclusion of drug 

combinations with recognised actions against acute myeloid leukaemia (AML) and to 

provide effective CNS-directed therapy without cranial irradiation. Drug dosages were 

calculated on body surface area. A four-drug induction was followed by five days of 

etoposide and cytarabine, with three subsequent high-dose methotrexate infusions. 

Further intensification was given with mitoxantrone and cytarabine followed by a 

further reinduction course.43 Subsequent therapy was not standardised and options 

included HSCT for infants with a matched sibling donor, high-dose chemotherapy and 

autologous stem cell rescue or standard continuation. The study enrolled 40 infants, 

with CR achieved in 92.5%. Despite increased intensity of therapy, there was no 

improvement in survival (6-year EFS, 22.5%; 6-year OS, 30%) compared with infants 

enrolled on the preceding risk-adapted UKALL protocols, with a high number of toxic 
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deaths especially following the five-day course of etoposide and cytarabine. There was 

a high overall relapse rate of 47.5%, with isolated marrow relapse accounting for 37.5% 

and isolated CNS relapse 5%.44 Outcome for eight infants who underwent high-dose 

chemotherapy followed by autologous stem cell rescue was not encouraging, with five 

suffering bone marrow relapse.  

 

The subsequent study, Infant 92, enrolled 86 patients between 1992 and 1999. As a 

result of excessive toxicity on Infant 87, modifications included a reduction in the 

duration of etoposide and cytarabine from five to four days, interim maintenance rather 

than reinduction at week 20, followed by an eight-week delayed intensification before 

continuation.44 HSCT was permitted for MLL-rearranged infants with a matched donor. 

CR was achieved in 94.2% with a modest improvement in 6-year EFS (29%) and OS 

(42.5%). However, there remained a high overall relapse rate (55.8%), and despite a 

slight reduction in the isolated marrow relapse rate (32.6%), there was an increase in the 

isolated CNS relapse rate (11.6%).44 There was no difference in EFS for the 12 patients 

who underwent HSCT in first remission compared with those who had chemotherapy 

alone. CNS disease, age <6 months and higher WBC count at diagnosis were 

independently associated with an adverse prognosis following combined analysis from 

both studies.44  

 

The first trial of the Interfant Study Group, Interfant-99, enrolled 483 infants between 

1999 and 2005.45, 46 This study continued with a hybrid treatment schedule comprising 

elements used to treat both ALL and AML, while minimising the use of anthracyclines 

and alkylating agents. Based on results of infants enrolled onto preceding BFM 

studies,36 all infants received a seven-day prednisone prophase with stratification into 

standard- and high-risk  groups  determined  by  day  8  peripheral  blood  blast  count   (</≥  
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1000  cells/μL  respectively).  High-risk infants had the option of receiving HSCT at the 

end of reinduction if a suitable donor was available, otherwise they were scheduled to 

have cytarabine and etoposide added to their standard maintenance. The protocol 

administered age-based dosing calculated on body surface area. CR was achieved in 

93.9% of 474 evaluable infants at the end of induction.45 The 5-year EFS and OS were 

46.1% and 55.2% respectively.46 MLL germline infants had the best outcome, with 5-

year EFS of 74.0%. Overall relapse rate was 34.4%, with isolated marrow relapse 

accounting for 25.7% and isolated CNS relapse 2.5%,45 with significantly higher risk of 

relapse identified for congenital leukaemia.47 Independent prognostic factors associated 

with an inferior outcome included presence of an MLL rearrangement, age <6 months at 

diagnosis and poor prednisone response at day 8, with CD10 negativity and WBC 

≥300x109/L at diagnosis also identified on univariate analysis. A higher proportion of 

infants <6 months of age at diagnosis were MLL rearranged, with the majority of t(4;11) 

and t(11;19) translocations occurring in this group, whereas the majority of t(9;11) 

translocations occurred in infants aged 6-12 months at diagnosis.45  

 

Interfant-99 also assessed the efficacy of late intensification comprising vincristine, 6-

mercaptopurine, high-dose methotrexate, high-dose cytarabine, asparaginase and 

additional triple intrathecal therapy, with 191 eligible infants randomised to receive this 

course between reinduction and maintenance. There was no difference in outcome, with 

substantial toxicity associated with this additional intensification phase.45  

 

The prognostic significance of minimal residual disease (MRD), analysed by real-time 

quantitative polymerase chain reaction (PCR) analysis of rearranged 

immunoglobulin/T-cell receptor genes and/or MLL genes, was tested in 99 infants 

following induction and consolidation. High MRD was significantly associated with 
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lower DFS. All  infants  who  had  MRD  ≥10–4 following consolidation relapsed, whereas 

the lowest relapse rate (13%) was seen in patients who had MRD <10–4 following 

induction and consolidation. All MLL germline infants had MRD <10–4 following 

consolidation and remained in remission.48  

 

There were 37 MLL-rearranged infants who underwent HSCT at a median time of 5 

months (range 2-9) from first CR (Table 3). A preparative regimen of busulfan, 

etoposide and cyclophosphamide was advised, but donor selection, conditioning and 

graft versus host disease prophylaxis and treatment were not mandated. When compared 

with 240 MLL-rearranged infants who received chemotherapy alone after first CR, there 

was significantly improved DFS and OS for a subgroup of high-risk MLL-rearranged 

infants with unfavourable prognostic features, including age <6 months and either poor 

day  8  prednisone  response  or  WBC  ≥300  g/L  at  diagnosis, although this subgroup also 

had a high early failure rate, with a third having an event before the median time to 

transplantation.46  

 

The current study, Interfant-06 (http://clinicaltrials.gov/show/NCT00550992), 

commenced enrolment in 2006 and, based on results of Interfant-99, stratifies infants 

into low risk (MLL germline), high risk (MLL-rearranged and age <6 months and WBC 

≥300x109/L at diagnosis and/or poor day 8 prednisone response) and medium risk (all 

other cases). The study aims to assess early intensification to improve outcome and 

prevent early relapse, as opposed to the late intensification considered for Interfant-99. 

High- and medium-risk   infants   are   randomised   to   two   ‘AML’ induction blocks 

(cytarabine, daunorubicin and etoposide; cytarabine, mitoxantrone and etoposide) 

versus the control arm, also specified for all low-risk infants, comprising BFM IB (6-

mercaptopurine, cytarabine, cyclophosphamide) following induction, with medium-risk 
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infants  with  MRD  ≥10–4 following consolidation and all high-risk infants also eligible 

for HSCT after consolidation. The remainder of therapy is similar to Interfant-99, with 

the main modifications including intensification of asparaginase therapy and removal of 

dexamethasone and vincristine during maintenance. 

 

Summary of outcomes from the infant-specific protocols 

A wealth of information has been gleaned from the infant-specific clinical trials. 

Concise outcomes for each study are summarised in Table 2, including a number of 

landmark findings that underpin our current therapeutic approaches for infant ALL 

(Figure 1). An essential early discovery, with subsequent universal adaptation by each 

of the study groups, was the use of intrathecal and high-dose systemic therapy, with the 

elimination of cranial radiotherapy, for prevention of CNS disease with improved 

neurodevelopmental outcome. Second, nowhere has the balance between treatment 

efficacy and toxicity been better demonstrated than for infant ALL, where the infant-

specific trials have varied in therapeutic intensity, with recent survival outcomes 

unchanged due to the equilibrium between relapse and toxicity (Figure 1). Analysis of 

outcomes drawn from this conclusion has led to beneficial chemotherapeutic features 

identified from prior trials being uniformly incorporated into contemporary studies. 

These include the adoption of an Interfant-99-based induction given its satisfactory CR 

rate and acceptable toxicity profile, the necessity of an extended continuation to prevent 

late relapse and mandating enhanced aggressive supportive care measures to minimise 

risk of infection. Current published data, however, do not reveal a superior 

chemotherapeutic backbone on which to base future trials for MLL-rearranged infants, 

with similar EFS across each of the collaborative groups (CCG-1953: 33.6%, 5-year 

EFS;39 JPLSG MLL96/98: 38.6%, 5-year EFS;41 Interfant-99: 36.8%, 4-year EFS46), 

although additional insight may be provided following results of the contemporary 
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treatment protocols. Finally, the universal prospective identification of independent 

adverse prognostic factors, including presence of an MLL-rearrangement and young 

age, has resulted in such variables forming a standard component of risk stratification in 

each of the current trials. It is these landmark outcomes that provide the foundation for 

the next generation of clinical trials for infant ALL. 

 

The future: The next generation of trials for infant ALL 

Substantial therapeutic advances have been made for infant ALL since the first 

paediatric cooperative group ALL trials were conceived. Key events include the 

identification of inferior outcome for infants compared with older children, discovery of 

prognostic features within infant ALL, in particular the dismal outcome associated with 

an MLL rearrangement, formation of the three large collaborative groups dedicated to 

the study of infant ALL with treatment on infant-specific protocols and incorporation of 

risk-directed therapy according to prognostic features (Figure 1). Although there has 

been an increase in survival over time, this is predominantly attributable to the 

improved outcome of infants with germline MLL. Survival for MLL-rearranged infants 

remains significantly inferior to older children and we are approaching the limit for 

which conventional chemotherapeutic agents can be intensified to optimise the balance 

between relapse and toxicity. Globalisation combined with the recent explosion of 

molecular data have provided the armamentarium for the next generation of clinical 

trials for infant ALL. A number of key issues require addressing in future trials to 

ultimately translate into improved outcome. 

 

The role of HSCT in first complete remission  

Although each of the infant-specific ALL study groups have attempted to prospectively 

define the role for HSCT in first CR, no clear consensus has been drawn.41, 46, 54, 68 



 154 

Differing conclusions from preceding studies have consequently led to differences 

between study groups regarding the role of HSCT within current infant-specific 

protocols. The combined prospective study data do not appear to demonstrate additional 

benefit for HSCT in first CR (Table 3); however, these data are reflective of a 

heterogeneous infant ALL population treated with diverse HSCT protocols over 

different time periods. The absence of randomised controlled study designs to compare 

HSCT with chemotherapy alone further adds to the limitations of the available 

prospective data. A number of retrospective reports have mirrored such findings, 

demonstrating both advantage72-75 and no clear benefit of HSCT76-79 in first CR for 

infant ALL. Such conflicting results may be attributable to the small number of patients 

who have undergone HSCT within each study and the marked variability of transplant 

protocols used. Although it is accepted that HSCT should not be administered for MLL 

germline cases in first CR, the subgroup of MLL-rearranged infants for whom HSCT in 

first CR could be definitively performed, the optimal timing at which HSCT should be 

undertaken and the most suitable transplant protocol remain to be defined. However, on 

the basis of this review, we conclude that currently there is insufficient evidence to 

support the use of HSCT in first CR for infant ALL. 

 

Identification of novel prognostic markers and adaptation of innovative therapies 

The MLL gene was named in 1991,80, 81 and considerable research has subsequently 

been dedicated to the molecular mechanisms underlying oncogenesis for MLL-

rearranged infant leukaemia. The explosion of scientific discovery associated with 

recent technological advances has enabled identification of additional molecular 

prognostic markers, novel targets and development of innovative therapies. Molecular 

markers recently identified as independent predictors of poor prognosis for MLL-

rearranged infant ALL include RAS mutations,82 low FAS expression,83 absence of 
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HOXA expression84 and by using gene expression profiling-based gene classifiers.85 The 

challenge underlying the wealth of prognostic characterisation, however, is to identify 

the most appropriate candidates for integration into future clinical trials. 

 

The FLT3 inhibitor, CEP-701, is the first novel agent investigated in a large 

collaborative clinical trial for MLL-rearranged infant ALL. There are numerous other 

drug candidates tested in infant-specific preclinical models with translational potential. 

These include drugs targeting the aberrant epigenetic profile identified in MLL-

rearranged infant ALL. An overall global hypermethylated state has been identified for 

t(4;11), t(11;19) and t(9;11) rearranged infants86 and promoter CpG island 

hypermethylation in t(4;11) and t(11;19) rearranged infants with subsequent silencing of 

transcriptional genes and microRNAs.87-89 Several studies have demonstrated in vitro 

efficacy of demethylating agents, such as decitabine, zebularine and 5-azacitidine.86-90 

In addition, hypomethylation has been demonstrated in a subset of highly expressed 

proto-oncogenes in t(4;11) rearranged infants with in vitro response to histone 

deacetylase inhibitors.91  

 

Overexpression of members of the anti-apoptotic B-cell lymphoma 2 (BCL-2) family 

have been identified in MLL-rearranged infant ALL.92, 93 BCL-2 inhibition provides a 

promising therapeutic strategy with in vitro activity demonstrated for obatoclax,94 ABT-

737,95 and G3139.92 Another approach includes targeting the constituently activated 

Janus kinase/signal transducer and activator of transcription signalling pathway 

identified in CD10 negative infant ALL, with effective apoptosis of cells in vitro using 

the Janus kinase 3 inhibitor, WHI-P131, and the pan-Janus kinase inhibitor, AG-490.96 

In vitro inhibition of the PI3K/AKT/mTOR signalling pathway has identified 

compounds such as thioridazine worthy of further investigation.97 In vivo studies 
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include potent single agent activity of the antibody-drug conjugate, SAR3419, in infant-

MLL xenografts expressing CD19,98 and in vivo efficacy of the p53-MDM2 inhibitor, 

RG7112, as a single agent and in combination with an induction-type chemotherapy 

regimen.99  

 

An alternative approach to targeted therapy is to use novel or existing agents to enhance 

the efficacy of conventional therapeutics. This includes overcoming glucocorticoid 

resistance using Src kinase inhibitors100, 101 and PI3K inhibitors102 in vitro and 

enhancing the efficacy of CEP-701 via CXCR4 inhibition using plerixafor in vivo.103  

 

In addition, there are numerous exciting new candidates exhibiting potency in noninfant 

ALL-specific MLL-rearranged preclinical studies such as inhibitors of DOT1L,104, 105 

menin,106 and AMP-activated protein kinase107 that remain primed for testing in infant 

ALL-specific preclinical models. 

 

However, incorporating novel agents into clinical trials is fraught with translational 

barriers. A number of strategies are being addressed to overcome the classic 

translational roadblocks,108 and it is imperative to have commitment from stakeholders 

once an agent is considered for a clinical trial. With recent advances, the future will 

yield a multitude of potential candidates for testing in the setting of a clinical trial. 

Although the rarity of infant ALL precludes investigation of every suitable drug, the use 

of   adaptive   ‘pick   a   winner’   trial   designs   or   assessment   of   novel   agents   within   the  

relapsed/refractory disease setting may enable differentiation of the most suitable agent 

for further investigation. 
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Treatment strategies for relapsed/refractory disease 

Treatment of relapsed/refractory infant ALL constitutes a significant challenge as there 

is no defined therapy. The absence of an infant-specific relapse study has led to 

treatment on relapsed childhood ALL protocols or individualised therapy at the 

discretion of the treating institution. The lack of a uniform centralised approach is 

reflected by the paucity of outcome measures for relapsed/refractory infant ALL.  

 

The JILSG retrospectively reviewed 39 infants with relapsed (n=34) and refractory 

(n=5) MLL-rearranged ALL from the MLL96 and MLL98 studies.42 These patients 

underwent a variety of salvage therapies. CR was achieved in 40.5% and 5-year OS was 

25.6%, with failure to achieve remission following second-line therapy identified as the 

sole independent prognostic factor, and age <3 months and CNS involvement at initial 

diagnosis associated with higher risk of failure on univariate analysis.42 Nine patients 

received HSCT in second CR, with five continuous second remissions, three relapses 

and one toxic death. A total of 14 patients received HSCT with active disease, with two 

continuous second remissions, eight relapse deaths and four toxic deaths. One patient 

who had refractory disease remains in continuous second remission following 

chemotherapy alone.42 The poor outcome for MLL-rearranged infants with induction 

failure has also been highlighted in a large international retrospective analysis, with 10-

year OS of 4% compared with 65% for MLL-nonrearranged infants.109 The UK CLWP 

Infant 92 study reported a 6-year OS of 20% for 48 infants who relapsed.44 A total of 

ten patients received HSCT while in second CR, with three continuous second 

remissions, three relapses and four HSCT-related deaths; however, the MLL status of 

the relapsed patients was not specified. A retrospective single centre analysis found 

salvage possible in a proportion of patients who achieved CR following relapse with the 

use of HSCT (3-year EFS, 43%), with dismal outcomes for those receiving HSCT with 



 158 

active disease following relapse (3-year EFS, 6%).74 Outcomes for MLL-rearranged 

infants, however, were poor in both groups. 

 

In the absence of any defined therapy for relapsed/refractory disease, these limited 

findings suggest the feasibility of HSCT, provided that CR can be achieved before 

transplant. It is evident, however, that considerable attention is required for the 

treatment of relapsed/refractory disease. This may be facilitated through mandatory 

reporting of such cases to the study groups by the treating institution, establishment of 

an international registry or a single unified infant-specific trial for relapsed/refractory 

disease. 

 

Late effects in survivors  

There is an increasing recognition of late effects in survivors of infant ALL. Cranial 

radiation was the main risk factor for development of late effects;35, 110 however, 

adaptation of high-dose methotrexate and intrathecal chemotherapy as CNS-directed 

therapy has led to a substantial improvement in neurodevelopmental outcome.50 

Currently, the main contributory factors for the increasing burden of late effects include 

the increasing number of survivors with time for late effects to be appreciated, increased 

intensity of therapy, young age at which therapy is delivered and emergence of late 

effects as a subspecialty. The long-term sequelae attributable to cranial radiation35, 110 

and HSCT41, 74 in survivors of infant ALL have been well documented, but there are 

limited data available for the remainder. Long-term follow-up of survivors should be 

encouraged in future clinical trials to further identify and characterise the pattern of 

long-term morbidity and allow for timely intervention.  
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Conclusion 

Clinical trials for infant ALL have evolved significantly over time, with each stage 

providing vital contributions to the biological and therapeutic advances that have been 

achieved. Despite these advances, survival of infants with ALL continues to remain 

significantly inferior to older children. We are approaching the limit to which 

conventional chemotherapy can be intensified with acceptable toxicity to minimise 

relapse. There is a need to identify and incorporate the most promising drug candidates 

from preclinical studies into the next generation of clinical trials. Integration of novel 

molecular prognostic markers, the role of HSCT in first remission, treatment strategies 

for relapsed/refractory disease and monitoring and timely intervention of late effects 

require addressing in future trials. The heterogeneity and rarity of infant ALL is the 

major limitation for clinical trials, resulting in slow accrual over long time periods and 

limiting study power. Global harmonisation and maximisation of accrual could be 

achieved through a unified international trial, involving the three major collaborative 

infant ALL study groups and engaging missing nations that have the ability to 

partake.111 Despite the inherent administrative, legal, drug supply and regulatory 

difficulties associated with such an approach, feasibility has been demonstrated by a 

number of global collaborative paediatric cancer trials including the European and 

American Osteosarcoma Study Group (EURAMOS) trial and the Intergroup trial for B-

cell Non-Hodgkin lymphoma/mature B-cell leukaemia. Establishment of such a trial 

would provide greater potential to answer key treatment issues and ultimately lead to 

improved outcome for infant ALL. 
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Mechanisms of mixed lineage leukaemogenesis 
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The MLL gene is a master epigenetic regulator of transcription. Epigenetic deregulation 

currently provides a unifying explanation for MLL translocation-mediated 

leukaemogenesis, with chromatin remodelling occurring as a consequence of aberrant 

histone modification. This chapter reviews the current understanding of the 

pathogenesis underlying MLL-rearranged infant ALL. 

 

Cytogenetic features of MLL-rearranged infant ALL 

The MLL gene spans over 90kilobases and is located at chromosome locus 11q23. The 

first known cytogenetic report of a reciprocal translocation involving the MLL gene in 

ALL was described in 1977.112 However, formal cloning and naming of the MLL gene 

did not occur until 1991.80 To date, a total of 121 different MLL rearrangements have 

been identified, of which 79 translocation partner genes have been characterised at the 

molecular level.113 Chromosomal translocations constitute the type of cytogenetic 

aberration occurring in MLL-rearranged infant ALL. The t(4;11)(q21;q23) 

rearrangement is known to be the most frequently occurring translocation, accounting 

for 49.1% of MLL-rearranged infant ALL cases in the largest known study of the MLL 

recombinome. Other common translocations include the t(11;19)(q23;p13.3) 

rearrangement and the t(9;11)(p22;q23) rearrangement, accounting for 21.8% and 

16.6% of cases respectively. The t(10;11)(p12;q23) translocation accounted for 5.0% of 

cases, whilst the t(1;11)(p32;q23) translocation was rare, identified in only 2.7%. 

Unique individual MLL translocations were present in the remaining infants.113  

 

The site of chromosomal translocations involving MLL can be mapped to an 8.3kilobase 

breakpoint cluster region (BCR), which is bound by BamH1 restriction sites. The 

exon/intron nomenclature for the MLL gene and BCR has been modified by virtue of 

time-dependent discoveries. Despite the continual update in exon/intron nomenclature, 
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the nucleotide sequence of the BCR has remained the same. Initially, the MLL gene was 

annotated as having at least 21 exons114 with the BCR located between exons 5–11.115 

Further studies identified up to 37 exons and the corresponding exons of the BCR were 

renamed 8–14.116 According to this nomenclature, the majority of chromosomal breaks 

have been shown to localise between exon 9 and intron 11, designated the major 

BCR,113 with intron 11 the most common breakpoint location for infants with ALL.117 

According to publically available databases, such as the National Centre for 

Biotechnology Information, current annotation of the MLL gene consists of 36 exons  

(http://www.ncbi.nlm.nih.gov/nuccore/NG_027813.1?from=5001&to=95335&report=g

enbank) [accessed 28th May 2014], with the BCR spanning exons 7–13. This 

nomenclature has been used for the work contained within this PhD thesis. 

