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	ALL
	Acute Lymphoblastic Leukemia

	FISH 
	Fluorescence In Situ Hybridization

	RT-PCR 
	Reverse Transcriptase Polymerase Chain Reaction

	SKY
	Spectral Karyotyping

	CBCC
	complete blood count cell 

	BMA
	bone marrow aspiration
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Abstract 
[bookmark: _GoBack]Introduction: Leukemia is a malignant proliferation of lymphoid cells blocked at an early stage of their differentiation that can invade the bone marrow, blood, and extramedullary sites. It is due to an underlying genetic alteration that affects many genes that encode proteins and play a crucial role in developing lymphoid cells. The study's objective is to determine the role of the standard karyotype and molecular biology for the diagnosis of ALL. Patients and methods: We conducted a retrospective study over 13 years, between January 2006 and December 2019, at the hemato-oncology unit at Abderrahim Harouchi's university children's Hospital in Casablanca. All the patients diagnosed with ALL de Novo during this period were included in this study. Their data were collected from the oncology unit's registry, and the medical information were extracted from the files. Statistical analysis was performed. Their results were discussed and compared to the literature data in the diagnosis part. However, patients who died before chemotherapy or were transferred to another facility were excluded from the outcome analysis. Results We conducted a retrospective study over 13 years, between January 2006 and December 2019, at the hemato-oncology unit at Abderrahim Harouchi's university children's Hospital in Casablanca.  An unsuccessful karyotype was observed in 24.7%, whereas a successful karyotype was found in 75.3 % of our patients. In the latter normal karyotype was observed in 54%, and an abnormal one was retrieved in 46%. Numeral abnormalities were found in 48% of the cases (especially hyperdiploidy). Structural abnormalities were observed in 36% of the cases, and complex karyotype in 16% of the cases. The relapse risk among patients with unsuccessful standard karyotype after the first line of chemotherapy was higher than in the group with a successful one. Discussion: Compared to the literature, the findings contribute widely to the diagnosis of successful karyotype and help to adjust the risk group, adapt the treatment and improve the outcome in children with ALL. The unsuccessful standard cytogenetic was observed with a significantly higher risk of relapse and death in the statistical analysis in this group of patients. Those results suggest the use of molecular cytogenetics such as FISH, RT-PCR, and SKY to go beyond the limits imposed by the resolution of the banding and reveal cryptic anomalies essentially in unsuccessful standard cytogenetic cases to find out the underlying genetic abnormality that might refine the diagnosis and improve the prognosis in children with leukemia. Conclusion: Standard cytogenetics is useful for the diagnosis and needs to be completed by molecular cytogenetics to refine the diagnosis, especially in unsuccessful cultures.
 Keywords: Acute Lymphoblastic Leukemia, Diagnosis, Cytogenetics, Karyotyping.

Introduction 
    Acute lymphoblastic leukemia (ALL) is a malignant proliferation of lymphoid cells blocked at an early stage of their differentiation that can invade the bone marrow, blood, and extramedullary sites (1), which implies a huge heterogeneity both at the clinical and the biological level that impacts the prognosis and the treatment. ALL is the most common malignant disease in childhood, with an annual incidence of 35 per million children between 0 to 14 years (2). Its highest incidence is in children aged between 1–4 years, then drops sharply through childhood (5–14 years), adolescence, and young adults (15–39 years), reaching the lowest point between 25 years and 45 years (3). 
    Clinically, diverse symptoms can reveal ALL. Biologically, the diagnosis confirmation is based on the discovery of blast cells in the complete blood count cell (CBCC) or more than 20% of blast cells in the bone marrow aspiration (BMA) (4). The combination of the morphologic study, the biochemical study, and the immunophenotyping of the blast cells are fundamental not only for excluding other possible causes of bone marrow failure and establishing the diagnosis of leukemia but also for classifying acute leukemia (AL) subtypes. The cytogenetic and molecular characterization of the blast cell is sometimes needed to classify the subtype of AL and play a fundamental role as a prognosis factor in optimizing treatment regimens and the treatment's response. Advanced genomic analysis technology, and novel sentinel genomic alterations that may provide more precise stratification or therapeutic targets, were identified. Moreover, in the last decade, germline variants have been recognized as essential contributors to understanding the etiology and sensitivity of ALL to treatment (5). In Morocco, many signs of progress have been made through national and international collaboration making immunophenotyping and cytogenetic possible in the stratification of patients with ALL, enhancing thus the outcome. 