 

Although a number of molecular mechanisms have been proposed to account for the 

recurrent translocations that occur within the MLL BCR,118 inappropriate repair of DNA 

double strand breaks via an error-prone non-homologous end joining (NHEJ) pathway 

is the principal mechanism accounting for MLL translocations occurring in infant 

ALL.119, 120 Figure 1 illustrates examples of MLL translocations resulting from this 

DNA damage-repair model facilitated by error-prone NHEJ. This mechanism requires a 

minimum of two single-strand or two double-strand breaks on one of the two 

participating chromosomes and one break on the other to initiate the illegitimate 

recombination event. These numerous DNA breaks on the participating chromosomes 

generate multiple DNA ends. In conjunction with the DNA repair machinery, these in 

turn produce deletions, duplications and inversions of DNA sequences observed at 

translocation break points. NHEJ does not require homology to repair double strand 

breaks, however often utilises short homologous DNA sequences called 

microhomologies to guide repair, which are present in the single-stranded overhangs on 
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Figure 1. DNA damage-repair model with error-prone NHEJ – the mechanism for MLL translocations in infant ALL 

 

 

 

 

 

 

 

 

 

 

 

 
 

Alleles prior to the translocation event are shown on the top and bottom; recombined alleles are shown in the middle. 

Arrows indicate double-strand or single-strand DNA breaks. Duplicated fragments indicated by x. (b) Filler nucleotides 

present in der11. (b – d) Deletion of fragment B. (b, c) Deletion of fragment E. Adapted from reference 120. 
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the ends of the double-strand breaks. Ends from different chromosomes are joined, with 

filler DNA and mini direct repeats replacing missing nucleotides at the translocation 

break points which is indicative of the error-prone repair mechanism, completing the 

misguided DNA repair process and consequent illegitimate recombination.119, 120  

 

Investigating the aetiology of MLL translocations occurring in infant ALL 

A number of epidemiological studies have endeavoured to elucidate factors associated 

with infant leukaemia, in an attempt to define a cause. The majority of these studies 

have been conducted by the Brazilian Collaborative Study Group of Infant Leukaemia 

(BCSGIL) or the COG and its predecessors. The short latency period of infant ALL led 

to the hypothesis of an in utero initiating event. This was subsequently demonstrated by 

molecular confirmation of illegitimate MLL recombination occurring in utero.121, 122 

Epidemiological studies have therefore primarily focused on analysis of in utero 

exposure to potential aetiological agents in addition to assessing parent and child 

specific factors.  

 

Table 1 lists the aetiological factors for which positive associations have been identified 

for an increased risk of infant ALL. In support of the association with maternal 

smoking, in vitro work has shown increased MLL gene rearrangements in amniocytes 

from fetuses of mothers who smoke.123 Exposure to hormones during pregnancy, such 

as oral contraceptives and anti-abortive progesterone treatment, has been associated 

with an increased risk of infant leukaemia,124 however this study analysed all infants 

with leukaemia and did not subgroup according to lymphoid or myeloid lineage. In 

support of this association, oestrogen exposure in vitro has shown to induce MLL 

aberrations in human lymphoblastoid cells.125 Maternal consumption of fresh vegetables 

and fruit during pregnancy has been associated with a reduced risk of infant ALL.126  
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Table 1. Aetiological factors associated with an increased risk of infant ALL 

 
Aetiological factor 
 

 
Reference 

 
Maternal use of the non-steroidal anti-inflammatory drug, dipyrone  
 

 
127 

 
High birth weight of the index child 
 

 
128, 129 

 
Two or more relatives with a family history of cancer 
Especially second-degree relatives with leukaemia/lymphoma 
 

 
130 

 
Maternal pesticide exposure to permethrin, imiprothrin, esbiothrin and solvents 
 

 
131 

 
Maternal use of hair dyes and hair straightening cosmetics during the first trimester 
 

 
132 

 
Maternal alcohol consumption during pregnancy 
Especially second and/or third trimester 
 

 
133 

 
Paternal smoking one month prior to pregnancy 
 

 
133 

 
Heavy  maternal  smoking  (≥20  cigarettes/day)  during pregnancy and breastfeeding 
 

 
134 

 
Hormones including oral contraceptives and anti-abortive progesterone treatment* 
 

 
124 

 

* Infants with AML also included within analysis 

 

The lack of association with a significant number of variables has also been identified 

for infant ALL and are listed in Table 2. Notably, several studies have shown absence of 

a positive association with increasing maternal consumption of DNA topoisomerase II-

containing foods.126, 135, 136 This was of particular interest given that MLL 

rearrangements in therapy-related leukaemia are known to arise from inhibition of 

topoisomerase II secondary to agents such as etoposide or doxorubicin, and dietary 

bioflavonoids have shown to induce cleavage in the MLL gene in vitro and in vivo.137  
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Table 2. Aetiological factors with lack of association for infant ALL 

 
Aetiological factor 
 

 
Reference 

 
Maternal consumption of DNA topoisomerase II-containing foods 
 

 
126, 135, 136 
 

 
Passive smoking during pregnancy or breastfeeding 
 

 
134 

 
Maternal reproductive history 
 

 
129, 138 
 

 
Birth characteristics other than birth weight 
 

 
129, 138 
 

 
Maternal prescription medication use 
 

 
139 

 
Maternal vitamin/iron supplementation 
 

 
140 

 
Maternal over-the-counter analgesic use 
 

 
141 

 
Parental infertility or its treatment 
 

 
142 

 
Congenital abnormalities in the index child 
 

 
143 

 
Maternal illicit drug use 
 

 
144 

 
Maternal household chemical exposure 
 

 
145 

 
Maternal smoking 
 

 
127, 133, 144 
 

 
Maternal alcohol consumption 
 

 
127, 144 
 

 
Birth weight of the index child 
 

 
138 

 
Maternal pesticide exposure 
 

 
127, 145 
 

 



 169 

Although these studies have attempted to define factors which may contribute to the 

aetiology of infant ALL and precipitate MLL translocations, there are a number of 

significant limitations that preclude definitive conclusions from being drawn. First, 

case-control study designs are susceptible to recall bias. Secondly, a number of studies 

failed to identify an association for a number of aetiological factors identified as having 

a positive association in other studies. These include maternal smoking, maternal 

alcohol use, birth weight of the index child and maternal exposure to pesticides. These 

contrasting findings may be explained by the inability to directly compare studies 

between different groups and frequently within the same group due to variations in 

aetiological time periods, differences in inclusion criteria and definitions of subgroups 

and subcategories of exposure. In particular, the age criteria for the BCSGIL is up to 

two years of age and therefore not strictly limited to infants, whereas the COG only 

includes infants up to one year of age. Another significant limitation is that a number of 

conclusions could be attributable to chance as a consequence of small numbers within 

subgroup analyses. This may also contribute to contrasting findings between studies. 

Finally, the studies include infants with ALL and AML and whilst the majority perform 

subgroup analysis to differentiate between the two leukaemia types, a significant 

proportion analyse associations according to presence or absence of MLL 

rearrangements for all infants, without segregating according to ALL or AML. This 

prevents conclusions from being drawn regarding potential causes that are specifically 

responsible for initiation of MLL translocations occurring in infant ALL.  

 

The structure of wild-type MLL 

The MLL gene encodes a 3,969 amino acid multidomain MLL protein, which is the 

mammalian homolog of the trithorax protein found in Drosophila melanogaster. Wild-

type MLL functions as an epigenetic regulator of transcription through histone 
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methyltransferase activity, essential for normal haematopoiesis146 and development of 

the axial skeleton.147 Specifically, wild-type MLL methylates histone H3 at lysine 4 

(H3K4), which embodies an evolutionary conserved histone mark associated with 

primed gene activation.91  

 

The domain architecture of wild-type MLL is shown in Figure 2a. MLL is 

proteolytically cleaved by the threonine-aspartase, Taspase1, into a 320-kDa N-terminal 

fragment (MLLN) and a 180-kDa C-terminal fragment (MLLC). The two fragments 

noncovalently associate via interaction between the FYRN and FYRC domains on 

MLLN and MLLC respectively, and translocate into the nucleus.148, 149 

 

The MLLN subunit contains features essential for correct targeting of the MLL 

complex.150 Two subnuclear localisation signals in MLLN localise MLL to subnuclear 

punctate spots.151 Three N-terminal AT-hooks nonspecifically bind the minor groove of 

DNA152 and the CxxC domain, a DNA methyltransferase homology region, specifically 

binds unmethylated DNA.153 Interaction between sequences surrounding the CxxC 

domain and the polymerase-associated factor complex (PAFc) is required for 

recruitment of MLL to target loci. PAFc is a transcriptional activation complex that 

associates with RNA polymerase II (Pol II) and facilitates the deposition of a 

monoubiquitination mark on H2BK120, a prerequisite for H3K4 methylation.154 Plant 

homeodomain (PHD) finger 3 binds to trimethylated H3K4, which also aids in MLL 

recruitment to target loci.155 Formation of a trimolecular complex with menin and the 

chromatin-associated protein, lens epithelium-derived growth factor (LEDGF), at the N-

terminus is also critical for proper targeting of MLL.156, 157  
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The Su(var)3-9, Enhancer of zeste, Trithorax (SET) domain at the C-terminus of MLLC 

is responsible for the H3K4 methyltransferase activity of MLL.158 The MLLC subunit 

functions within a multiprotein complex, with each component required for full activity 

of the complex. The H4K16-specific acetyltransferase, KAT8, loosens up chromatin by 

histone charge neutralisation.159 The WD repeat-containing protein 5 (WDR5) in turn 

recognises the H3K4 methyl-mark introduced by MLL, ensuring the processivity of 

histone modification.160 The retinoblastoma-binding protein 5 (RBBP5) and absent, 

small, homeotic-2-like (ASH2L) protein appear to be necessary for efficient 

methyltransferase activity by stabilising an active conformation of MLL allowing 

allosteric control.161 Within MLLC lies a transcriptional activation domain that recruits 

the histone acetyltransferase, cAMP response element-binding protein (CREB-) binding 

protein (CBP).162 The associations of MLL with interacting proteins are shown in 

Figure 2b.  

 

Although MLL functions as a transcriptional activator, regulation is maintained via a 

repression domain (RD), comprising of the CxxC domain (RD1) and the downstream 

lysine-rich region (RD2). Binding of cyclophilin 33 (Cyp33) to PHD finger 3 of MLL 

mediates recruitment of histone deacetylase HDAC1 and interaction with the polycomb 

group proteins, human polycomb 2 (HPC2) and BMI1, and the corepressor C-terminal-

binding protein (CtBP).163  
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Figure 2. (a) Structure of wild-type MLL protein (b) MLL-interacting proteins 

 

 

 

 

 

 

 

 

 

 

 

 

 

SNL, subnuclear localisation motifs; BCR, breakpoint cluster region; RD2, repression domain 2; HBM, host cell factor binding motif; TAD, 

transactivation domain; SET, Su(var)3-9, Enhancer of zeste, Trithorax domain. Adapted from reference 166. 
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The function of wild-type MLL 

The best characterised targets of MLL are the clustered homeobox (HOX) genes. HOX 

genes are important transcriptional regulators of haematopoietic differentiation that 

have to be correctly induced and repressed at different stages of blood development to 

allow for normal haematopoiesis. The HOX gene cluster comprises of 39 genes in 

mammals, separated into four clusters known as A, B, C and D. These clusters are 

located on four different chromosomes, HOXA (7p15), HOXB (17q21), HOXC (12q13) 

and HOXD (2q31).164, 165 Binding of wild-type MLL directly to the promoters and 

coding regions of HOX loci via interactions with DNA, PAFc and menin/LEDGF, leads 

to transcriptional activation and increased HOX expression via H3K4 methylation.166 

 

The majority of the HOX genes of the A, B and C clusters are expressed in 

haematopoietic cells. In general they are preferentially expressed in haematopoietic 

stem cell enriched subpopulations and immature progenitor compartments and 

downregulated during differentiation and maturation (Figure 3).167-171 This 

developmental control is maintained by the antagonistic actions of the polycomb group 

proteins, which are negative regulators of homeotic gene expression. The HOX genes 

possess a bivalent epigenetic signature, with H3K27 methylation deposited by the 

EZH2-containing polycomb repressive complex 2 (PRC2) facilitating transcriptional 

repression.172, 173 In addition, association of the bromodomain and PHD4 of MLL with 

the E3 ligase ECSASB2 (Elongin B/C-Cullin-suppressor of cytokine signalling (SOCS) 

box protein–ankyrin repeat and SOCS box protein 2) mediates MLL degradation during 

haematopoietic differentiation.174 HOX proteins have relatively little selectivity and 

specificity and they require cofactor interactions, such as that of Meis homeobox 1 

(MEIS1) with HOX proteins 9-13,175 in order to increase both.  
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Figure 3. The role of HOX proteins in control of haematopoiesis 

 

 

 

Adapted from reference 150. 
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It has been recently discovered that the haematopoietic stem cell-specific MLL-

dependent transcriptional network extends well beyond the previously appreciated HOX 

targets, comprising of many characterised regulators of self-renewal and target genes 

that are both dependent and independent of the MLL cofactor, menin.176 MLL is also 

known to orchestrate cell cycle progression by regulating the expression of cyclins and 

cyclin-dependent kinase inhibitors (CDKIs) by virtue of its interaction with E2F 

proteins via host cell factor (HCF) proteins.177-180 The intricate interplay between MLL 

and the cell cycle machinery is maintained by regulation of MLL with bimodal 

degradation through the ubiquitin-proteasome system, mediated by specific cell cycle 

E3 ligases SCFSkp2 (Skp-Cullin-F-box–S-phase kinase-associated protein 2) and 

APCCdc20 (anaphase-promoting complex/cyclosome–cell division cycle protein 20), 

resulting in tightly controlled biphasic expression through the cell cycle.181 The second 

PHD finger of MLL has recently been shown to possess intrinsic E3 ligase activity, 

with a potential autodegradative role in maintenance of the cell cycle.182 Telomeres 

have also been identified as targets for the H3K4 methyltransferase activity of MLL, 

inducing transcription in a telomere length-dependent manner.183  

 

Mechanisms of leukaemogenic transformation 

Chromosomal translocations involving MLL result in chimeric MLL-fusion proteins 

that include the N-terminal sequence of MLL up to the BCR, followed by one of several 

different fusion partners. MLL-fusion proteins invariably retain AT-hooks, the two 

subnuclear localisation motifs and the CxxC domain of MLLN, while losing the 

downstream PHD fingers and beyond. This truncation of MLL results in loss of both 

recruitment activity and H3K4 methyltransferase-mediated transcriptional activation. 

Recruitment of MLL-fusion proteins to target loci is facilitated by the interaction with 

PAFc184 and the trimolecular complex comprising of MLL, menin and LEDGF.157, 185 
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The most frequent partner genes in MLL translocations comprise a nuclear localisation 

domain, whereas cytoplasmic localisation predominates amongst the rare fusions, 

including EPS15 (epidermal growth factor receptor pathway substrate 15) from the 

t(1;11)(p32;q23) translocation.150 Different mechanisms of leukaemogenic 

transformation have been postulated according to localisation of the MLL translocation 

partner. Developing a unifying model for MLL-mediated transformation is challenging 

given the large number of different translocation partners, however a number of 

common principles have recently emerged. These concepts currently represent the broad 

spectrum of MLL-rearranged leukaemia, however identification of these overarching 

themes have not necessarily been specific to infant ALL. 

 

Transactivation 

The most common MLL nuclear translocation partners, including AF4, ELL, AF5q31, 

AF9 and ENL, function within a common transcriptional elongation complex that 

includes the positive transcription elongation factor b (p-TEFb), which is composed of 

CDK9 and cyclin T1 or T2. Sequential discoveries have led to differing terminologies 

for variations of this complex. EAP (ENL associated proteins/elongation assisting 

proteins) was the initial designation for the complex.186 Currently the complex is 

referred to as the super elongation complex (SEC), which also includes the elongation 

factors ELL2, ELL3, EAF1 and EAF2.187 A related complex, AEP (AF4/ENL/p-TEFb), 

has also been reported and lacks ELL and EAF subunits.188 p-TEFb associates with 

bromodomain 4 (BRD4) to become transcriptionally active and allow recruitment to a 

promoter.189 BRD4 also associates with the PAFc and SEC and may function to recruit 

these complexes to chromatin.190  
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Transcriptional elongation is a highly regulated step during gene expression. Pol II is 

paused 30-40 nucleotides downstream of the transcription start site for many 

developmentally regulated genes. Release of Pol II starts productive elongation and is 

triggered by the coordinated interplay of p-TEFb, negative elongation factor (NELF) 

and DRB sensitivity inducing factor (DSIF). p-TEFb phosphorylates the Pol II carboxy-

terminal domain, NELF and DSIF, leading to dissociation of NELF from Pol II and 

promoting Pol II to enter the phase of productive elongation. This regulation of Pol II is 

referred to as the transcription elongation checkpoint control.191 Several Pol II 

elongation factors are contained within the SEC, with recruitment of the SEC to target 

loci resulting in misregulation of the transcription elongation checkpoint control with 

transcriptional activation of target genes occurring as a consequence of poised Pol II 

release (Figure 4).192 

 

DotCom is another complex responsible for MLL-mediated leukaemogenesis. The 

translocation partners functioning within this complex include AF9 and ENL (also 

found within the SEC) and the nuclear translocation partners AF10 and AF17. DotCom 

also contains the histone H3K79 methyltransferase DOT1L and components of the Wnt 

signalling pathway, TRRAP (transformation/transcription domain-associated protein) 

and SKP1 (S-phase kinase-associated protein 1).193 Recruitment of DOT1L to target 

genes by corresponding MLL-fusion proteins, results in hypermethylation at H3K79 

and subsequent aberrant gene expression.194-199 There remains considerable debate as to 

whether DOT1L and the SEC function within a common complex. 

 



 178 

 Figure 4. MLL complex proteins during normal and malignant haematopoiesis 

 

 

 

 

 

 

 

 

 

 
 
 
Transcription of target genes in haematopoietic stem and progenitor cells is mediated by the interaction of MLL with various protein complexes. PAFc 

associates with RNA polymerase II and facilitates H2B monoubiquitination, a prerequisite for H3K4 methylation and subsequent gene transcription. 

During haematopoietic differentiation, MLL is not recruited to target genes resulting in decreased expression. MLL-fusion proteins recruit 

transcriptional activation complexes, with leukaemogenesis occurring as a consequence of aberrant target gene expression facilitated by mechanisms 

such as release of poised RNA polymerase II. Adapted from reference 166. 
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Dimerization 

Many MLL translocation partners are cytoplasmic proteins that lack intrinsic 

transcriptional activity. Dimerization of MLLN, via coiled-coiled or other dimerization 

domains supplied by the fusion partner, results in deregulation of target genes.200, 201 

However, the mechanism by which dimerized truncated MLL results in transformation 

is unknown. The dimerizing MLL-cytoplasmic fusion proteins have relatively weak 

oncogenic potential and may rely on secondary cooperating events for leukaemic 

transformation. 

 

Alternative mechanisms 

DotCom is also thought to modulate leukaemogenesis via the Wnt signalling pathway. 

The Wnt signalling pathway has an important role in the maintenance and proliferation 

of stem cells. Recruitment of DotCom by MLL-fusion proteins alters the normal 

regulation of Wnt-β-catenin target genes as DotCom and H3K79 methylation are 

required for proper Wnt target gene transcriptional regulation.193 Constitutive activation 

of the Wnt-β-catenin pathway leads to excessive stem cell proliferation, including 

leukaemia stem cell self-renewal.202 Activation of other signalling pathways, including 

FLT3 and RAS, have been identified as potential cooperating events in MLL-mediated 

leukaemogenesis.60, 82  

 

MLL-fusions have been shown to be relatively resistant to bimodal degradation 

mediated by the cell cycle-specific E3 ligases, SCFSkp2 and APCCdc20. Cell cycle defects 

result from consequent perturbations of MLL expression.181 Leukaemogenesis arising 

from deregulation of the cell cycle provides an attractive universal mechanism 

underlying all MLL-rearranged leukaemia. In addition, MLL-fusion proteins incur loss 

of the PHD-bromodomain region, rendering them resistant to ECSASB2-mediated MLL 
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degradation that occurs during normal haematopoietic differentiation and may further 

contribute to leukaemogenesis.174 A few select studies have also identified roles for 

wild-type MLL203 and reciprocal translocations.204, 205  

 

Gene targets of MLL-fusions 

The HOX genes are the most widely characterised MLL-fusion targets, with 

upregulation of the HOXA cluster, in particular HOXA9, and the HOX protein cofactor 

MEIS1, occurring in ALL.206, 207 Downregulation of HOX expression is required for 

normal haematopoietic maturation and differentiation (Figure 3).169, 171 Ectopic 

upregulation of these genes results in a block of normal haematopoietic differentiation 

and maturation and a consequent leukaemia cell hierarchy sustained at its apex by a 

population of self-renewing leukaemic stem cells. Infant MLL-rearranged cells exhibit a 

discernible gene expression profile compared to other specific ALL subtypes, with 

specific gene expression signatures identified according to the MLL translocation 

partner.84 Interestingly, a subgroup of infants with t(4;11) and absence of HOXA 

expression has been identified, with these infants shown to have a worse prognosis than 

those with HOXA expression; challenging the dogma that overexpression of HOXA 

cluster genes occurs universally in MLL-rearranged ALL and implicating the existence 

of additional mechanisms for maintenance of MLL-rearranged infant ALL.84  

 

Whilst upregulation of such genes provides an explanation for the immortalisation of 

leukaemia cells, the mechanistic knowledge regarding transformation of haematopoietic 

stem and progenitor cells into leukaemic stem cells remains poorly understood. The role 

of altered DNA methylation has been gaining increasing significance in MLL-

rearranged infant ALL. An overall global hypermethylated state has been identified for 

t(4;11), t(11;19) and t(9;11) rearranged infants86 and promoter CpG island 
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hypermethylation in t(4;11) and t(11;19) rearranged infants with subsequent silencing of 

transcriptional genes and microRNAs.87-89 Hypomethylation in a subset of highly 

expressed proto-oncogenes in t(4;11) rearranged infants has also been identified.91 

However, the mechanistic role of the MLL-fusion protein in contributing to this 

deregulated epigenetic process remains undetermined. It appears reasonable to speculate 

that consequent activation of proto-oncogenes and inactivation of tumour suppressor 

genes and genes associated with B-cell development may contribute to leukaemic 

transformation.  

 

Conclusion 

Significant progress has been made towards the biological characterisation of MLL and 

understanding the role of MLL-fusions in leukaemogenesis since the MLL gene was first 

cloned in 1991. However, there remain a number of opportunities for future scientific 

research. These include the investigation of poorly characterised domains in wild-type 

MLL, expanding the limited knowledge as to how dimerization contributes to 

leukaemogenesis, ascertaining the role of the MLL-fusion protein in contributing to 

altered DNA methylation and investigating the mechanisms by which haematopoietic 

stem cells and progenitor cells transform into leukaemic stem cells. In addition, 

international expert consensus and adaptation of a uniformly accepted annotation for 

MLL and a uniform global epidemiological approach towards identifying the aetiology 

of MLL-rearranged infant ALL is required. Our current knowledge represents the tip of 

the iceberg, with time-associated scientific discovery likely to reveal novel components 

with more complex interactions. 
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Abstract 

Aim Observation of identical genetic changes in leukaemia cells from monozygotic 

twin pairs has provided evidence for the in utero single clonal origin hypothesis of 

leukaemia, with intraplacental metastasis the basis for concordance. Investigation of this 

rare MLL cytogenetic abnormality aims to provide further evidence of the genetic 

changes that underpin this aggressive form of leukaemia in infants.  

Method The clinical features of a monozygotic infant twin pair with ALL are reported. 

Banded chromosomal analysis and fluorescent in situ hybridization were used for 

cytogenetic characterisation of the leukaemic cells. Immunophenotype was determined 

by flow cytometry and PCR was used to determine the presence of FLT3-D835/I836 

and FLT3-internal tandem duplication (ITD) mutations. 

Results The twins were seven weeks of age at diagnosis. Both had cytogenetic evidence 

for the t(1;11)(p32;q23) translocation. Trisomy X was present in a subpopulation of 

cells in one twin. Immunophenotypic profile at diagnosis was consistent with B 

precursor ALL (CD19, CD24, CD33 positive, weak CD13 positivity, CD10 negative) 

and both were negative for FLT3-D835/I836 and FLT3-ITD mutations. 

Conclusions This is the first report of monochorionic monozygotic twins harbouring 

the t(1;11)(p32;q23) translocation. Identification of this rare translocation in both twins 

indicates a common stem line and provides further evidence for the intrauterine 

monoclonal origin for infant ALL, with concordance explained by the shared 

circulation. Genetic diversity was observed in a subpopulation of cells from one twin at 

diagnosis. We must now utilise the sophisticated molecular biology tools available to 

capture changes at the genome-wide level to gain further insight into the complex 

events contributing to MLL leukaemogenesis in infants.   
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Introduction 

In modern medicine, treatment of paediatric ALL represents one of the many successes, 

with significant improvements in EFS and OS. However, infant ALL is a heterogeneous 

group, with distinct biological and clinical characteristics, which continues to be 

resistant to this improvement. Infant ALL represents 2-5% of paediatric ALL cases.39 

The most common genetic aberration in infant ALL involves the MLL gene, located on 

chromosome 11q23, which is involved in up to 80% of cases.87 MLL-rearrangements 

are more frequent in younger infants, present in approximately 90% of infants less than 

six months old at diagnosis, compared to 30-50% of infants aged six to twelve 

months.208 Poor prognostic indicators for infant ALL include presence of an MLL-

rearrangement, younger age at diagnosis (less than six months), high peripheral WBC 

count  at  diagnosis  (≥300  x109/L) and poor steroid response at day 8.46 The outlook for 

MLL-rearranged infant ALL is poor with up to 40% five-year survival.150 Current 

therapeutic approaches are centred around intensified chemotherapeutic regimens 

administered over short durations. Whilst this has improved overall outcome, it has led 

to an increase in morbidity and mortality from regimen-related toxicity. The benefit of 

HSCT is contentious and has prospectively only shown benefit in a high-risk subgroup 

of MLL-rearranged infant ALL patients (age less than six months and either WBC count 

≥300  x109/L at diagnosis or poor response to steroids at day 8).46   

 

Since the MLL gene was first cloned in 1991, its recombinome has been the subject of 

extensive scientific research. Disruption occurs within a region including exons 7 

through 13 defined   as   the   “breakpoint   cluster   region”.   There   have   been   121 

translocation partner genes identified, 79 of which have been characterised at the 

molecular level.113 These also include MLL-rearrangements occurring in adults and 

therapy-related AML, often secondary to treatment with topoisomerase II inhibitors. 
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The six most frequent chromosomal translocations and the respective fusion proteins are 

t(4;11) – MLL-AF4, t(11;19) – MLL-ENL and MLL-ELL, t(9;11) – MLL-AF9, 

t(10;11) – MLL-AF10 and t(6;11) – MLL-AF6 which together constitute over 85% of 

all clinical cases of mixed lineage leukaemia.150 t(1;11)(p32;q23) is an uncommon 

translocation, with MLL-EPS15/AF1P the respective fusion protein. Clinical details of 

35 cases bearing this translocation have been reported to date (infants=13, children=10, 

adults=12). Poor outcomes are described in the primary infant cases. This is the first 

characterisation of monochorionic monozygotic twins harbouring the t(1;11)(p32;q23) 

translocation, adding to the small number of clinical reports of infants with this 

translocation.  

 

Twin One 

The twins were delivered at 35+5 weeks by elective caesarean section, and both were 

healthy at birth. Twin One presented at seven weeks with poor feeding, intermittent 

vomiting and poor weight gain. Examination revealed hepato/splenomegaly and mild 

jaundice. Total WBC was 102.00x109/L, with a blast population of 99.96x109/L, and 

the platelet count 65x109/L. Immunophenotyping performed by flow cytometry on 

peripheral whole blood was consistent with B precursor ALL (CD19, CD24, CD33 

positive, weak CD13 positivity, CD10 negative). Blast cells were present in the 

cerebrospinal fluid (CSF). Banded chromosomal analysis revealed a 

46,XX,t(1;11)(p32;q23)[13]/46,XX[7] karyotype (Figure 1a), with confirmation of MLL 

involvement demonstrated on fluorescence in situ hybridization (FISH) analysis using 

the MLL breakapart probe (Vysis,   Downer’s   Grove   IL)   (Figure 2a). The cells were 

negative for FLT3-D835/I836 and FLT3-internal tandem duplication (ITD) mutations 

using PCR. Chemotherapy commenced according to the COG protocol P9407. 

Induction therapy was complicated by steroid-induced diabetes requiring a short-acting 
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insulin infusion. End of induction bone marrow aspirate (BMA) revealed M1 remission 

with no blasts in the CSF. Intensification was complicated by methotrexate-related 

encephalopathy on head MRI diagnosed following a generalised tonic-clonic seizure. 

Methotrexate was omitted from further intrathecal therapy. End of reinduction BMA 

revealed M1 remission. 

 

Busulfan, cyclophosphamide and thiotepa formed the conditioning regime for HSCT. 

Due to a high level on pharmacokinetic analysis after two doses, busulfan was reduced. 

Respiratory syncytial virus bronchiolitis requiring nasal prong oxygen occurred 

postconditioning. An older sister was the matched related donor for both twins, with a 

12/12 match. Cyclosporin A and mini-methotrexate were used for graft versus host 

disease prophylaxis. On day 4 post stem cell infusion, veno-occlusive disease (VOD) 

was diagnosed following an increase in oxygen requirement, significant weight gain, 

gross hepatomegaly, conjugated hyperbilirubinaemia and coagulopathy. Ultrasound 

revealed lack of flow in the hepatic portal vein. Management consisted of admission to 

intensive care for supportive measures and therapeutic daily defibrotide (40mg/kg/day). 

Renal failure ensued and the family elected to withdraw care on day 8 post stem cell 

infusion. Postmortem examination confirmed the diagnosis of liver VOD and kidney 

necrosis secondary to infarction.  

 

Twin Two 

At the time of diagnosis of Twin One, her twin sister was asymptomatic but 

demonstrated hepatomegaly. Total WBC count was 156.44x109/L, with a blast 

population of 154.87x109/L, and the platelet count 63x109/L. Immunophenotype was 

consistent with B precursor ALL (CD19, CD24, CD33 positive, weak CD13 positivity, 

CD10 negative). Blast cells were present in the CSF. Banded chromosomal analysis 
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revealed a 46,XX,t(1;11)(p32;q23)[8]/ibid+X[4]/46,XX[8] karyotype (Figure 1b). MLL 

gene involvement was confirmed on FISH analysis using the MLL breakapart probe 

(Figure 2b). The cells were negative for FLT3-D835/I836 and FLT3-ITD mutations 

using PCR. The same chemotherapy regime was commenced. End of induction BMA 

revealed M1 remission with no blasts in the CSF. Intensification and reinduction were 

complicated by multiple lower respiratory tract infections of viral aetiology, including 

Rhinovirus and Human metapneumovirus, requiring supportive care. BMA revealed M1 

remission at the end of reinduction. 

 

Due to adverse outcome of Twin One, modifications were implemented for the 

transplant of Twin Two in an attempt to reduce the risk of VOD. These included 

prophylactic defibrotide (10mg/kg/day) instead of low molecular weight heparin, 

reduction of the busulfan dose according to findings based on the pharmacokinetic 

studies of Twin One and omission of prophylactic acyclovir. On day 7 post stem cell 

infusion, VOD was diagnosed following marked hepatomegaly, an increased platelet 

requirement, conjugated hyperbilirubinaemia, significant weight gain and reversal of 

flow within the portal vein on ultrasound. Defibrotide was increased to therapeutic 

levels (40mg/kg/day). Significant respiratory decompensation on day 8 necessitated 

transfer to intensive care for supportive management. Neutrophil engraftment occurred 

on day 12. Defibrotide was ceased on day 27, following improvement on ultrasound 

with normal portal vein flow. Donor engraftment was confirmed on day 34 by variable 

number tandem repeat testing.  
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Figure 1. Banded chromosomal analysis at diagnosis 

(a) Twin One  

 

 
(b) Twin Two 
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Figure 2. FISH analysis at diagnosis using the MLL breakapart probe 

(a) Twin One 

 
 
(b) Twin Two 
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On day 54, a gradually increasing oxygen requirement with no focal pathology led to a 

diagnosis of idiopathic pulmonary syndrome and treatment, in accordance with the 

phase II COG protocol ASCT0521, with Etanercept (tumour necrosis factor alpha 

antagonist) and methylprednisolone. Echocardiogram demonstrated severe pulmonary 

hypertension on day 62 requiring sildenafil and nitric oxide. Broad-spectrum antibiotics 

and therapeutic defibrotide were reinstigated in addition to oxygen support and 

diuretics. By day 88, Etanercept therapy was complete, defibrotide had been reduced to 

a prophylactic dose and therapeutic antibiotics had been ceased. Platelet engraftment 

occurred on day 100 and defibrotide was stopped. BMA on day 110 showed M1 

remission with normal cytogenetics. Influenza vaccine was administered on day 115 

and monthly monoclonal antibody to Respiratory syncytial virus was commenced. 

Weaning of oxygen and cyclosporin A was complete on day 140 and monthly 

immunoglobulins were instigated for hypogammaglobulinaemia. Post transplant 

reimmunisation schedule commenced on day 189. Sildenafil was stopped on day 218 

following a normal echocardiogram. 

 

Eighteen months post HSCT the patient presented with intermittent vomiting, lethargy, 

irritability and anorexia. Full blood picture was normal but numerous blasts were 

present in the CSF. BMA revealed a 7% blast population and immunophenotyping 

confirmed a CNS relapse (CD10, CD19, CD38, CD58 positive, some CD34 positive, 

weak CD45 positivity). Chemotherapy commenced with two induction courses from the 

COG protocol ALL0433 followed by therapy based on the COG CNS relapse protocol 

ALL02P2. To date this has been complicated by methotrexate encephalopathy on head 

MRI leading to omission of intrathecal methotrexate, bilateral ptosis secondary to 

completion of vincristine therapy, fungal chest infection treated with voriconazole and 
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liposomal amphotericin and benign intracranial hypertension treated with 

acetazolamide. At present the patient is receiving maintenance chemotherapy.  

 

Discussion 

The first report of identical infant twins with concordant leukaemia was described in 

1882.209 In 1962, Wolman210 suggested that leukaemia may originate in one twin and 

pass to the other by means of the shared circulation, but it was not until 1971 that this 

intraplacental metastasis hypothesis was fully developed and appreciated by Clarkson 

and Boyse.211 Since then numerous monozygotic monochorionic twin pairs with 

leukaemia have been described, and the evolution of laboratory techniques has enabled 

characterisation of the molecular features of the disease, thus providing a valuable 

insight into the clonal origins of certain leukaemias. Initially, the intrauterine 

monoclonal origin was demonstrated by identification of identical restriction fragments 

from leukaemic cell DNA between infant twin pairs with MLL gene abnormalities.121, 

212, 213 The advent of genomic fusion sequencing allowed more detailed characterisation 

in delineating identical clonotypic rearrangements between twin pairs with various 

leukaemias including ETV6/RUNX1 positive leukaemia,214, 215 hyperdiploid 

leukaemia,216 T-cell malignancy217 and in one set of triplets.218 Unusual or complex 

chromosome markers have also provided evidence of clonal identity in the twin context, 

in cases of AML219-221 and ALL.222 This unique characterisation of the uncommon 

t(1;11)(p32;q23) MLL translocation occurring in a monozygotic twin pair provides 

additional support for the intrauterine monoclonal origin of leukaemia, with the basis of 

concordance most plausibly explained by the intraplacental metastasis hypothesis. 

Karyotypic evidence of subclonal evolution has previously been described in one pair of 

twins with concordant AML.221 This report provides further evidence, with Trisomy X 

in a subpopulation of cells from Twin Two representing the divergent clone. 
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Concordance rates for monozygotic twins with MLL-rearranged infant leukaemia are 

almost 100%.223 Only five discordant cases of monozygotic twins with infant leukaemia 

bearing the MLL translocation have been described. In one pair the placenta was 

dichorionic, thus thought to restrain the leukaemic cells to one twin, in another the 

placental status was unknown and in another the initiation was thought to be 

postnatal.223, 224 Intraplacental metastasis between dichorionic twin pairs is extremely 

rare, although has been reported and thought to occur as the result of placental 

anastomosis.212 In a separately reported pair, one twin showed the presence and 

eventual clearance of a clonally derived leukaemia-associated fusion-sequence-positive 

population of cells following a viral upper respiratory tract infection.225 The 

exceptionally high concordance rate, along with rapid transition to leukaemia from 

birth, exemplified in our report with a diagnosis made in both twins on the same day 

and at seven weeks of age, has led to the notion that the MLL-fusion gene alone may be 

sufficient to result in overt leukaemia. This has been further supported by reports 

demonstrating a paucity of copy number alterations (CNAs) in cases of MLL-rearranged 

infant leukaemia226-228 and a previous study that was unable to find evidence for 

MLL/AF4 expression in normal cord blood samples.229  

 

Although these findings are suggestive of a single-hit theory for MLL-rearranged infant 

leukaemia, a number of recent studies have provided further characterisation of disease 

biology, providing insight into possible cooperating lesions. Of these, FLT3 mutations 

have been the most heavily investigated. FLT3 overexpression was initially identified 

through gene expression profiling.207 Subsequently up to 18% of MLL-rearranged infant 

ALL cases have been reported as harbouring FLT3 kinase domain mutations.61, 230 

Epigenetic modifications have also been demonstrated. Individual gene expression 

profiling studies have identified silencing of several tumour suppressor88, 231, 232 and 
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microRNA89 genes by promoter CpG island hypermethylation. Translocation-specific 

methylation patterns have been identified in MLL-rearranged infant ALL and degree of 

hypermethylation has been shown to influence RFS.87 Gene expression profiling studies 

have also characterised a specific signature for MLL-rearranged infant ALL as well as 

translocation-specific signatures.84 Another study has identified overexpression of the 

anti-apoptotic factor BCL-2 in primary cells and cell lines with the t(4;11) MLL 

translocation.92 Discovery of such lesions has enabled development of molecularly 

directed therapy. FLT3 tyrosine kinase inhibitors have already demonstrated success in 

vitro and in vivo,60, 230, 233, 234 leading to the development of the current COG clinical 

phase III trial using risk-directed FLT3 tyrosine kinase inhibition in combination with 

intensive chemotherapy for infant ALL. Demethylating agents87-89 and BCL-2 

inhibitors92, 95 have demonstrated success in vitro and provide promising avenues for 

further investigation. It is yet to be established as to whether these aberrations occur as a 

consequence of the MLL translocation or whether they are independent key secondary 

events in the pathways to leukaemogenesis.   

 

It is important to identify and record critical cytogenetic and molecular abnormalities 

occurring in monozygotic twins to corroborate the monoclonal origin of infant 

leukaemia. However, we must now advance our knowledge and use the repertoire of 

sophisticated molecular biology tools available to gain further insight into the complex 

events contributing to MLL leukaemogenesis in infants. The common genetic heritage 

of monozygotic twins provides a unique opportunity to study such molecular 

characteristics, however, limitations on research are enforced due to the relative 

infrequency of MLL leukaemia in monozygotic twins hence availability of tumour 

samples. We must now take the initiative to establish twin-specific international 

collaborative tumour banks such that twin studies can be performed on a larger scale. 
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Technologies such as cytogenetic arrays, microRNA profiling, next generation whole-

genome and transcriptome sequencing can then provide a better understanding of the 

genetic landscape of MLL-rearranged infant ALL. 
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ALL occurring in the first year of life is rare, accounting for 2-5% of paediatric ALL 

cases. Infant ALL is distinguished by unique clinical and biological characteristics with 

an aggressive course following a short latency period. The MLL gene, located on 

chromosome 11q23, is involved in 80% of cases. Over 70 different MLL-fusion partner 

genes have been molecularly characterised,235 with t(4;11), t(9;11) and t(11;19) 

occurring most frequently in infant ALL.  

 

The outcome of MLL-rearranged infant ALL remains poor with up to 40% 5-year 

survival. The uncommon nature of ALL in infancy limits the rate of accrual for clinical 

trials and evidence for the best therapeutic approach has been conflicting, particularly 

regarding the benefit of HSCT. The clinical heterogeneity of ALL in infancy, such as 

poorer outcome under 90 days of age,236 underlies the need for stratification on these 

trials. The age-related difference in outcome may be a reflection of underlying 

molecular characteristics with differences in gene expression profiles according to 

age.85  

 

Risk stratification according to MLL translocation partners has not been undertaken due 

to small patient numbers and as the same biological process was thought to occur 

irrespective of the partner gene, for MLL-mediated leukaemogenesis. However, recent 

identification of distinct molecular differences among the MLL subtypes, including 

variations in epigenetic87 and gene expression profiles,85 has given rise to the notion that 

the many fusion partners of MLL should be considered as distinct entities.235 The 

complex interplay between MLL translocation and these additional molecular 

differences is not fully understood but further characterisation of cases will contribute to 

the current understanding of the clinical heterogeneity of the disease.  
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The t(1;11) (MLL-EPS15) translocation is rare with only a small number of clinical 

cases published and three reports of molecular characterisation at the transcriptional 

level.237-239 The EPS15 gene encodes a protein that is involved in receptor-mediated 

endocytosis of epidermal growth factor. We present an MLL-EPS15 rearrangement with 

novel breakpoints at the transcriptional and DNA level in monozygotic infant twins 

with ALL and characterisation of the molecular changes in their leukaemic cells. The 

methods are described in the Supplementary Design and Methods below. Both twins 

were diagnosed at seven weeks of age, with a peripheral blood blast population of 

99.96x109/L in Twin One and 154.87x109/L in Twin Two. CD19+, CD24+, CD10–, B-

precursor ALL was confirmed on immunophenotyping. Banded chromosomal analysis 

revealed a 46,XX,t(1;11)(p32;q23)[13]/46,XX[7] karyotype in Twin One and a 

46,XX,t(1;11)(p32;q23)[8]/ibid+X[4]/46,XX[8] karyotype in Twin Two, with FISH 

analysis confirming MLL involvement.240  

 

The MLL-fusion transcripts were sequenced and novel, identical breakpoints were 

identified in both twins (Figure 1a). For the MLL-EPS15 transcript, the breakpoint was 

located at the end of exon 8 of MLL, which was fused to exon 10 of EPS15. For the 

EPS15-MLL transcript, the breakpoint was located at the end of exon 9 of EPS15, which 

was fused to exon 10 of MLL. Skipping of MLL exon 9 was, therefore, evident at the 

transcriptional level. A novel, identical breakpoint was also identified at the DNA level 

(Figure 1b). The genomic breakpoint occurred within exon 9 of MLL and intron 9 of 

EPS15. A deletion of 10bp from exon 9 of MLL coincided with a duplicated 10bp 

segment from intron 9 of EPS15. These findings are consistent with and provide the 

first known evidence for the NHEJ of DNA repair occurring in the leukaemic cells of 

infants with the t(1;11) translocation. NHEJ has previously been shown in infants with 

the t(4;11) translocation.120  
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In order to detect molecular aberrations that may be unique to each twin, the Affymetrix 

Cytogenetics Whole-Genome 2.7M Array technology was applied. Each twin had two 

CNAs (Table 1) that were considered tumour-associated genomic aberrations. One 

CNA was common in both twins, namely amplification at Xp21.1, which is a gene poor 

region. This region has previously been identified, with a 50kbp deletion in one infant 

with t(4;11) MLL-rearranged ALL.228 The other CNAs were different for each twin, 

namely a 47kbp amplification at 6p12.1, which contains the GDNF family receptor 

alpha like gene (GFRAL), for Twin One and a 28kbp deletion at 9q31.3, containing the 

muscle, skeletal, receptor tyrosine kinase (MUSK) gene, for Twin Two. Each twin had 

three regions of tumour-associated copy number neutral loss of heterozygosity (Table 

1), two of which were common between the twins. In addition, Twin Two had Trisomy 

X occurring in a subpopulation of leukaemic cells, evident from both the banded 

chromosomal and cytogenetic array analyses. 
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Figure 1. Molecular analysis of monozygotic twins with cytogenetically confirmed 

t(1;11)(p32;q23) infant acute lymphoblastic leukaemia (a) Sequence analysis showing 

the breakpoints at the transcriptional level (b) Sequence analysis showing the 

breakpoints at the genomic level 
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Table 1. List of tumour-associated genomic aberrations identified using whole-genome cytogenetic arrays in 

monozygotic twins with t(1;11)(p32;q23) infant acute lymphoblastic leukaemia 

 

 

 

 

 

 

 

 

 

 

*
Gain, gain of one copy number (CN); Loss, loss of one CN 
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Studies using high-resolution SNP and cytogenetic arrays in singletons with infant 

t(4;11) MLL-rearranged ALL227, 228 revealed an exceptionally low frequency of CNAs. 

Our results corroborate these findings in a different cytogenetic subtype of MLL-

rearranged infant ALL. Together with the concordance shown at the molecular level for 

the t(1;11) translocation, the identification of additional common aberrations provides 

further support for the concept of in utero development of a preleukaemic clone in one 

twin with transfer to the other by means of the shared placental circulation.223 However, 

as far as the low frequency of additional aberrations points towards the t(1;11) 

translocation as the major driver for leukaemogenesis, further work is required to 

establish whether these additional aberrations have a cooperating role. CNAs of the 

Xp21.1 site have now been demonstrated in three infants with MLL-rearranged ALL 

and so this region merits particular attention in future research. Importantly, this study 

has shown that several of the additional aberrations present in the leukaemic cells of the 

twins are unique and differ in each patient, providing evidence for molecular 

heterogeneity for cells that have originated from a common cell of origin. The distinct 

molecular differences between the twins can be explained by clonal evolution of the 

leukaemic cells from a common precursor or by selection of preexisting clones. Further 

clarification of the molecular differences among different MLL subgroups, and indeed 

among patients of the same subgroup, will contribute to explaining the clinical 

heterogeneity of the disease. 

 



 205 

Supplementary Design and Methods 

Samples 

To search for novel and rare MLL translocation partners, we performed banded 

chromosomal and FISH analysis on diagnostic bone marrow samples of all infants with 

ALL presenting to our institution, Princess Margaret Hospital for Children, between 

January 1983 and December 2011. Of 16 patients, two were unique, being monozygotic 

twins bearing a t(1;11) translocation. We undertook further molecular analysis of the 

leukaemic cells of these twins. 

 

Peripheral blood and bone marrow samples were collected at diagnosis and on 

remission from both twins according to cell collection protocols approved by the 

institutional review board of Princess Margaret Hospital for Children after informed 

consent was obtained in accordance with the Declaration of Helsinki. Total cellular 

DNA and RNA were extracted from the primary samples of both twins at diagnosis and 

remission using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA) 

according   to   the   manufacturer’s   instructions.   All   samples   and   intermediate products 

from each twin were stored in separate locations and were manipulated at different 

times and in different areas of the laboratory to avoid cross-contamination. 

 

Polymerase chain reaction and direct sequencing 

Total cellular RNA was reverse transcribed using the Omniscript RT Kit (Qiagen), 

according to the manufacturer’s instructions, to generate cDNA. The cDNA was 

amplified by PCR using the following primers:  

 5’-GAAACCTACCCCATCAGCAA and 5’-AACGTGAGGAGGATCAATGC 

were used to amplify the MLL-EPS15 transcript;  
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 5’-GATTTGGGATTTAGCCGACA  and  5’-TTTCGGCACTTATTACACTC were 

used to amplify the EPS15-MLL transcript. 

Total cellular DNA was amplified by PCR with the following primers:  

 5’-TGCAGTGAGCTGTGACTGTG and 5’-TTAGCTTTTTCTGCAGGGGA were 

used to amplify the MLL-EPS15 genomic fusion; 

 5’-CAGCCTGCCTCTTGTCAGAT   and   5’-CCAGTTGGTGCTGATTTCCT were 

used to amplify the EPS15-MLL genomic fusion. 

 

Each PCR was performed using an optimised GoTaq Flexi DNA polymerase protocol 

(Promega, Madison, WI, USA) with cDNA/DNA template at a concentration of 

between 100-200ng. The PCR conditions used to amplify the samples consisted of 

initial denaturation at 95°C for two minutes followed by 35 cycles of denaturation at 

95°C for one minute, annealing at 58°C for one minute and extension at 72°C for four 

minutes. A final extension at 72°C was performed for ten minutes following the 35 

cycles. The positive control comprised of amplification with beta-actin primers. 

 

Direct  sequencing  was  performed  according  to  the  manufacturer’s  instructions  using  the 

BigDye Terminator v3.1 Cycle Sequencing Kit and an automated sequencer (ABI 

3130x1 Genetic Analyser; Applied Biosystems, Foster City, CA, USA). The same 

internal forward and reverse primers as specified in the PCR amplification reactions 

were used at a concentration of 1mM.  

 

Whole-genome cytogenetic arrays 

The Affymetrix Cytogenetics Whole-Genome 2.7M Array (Affymetrix, Santa Clara, 

CA, USA) technology was applied to detect submicroscopic aberrations and copy 

number neutral loss of heterozygosity in each twin at diagnosis and remission. The 
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arrays provide unbiased, whole-genome coverage with 2.7 million markers, including 

400,000 SNPs and 2.3 million nonpolymorphic copy number markers. For each sample, 

100ng of genomic DNA were amplified by whole-genome amplification reaction, 

purified by magnetic beads, and fragmented to generate small (<300bp) products. These 

were subsequently labelled and loaded onto a single array. After hybridisation, the chip 

was washed, stained and scanned. Raw data were analysed with Affymetrix 

Chromosome Analysis Suite 1.01 software (Affymetrix) and compared to the 

manufacturer’s   recommended normalised reference. Filters that were applied included 

45kbp for gains, 25kbp for losses and 1500kbp for copy number neutral loss of 

heterozygosity. A 20-marker filter and 85% confidence was applied throughout. The 

filters   selected   were   based   on   the   manufacturer’s   recommendations   and   previous  

analysis of t(4;11) infant ALL using the same platform.228 All reported lesions were 

visually examined, and for each identified region of interest a further in-depth analysis 

was undertaken in the other twin below the filter thresholds to ensure that no relevant 

results were missed. A tumour-associated CNA was defined as a CNA present in the 

tumour but not the remission DNA of each patient and for which there was no overlap 

with the Database of Genomic Variants (http://projects.tcag.ca/variation/). 
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EPILOGUE 

Treatment of childhood cancer represents one of the success stories of modern 

medicine.  As  recently  as  the  1950’s,  children  diagnosed  with  cancer  were  treated  with  

palliative intent, whereas in the current era a curative approach is employed for the 

majority of childhood cancers. This success has been facilitated by the establishment of 

large international cooperative groups, such as the COG and SIOP, which have enabled 

a collaborative, uniform approach to improving the treatment and outcomes for 

childhood cancer. Historically, finite resources have directed the focus of these groups 

towards improving the outcome of the most frequently occurring childhood cancers, 

which provide the greatest burden to society.  

 

However, over the last decade, there has been increasing intent to improve the outcome 

for rare childhood tumours. Strategies include the development of rare tumour groups, 

such as the COG Rare Tumour Committee and EXPeRT; disease-specific international 

registries for pleuropulmonary blastoma, paediatric adrenocortical carcinoma and NUT 

midline carcinoma; and disease-specific centralised clinics, such as for paediatric GIST. 

Achievements of the COG Rare Tumour Committee include the development of 

prospective clinical trials for adrenocortical carcinoma and nasopharyngeal 

carcinoma;241 the development of diagnostic and therapeutic recommendations based on 

detailed literature reviews for thyroid carcinoma,242 colorectal carcinoma,243 

melanoma,244 GIST,245 pancreatoblastoma,246 desmoplastic small round cell tumour,247 

gonadal stromal tumour248 and carcinoid;249 and the design and implementation of a 

COG group-wide tumour banking study.250 EXPeRT has been successful in uniting a 

number of European national working groups for rare childhood tumours and has 

published combined registry data for pancreatoblastoma251 and pleuropulmonary 

blastoma.252 
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The disease-specific international registries provide an opportunity for tumour banking 

and subsequent biological study. This has led to remarkable scientific discoveries 

including the identification of a unique TP53-R337H germline mutation, which is 

highly prevalent in Southern Brazil and predisposes to paediatric adrenocortical 

carcinoma;253 identification of DICER1 germline mutations in familial pleuropulmonary 

blastoma,254 which has subsequently led to characterisation of the DICER1 

syndrome;255 and discovery of BRD4-NUT-mediated oncogenic and epigenetic 

mechanisms in NUT midline carcinoma.256-258 Registries also provide an expert 

centralised histopathological review to ensure a correct diagnosis is made. This directly 

benefits patients to ensure that they receive the appropriate therapy and prevents 

confounding of registry data. Retrospective analysis of collated clinical registry data can 

better define the epidemiological and prognostic features of the tumour in question and 

provide an opportunity to make treatment recommendations, as evidenced for 

adrenocortical carcinoma,259 type I pleuropulmonary blastoma,260 NUT midline 

carcinoma261 and prepubertal testis tumours.262  

 

The development of an annual centralised clinic for paediatric GIST has provided 

significant benefits in that patient management is based upon a consensus 

multidisciplinary opinion from world experts in the field.  The clinic also facilitates 

storage of tumour samples, which has enabled the identification of genetic and 

epigenetic differences between paediatric and adult GIST.263-265 

 

Whilst different strategic approaches have made significant advances for these specific 

rare childhood tumours, the lack of a single unified approach has identified a number of 

limitations. The definition of infrequent tumours by the COG and very rare tumours by 

EXPeRT has attempted to capture the majority of those tumours considered rare within 
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the paediatric setting. However, the definitions are nonsynonymous and neither is fully 

comprehensive, with the consequent exclusion of certain rare childhood tumours by 

each group. Infrequent tumours as defined by the COG results in the exclusion of 

tumours such as pleuropulmonary blastoma, pancreatoblastoma or sex cord stromal 

tumours,266 whereas very rare tumours as defined by EXPeRT results in the exclusion of 

thyroid carcinoma and melanoma, whose incidence rates are 4.9 and 4.6 per million, 

respectively, in children younger than 20 years of age.250 Registries are limited in their 

ability to perform prospective studies and a divided approach between disease-specific 

registries and the rare tumour groups has resulted in competing interests for certain 

conditions such as pleuropulmonary blastoma.252, 260 It is feasible to have competing 

interests for frequently occurring childhood cancers as studies are not limited by patient 

numbers, and the use of different approaches for frequently occurring childhood cancers 

is ultimately beneficial, as it allows for selection of studies that achieve the best 

outcome upon which to build future clinical and biological research. However, such an 

approach is impractical for the study of rare childhood tumours, as the low incidence 

prevents accrual onto studies in a timely fashion and as a consequence, final outcome 

measures are often limited in their findings. These shortcomings can be overcome by a 

single global unified approach to the study of rare childhood tumours. 

 

The inherent administrative, financial, legal, drug supply and regulatory difficulties may 

hinder the establishment of a single global unified approach to the study of rare 

childhood tumours, and given the aforementioned constraints of the current approaches 

to the study of rare childhood tumours, this PhD thesis illustrates how individual 

researchers can make a difference to those rare childhood tumours which are not under 

consideration for study within the current framework. This thesis exemplifies how 

unique presentations of a ‘clinical’ orphan, child and adolescent meningioma, and a 
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‘biological’ orphan, the t(1;11)(p32;q23) MLL rearrangement in monozygotic twins 

with infant ALL, can be translated into meaningful research. This thesis has been split 

into two volumes to demonstrate how advances can be made to the current 

understanding of these tumours through different research methodologies. 

 

The first volume is dedicated to the clinical study of child and adolescent meningioma, 

commencing with the case presentation that stimulated the research, followed by a 

systematic review of the literature highlighting the clinical and biological differences 

between paediatric and adult forms of the disease.267 This volume concludes with two 

international individual patient data meta-analyses which have identified the 

epidemiological characteristics for child and adolescent meningioma and the prognostic 

features that influence outcome, provided evidence-based recommendations for 

treatment,268 identified the long-term morbidity associated with child and adolescent 

meningioma, elucidated features that contribute to an increased risk of long-term 

morbidity and provided recommendations to minimise long-term morbidity in those 

who are at increased risk.269 Prior to the publication of this research, there were no 

evidence-based treatment guidelines for child and adolescent meningioma, with 

therapeutic recommendations based on extrapolation from adult data.270 This novel 

analytical approach to paediatric tumours has additionally demonstrated the pitfalls in 

extrapolating adult data to provide treatment recommendations for rare paediatric 

diseases, which provoked further discussion in the invited editorial commentary 

regarding our meta-analysis (Appendix 7).271  

 

The second volume focuses on the biological study of a rare t(1;11)(p32;q23) MLL 

rearrangement. The first chapter provides an in-depth global historical overview 

depicting the evolution of clinical trials for infant ALL. The poor outcome for MLL-
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rearranged infants is highlighted, with no recent improvement in survival due to the 

limits to which conventional chemotherapeutic agents can be intensified to optimise the 

balance between treatment efficacy and toxicity. This chapter provides justification 

regarding the need for biological research dedicated to infant ALL, with an emphasis 

placed on the development of innovative therapies to improve outcome.272 The 

biological structure and function of the MLL gene in normal haematopoiesis and the 

postulated mechanisms by which MLL translocations lead to leukaemogenesis are 

reviewed in the subsequent chapter. The following chapters provide biological insight 

into the origins of the rare t(1;11)(p32;q23) translocation, describing for the first time 

the clinical, cytogenetic and molecular features of a t(1;11)(p32;q23) translocation 

occurring in monozygotic twins with infant ALL. Concordance of this rare translocation 

provides further evidence for the intrauterine monoclonal origin for infant ALL.240 

Molecular characterisation using targeted Sanger sequencing of the leukaemia cells of 

each twin revealed novel and identical t(1;11)(p32;q23) MLL translocation breakpoints, 

with the first known evidence for the NHEJ mechanism of DNA repair occurring in 

leukaemia cells of infants with this translocation. Application of whole-genome 

cytogenetic arrays revealed a low frequency of additional CNAs pointing towards the 

MLL translocation as the major driver for leukaemogenesis. A number of the CNAs 

were common to each twin, providing further support, in addition to the concordance 

shown at the cytogenetic and molecular level, for the intrauterine monoclonal origin for 

infant ALL. However, several CNAs were unique to each patient, providing evidence 

for molecular heterogeneity of cells that have originated from a common cell of 

origin.273  

 

The work presented in this thesis has made significant advances regarding the clinical 

knowledge of child and adolescent meningioma and has provided considerable insights 



 214 

into the biological sequence of events leading to leukaemogenesis in twins with a novel 

t(1;11)(p32;q23) MLL rearrangement. It presents an opportunity upon which to base 

future research for those tumours. Immediate prospects that we are currently pursuing 

for child and adolescent meningioma include further individual patient data meta-

analyses for specific subgroups, including radiation-induced meningiomas and 

neurofibromatosis-associated meningiomas. However, the most beneficial long-term 

approach would be to establish an international registry for child and adolescent 

meningioma, with centralised histopathological and radiological review and biological 

banking of specimens. This would overcome a number of the limitations identified from 

conducting retrospective meta-analyses, including the acquisition of standardised, 

prospectively collected, centrally reviewed, clinical data. Analysis of prospective data 

can be used to consolidate the conclusions this thesis has drawn for child and adolescent 

meningioma, which at present represent the most comprehensive clinical studies 

conducted for this disease.  

 

The successful implementation of individual patient data meta-analysis, using child and 

adolescent meningioma as the rare childhood tumour prototype, has provided an 

archetype on which to base individual patient data meta-analyses for other rare 

childhood tumours. We are currently using this model to conduct individual patient data 

meta-analyses for high-grade glioma occurring in young children under three years of 

age, following presentation of two cases to the clinic (Appendix 8),274 and supratentorial 

primitive neuroectodermal tumours in children and adolescents. Although the clinical 

study of infant ALL is significantly more advanced than that of child and adolescent 

meningioma, with the existence of several prospective, infant-specific, risk-stratified 

clinical trials,272 there remains a potential role for individual patient data meta-analyses 

followed by single international registry-based approaches to establish the role of HSCT 
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in MLL-rearranged infant ALL and to determine the most effective salvage therapy in 

the relapsed/refractory setting.  

 

Molecular characterisation of the t(1;11)(p32;q23) MLL-rearrangement in monozygotic 

twins with infant ALL has provided a stepping stone to conduct further extensive 

laboratory research for infant ALL. The advent of next generation sequencing has 

enabled the capture of high-resolution, high-throughput genetic information with 

acquisition of data occurring within short timeframes. Next generation sequencing 

technology can be applied to gain insight into the genome, transcriptome or epigenome. 

To better understand the genetic landscape of infant ALL, we are currently applying 

next generation sequencing technology to perform transcriptome analysis on an 

expanded panel of primary infant ALL specimens and respective constitutional samples, 

including the twins with the novel t(1;11)(p32;q23) MLL translocation that have formed 

the biological focus of this thesis. In addition, DNA extracted from the leukaemia cells 

and constitutional blood of these twins have formed part of a large collaborative whole-

genome sequencing analysis for infant ALL which is being conducted at St. Jude 

Children’s  Research  Hospital, Memphis, USA.  Further  characterisation  of  the  “omics”  

such as the epigenome and proteome, remain prime candidates for future scientific 

research in infant ALL. Functional annotation from such discovery cohorts will enable 

the gain of fundamental biological insight for infant ALL and may provide rationale for 

performing similar studies using larger validation cohorts or scope for more targeted 

molecular studies. Subsequent to the work contained in this thesis, we have established 

a panel of MLL-rearranged infant ALL cell lines, which include cell lines derived from 

the twins. We have used this panel to perform high-throughput drug sensitivity screens, 

identifying novel compounds that demonstrate in vitro efficacy against MLL-rearranged 

infant ALL. The most efficacious novel agents have been selected and are currently 
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being subject to in vitro synergy testing in combination with each individual 

chemotherapeutic agent conventionally used to treat infant ALL and also in 

combination with other novel agents identified from different drug classes. The most 

promising novel agents will be prioritised for in vivo studies, using established MLL-

rearranged infant ALL xenografts, with the ultimate aim to expedite the use of 

efficacious agents into early-phase clinical trials.  

 

This framework for biological research could also be applied to child and adolescent 

meningioma and would be more expeditiously facilitated either by including child and 

adolescent meningioma within all of the current collaborative group biological banking 

studies, or via establishment of an international registry for child and adolescent 

meningioma which mandates submission of tissue. Currently laboratory-based research 

for child and adolescent meningioma is limited to a small number of cytogenetic 

studies275-282 and so this provides an exciting opportunity to consider in vitro, in vivo or 

next generation sequencing studies for this disease.  

 

The concepts highlighted within this thesis have potentially broader implications 

beyond the study of rare childhood tumours. A number of the more frequently occurring 

childhood cancers, such as medulloblastoma,283 have been discovered to comprise of 

subgroups with distinct biological and clinical features. A consequence of subgroup 

characterisation is an increase in rarity, providing the same barriers towards advancing 

the clinical and scientific knowledge of frequently occurring childhood cancers as exist 

for rare childhood tumours. The principles highlighted within this thesis are therefore 

not only limited to the study of rare childhood tumours, but can also be applied to 

further the knowledge regarding subgroups of the more frequently occurring childhood 

cancers.  
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In conclusion, the work presented in this thesis has demonstrated how the study of 

selected rare childhood tumours has led to improved clinical understanding and 

management of children and adolescents suffering from meningioma and has provided 

further insights into the molecular biology underlying MLL-rearranged infant ALL. This 

thesis has shown how initiation of research by an individual can achieve such outcomes 

and provide a foundation upon which future research can be based for those tumours. 

The work presented in this thesis has been made feasible by international collaboration 

and the absence of competing interests, highlighting the need for a single unified global 

approach to the study of all rare childhood tumours in order for such gains to be 

achieved. Successful implementation of the concepts used for the studies conducted in 

this thesis provides a remarkable opportunity upon which to model research for other 

rare childhood tumours, subgroups of frequently occurring childhood cancers and 

indeed rare diseases in general, to achieve similar gains.  
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Morbidity in Survivors of Child and Adolescent Meningioma
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BACKGROUND: The extent of initial surgical resection has been identified as the strongest prognostic indicator for survival in child

and adolescent meningioma. Given the paucity of data concerning long-term outcome, the authors undertook a meta-analysis to ana-

lyze morbidity in survivors of this disease. METHODS: Individual patient data were obtained from 19 case series published over the

last 23 years through direct communication with the authors. Ordinal logistic regression models were used to assess the influence of

risk factors on morbidity. RESULTS: Of 261 patients, 48% reported a completely normal life with no morbidity, and 25% had modera-

te=severe meningioma-associated morbidity at last follow-up. Multivariate analysis identified relapse as the only independent variable

associated with an increased risk of morbidity (odds ratio, 4.02; 95% confidence interval, 2.11-7.65; P!.001). Univariate analysis also

revealed an increased risk for patients with neurofibromatosis (odds ratio, 1.90; 95% confidence interval, 1.04-3.48; P 5.04). Subgroup

analysis identified a higher incidence of morbidity among patients who had intracranial tumors with a skull base location compared

with a nonskull base location (P! .001). Timing at which morbidity occurred was available for 70 patients, with persistence of preop-

erative tumor-related symptoms in 67% and as a result of therapy in 20%. CONCLUSIONS: The majority of survivors of child and ado-

lescent meningioma had no or only mild long-term morbidity, whereas 25% had moderate=severe morbidity, with a significantly

increased risk in patients with relapsed disease. In the majority, morbidity occurred as a consequence of the tumor itself, justifying

aggressive surgery to achieve gross total resection. However, for patients with neurofibromatosis and skull base meningioma, a more

cautious surgical approach should be reserved. Cancer 2013;119:4350-7. VC 2013 The Authors. Cancer published by Wiley Periodicals,

Inc. on behalf of the American Cancer Society. This is an open access article under the terms of the Creative Commons Attribution-

NonCommercial-NoDerivs Licence, which permits use and distribution in any medium, provided the original work is properly cited,

the use is noncommercial, and no modifications or adaptations are made.

KEYWORDS: morbidity, meningioma, child, adolescent, survivorship.

INTRODUCTION
Central nervous system (CNS) tumors have the second highest frequency of all childhood cancers.1 With advances in neu-
rosurgery, radiotherapy techniques, the use of combination chemotherapy, and improved supportive care, the last 40 years
have witnessed a significant improvement in the survival of these children. However, the price of survival has not been
inconsequential and has been accompanied by an increased burden of long-term morbidity. Subsequently, the long-term
follow-up of survivors has become essential. Several collaborative groups have been established to study large childhood
cancer survivorship cohorts with the objective of identifying, characterizing, and ultimately reducing such complica-
tions.2-5 Notably, 1 of the largest groups, the Childhood Cancer Survivor Study,3 excludes meningioma within its
selection criteria.

Meningiomas constitute 2.2% of all CNS tumors in children and adolescents.6 We previously undertook a multivar-
iate meta-analysis of individual patient data and identified the extent of initial surgical resection as the strongest prognostic
indicator for relapse-free and overall survival in child and adolescent meningioma; and we concluded that aggressive surgi-
cal management, to achieve gross total resection, was the optimal initial treatment of choice.6 Given our previous findings
and the paucity of data concerning the long-term outcome in survivors of child and adolescent meningioma, we sought to
identify the morbidity profile associated with the treatment of this group of patients. We undertook a pooled analysis,
using the PRISMA reporting guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analyses),7 of every
child and adolescent meningioma case series published over the last 23 years, with the aim of defining the overall morbid-
ity in survivors of this disease.
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MATERIALS AND METHODS

Search Strategy and Selection Criteria

We searched PubMed, Medline, and Embase for articles
published from January 1989 to January 2013 that
included the following terms: “meningioma,”
“childhood,” “pediatric,” “paediatric,” and “adolescent.”
All single case reports and case series of radiation-
associated meningioma were excluded. No study was
excluded on the basis of language. Two reviewers inde-
pendently assessed full text copies of all case series for

entry into the meta-analysis (R.S.K. and N.G.G.). Addi-
tional studies were traced by checking the references of the
selected publications. The search strategy has been previ-
ously described in detail.6

Figure 1 illustrates the selection of studies and
patient data. Forty-six studies initially were identified,8-53

5 of which were excluded49-53 because they reported
duplicate data. Morbidity was reported in 21 studies,8-28

all of which were exclusive to children and adolescents.
Ten patients who had meningiomas that could not be

Figure 1. The selection of studies and patient data are illustrated.
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categorized histologically according to the 2007 World
Health Organization (WHO) grading system54 (eg,
angioblastic, sclerosing) or that were of unknown histol-
ogy were excluded. Eleven patients with radiation-
induced meningioma, 24 patients for whom outcome was
unknown, and 3 patients24 for whom there were duplicate
data in another included publication25 also were excluded.
Of the remaining 326 patients, 52 had died, leaving 274
patients who were eligible for the selection of individual
patient data.

Selection of Individual Patient Data

Corresponding authors of the 21 eligible studies were
invited to submit their individual patient data. Variables
for which data were requested included the extent of ini-
tial surgery (subtotal resection, gross total resection), use
of upfront radiotherapy (no, yes), tumor grade according
to the 2007 WHO classification system (WHO grade I,
II, or III),54 tumor location (supratentorial, infratentorial,
spinal), neurofibromatosis (no, yes), patient sex (male,
female), patient age at diagnosis, and whether the patient
suffered a relapse (defined as either progression or recur-
rence; no, yes). To allow a comparison with previously
published data,6 identical categories were selected and
included within the multivariate analysis for each variable.
Data obtained for clinical endpoints included descriptions
of reversible deficits suffered that were no longer apparent
at last follow-up, including immediate postoperative com-
plications (defined by the Ibanez classification system55 as
occurring within 30 days of the procedure) that were
subsequently treated or resolved; any long-term morbidity
that existed at last follow-up; the timing at which the
morbidity occurred in relation to surgery; and the overall
length of follow-up.

Nineteen studies8-26 provided individual patient
data for 261 patients. Data returned were verified by inde-
pendent assessment with the published study by the 2
reviewers. Clarification and confirmation were sought
from the originating center for any discrepancies identi-
fied. Morbidity was graded independently based on sever-
ity into 3 categories—none, mild, or moderate=severe
(Table 1)—by the 2 reviewers. If the assessments differed,
then a consensus opinion was determined in consultation
with a third reviewer (C.H.C.).

Statistical Analyses

Patients were included in the meta-analysis if complete
information for every variable requested was returned.
Data were collated and are presented as number (per-
centage), mean and range, as appropriate for the type of

data. To assess whether these patients provided an
appropriate representation of the previously published
cohort,6 the survivors from the previously published
cohort who were included in the current study were
compared with those who were excluded using the chi-
square test for sex, location, histology, extent of surgery,
and relapse and using the t-test for age.

Ordinal logistic regression models using the propor-
tional odds assumption were used to assess the influence of
prognostic factors on morbidity. Univariate and multivari-
ate odds ratios (ORs) were calculated for each prognostic
factor. Subgroup analysis to assess the effect of intracranial
tumor location (recategorized as skull base vs nonskull
base) on morbidity was performed using the chi-square
test. P values < .05 were considered statistically significant.
Analyses were done with STATA statistical software
(version 12; Stata Corporation, College Station, Tex).

RESULTS
In total, there were 261 patients from 19 studies. Patient
characteristics are listed in Table 2. We determined that
this study provided an appropriate representation of the
previously published patients,6 because no significant dif-
ferences were detected between data sets for the variables
tested. The mean follow-up was 7.11 years. At last follow-
up, 126 patients (48%) were reported as leading a
completely normal life with no meningioma-associated
morbidity or other comorbidity. There were 116 patients
(44.5%) suffering from meningioma-associated morbid-
ity, with 51 cases (19.5%) classified as mild and 65 (25%)
classified as moderate=severe. The majority of patients
with mild morbidity had minimal reductions in their

TABLE 1. Classification of Morbidity According to
Severity

Morbidity
Category

Inclusion
Criteria

No morbidity KPS 100
GOS 5 with no deficit
No morbidity at last follow-up

Mild morbidity KPS 80-90
GOS 5 with deficit
Morbidity described as “slight”
or “mild” at last follow-up

Moderate/severe
morbidity

KPS !70
GOS !4
Persistent neurologic deficit at
last follow-up, eg, visual deficit,
hemiparesis, seizure disorder

Abbreviations: GOS, Glasgow Outcome Score; KPS, Karnofsky perform-

ance status.
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Karnofsky performance status (KPS) or Glasgow Outcome
Score (GOS) (KPS 90, 8.4%; KPS 80, 6.5%; and GOS 5
with deficit, 3.4%). The most frequently occurring mor-
bidities in the moderate=severe category included visual
deficit (6.9%), cranial nerve deficit (5.4%), seizure disor-
der (4.6%), GOS 4 (4.6%), and motor deficits (3.4%),
such as hemiparesis and specific limb weakness (Fig. 2).

Meningioma relapse was identified as the only inde-
pendent risk factor for long-term morbidity on multivari-
ate analysis (Table 3), with a 4-fold increased risk in
patients who relapsed compared with patients who did
not relapse (OR, 4.02; 95% confidence interval [CI],
2.11-7.65; P! .001). On univariate analysis (Table 3),
neurofibromatosis was associated with an increased risk of
long-term morbidity (OR, 1.90; 95% CI, 1.04-3.48;
P 5 .04). Subgroup analysis of intracranial tumor loca-
tion revealed a significantly higher incidence of morbidity
for survivors with skull base tumors (61%; n 5 45 of 74
patients) versus those with nonskull base tumors (34%;
n 5 53 of 155 patients; P! .001).

The timing at which the morbidity occurred was
available for 70 of the 116 patients (60%) who suffered
from meningioma-associated morbidity. In the majority
(67%; n 5 47 of 70 patients), the morbidity was pres-
ent before surgery, occurring as a consequence of the

meningioma with subsequent failure of recovery from
symptoms after therapeutic intervention and at last
follow-up. In 20% (n 5 14 of 70 patients), the morbid-
ity occurred as a direct result of treatment. Of these
patients, cranial nerve injury after surgery for skull base
meningioma accounted for 64% (n 5 9 of 14 patients).
The remainder (n 5 5) were individual patients with
growth arrest secondary to radiosurgery, cognitive
impairment after radiotherapy, severe neurologic dis-
ability after surgery for recurrence, chronic headache,
and new-onset seizure disorder. The small number of
patients who suffered morbidity as a consequence of
therapy precluded a meaningful statistical analysis of
therapy as a risk factor. In 13% (n 5 9 of 70 patients),
morbidity was related to multiple craniospinal tumors
in patients with neurofibromatosis.

Information regarding the presence of reversible post-
operative deficits was available for 169 patients, and the
occurrence rate was 22% (n 5 38 of 169 patients). Revers-
ible postoperative deficits comprised infections (n 5 13),
including meningitis and osteomyelitis; reversible motor
deficits (n 5 8); seizure disorders, which subsequently
resolved (n 5 7); intracranial hemorrhage=hematoma
(n 5 4); cerebrospinal fluid leak (n 5 2); hydrocephalus
(n 5 2); pseudomeningocele (n 5 1); and urinary retention
(n 5 1). When only considering the medical complications
in these patients in addition to those that occurred in the
52 patients who died, the overall rate of medical complica-
tions was 8.1% (n 5 18 of 221 patients) and included
infections (n 5 14), postoperative multiorgan failure
(n 5 3), and urinary retention (n 5 1).

DISCUSSION
Meningioma is the most frequently occurring CNS tumor
in adults,56 and several studies have reported an increased
risk of morbidity in survivors.57-61 In contrast, child and
adolescent meningioma is rare, with the majority of
reports for this condition retrospective in nature and re-
stricted to single cases and case series. Consequently, there
is a paucity of literature regarding long-term outcomes in
survivors. To our knowledge, the current individual
patient meta-analysis represents the largest study to date
of morbidity specific to survivors of child and adolescent
meningioma.

This study reveals that, although the majority of
children and adolescents with meningioma have no or
only mild residual morbidity after treatment, 25% of sur-
vivors have moderate=severe morbidity. This compares
favorably with adult meningioma survivors, in which
67% have been reported to suffer from long-term

TABLE 2. Patient Characteristics

Characteristic No. of Patients (n 5 261)

Sex
Male 150
Female 111

Age, y
<3 13
3 to <12 90
"12 158

Location
Supratentorial 204
Infratentorial 33
Spinal 24

Histology: WHO grade
I 200
II 41
III 20

Neurofibromatosis
Yes 44
No 217

Initial surgery
Gross total resection 204
Subtotal resection 57

Upfront radiotherapy
Yes 27
No 234

Relapse
Yes 48
No 213

Abbreviations: WHO, World Health Organization.
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neurologic sequelae.57 The lower incidence revealed in
our study may be explained by the increased ability of
children to undergo neurologic recovery compared with
adults62 and=or the increased risk of comorbidities associ-
ated with age and lifestyle in adults. The incidence of
moderate=severe morbidity identified in this study is sim-
ilar to that reported in a previous study of long-term neu-
rologic morbidity in a heterogeneous group of patients
with low-grade childhood brain tumors who underwent
surgery alone; in that study, 35% of patients had persis-
tent moderate or severe neurologic deficits at last follow-
up.63 Historically, the focus of survivorship has been
related primarily to the sequelae of chemotherapy and
radiotherapy. Because aggressive surgical resection is the
recommended optimal therapeutic strategy for child and
adolescent meningioma,6 our study further highlights the
importance of monitoring and time-appropriate interven-
tion for late effects in survivors of childhood brain tumors
for whom surgery is the mainstay of treatment.

Although we have demonstrated an appreciable
morbidity profile in survivors of child and adolescent
meningioma, morbidity attributable to therapy was low.
The rate of clinically detected, serious medical

Figure 2. Morbidity is illustrated among survivors of childhood and adolescent meningioma. KPS indicates Karnofsky perform-
ance status; GOS, Glasgow Outcome Score.

TABLE 3. Univariate and Multivariate Ordinal Logis-
tic Regression Results for Individual Patient Data:
Morbidity According to Prognostic Factor

Univariate Multivariate

Prognostic Factor OR 95% CI P OR 95% CI P

Age, y
<3 1 1
3-<12 0.51 0.15-1.67 .27 0.44 0.13-1.51 .19
!12 0.68 0.21-2.16 .51 0.60 0.18-2.00 .41

Sex
Female 1 1
Male 1.22 0.76-1.96 .42 1.16 0.70-1.92 .55

Relapse
No 1 1
Yes 4.32 2.34-7.97 < .001 4.02 2.11-7.65 < .001

WHO grade
I 1 1
II 1.54 0.84-2.85 .17 1.58 0.82-3.03 .17
III 0.73 0.28-1.87 .51 0.69 0.25-1.91 .48

Neurofibromatosis
No 1 1
Yes 1.90 1.04-3.48 .04 1.52 0.79-2.92 .21

Location
Supratentorial 1 1
Infratentorial 1.08 0.54-2.15 .82 1.02 0.49-2.09 .97
Spinal 1.81 0.86-3.79 .12 1.23 0.55-2.75 .61

Abbreviations: CI, confidence interval; OR, odds ratio; WHO, World Health

Organization.
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complications after resection of child and adolescent me-
ningioma was low (8.1%) and was comparable to the
reported incidence in adults (6.8%).64 In adults, a wide
spectrum of serious medical complications has been
reported after meningioma surgery64; however, in our
analyses, infection was the primary cause of a serious post-
surgical medical complication (78%; n 5 14 of 18).
Given this finding, appropriate antibiotic prophylaxis
should be instigated perioperatively,65 and immediate
presumptive treatment with broad-spectrum antibiotics
should be undertaken if there is any clinical suspicion of
infection after surgery for child and adolescent meningi-
oma. For patients in whom timing at which the morbidity
occurred was available, morbidity predominantly
occurred as a direct consequence of the meningioma, was
present before surgery, and the patient failed to recover
from the symptoms. One possible explanation may be
that the majority of meningiomas have an indolent
growth pattern over a period of years, with consequent
prolonged pressure exerted by the tumor on intracranial
structures resulting in irreversible neurologic deficits
before diagnosis. Indeed, in adults with untreated, radio-
logically suspected, WHO grade I meningiomas, neuro-
cognitive deficits and reductions in health-related quality
of life have been demonstrated, suggesting that these
effects occur as a result of the tumor itself or as a conse-
quence of tumor-related edema.60 These findings, in
combination with the previously demonstrated low peri-
operative mortality (3%; n 5 20 of 664 patients),6 sup-
port the recommendation for initial aggressive surgical
management for child and adolescent meningioma.

However, we have identified several caveats for
which a more cautious surgical approach should be con-
sidered. The first is for meningioma located at the skull
base. Subgroup analysis revealed a significantly higher
incidence of morbidity among patients with skull base
tumors overall; and it is noteworthy that, of the 14
patients who had therapy-related morbidity, 9 developed
a cranial nerve deficit secondary to surgical excision of a
skull base meningioma. The proximity of the cranial
nerves to the skull base, poor accessibility, more
complex approach, and dural attachments that cannot be
sacrificed increase the complexity and duration of surgery
for skull base meningioma and, ultimately, the ability to
perform gross total resection.26 For these patients, the risk
of significant long-term neurologic morbidity needs to be
carefully considered against the benefit of aggressive sur-
gery to achieve gross total resection. If the risk of morbid-
ity precludes gross total resection for skull base
meningioma, then it may be more beneficial to perform a

subtotal resection and to reserve repeat surgery for tumor
progression.

Second, caution should be undertaken for patients
who have neurofibromatosis. Meningiomas are the
second most frequently occurring tumors in patients with
neurofibromatosis type 2,66 whereas they reportedly occur
at the same incidence as the general population in patients
with neurofibromatosis type 1.67 Several studies have
demonstrated that a large proportion of meningiomas in
patients with neurofibromatosis type 2 exhibit minimal or
saltatory growth on serial imaging.68,69 Both types of neu-
rofibromatosis predispose patients to multiple craniospi-
nal tumors, and the natural history of the disease has to be
balanced against the risk of additional long-term morbid-
ity with aggressive surgical management. Our results have
indicated an increase in meningioma-associated
morbidity among patients with neurofibromatosis, with
the effect persisting at a reduced level after adjustment for
covariates. Our findings add further support to the
recommendation that surgery should be reserved for
symptom-producing tumors,69 with the overall neurosur-
gical goal of achieving symptom control rather than
radical resection in patients with neurofibromatosis.

Our study demonstrated a significant increase in
morbidity for patients who relapsed. This may occur
because of the cumulative effect of pressure on intracranial
structures by recurrent=progressive tumor and=or
repeated therapeutic intervention resulting in irreversible
neurologic deficits. In our analyses, only 3 patients
developed morbidity as a result of repeat surgery after a
relapse, and 2 of those patients had meningiomas located
at the skull base. Patients with meningioma relapse are
challenging, because this likely signifies recalcitrant dis-
ease with potential for a higher proliferative index.70

Given our findings and taking into consideration the
aforementioned caveats, we advocate aggressive surgical
management for children and adolescents with meningi-
oma relapse.

This study has several limitations, the most notable
being that it is retrospective. In addition, there is no stand-
ardized classification system for morbidity, which has
resulted in heterogeneous recording and reporting by
different authors. Furthermore, morbidity was reported as
an ancillary finding within the majority of studies for
child and adolescent meningioma. Indeed, only 21 of the
41 studies (51%) that were eligible for entry reported
morbidity data. Moreover, examination of long-term
sequelae, such as neurocognitive and health-related qual-
ity of life assessment, was not undertaken. To our
knowledge, only 1 detailed case report exists documenting
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time-dependent recovery of motor and cognitive func-
tions in a boy aged 6 years who had a right frontal lobe
atypical meningioma.71 The paucity of data regarding
these outcome measures is in contrast to adult meningi-
oma survivors, in which several studies have demonstrated
that significant numbers of patients experience impaired
cognition and worse health-related quality of life
compared with healthy matched controls.58-61 Because
child and adolescent meningioma is rare, the number of
patients available for study is small, which may explain
the lack of statistical significance for several variables asso-
ciated with morbidity. The small number of patients who
suffered morbidity as a consequence of therapy precluded
meaningful statistical analysis for therapy as a risk factor.
For the same reason, we were unable to distinguish
between the different types of neurofibromatoses. A feasi-
ble approach to overcome the limitations of this analysis
and definitively assess the extent of morbidity and risk
factors pertaining to long-term sequelae in survivors of
child and adolescent meningioma would be to establish a
central registry with standardized international reporting
of morbidity data.

In conclusion, in contrast to adults, the majority of
survivors of child and adolescent meningioma had no or
only mild long-term morbidity. However, 25% of
patients had moderate=severe long-term neurologic mor-
bidity. Given that the risk of morbidity is significantly
increased in patients with relapsed disease and that, in the
majority of patients, morbidity occurs as a consequence of
the tumor itself, we conclude that aggressive surgery to
achieve gross total resection is warranted. However, for
children and adolescents with neurofibromatosis and for
those with meningioma of the skull base, a more cautious
surgical approach should be observed.
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The evolution of clinical trials for infant acute lymphoblastic
leukemia
RS Kotecha1,2,3, NG Gottardo1,2,3, UR Kees2 and CH Cole1,2,3

Acute lymphoblastic leukemia (ALL) in infants has a significantly inferior outcome in comparison with older children. Despite initial
improvements in survival of infants with ALL since establishment of the first pediatric cooperative group ALL trials, the poor
outcome has plateaued in recent years. Historically, infants were treated on risk-adapted childhood ALL protocols. These studies
were pivotal in identifying the need for infant-specific protocols, delineating prognostic categories and the requirement for a more
unified approach between study groups to overcome limitations in accrual because of low incidence. This subsequently led to the
development of collaborative infant-specific studies. Landmark outcomes have included the elimination of cranial radiotherapy
following the discovery of intrathecal and high-dose systemic therapy as a superior and effective treatment strategy for central
nervous system disease prophylaxis, with improved neurodevelopmental outcome. Universal prospective identification of
independent adverse prognostic factors, including presence of a mixed lineage leukemia rearrangement and young age, has
established the basis for risk stratification within current trials. The infant-specific trials have defined limits to which conventional
chemotherapeutic agents can be intensified to optimize the balance between treatment efficacy and toxicity. Despite variations in
therapeutic intensity, there has been no recent improvement in survival due to the equilibrium between relapse and toxicity.
Ultimately, to improve the outcome for infants with ALL, key areas still to be addressed include identification and adaptation
of novel prognostic markers and innovative therapies, establishing the role of hematopoietic stem cell transplantation in first
complete remission, treatment strategies for relapsed/refractory disease and monitoring and timely intervention of late effects
in survivors. This would be best achieved through a single unified international trial.

Blood Cancer Journal (2014) 4, e200; doi:10.1038/bcj.2014.17; published online 11 April 2014

INTRODUCTION
Acute lymphoblastic leukemia (ALL) is the most common
malignancy occurring in children and adolescents, accounting
for B20% of cancers in patients younger than 20 years of age.1,2

Remarkable therapeutic advances have been made since Sidney
Farber first reported temporary remission in five children with
acute leukemia using the folate antagonist, aminopterin, in 1948.3

The 5-year overall survival (OS) now exceeds 90%, with significant
improvements in survival for subgroups according to age, sex,
race, immunophenotype and National Cancer Institute risk status.4

However, infants less than 1 year of age at diagnosis are the
exception to this success. The initial modest improvement in
survival following inception of cooperative group clinical trials has
stalled with minimal gains over the past decade.4 This review
encompasses the evolution of clinical trials for infant ALL, from the
risk-adapted protocols of the past to the current collaborative
infant-specific studies, and provides perspectives for improving
outcome for infant ALL in the future.

THE PAST: RISK-ADAPTED THERAPY ON CHILDHOOD
LEUKEMIA STUDIES
The first cooperative clinical trials for childhood leukemia were
established in the 1950s.5 Initially all children were treated
uniformly; however, it was soon recognized that certain
clinical features at diagnosis had profound prognostic

significance. The unfavorable prognosis carried by infants less
than 1 year of age was identified following analysis of prognostic
features from successive trials and registry data.6–8 This led to the
strategy of risk adaptation within clinical trials, with the majority
increasing the intensity of therapy delivered to infants by
stratification to high-risk arms. Table 1 summarizes published
outcomes for infants treated within childhood ALL studies.
Although the number enrolled onto each study was limited by
the rarity of infant ALL, and several studies did not differentiate
infants by B or T-cell lineage, they were fundamental in
demonstrating the poor event-free survival (EFS) and OS of
infants within high-risk strata of childhood ALL studies.

Combined analysis of infants treated on successive childhood
ALL protocols within individual study groups identified key
biological and clinical prognostic features. Presence of a mixed
lineage leukemia (MLL) rearrangement,9 hyperleukocytosis at
presentation,10 absence of CD10 antigen,10 age o6 months at
diagnosis11 and poor response to initial prednisone therapy11

were independently associated with an inferior outcome.
Despite suboptimal outcomes, this period in the history of

clinical trials for infant ALL was pivotal in defining the foundations
for future therapy, namely the need for infant-specific ALL
protocols, delineation of prognostic categories to allow for risk
stratification within infant ALL and a more unified approach
between study groups to overcome limitations in accrual because
of low incidence.
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Table 1. Summary of results for infants treated on childhood ALL protocols

Group
Country

Study Year Number of
infants

5-Year
EFS (%)

5-Year
OS (%)

Reference

AIEOP AIEOP-ALL 82 1982–1987 16 31.3 37.5 88
Italy AIEOP-ALL 88 1988–1992 16 31.3 56.3

AIEOP-ALL 91 1991–1995 21 33.3 52.4
AIEOP-ALL 95 1995–2000 31 51.6 57.6

BFM ALL-BFM 81 1981–1983 9 55.6 100 89
Germany, Austria, Switzerland ALL-BFM 83 1983–1986 13 23.1 46.2

ALL-BFM 86 1986–1990 34 38.2 50.0
ALL-BFM 90 1990–1995 60 51.6 58.3
ALL-BFM 95 1995–2000 33 38.5 44.7

CCG
USA

CCG-192P 1982–1984 27 36.0a — 13

EORTC-CLG 58831
1983–1989 23 39b — 90France, Belgium, Portugal 58832

58881 1989–1998 60 42.5 —

CoALL COALL 82 1982–1985 3 0.0 — 91
Germany COALL 85 1985–1989 6 0.0 —

COALL 89 1989–1992 10 40.0 —
COALL 92 1992–1997 17 44.0 —

CPH ALL-BFM 83 1986–1990 14 — — 92
Czech Republic ALL-BFM 90 1990–1996 13 30.8 30.8 93

DCOG DCLSG-ALL-7 1988–1991 3 66.7 33.3 94
The Netherlands DCLSG-ALL-8 1991–1997 13 0.0 15.4

DFCI 85-01 1985–1987 10 60.0 60.0 95
Dana-Farber Cancer Institute, 87-01 1987–1991 8 50.0 62.5
USA 91-01 1991–1995 7 71.4 71.4

95-01 1996–2000 14 41.7 41.7

FRALLE FRALLE 83 1983–1986
France FRALLE 87 1987–1989 38 — — 96

FRALLE 89 1989–1992
FRALLE 93 1993–1999 34 — — 97

INS ALL-INS 89 1989–1997 10 50.0b 60.0b 98
Israel ALL-INS 98 1998–2003 12 50.0b 58.3b

JACLS
Japan

No uniform study.
Retrospective analysis of infants treated by
JACLS institutions.

1991–1995 19 28.7c — 99

JCCLSG ALL811 1981–1984 9 33.3 44.4 100
Japan ALL841 1984–1987 7 57.1 71.4

KYCCSG AL851 1985–1988 7 — — 101
Japan ALHR88 1988–1990

Ma-Spore
Malaysia, Singapore

Ma-Spore ALL 2003 2002–2011 21 52.4 — 102

NOPHO No uniform study. 1981–1986 23 39.1 — 103
Denmark, Finland, Iceland, Retrospective analysis of infants treated by 1986–1991 27 18.5 —
Norway, Sweden NOPHO institutions 1992–1998 36 39.9 —

PETHEMA
Spain

PETHEMA ALL-93 1993–2002 12 50.0d — 104

PINDA
Chile

PINDA 87 1987–1992 15 21 — 105

POG
USA

POG 8398 1984–1990 33 17.7 36.4 19

SJCRH Total Therapy Study 10 1979–1983 5 20e — 106
St Jude Children’s Research Total Therapy Study 11 1984–1988 11 45.5 63.6 107
Hospital, USA Total Therapy Study 12 1988–1991 8 25.0 50.0

Total Therapy Study 13A 1991–1994 5 20.0 40.0
Total Therapy Study 13B 1994–1998 10 70.0 70.0
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THE PRESENT: INFANT-SPECIFIC COLLABORATIVE GROUP
PROTOCOLS
Currently, there are three large collaborative groups conducting
infant ALL-specific clinical trials—the Children’s Oncology Group
(COG), the Japanese Pediatric Leukemia/Lymphoma Study Group
(JPLSG) and the Interfant Study Group. Their trials and outcomes
are described below and summarized in Figure 1 and Table 2.

Children’s Oncology Group
Several US pediatric cooperative trial groups merged in the year
2000 to form the COG. Those groups relevant to the study of
childhood leukemia included the Children’s Cancer Group (CCG)
and the Pediatric Oncology Group (POG), who were the first
cooperative groups to conduct clinical trials specific for infant ALL.

CCG trials
The first infant-specific CCG trials were based on a preceding pilot
study for patients with poor prognosis ALL, CCG-192P, that
enrolled 27 infants from 1982 to 1984. This pilot followed a
retrospective review of 115 infants treated on preceding
noninfant-specific protocols between 1972 and 1982 that revealed
a dismal 4-year EFS (23%) because of disease recurrence rather
than excessive toxicity.12 The premise of CCG-192P was
intensification of multiagent chemotherapy, administered in
three phases using weight-based dosages, to prolong remission
and ultimately survival, with delayed central nervous system (CNS)
prophylaxis of 1800 cGy cranial radiation until patients were X1
year of age.13 Complete remission (CR) following induction was
achieved in 92.6% and no differences in toxicity were observed
compared with older children on the same protocol. There was a
36% 4-year EFS with four CNS relapses, all of whom had received
cranial irradiation. Univariate analysis revealed a more favorable
outcome for infants with a white blood cell (WBC) count
o50! 103/ml and age 46 months at diagnosis.13

CCG-107 enrolled 98 evaluable infants between 1984 and 1988
and CCG-1883 enrolled 135 evaluable infants between 1989 and
1993. Both studies intensified systemic chemotherapy, adminis-
tered in five phases with dosages calculated on body surface area,
and introduced high-dose methotrexate with intrathecal che-
motherapy for CNS prophylaxis. CCG-1883 was further intensified
post induction, primarily with the addition of high-dose
cytarabine. CR was achieved for 87.8% on CCG-107 and 94.1%

on CCG-1883.14 There was an improvement in 5-year EFS (37.6%
vs 32.6%) and OS (50.2% vs 42.8%) when comparing CCG-1883
with CCG-107,15 with tolerable toxicities. However, the 5-year
disease-free survival (DFS) on CCG-1883 remained low (38.5%),16

with a high overall relapse rate in both studies (CCG-107, 59.2%;
CCG-1883, 55.6%). Isolated marrow relapse was the most common
cause of treatment failure (CCG-107, 35.7%; CCG-1883, 40.7%). The
majority of first relapses occurred early (within 13 months of
diagnosis) and was the primary cause of death.14 Nevertheless, the
probability of isolated CNS relapse on CCG-1883 was lower (3.0%)
as compared with CCG-107 (8.2%),15 and was similar to a historical
control (CCG-160) that used cranial radiotherapy (5%).14 This led to
the conclusion that compared with cranial radiotherapy, the
combination of intrathecal and high-dose systemic therapy
represented a superior and effective treatment strategy for
prevention of CNS disease, with improved neurodevelopmental
outcome.14,17 Analysis of combined data from both studies
identified several prognostic factors associated with poor
outcome, including age o6 months at diagnosis, with the most
inferior outcome in those o3 months, CD10 negativity, failure of
morphological remission on day 14 marrow, WBC 450! 109/l at
diagnosis and presence of the t(4;11) MLL rearrangement.14

The subsequent study, CCG-1953, aimed to improve the overall
poor outcome and reduce the early relapse rate shown in the
preceding studies via introduction of early treatment intensifica-
tion, with dosages based on body surface area and elimination of
age-related dose reductions. In addition, the feasibility and
outcome of allogeneic hematopoietic stem cell transplantation
(HSCT) was examined for MLL-rearranged infants for whom HSCT
could be scheduled by 4 months of study entry and a 5–6/6
human leukocyte antigen related or unrelated matched donor was
available. Overall, 115 infants were enrolled between 1996
and 2000.16 As a consequence of excessive infectious induction
toxicity, the daunorubicin dosage during induction was modified,
calculated on weight and age at diagnosis, and for infants p90
days of age at diagnosis, daily short rather than continuous
infusion was implemented. CR was achieved in 82.5% of the
infants.16 Compared with CCG-1883, there was an improved 5-year
EFS (43.2%)15 and DFS (49.2%),16 but slightly lower 5-year OS
(46.8%).15 The improvements were especially marked when
comparing 5-year EFS (41.7% vs 9.5%) and DFS (56.3% vs 11.1%)
for infants younger than 90 days of age at diagnosis. There was a
significant difference in 5-year EFS between MLL-rearranged

Table 1. (Continued )

Group
Country

Study Year Number of
infants

5-Year
EFS (%)

5-Year
OS (%)

Reference

TCCSG
Japan

No uniform study.
Retrospective analysis of infants treated by
TCCSG institutions.

1977–1995 62 13.1 13.1 108

TPOG TPOG-ALL 97 1997–2001 19 55.3 56.3 109
Taiwan TPOG-ALL 2002 2002–2007 32 32.0 30.4

UK CLWP UKALL VIII 1980–1984 20 30.0 — 110
UK UKALL X 1985–1990 26 26.9 —

Abbreviations: AIEOP, Associazione Italiana Ematologia Oncologia Pediatrica; ALL, acute lymphoblastic leukemia; BFM, Berlin–Frankfurt–Münster study group;
CCG, Children’s Cancer Group; CoALL, Co-operative study group for treatment of ALL; CPH, Czech Pediatric Hematology working group; DCOG, Dutch
Childhood Oncology Group; DFCI, Dana-Faber Cancer Institute consortium; EFS, event-free survival; EORTC-CLG, European Organization for Research and
Treatment of Cancer–Children’s Leukemia Group; FRALLE, French Acute Lymphoblastic Leukemia group; INS, Israeli National Studies of childhood ALL;
JACLS, Japan Association of Childhood Leukemia Study; JCCLSG, Japanese Children’s Cancer and Leukemia Study Group; KYCCSG, Kyushu Yamaguchi
Children’s Cancer Study Group; NOPHO, Nordic Society of Pediatric Hematology and Oncology; OS, overall survival; PETHEMA, Programa de Estudio
Tratamiento de las Hemopatı́as Malignas; PINDA, Programa Infantil Nacional de Drogas Antineoplásicas; POG, Pediatric Oncology Group; SJCRH, St Jude
Children’s Research Hospital; TCCSG, Tokyo Children’s Cancer Study Group; TPOG, Taiwan Pediatric Oncology Group; UK CLWP, United Kingdom Childhood
Leukemia Working Party. a4-year EFS. b10-year EFS and OS. c3-year EFS. d5-year disease-free survival. e9-year EFS.
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(33.6%) and MLL-nonrearranged cases (60.3%) when prognostic
factors were considered individually; however, CD10 negativity
was the only independent adverse prognostic factor identified.16

The key finding of CCG-1953 was that despite fewer relapses
(20.9% vs 55.6%), no isolated CNS relapses,15 and relapses
occurring later compared with CCG-1883,16 the remission
induction rate was inferior because of early, predominantly
infectious, toxicity.18

POG trials
The first infant-specific study, POG 8493, enrolled 84 evaluable
infants between 1984 and 1990, with the aim of intensifying
therapy using pulsed weight-based doses of cyclophosphamide,
vincristine, cytarabine and prednisone (COAP) and teniposide and
cytarabine. Despite a CR rate of 89.3%,19 the 5-year EFS (25.0%)
and OS (31.6%) were poor, with adverse prognosis on univariate
analysis for age o9 months at diagnosis.20 POG 8493 ran
concurrently with the noninfant-specific POG 8398 pilot study
that enrolled 33 evaluable infants. POG 8398 was designed to
address early relapse with intensive early consolidation and
prevent drug resistance by using rotating drug pairs during
this phase. Drug pairs selected included intermediate-dose
methotrexate and 6-mercaptopurine, daunorubicin and
cytarabine, and teniposide and cytarabine.21 CR was achieved in
93.9%, but 5-year EFS (17.7%) and OS (36.4%) remained poor.19

POG 9107 further evaluated postinduction rotating cycles of
intensive, weight-based dosing, combination chemotherapy
comprising high-dose cytarabine and daunorubicin, intravenous
6-mercaptopurine and methotrexate, etoposide and cytarabine,
and COAP with the aim to reduce bone marrow relapse rate with
early intensification. There were 47 evaluable infants enrolled
between 1991 and 1993, with CR achieved in 89.4% and an
improved 5-year EFS (31.9%) and OS (40.2%). Triple intrathecal
therapy was used as CNS prophylaxis for all three studies with a
low cumulative incidence of isolated CNS relapse on POG 8398/
8493/9107 of 3.4% at 10 years. However, there was a high overall
relapse rate (59.8%), with marrow relapse being the primary
cause of treatment failure.19 When analyzed in combination, WBC
450! 103/ml at diagnosis was identified as the only independent
prognostic variable predictive of adverse outcome, with presence
of the t(4;11) MLL rearrangement tending to predict poorer
outcome.19

POG 9407 delivered shortened (46 weeks) intensified therapy,
with dosages based on body surface area, using two high-dose
methotrexate courses followed by one cyclophosphamide/etopo-
side course during induction and later as reintensification, with
the aim of improving outcome by decreasing early relapse. HSCT
was permitted for MLL-rearranged infants following completion of
reinduction. Cohort 1 enrolled 16 infants between 1996 and 1997,
with daunorubicin administered during induction and reinduction
as a body surface area-based 48-h continuous infusion. Due to

Figure 1. The roller coaster journey of infant ALL.

Evolution of clinical trials for infant ALL
RS Kotecha et al

4

Blood Cancer Journal & 2014 Macmillan Publishers Limited

    312



Table 2. Summary of results for infant-specific collaborative group ALL protocols

Group Study Year Number
analyzed

CR (%) 5-Year
EFS (%)

5-Year
OS (%)

Reference Key conclusions

CCG CCG-107
CCG-1883

1984–1988
1989–1993

98
135

87.8
94.1

32.6
37.6

42.8
50.2 14,15

! Progressive improvement in outcome with
intensified therapy
! Marrow relapse primary cause of treatment

failure
! Intrathecal and high-dose systemic therapy

superior treatment strategy for prevention of
CNS relapse compared with cranial
radiotherapy
! Age o6 months, CD10" , failure of

morphological remission on day 14, WBC
450# 109/l at diagnosis and presence of
t(4;11) MLL translocation identified as adverse
prognostic factors

CCG-1953 1996–2000 115 82.5 43.2 46.8 15,16 ! Early intensification reduced relapse rate but
increased toxicity
! CD10" identified as an independent adverse

prognostic factor
! No benefit in the routine use of HSCT for

MLL-rearranged infants

POG POG 8493
POG 9107

1984–1990
1991–1993

84
47

89.3
89.4

25.0
31.9

31.6
40.2 19

! Early intensification using rotating cycles of
combination chemotherapy showed
progressive modest improvement in survival
but outcomes remained poor
! Marrow relapse primary cause of treatment

failure
! Low rate of isolated CNS relapse with triple

intrathecal therapy
! WBC450# 103/ml at diagnosis identified as an

independent adverse prognostic factor

POG 9407 (cohorts 1þ 2) 1996–2000 68 — 47.0 53.0 22 ! Early intensification reduced relapse rate but
increased toxicity
! No benefit in the routine use of HSCT for

MLL-rearranged infants

COG P9407 (cohort 3) 2001–2006 141 — 42.3 53.0 22 ! Therapeutic modifications reduced toxicity but
increased relapse rate compared with cohorts
1 and 2

JILSG MLL96 1995–1998 55

94.1 50.9 60.5 37,39

! Infants with germline MLL highly curable with
chemotherapy alone (95.5% 5-year EFS and
OS) showing benefit of risk-stratification by
MLL status
! High proportion of relapses between first CR

and HSCT in MLL-rearranged infants
suggesting need for more effective
postremission therapy
! Age o6 months at diagnosis identified as an

independent adverse prognostic factor for
MLL-rearranged infants
! Failure to achieve remission following salvage

therapy identified as an independent adverse
prognostic factor for recurrent/refractory
MLL-rearranged disease

MLL98 1998–2001 47

UK
CLWP

Infant 87

1987–1999

40 92.5 22.5a 30a

42,43

! Significant treatment related toxicity and high
relapse rate despite increased therapeutic
intensity
! Age o6 months, presence of CNS disease and

hyperleukocytosis at diagnosis identified as
independent adverse prognostic factors

Infant 92 86 94.2 29a 42.5a

Interfant Interfant-99 1999–2005 483 93.9 46.1 55.2 44–47 ! Efficacy of a hybrid protocol demonstrated
! MLL rearrangement, age o6 months at

diagnosis and poor day 8 prednisone response
identified as independent adverse prognostic
factors
! No benefit from adding a late intensification

course
! Prognostic impact of MRD following induction

and consolidation identified
! Risk of relapse significantly higher for

congenital ALL
! HSCT beneficial for MLL-rearranged infants

aged o6 months and poor day 8 prednisone
response or WBC Z300 g/l at diagnosis

Abbreviations: ALL, acute lymphoblastic leukemia; CCG, Children’s Cancer Group; CNS, central nervous system; COG, Children’s Oncology Group; CR, complete
remission; EFS, event-free survival; HSCT, hematopoietic stem cell transplantation; JILSG, Japan Infant Leukemia Study Group; MLL, mixed lineage leukemia;
MRD, minimal residual disease; OS, overall survival; POG, Pediatric Oncology Group; UK CLWP, United Kingdom Childhood Leukemia Working Party; WBC,
white blood cell count. a6-year EFS and OS; UK CLWP studies included 9 patients between 12 and 18 months of age with biological features of infant ALL.
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excessive toxicity, the same amendments for CCG-1953 regarding
daunorubicin during induction were made for cohort 2 that
enrolled 52 infants between 1997 and 2000. For the 68 infants, the
5-year EFS and OS were 47% and 53%, respectively.22 However,
there was a high early death rate (25%), defined as within
90 days of enrollment, particularly among infants p90 days of age
(58.8% vs 13.7%), with the majority of deaths attributable to
infection.22

A total of 53 patients underwent HSCT on the parallel CCG-1953
and POG 9407 studies (Table 3). HSCT was the preferred treatment
for infants with MLL rearrangements on CCG-1953, whereas on
POG 9407 transplantation was an investigator option. HSCT
according to the protocol-specified conditioning, consisting of
cytarabine, cyclophosphamide, methylprednisolone and total
body irradiation, was undertaken in 25 cases, whereas the
remainder followed nonprotocol-specified regimens. Median time
to transplant from first CR was 4.7 months (range 3–13). The 5-year
EFS (48.8%) and OS (53.1%) were comparable to a control group of
47 MLL-rearranged infants who were enrolled on study but did not
receive HSCT (5-year EFS 48.7%, 5-year OS 59.4%), suggesting no
benefit in the routine use of HSCT for infants with MLL-rearranged
ALL.23

COG trials
The COG continued the premise of POG 9407, enrolling 141
infants on P9407 cohort 3 from 2001 to 2006. Modifications aimed
to reduce toxicity and included substitution and relative dose
reduction of steroid during induction, reinduction and continua-
tion (dexamethasone 10 mg/m2 per day replaced with prednisone
40 mg/m2 per day) and substitution of the continuous with daily
short daunorubicin infusions during induction and reinduction
for all infants. In addition, extensive supportive care recommen-
dations were provided. Compared with the preceding cohorts, a
reduction in the early death rate (5.7%) for all age groups
was offset by a significantly increased overall relapse rate
(37.6% vs 17.6%),22 resulting in unchanged 5-year EFS (42.3%)
and OS (53%).

AALL01P1, a limited institution pilot study, opened in 2002.
It aimed to demonstrate the feasibility of an augmented
intensive regimen with a dexamethasone-based induction and
augmented consolidation followed by a modified augmented
Berlin–Frankfurt–Münster (BFM) regimen for infants who did not
undergo HSCT. However, this study closed in 2003 because of
poor accrual.

The current COG trial, AALL0631 (http://clinicaltrials.gov/ct2/
show/NCT00557193), opened in 2008 and incorporates risk-
directed therapy according to significant prognostic factors
identified from combined analysis of the three 9407 cohorts.

Infants are classified as standard risk (MLL-nonrearranged),
intermediate risk (MLL-rearranged, X90 days at diagnosis) or high
risk (MLL-rearranged, o90 days at diagnosis). Initially, therapy was
a modified COG P9407-based induction. As a result of excessive
toxicity, the study was amended for all infants to receive an
Interfant-99-based induction, modified to eliminate the steroid
taper, reduce all nonintrathecal chemotherapy doses by 25% for
infants o7 days old at diagnosis and introduce enhanced
supportive care guidelines.24,25 The postinduction chemotherapy
backbone is based on P9407 with an extended continuation to
deliver therapy for a total of 2 years to all patients, with the aim to
reduce late relapse seen on P9407. More intensive postinduction
chemotherapy for MLL-rearranged infants has the goal of reducing
the high proportion of relapses reported during continuation for
MLL-rearranged infants on P9407.

AALL0631 is the first collaborative group trial to incorporate a
novel targeted therapy for infant ALL. Following a successful drug
safety and activity phase,26,27 MLL-rearranged infants were randomized
to receive the highly selective small molecule Fms-like tyrosine
kinase 3 (FLT3) inhibitor, CEP-701. High FLT3 protein levels are
expressed in the leukemic blasts of infants with MLL-rearranged
ALL,28 even in the absence of FLT3 activating mutations, which
occur in o20% of infants with MLL-rearranged ALL.29–31 Due to
drug supply limitations, a subsequent amendment ensures that all
newly enrolled MLL-rearranged infants receive CEP-701, with a
decrease in the overall duration of CEP-701 therapy.

Japanese Pediatric Leukemia/Lymphoma Study Group
The JPLSG was founded in 2003 and became the single
collaborative group unifying Japan in 2010 following complete
amalgamation of the Tokyo Children’s Cancer Study Group
(TCCSG), the Japanese Children’s Cancer and Leukemia Study
Group (JCCLSG), the Japan Association of Childhood Leukemia
Study (JACLS) and the Kyushu Yamaguchi Children’s Cancer Study
Group (KYCCSG). However, a unified approach for the study of
infant leukemia in Japan had commenced before formation of the
JPLSG under the guise of the Japan Infant Leukemia Study Group
(JILSG).

The JILSG were the first group to study the effectiveness of risk-
adapted therapy according to the presence or absence of MLL
rearrangements, based on this being identified as the most
important prognostic factor for infant ALL.9,32–34 Two consecutive
protocols, MLL96 and MLL98, enrolled 102 infants between 1995
and 2001.35–37 MLL-rearranged infants received induction and
three courses of postremission intensification followed by HSCT,
with protocol-specified conditioning comprising either total body
irradiation or busulfan, etoposide and cyclophosphamide, if a
5–6/6 human leukocyte antigen-matched related, 6/6-matched

Table 3. Summary of results for allogeneic HSCT in first CR in clinical trials for infant ALL

Group Study Year Number with
HSCT in first CR

Outcome post HSCT Reference

Continued first CR Death in CR Relapse

CCG CCG-1883 1989–1993 12 2 5 5 14
UK CLWP Infant 87/92 1987–1999 15 5 3 7 42,43
AIEOP AIEOP-ALL 91/95 1991–2000 6 3 3 0 111
JILSG MLL96/98 1995–2001 47 27 8 12 37
COG CCG-1953/POG 9407 1996–2000 53 27 17 9 23
Interfant Interfant-99 1999–2005 37 21 2 14 45

Total 1987–2005 170 85 38 47

Abbreviations: AIEOP, Associazione Italiana Ematologia Oncologia Pediatrica; ALL, acute lymphoblastic leukemia; CCG, Children’s Cancer Group;
COG, Children’s Oncology Group; CR, complete remission; HSCT, hematopoietic stem cell transplantation; JILSG, Japan Infant Leukemia Study Group;
UK CLWP, United Kingdom Childhood Leukemia Working Party.
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unrelated or 4–6/6-matched cord blood donor was available.
Infants with germline MLL received intensive chemotherapy
administered over 83–85 weeks. Aside from vincristine, drug
dosages were calculated on body surface area for MLL98 as
compared with weight for MLL96. Despite resulting in a 1.2- to
2-fold increase in dosage for MLL98, this was not associated with
improved outcome.37

For all 102 infants, CR was achieved in 94.1%, with 5-year EFS
and OS of 50.9% and 60.5%, respectively.37 These studies were
fundamental in demonstrating the benefit of risk-adapted
therapy according to MLL status, with outcomes significantly
better for infants with germline MLL compared to those with
MLL-rearranged disease. There were 22 infants with germline MLL
who were highly curable, all achieving CR, with 5-year EFS and OS
of 95.5%.38 In contrast, although the 80 MLL-rearranged infants
achieved a similar CR rate (92.5%), the 5-year EFS and OS were
38.6% and 50.8%, respectively. Of the 74 MLL-rearranged infants
who achieved CR, 53 remained in CR during the postremission
phase, with 47 undergoing allogeneic HSCT (Table 3), 2 receiving
high-dose chemotherapy and autologous stem cell rescue and 4
with no suitable donor who remained in CR with chemotherapy
alone.37 The median time to transplant from first remission was 4
months (range 0–9).

Relapse occurred in 34 MLL-rearranged infants, with isolated
bone marrow relapse occurring in 30 and 2 isolated CNS relapses.
Another key conclusion from these studies was the need for more
effective postremission therapy, as a high proportion of relapse
(61.7%, n¼ 21/34) occurred before HSCT.39 Age o6 months was
the only independent prognostic factor associated with inferior
outcome for MLL-rearranged infants (5-year EFS 27.8% o6 months
vs 52.9% X6 months) with CNS disease at diagnosis identified on
univariate analysis.37 Compared with the germline group,
univariate analysis demonstrated that MLL-rearranged infants
were significantly younger, had higher WBC counts, increased
frequency of CNS disease and CD10 negativity at diagnosis.37

MLL03 built on findings of the preceding studies with the aim of
early phase (p4 months after first CR) HSCT to prevent early
relapse for MLL-rearranged infants. The study recruited 63 infants
between 2004 and 2009. Therapy consisted of a 7-day predniso-
lone prophase followed by induction that included dexametha-
sone, vincristine, doxorubicin, cyclophosphamide, cytarabine,
etoposide and triple intrathecal therapy, followed by two
intensification courses including high-dose methotrexate and
high-dose cytarabine. If CR was achieved and a X5/6-matched
related or X4/6-matched unrelated cord blood donor was
available, HSCT was performed using a busulphan, etoposide
and cyclophosphamide protocol-specified conditioning. Prelimin-
ary data have shown 18-month EFS and OS of 54.5% and 80.8%,
respectively,40 with a reduced early relapse rate, occurring in 3
patients before HSCT compared with 21 patients following
HSCT.41

The aim of the current JPLSG study, MLL10 (https://upload.umin.
ac.jp/cgi-open-bin/ctr/ctr.cgi?function=brows&action=brows&type=
summary&recptno=R000005714&language=E), which opened in
2011, is to evaluate the efficacy and safety of risk-directed therapy
using a new stratification system. MLL germline infants are classified
low risk and treated with the MLL96/98 chemotherapy backbone.
MLL-rearranged infants X180 days of age with no CNS disease are
intermediate risk and treated with intensive combination therapy
without HSCT in first CR. MLL-rearranged infants o180 days of age
or with CNS disease are deemed high risk and treated with intensive
combination therapy with HSCT in first CR.

Interfant Study Group
The Interfant Study Group is a large international collaborative
dedicated to infant ALL research, with representation from the
Dutch Childhood Oncology Group (DCOG), BFM study group,

Associazione Italiana Ematologia Oncologia Pediatrica (AIEOP),
Australian and New Zealand Children’s Hematology/Oncology
Group (ANZCHOG), European Organization for Research and
Treatment of Cancer–Children’s Leukemia Group (EORTC-CLG),
Co-operative study group for treatment of ALL (CoALL), Czech
Pediatric Hematology working group (CPH), French Acute
Lymphoblastic Leukemia group (FRALLE), Nordic Society of
Pediatric Hematology and Oncology (NOPHO), Programa Infantil
Nacional de Drogas Antineoplásicas (PINDA), Polish Pediatric
Leukemia and Lymphoma Study Group (PPLLSG), United Kingdom
Children’s Cancer and Leukemia Group (CCLG), St Jude Children’s
Research Hospital, Dana-Faber Cancer Institute consortium, MD
Anderson Cancer Center and centers from Seattle, Argentina and
Hong Kong.

Before formation of the Interfant Study Group, the UK Medical
Research Council Childhood Leukemia Working Party, now
operating as the CCLG, conducted two infant-specific studies.
Infant 87 was a pilot study designed to increase the intensity of
therapy from the preceding risk-adapted UKALL trials, with
inclusion of drug combinations with recognized actions against
acute myeloid leukemia and to provide effective CNS-directed
therapy without cranial irradiation. Drug dosages were calculated
on body surface area. A four-drug induction was followed by 5
days of etoposide and cytarabine, with three subsequent
high-dose methotrexate infusions. Further intensification was
given with mitoxantrone and cytarabine followed by a further
reinduction course.42 Subsequent therapy was not standardized
and options included HSCT for infants with a matched
sibling donor, high-dose chemotherapy and autologous stem
cell rescue or standard continuation. The study enrolled 40
infants with CR achieved in 92.5%. Despite increased intensity of
therapy, there was no improvement in survival (6-year EFS,
22.5%; 6-year OS, 30%) compared with infants enrolled on
the preceding risk-adapted UKALL protocols, with a high
number of toxic deaths especially following the 5-day course
of etoposide and cytarabine. There was a high overall relapse
rate of 47.5%, with isolated marrow relapse accounting for
37.5% and isolated CNS relapse 5%.43 Outcome for 8 infants who
underwent high-dose chemotherapy followed by autologous
stem cell rescue was not encouraging, with 5 suffering bone
marrow relapse.

The subsequent study, Infant 92, enrolled 86 patients between
1992 and 1999. As a result of excessive toxicity on Infant 87,
modifications included a reduction in the duration of etoposide
and cytarabine from 5 to 4 days, interim maintenance rather than
reinduction at week 20, followed by an 8-week delayed
intensification before continuation.43 HSCT was permitted for
MLL-rearranged infants with a matched donor. CR was achieved in
94.2% with a modest improvement in 6-year EFS (29%) and OS
(42.5%). However, there remained a high overall relapse rate
(55.8%), and despite a slight reduction in the isolated marrow
relapse rate (32.6%), there was an increase in the isolated CNS
relapse rate (11.6%).43 There was no difference in EFS for the 12
patients who underwent HSCT in first remission compared with
those who had chemotherapy alone. CNS disease, age o6 months
and higher WBC count at diagnosis were independently
associated with an adverse prognosis following combined
analysis from both studies.43

The first trial of the Interfant Study Group, Interfant-99, enrolled
483 infants between 1999 and 2005.44,45 This study continued
with a hybrid treatment schedule comprising elements used to
treat both ALL and acute myeloid leukemia, while minimizing the
use of anthracyclines and alkylating agents. Based on results of
infants enrolled onto preceding BFM studies,11 all infants received
a 7-day prednisone prophase with stratification into standard- and
high-risk groups determined by day 8 peripheral blood blast count
(o/X1000 cells/ml, respectively). High-risk infants had the option
of receiving HSCT at the end of reinduction if a suitable donor was

Evolution of clinical trials for infant ALL
RS Kotecha et al

7

& 2014 Macmillan Publishers Limited Blood Cancer Journal

    315



available, otherwise they were scheduled to have cytarabine and
etoposide added to their standard maintenance. The protocol
administered age-based dosing calculated on body surface area.
CR was achieved in 93.9% of 474 evaluable infants at the end of
induction.44 The 5-year EFS and OS were 46.1% and 55.2%,
respectively.45 MLL germline infants had the best outcome, with
5-year EFS of 74.0%. Overall relapse rate was 34.4%, with isolated
marrow relapse accounting for 25.7% and isolated CNS relapse
2.5%,44 with significantly higher risk of relapse identified for
congenital leukemia.46 Independent prognostic factors associated
with an inferior outcome included presence of an MLL
rearrangement, age o6 months at diagnosis and poor
prednisone response at day 8, with CD10 negativity and WBC
X300! 109/l at diagnosis also identified on univariate analysis. A
higher proportion of infants o6 months of age at diagnosis were
MLL rearranged, with the majority of t(4;11) and t(11;19)
translocations occurring in this group, whereas the majority of
t(9;11) translocations occurred in infants aged 6–12 months at
diagnosis.44

Interfant-99 also assessed the efficacy of late intensification
comprising vincristine, 6-mercaptopurine, high-dose methotrex-
ate, high-dose cytarabine, asparaginase and additional triple
intrathecal therapy, with 191 eligible infants randomized to
receive this course between reinduction and maintenance. There
was no difference in outcome, with substantial toxicity associated
with this additional intensification phase.44

The prognostic significance of minimal residual disease (MRD),
analyzed by real-time quantitative PCR analysis of rearranged
immunoglobulin/T-cell receptor genes and/or MLL genes, was
tested in 99 infants following induction and consolidation. High
MRD was significantly associated with lower DFS. All infants who
had MRD X10" 4 following consolidation relapsed, whereas the
lowest relapse rate (13%) was seen in patients who had MRD
o10" 4 following induction and consolidation. All MLL germline
infants had MRD o10" 4 following consolidation and remained in
remission.47

There were 37 MLL-rearranged infants who underwent HSCT at
a median time of 5 months (range 2–9) from first CR (Table 3). A
preparative regimen of busulfan, etoposide and cyclophospha-
mide was advised, but donor selection, conditioning and graft
versus host disease prophylaxis and treatment were not
mandated. When compared with 240 MLL-rearranged infants
who received chemotherapy alone after first CR, there was
significantly improved DFS and OS for a subgroup of high-risk
MLL-rearranged infants with unfavorable prognostic features,
including age o6 months and either poor day 8 prednisone
response or WBC X300 g/l at diagnosis, although this subgroup
also had a high early failure rate, with a third having an event
before the median time to transplantation.45

The current study, Interfant-06 (http://clinicaltrials.gov/show/
NCT00550992) commenced enrollment in 2006 and, based on
results of Interfant-99, stratifies infants into low risk (MLL germ-
line), high risk (MLL-rearranged and age o6 months and WBC
X300! 109/l at diagnosis and/or poor day 8 prednisone
response) and medium risk (all other cases). The study aims to
assess early intensification to improve outcome and prevent early
relapse, as opposed to the late intensification considered for
Interfant-99. High- and medium-risk infants are randomized to two
‘acute myeloid leukemia’ induction blocks (cytarabine, daunor-
ubicin and etoposide; cytarabine, mitoxantrone and etoposide)
versus the control arm, also specified for all low-risk infants,
comprising BFM IB (6-mercaptopurine, cytarabine, cyclophospha-
mide) following induction, with medium-risk infants with MRD
X10" 4 following consolidation and all high-risk infants also
eligible for HSCT after consolidation. The remainder of therapy is
similar to Interfant-99, with the main modifications including
intensification of asparaginase therapy and removal of dexa-
methasone and vincristine during maintenance.

Summary of outcomes from the infant-specific protocols
A wealth of information has been gleaned from the infant-specific
clinical trials. Concise outcomes for each study are summarized in
Table 2, including a number of landmark findings that underpin
our current therapeutic approaches for infant ALL (Figure 1). An
essential early discovery, with subsequent universal adaptation by
each of the study groups, was the use of intrathecal and high-dose
systemic therapy, with the elimination of cranial radiotherapy, for
prevention of CNS disease with improved neurodevelopmental
outcome. Second, nowhere has the balance between treatment
efficacy and toxicity been better demonstrated than for infant ALL,
where the infant-specific trials have varied in therapeutic intensity,
with recent survival outcomes unchanged due to the equilibrium
between relapse and toxicity (Figure 1). Analysis of outcomes
drawn from this conclusion has led to beneficial chemotherapeu-
tic features identified from prior trials being uniformly incorpo-
rated into contemporary studies. These include the adoption of an
Interfant-99-based induction given its satisfactory CR rate and
acceptable toxicity profile, the necessity of an extended continua-
tion to prevent late relapse and mandating enhanced aggressive
supportive care measures to minimize risk of infection. Current
published data, however, do not reveal a superior chemother-
apeutic backbone on which to base future trials for MLL-
rearranged infants, with similar EFS across each of the collabora-
tive groups (CCG-1953: 33.6%, 5-year EFS16; JPLSG MLL96/98:
38.6%, 5-year EFS37; Interfant-99: 36.8%, 4-year EFS45), although
additional insight may be provided following results of the
contemporary treatment protocols. Finally, the universal
prospective identification of independent adverse prognostic
factors, including presence of an MLL-rearrangement and young
age, has resulted in such variables forming a standard component
of risk stratification in each of the current trials. It is these
landmark outcomes that provide the foundation for the next
generation of clinical trials for infant ALL.

THE FUTURE: THE NEXT GENERATION OF TRIALS FOR
INFANT ALL
Substantial therapeutic advances have been made for infant ALL
since the first pediatric cooperative group ALL trials were
conceived. Key events include the identification of inferior
outcome for infants compared with older children, discovery of
prognostic features within infant ALL, in particular the dismal
outcome associated with an MLL rearrangement, formation of the
three large collaborative groups dedicated to the study of infant
ALL with treatment on infant-specific protocols and incorporation
of risk-directed therapy according to prognostic features
(Figure 1). Although there has been an increase in survival over
time, this is predominantly attributable to the improved outcome
of infants with germline MLL. Survival for MLL-rearranged infants
remains significantly inferior to older children and we are
approaching the limit for which conventional chemotherapeutic
agents can be intensified to optimize the balance between relapse
and toxicity. Globalization combined with the recent explosion of
molecular data have provided the armamentarium for the next
generation of clinical trials for infant ALL. A number of key issues
require addressing in future trials to ultimately translate into
improved outcome.

The role of HSCT in first complete remission
Although each of the infant-specific ALL study groups have
attempted to prospectively define the role for HSCT in first CR, no
clear consensus has been drawn.23,36,37,45 Differing conclusions
from preceding studies have consequently led to differences
between study groups regarding the role of HSCT within current
infant-specific protocols. The combined prospective study data do
not appear to demonstrate additional benefit for HSCT in first CR

Evolution of clinical trials for infant ALL
RS Kotecha et al

8

Blood Cancer Journal & 2014 Macmillan Publishers Limited

    316



(Table 3); however, these data are reflective of a heterogeneous
infant ALL population treated with diverse HSCT protocols over
different time periods. The absence of randomized controlled
study designs to compare HSCT with chemotherapy alone further
adds to the limitations of the available prospective data. A number
of retrospective reports have mirrored such findings, demonstrat-
ing both advantage48–51 and no clear benefit52–55 of HSCT in first
CR for infant ALL. Such conflicting results may be attributable to
the small number of patients who have undergone HSCT within
each study and the marked variability of transplant protocols
used. Although it is accepted that HSCT should not be
administered for MLL germline cases in first CR, the subgroup of
MLL-rearranged infants for whom HSCT in first CR could be
definitively performed, the optimal timing at which HSCT should
be undertaken and the most suitable transplant protocol remain
to be defined. However, on the basis of this review, we conclude
that currently there is insufficient evidence to support the use of
HSCT in first CR for infant ALL.

Identification of novel prognostic markers and adaptation of
innovative therapies
The MLL gene was named in 1991,56,57 and considerable research
has subsequently been dedicated to the molecular mechanisms
underlying oncogenesis for MLL-rearranged infant leukemia. The
explosion of scientific discovery associated with recent
technological advances has enabled identification of additional
molecular prognostic markers, novel targets and development of
innovative therapies. Molecular markers recently identified as
independent predictors of poor prognosis for MLL-rearranged
infant ALL include RAS mutations,58 low FAS expression,59 absence
of HOXA expression60 and using gene expression profiling-based
gene classifiers.61 The challenge underlying the wealth of
prognostic characterization, however, is to identify the most
appropriate candidates for integration into future clinical trials.

The FLT3 inhibitor, CEP-701, is the first novel agent investigated
in a large collaborative clinical trial for MLL-rearranged infant ALL.
There are numerous other drug candidates tested in infant-
specific preclinical models with translational potential. These
include drugs targeting the aberrant epigenetic profile identified
in MLL-rearranged infant ALL. An overall global hypermethylated
state has been identified for t(4;11), t(11;19) and t(9;11) rearranged
infants62 and promoter CpG island hypermethylation in t(4;11) and
t(11;19) rearranged infants with subsequent silencing of
transcriptional genes and microRNAs.63–65 Several studies have
demonstrated in vitro efficacy of demethylating agents, such as
decitabine, zebularine and 5-azacitidine.62–66 In addition,
hypomethylation has been demonstrated in a subset of highly
expressed proto-oncogenes in t(4;11) rearranged infants with
in vitro response to histone deacetylase inhibitors.67

Overexpression of members of the antiapoptotic B-cell lym-
phoma 2 family have been identified in MLL-rearranged infant
ALL.68,69 B-cell lymphoma 2 inhibition provides a promising
therapeutic strategy with in vitro activity demonstrated for
obatoclax,70 ABT-737,71 and G3139.68 Another approach includes
targeting the constituently activated Janus kinase/signal
transducer and activator of transcription signaling pathway
identified in CD10-negative infant ALL, with effective apoptosis
of cells in vitro using the Janus kinase 3 inhibitor, WHI-P131 and
the pan-Janus kinase inhibitor, AG-490.72 In vitro inhibition
of the phosphatidylinositide 3-kinase/AKT/mammalian target of
rapamycin signaling pathway has identified compounds such as
thioridazine worthy of further investigation.73 In vivo studies
include potent single agent activity of the antibody-drug
conjugate, SAR3419, in infant-MLL xenografts expressing CD19,74

and in vivo efficacy of the p53-MDM2 inhibitor, RG7112, as a single
agent and in combination with an induction-type chemotherapy
regimen.75

An alternative approach to targeted therapy is to use novel or
existing agents to enhance the efficacy of conventional ther-
apeutics. This includes overcoming glucocorticoid resistance using
Src kinase inhibitors76,77 and phosphatidylinositide 3-kinase
inhibitors78 in vitro and enhancing the efficacy of CEP-701 via
CXCR4 inhibition using plerixafor in vivo.79

In addition, there are numerous exciting new candidates
exhibiting potency in noninfant ALL-specific MLL-rearranged
preclinical studies such as inhibitors of DOT1L,80,81 menin82 and
AMP-activated protein kinase83 that remain primed for testing in
infant ALL-specific preclinical models.

However, incorporating novel agents into clinical trials is fraught
with translational barriers. A number of strategies are being
addressed to overcome the classic translational roadblocks,84 and
it is imperative to have commitment from stakeholders once an
agent is considered for a clinical trial. With recent advances, the
future will yield a multitude of potential candidates for testing in
the setting of a clinical trial. Although the rarity of infant ALL
precludes investigation of every suitable drug, the use of adaptive
‘pick a winner’ trial designs or assessment of novel agents within
the relapsed/refractory disease setting may enable differentiation of
the most suitable agent for further investigation.

Treatment strategies for relapsed/refractory disease
Treatment of relapsed/refractory infant ALL constitutes a
significant challenge as there is no defined therapy. The absence
of an infant-specific relapse study has led to treatment on
relapsed childhood ALL protocols or individualized therapy at the
discretion of the treating institution. The lack of a uniform
centralized approach is reflected by the paucity of outcome
measures for relapsed/refractory infant ALL.

The JILSG retrospectively reviewed 39 infants with relapsed
(n¼ 34) and refractory (n¼ 5) MLL-rearranged ALL from the MLL96
and MLL98 studies.39 These patients underwent a variety of salvage
therapies. CR was achieved in 40.5% and 5-year OS was 25.6%, with
failure to achieve remission following second-line therapy identified
as the sole independent prognostic factor, and age o3 months and
CNS involvement at initial diagnosis associated with higher risk of
failure on univariate analysis.39 Nine patients received HSCT in
second CR, with 5 continuous second remissions, 3 relapses and
1 toxic death. A total of 14 patients received HSCT with active
disease, with 2 continuous second remissions, 8 relapse deaths
and 4 toxic deaths. One patient who had refractory disease remains
in continuous second remission following chemotherapy alone.39

The poor outcome for MLL-rearranged infants with induction
failure has also been highlighted in a large international
retrospective analysis, with 10-year OS of 4% compared with 65%
for MLL-nonrearranged infants.85 The UK CLWP Infant 92 study
reported a 6-year OS of 20% for 48 infants who relapsed.43 A total
of 10 patients received HSCT while in second CR, with 3 continuous
second remissions, 3 relapses and 4 HSCT-related deaths; however,
the MLL status of the relapsed patients was not specified.
A retrospective single-center analysis found salvage possible in a
proportion of patients who achieved CR following relapse with the
use of HSCT (3-year EFS, 43%), with dismal outcomes for those
receiving HSCT with active disease following relapse (3-year EFS,
6%).50 Outcomes for MLL-rearranged infants, however, were poor in
both groups.

In the absence of any defined therapy for relapsed/refractory
disease, these limited findings suggest the feasibility of HSCT,
provided that CR can be achieved before transplant. It is evident,
however, that considerable attention is required for the treatment
of relapsed/refractory disease. This may be facilitated through
mandatory reporting of such cases to the study groups
by the treating institution, establishment of an international
registry or a single unified infant-specific trial for relapsed/
refractory disease.
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Late effects in survivors
There is an increasing recognition of late effects in survivors of
infant ALL. Cranial radiation was the main risk factor for
development of late effects;10,86 however, adaptation of
high-dose methotrexate and intrathecal chemotherapy as
CNS-directed therapy has led to a substantial improvement in
neurodevelopmental outcome.17 Currently, the main contributory
factors for the increasing burden of late effects include the
increasing number of survivors with time for late effects to be
appreciated, increased intensity of therapy, young age at which
therapy is delivered and emergence of late effects as a
subspecialty. The long-term sequelae attributable to cranial
radiation10,86 and HSCT37,50 in survivors of infant ALL have been
well documented, but there are limited data available for the
remainder. Long-term follow-up of survivors should be
encouraged in future clinical trials to further identify and
characterize the pattern of long-term morbidity and allow for
timely intervention.

CONCLUSION
Clinical trials for infant ALL have evolved significantly over time,
with each stage providing vital contributions to the biological and
therapeutic advances that have been achieved. Despite these
advances, survival of infants with ALL continues to remain
significantly inferior to older children. We are approaching the
limit to which conventional chemotherapy can be intensified with
acceptable toxicity to minimize relapse. There is a need to identify
and incorporate the most promising drug candidates from
preclinical studies into the next generation of clinical trials.
Integration of novel molecular prognostic markers, the role of
HSCT in first remission, treatment strategies for relapsed/refractory
disease and monitoring and timely intervention of late effects
require addressing in future trials. The heterogeneity and rarity of
infant ALL is the major limitation for clinical trials, resulting in slow
accrual over long time periods and limiting study power. Global
harmonization and maximization of accrual could be achieved
through a unified international trial, involving the three major
collaborative infant ALL study groups and engaging missing
nations that have the ability to partake.87 Despite the inherent
administrative, legal, drug supply and regulatory difficulties
associated with such an approach, feasibility has been
demonstrated by a number of global collaborative pediatric
cancer trials including the European and American Osteosarcoma
Study Group (EURAMOS) trial and the Intergroup trial for B-cell
Non-Hodgkin lymphoma/mature B-cell leukemia. Establishment of
such a trial would provide greater potential to answer key
treatment issues and ultimately lead to improved outcome for
infant ALL.
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So far, 11 deletions, varying from 260bp-67kb in
length, of the β-globin gene promoter and its flanking
sequence have been reported.5 In an Indian population, a
deletion of 10.3 kb that extends from 3011 bp 5' to the
mRNA cap site to an L1 repeat element present down-
stream of the β-globin gene has been found to cause ele-
vated levels of HbA2 (7.1-7.8%) in a heterozygote state.6

The novel mutation that we identified is similar to the
4237 bp deletion reported in a Czechoslovakian family
which caused elevated levels of HbA2 (8.1%-9.0%)7 in a
heterozygous state and DNA sequence analysis showed
that the 5’ and 3’ breakpoints are a few bases apart
(Figure 2C). We used robust, reliable and easier assays to
identify the deletion in the β-globin cluster that are useful
for appropriate genetic counseling and diagnosis of β-tha-
lassemia, and help predict genotype-phenotype predic-
tion. The exact mechanism for unusual levels of HbA2 in
these deletions is not known and it may be hypothesized
that it is due to increased availability of transcription fac-
tors at the δ-globin promoter when the β-globin gene
promoter is deleted, and this promoter competition is not
evident between the β- and γ-globin genes. 
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Molecular characterization of identical, novel
MLL-EPS15 translocation and individual genomic
copy number alterations in monozygotic infant
twins with acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) occurring in the
first year of life is rare, accounting for 2-5% of pediatric
ALL cases. Infant ALL is distinguished by unique clinical
and biological characteristics with an aggressive course
following a short latency period. The mixed lineage
leukemia (MLL) gene, located on chromosome 11q23, is
involved in 80% of cases. Over 70 different MLL-fusion
partner genes have been molecularly characterized,1 with
t(4;11), t(9;11) and t(11;19) occurring most frequently in
infant ALL. 

The outcome of MLL-rearranged infant ALL remains
poor with up to 50% 5-year survival. The uncommon
nature of ALL in infancy limits the rate of accrual for clin-
ical trials and evidence for the best therapeutic approach
has been conflicting, particularly regarding the benefit of
hematopoietic stem cell transplantation. The clinical het-
erogeneity of ALL in infancy, such as poorer outcome
under 90 days of age,2 underlies the need for stratification
on these trials. The age-related difference in outcome
may be a reflection of underlying molecular characteris-
tics with differences in gene expression profiles according
to age.3

Risk stratification according to MLL translocation part-
ners has not been undertaken due to small patient num-
bers and as the same biological process was thought to
occur irrespective of the partner gene, for MLL-mediated
leukemogenesis. However, recent identification of dis-
tinct molecular differences among the MLL subtypes,
including variations in epigenetic4 and gene expression
profiles,3 has given rise to the notion that the many
fusion partners of MLL should be considered as distinct
entities.1 The complex interplay between MLL transloca-
tion and these additional molecular differences is not
fully understood but further characterization of cases will
contribute to the current understanding of the clinical
heterogeneity of the disease. 

The t(1;11) (MLL-EPS15) translocation is rare with
only a small number of clinical cases published and three
reports of molecular characterization at the transcription-
al level.5-7 The epidermal growth factor receptor pathway
substrate 15 (EPS15) gene encodes a protein that is
involved in receptor-mediated endocytosis of epidermal
growth factor. We present an MLL-EPS15 rearrangement
with novel breakpoints at the transcriptional and DNA
level in monozygotic infant twins with ALL and charac-
terization of the molecular changes in their leukemic
cells. The methods are described in the Online
Supplementary Appendix. Both twins were diagnosed at
seven weeks of age, with a peripheral blood blast popu-
lation of 99.96x109/L in Twin One and 154.87x109/L in
Twin Two. CD19+, CD24+, CD10–, B-precursor ALL was
confirmed on immunophenotyping. Banded chromoso-
mal analysis revealed a 46,XX,t(1;11)(p32;q23)[13]/
46,XX[7] karyotype in Twin One and a 46,XX,t(1;11)
(p32;q23)[8]/ibid+X[4]/46,XX[8] karyotype in Twin Two,
with fluorescence in situ hybridization confirming MLL
involvement.8

The MLL-fusion transcripts were sequenced and novel,
identical breakpoints were identified in both twins
(Figure 1A). For the MLL-EPS15 transcript, the break-
point was located at the end of exon 8 of MLL which was
fused to exon 10 of EPS15. For the EPS15-MLL transcript,
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the breakpoint was located at the end of exon 9 of EPS15
which was fused to exon 10 of MLL. Skipping of MLL
exon 9 was, therefore, evident at the transcriptional level.
A novel, identical breakpoint was also identified at the
DNA level (Figure 1B). The genomic breakpoint occurred
within exon 9 of MLL and intron 9 of EPS15. A deletion
of 10bp from exon 9 of MLL coincided with a duplicated
10bp segment from intron 9 of EPS15. These findings are
consistent with and provide the first known evidence for
the non-homologous end joining mechanism (NHEJ) of
DNA repair occurring in the leukemic cells of infants with
the t(1;11) translocation. NHEJ has previously been
shown in infants with the t(4;11) translocation.9

In order to detect molecular aberrations that may be
unique to each twin, the Affymetrix Cytogenetics Whole-
Genome 2.7M Array technology was applied. Each twin
had two copy-number alterations (CNAs) (Table 1) that
were considered tumor-associated genomic aberrations.
One CNA was common in both twins, namely amplifica-
tion at Xp21.1, which is a gene poor region. This region
has previously been identified with a 50kbp deletion in
one infant with t(4;11) MLL-rearranged ALL.10 The other
CNAs were different for each twin, namely a 47kbp
amplification at 6p12.1 which contains the GDNF family
receptor alpha like gene (GFRAL), for Twin One and a
28kbp deletion at 9q31.3, containing the muscle, skeletal,
receptor tyrosine kinase (MUSK) gene, for Twin Two.
Each twin had three regions of tumor-associated copy-
number neutral loss of heterozygosity (Table 1), two of
which were common between the twins. In addition,
Twin Two had Trisomy X occurring in a subpopulation of
leukemic cells, evident from both the banded chromoso-
mal and cytogenetic array analyses. 

Studies using high-resolution SNP and cytogenetic
arrays in singletons with infant t(4;11) MLL-rearranged
ALL10,11 revealed an exceptionally low frequency of
CNAs. Our results corroborate these findings in a differ-

ent cytogenetic subtype of MLL-rearranged infant ALL.
Together with the concordance shown at the molecular
level for the t(1;11) translocation, the identification of
additional common aberrations provides further support
for the concept of in utero development of a pre-leukemic
clone in one twin with transfer to the other by means of
the shared placental circulation.12 However, as far as the
low frequency of additional aberrations points towards
the t(1;11) translocation as the major driver for leukemo-
genesis, further work is required to establish whether
these additional aberrations have a co-operating role.
CNAs of the Xp21.1 site have now been demonstrated in
3 infants with MLL-rearranged ALL and so this region
merits particular attention in future research.
Importantly, this study has shown that several of the
additional aberrations present in the leukemic cells of the
twins are unique and differ in each patient, providing evi-
dence for molecular heterogeneity for cells that have orig-
inated from a common cell of origin. The distinct molec-
ular differences between the twins can be explained by
clonal evolution of the leukemic cells from a common
precursor or by selection of pre-existing clones. Further
clarification of the molecular differences among different
MLL-subgroups, and indeed among patients of the same
subgroup, will help explain the clinical heterogeneity of
the disease.
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Table 1. List of tumor-associated genomic aberrations identified using whole-genome cytogenetic arrays in monozygotic twins with t(1;11)(p32;q23)
infant acute lymphoblastic leukemia.
Twin Region Type* Start End Size Confidence Relevant genes sno/micro

(CN state) (Kb) (%) RNA

One (6)(p12.1) Gain (3) 55,308,049 55,355,423 47.4 87.5 GFRAL
One (X)(p21.1) Gain (3) 36,640,213 36,706,268 66.1 93.1 No genes
One (11)(p11.2p11.12) LOH 47,847,646 49,645,413 1797.8 99.9 PTPRJ, FOLH1
One (20)(q11.22q11.23) LOH 32,377,194 34,166,072 1788.9 99.9 ITCH, DYNLRB1, PHF20, TP53INP2, mir-644, 

GGT7, MMP24, ROMO1, RBM39, mir-499, 
mir-1289-1

One (X)(q28) LOH 152,270,145 154,849,094 2578.9 99.9 BRCC3, H2AFB3, AVPR2, L1CAM, mir-1184,
MTCP1NB, LCAP, CTAG family, DUSP9 ACA36, 

ACA56
Two (9)(q31.3) Loss (1) 112,486,139 112,514,070 27.9 86.8 MUSK
Two (X)(p21.1) Gain (3) 36,627,235 36,736,354 109.1 92.5 No genes
Two (16)(q12.2q21) LOH 54,430,930 56,753,662 2322.7 99.9 GNAO1, AMFR, CCL17, CCL22, mir-138-2

DOK4, GPR56, CIAPIN1, MMP15
Two (20)(q11.22q11.23) LOH 32,377,194 34,434,692 2057.5 99.9 ITCH, DYNLRB1, PHF20, TP53INP2, mir-644,

GGT7, MMP24, ROMO1, RBM39 mir-499, 
mir-1289-1

Two (X)(q28) LOH 152,263,301 154,849,094 2585.8 77.4 BRCC3, H2AFB3, AVPR2, L1CAM, mir-1184,
MTCP1NB, LCAP, CTAG family, DUSP9 ACA36, 

ACA56

*Gain: gain of one copy number (CN); Loss: loss of one CN.
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Figure 1. Molecular analysis of
monozygotic twins with cytoge-
netically confirmed
t(1;11)(p32;q23) infant acute
lymphoblastic leukemia. (A)
Sequence analysis showing
the breakpoints at the tran-
scriptional level. (B) Sequence
analysis showing the break-
points at the genomic level.
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Online Supplementary Design and Methods

Samples
To search for novel and rare mixed lineage leukemia (MLL)

translocation partners, we performed banded chromosomal
analysis and fluorescence in situ hybridization on diagnostic
bone marrow samples of all infants with acute lymphoblastic
leukemia (ALL) presenting to our institution, Princess Margaret
Hospital for Children, between January 1983 and December
2011. Of 16 patients, 2 were unique, being monozygotic twins
bearing a t(1;11) translocation. We undertook further molecular
analysis of the leukemic cells of these twins.

Peripheral blood and bone marrow samples were collected at
diagnosis and on remission from both twins according to cell
collection protocols approved by the institutional review board
of Princess Margaret Hospital for Children after informed con-
sent was obtained in accordance with the Declaration of
Helsinki. Total cellular DNA and RNA were extracted from the
primary samples of both twins at diagnosis and remission using
the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. All samples and
intermediate products from the 2 twins were stored in separate
locations and were manipulated at different times and in differ-
ent areas of the laboratory to avoid cross-contamination

Polymerase chain reaction and direct sequencing
Total cellular RNA was reverse transcribed using the

Omniscript RT Kit (Qiagen), according to the manufacturer’s
instructions, to generate cDNA. The cDNA was amplified by
polymerase chain reaction (PCR) using the following primers: 

• 5’-GAAACCTACCCCATCAGCAA and 5’-AACGTGAG-
GAGGATCAATGC were used to amplify the MLL-EPS15 tran-
script; 

• 5’-GATTTGGGATTTAGCCGACA and 5’-TTTCG-
GCACTTATTACACTC were used to amplify the EPS15-MLL
transcript.

Total cellular DNA was amplified by PCR with the following
primers: 

• 5’-TGCAGTGAGCTGTGACTGTG and 5’-
TTAGCTTTTTCTGCAGGGGA were used to amplify the
MLL-EPS15 genomic fusion;

• 5’-CAGCCTGCCTCTTGTCAGAT and 5’-CCAGTTG-
GTGCTGATTTCCT were used to amplify the EPS15-MLL
genomic fusion.

Each PCR was performed using an optimized GoTaq Flexi
DNA polymerase protocol (Promega, Madison, WI, USA) with
cDNA/DNA template at a concentration of between 100-200
ng. The PCR conditions used to amplify the samples consisted
of initial denaturation at 95°C for 2 min followed by 35 cycles

of denaturation at 95°C for 1 min, annealing at 58°C for 1 min
and extension at 72°C for 4 min. A final extension at 72°C was
performed for 10 min following the 35 cycles. The positive con-
trol consisted of amplification with beta actin primers.

Direct sequencing was performed according to the manufac-
turer’s instructions using the BigDye Terminator v3.1 Cycle
Sequencing Kit and an automated sequencer (ABI 3130x1
Genetic Analyzer; Applied Biosystems, Foster City, CA, USA).
The same internal forward and reverse primers as specified in
the PCR amplification reactions were used at a concentration of
1mM.

Whole-genome cytogenetic arrays
The Affymetrix Cytogenetics Whole-Genome 2.7M Array

(Affymetrix, Santa Clara, CA, USA) technology was applied to
detect submicroscopic aberrations and copy-number neutral
loss of heterozygosity in each twin at diagnosis and remission.
The arrays provide unbiased, whole-genome coverage with 2.7
million markers, including 400,000 single nucleotide polymor-
phisms and 2.3 million non-polymorphic copy-number mark-
ers. For each sample, 100 ng of genomic DNA were amplified
by whole-genome amplification reaction, purified by magnetic
beads, and fragmented to generate small (<300bp) products.
These were subsequently labeled and loaded onto a single
array. After hybridization, the chip was washed, stained and
scanned. Raw data were analyzed with Affymetrix
Chromosome Analysis Suite 1.01 software (Affymetrix) and
compared to the manufacturer's recommended normalized ref-
erence. Filters that were applied included 45kbp for gains,
25kbp for losses and 1500kbp for copy-number neutral loss of
heterozygosity. A 20-marker filter and 85% confidence was
applied throughout. The filters selected were based on the
manufacturer’s recommendations and previous analysis of
t(4;11) infant ALL using the same platform.1 All reported lesions
were visually examined, and for each identified region of inter-
est a further in-depth analysis was undertaken in the other twin
below the filter thresholds to ensure that no relevant results
were missed. A tumor-associated copy-number alteration was
defined as a copy-number alteration present in the tumor but
not the remission DNA of each patient and for which there was
no overlap with the Database of Genomic Variants.2

SUPPLEMENTARY APPENDIX

References
1. Bardini M, Galbiati M, Lettieri A, Bungaro S, Gorletta TA, Biondi A, et al.

Implementation of array based whole-genome high-resolution technologies
confirms the absence of secondary copy-number alterations in MLL-AF4-
positive infant ALL patients. Leukemia. 2011;25(1):175-8. 

2. http://projects.tcag.ca/variation/

    337



!



APPENDIX 7 

Traunecker H.  

Pitfalls in extrapolating adult data to rare paediatric diseases. 

The Lancet Oncology 2011 Dec;12(13):1180-1. 

NOTE: Journal article removed due to copyright issues.



APPENDIX 8 

Kotecha RS, Burley K, Junckerstorff RC, Lee S,  

Phillips MB, Cole CH, Gottardo NG.  

Chemotherapy increases amenability of surgical  

resection in congenital glioblastoma.  

Pediatric Hematology and Oncology 2012 Sep;29(6):538-44. 

NOTE: Journal article removed due to copyright issues.