Methods 
    This is a retrospective descriptive and analytical study carried out in the pediatric haemato-oncology unit at Abderrahim Harouchi's University Children's Hospital of Casablanca. It involved all newly diagnosed ALL patients in this unit between January 2006 and December 2019. The clinical and biological findings were collected from files using a pre-established sheet. We included in this study all patients newly diagnosed with ALL between 1 and 15 years old and excluded all patients diagnosed with other types of leukemia, patients diagnosed with ALL at relapse, and patients with AL or ALL without a performed cytogenetic study.
    Data were collected from patients' files; we filled all information in the exploitation sheet and then entered and computerized all data in Microsoft Excel 2016/Windows 10.1. The statistical analysis is carried out using IBM SPSS Statistics 26.0.
Results 
    In the present study, 224 newly diagnosed patients aged 1 to 15 years were included. Standard karyotyping results were available in a total of 163 (75.3%) children. Unsuccessful karyotypes were found in 61 (24.7%) children, normal karyotypes in 87(38.8%) children, and abnormal karyotype results in 76 (36.5%) children.
Clinical presentation:  
    In our study cohort, 198 (88.4%) children presented with ALL in their first decade of life. The peak age for presentation with ALL was between 1 and 5 years, and 137 (61.2%) children presented in this age range. In the present study, 116 children were boys, and 108 were girls, with a male: female ratio of 1.07. 
    The analysis of the symptoms revealing ALL the Novo in this retrospective study of 224 children notes that anemic syndrome was the most common symptom observed (89,7%), followed by infectious syndrome (77.2%), hemorrhagic syndrome (49.5%), bone pain (23.6%), then respiratory distress (1.3%).
    In the clinical examination at the patient's admission, the most common sign retrieved was lymphadenopathy (69.1%), followed by splenomegaly (48.9%), hepatomegaly (40.4%), pleural and pericardial effusions (3.1%), subcutaneous nodule (1.3%), and leukostasis (1.3%).
Hematological profile:  
    Hemogram or complete blood count (CBC) was performed on all our patients. This analysis revealed at least one abnormal parameter in all the cases that justify further analysis, such as cytological study, immuno-phenotyping, and standard karyotyping of all our cases. 
    The hemoglobin level was the most disturbed since anemia was noted in 203 patients (90,6%). Thrombocytopenia was found in 191 patients (89,2%). Hyperleukocytosis was observed in 121 patients (54%). Leukemic blast cells were retrieved in 155 patients (69%).
    ALL- L1 was identified in 117 patients (52%), whereas an aspect compatible with an ALL-L2 was retrieved in 100 cases (44,8%). However, a BAL, which may present as ALL or as one of the AML subtypes, was observed in only seven children (3,1%). B-ALL was the most represented phenotype as it was observed in 164 patients (73,1%), while T-ALL was retrieved in 53 patients (23,8%).
Cytogenetic profile:  
    Eighty-seven (39%) of 224 children had normal chromosomal complement. The most common cytogenetic alteration noted was hyperdiploidy (50 chromosomes), which was seen in 28 children (12.5%). Near-triploidy (64-78 chromosomes) was reported in 6 patients (2,7%). Near-tetraploidy (82-94 chromosomes) was seen in one case (0,45%). Hypodiploidy (41-45 chromosomes) was found in one case (0,45%). No patient with a near-haploid clone (< 30 chromosomes) was detected in our study.
    Structural abnormalities were found in 28 pediatric ALL cases (12%). Most of these aberrations (n=16) are recurrent such as translocations, deletions, inversions, or isochromosomes. The remaining 12 structural abnormalities are random aberrations such as add(20), add(13), der(7), der (19), der (2), and mirror-image duplications of chromosome 21. In addition, this study also found a complex karyotype in 12 patients (6%) (Table 1).




	Cytogenetics profile
	N

	Hyperdiploidy
	28

	Near-triploidy
	6

	Near-tetraploidy
	1

	Hypodiploidy
	1

	t(X,1,11)(q22,q44,q13)
	1

	t(4,11)(q21,23)
	2

	t(5,15)
	1

	t(7,19)(q34,p13)
	1

	t(1,19)
	1

	t(11,14)(p15,q11)
	1

	Random abnormalities
	12

	Complex karyotypes
	12

	Unsuccessful karyotypes
	61

	Normal karyotypes
	87


           
                      Table 1: Cytogenetics profile in the patient cohort.



Other cytogenetic analyses:  
    None of our patients underwent more cytogenetic exploration in this study.
Treatment and outcome:
    We excluded in the analysis of treatment and outcome patients who transferred to another facility, reported death before the onset of therapy, and abandoned chemotherapy. According to the FAB classification risk, the MARALL06 protocol was introduced to 201 children. In the group with successful findings in the standard karyotype, the patients were classified as high risk when the abnormality is supposed to have a poor prognosis according to the Atlas of cytogenetics. On the other hand, Interfant99 was introduced in only 2 Infants. 
    Complete remission was obtained in 115 patients (56,6%), and toxic death was observed within the first line of chemotherapy and was found in 12 patients (9,4%). Relapse was experienced after the first remission in 69 children (34 %). The risk of relapse is higher in the unsuccessful cytogenetic group, with a significant statistical difference (Table 2). No other parameter like age, gender, hyperleukocytosis, or immunophenotype seems to play any role in relapse.

	Parameters
	Relapse (N=69)
	                               p-value

	
	n
	%
	

	Karyotype
Successful
Unsuccessful
	
44
25
	
29.5
46.3
	
0.026

	Successful
Normal
Anormal
	
20
24
	
26.0
33.3
	
0.325



                      Table 2: Statistical results in the patient cohort.


Discussion 
    Our study aimed to highlight the interest of standard and molecular cytogenetics for the diagnosis of acute lymphoblastic leukemia that may significantly impact survival outcomes. Standard cytogenetics reveals all microscopically detectable chromosome aberrations occurring simultaneously in leukemic cells, regardless of whether these aberrations are balanced or unbalanced, structural or numerical abnormalities (6). Meaningful results of the standard cytogenetic analysis can be obtained in most patients with ALL.
   FISH (Fluorescence in situ hybridization) and molecular genetic techniques, such as reverse RT-PCR (Reverse transcription PCR), are especially valuable in patients for whom standard cytogenetic analysis yields no analyzable metaphase cells or only a few cells of poor quality. They are also essential for identifying cytogenetically cryptic abnormalities (7). Unfortunately, our unit didn't perform FISH automatically because of financial constraints. Accordingly, those complementary techniques are highly recommended for leukemia patients without specific translocations.
    Chessels JM reports the success rates range between 84,5% and 94% (8), which is higher than our findings as only 75,3% of our cases analyzed cytogenetically are deemed successful. The high success rates in the literature are due to FISH and molecular genetic techniques.
    Half of the unsuccessful cases were processed cytogenetically and yielded no or only a few analyzable mitotic cells. In contrast, in the other remaining half cases, the karyotypes were obtained but were considered to be of too poor quality to allow unambiguous interpretation. Among successfully analyzed patients, one or more clonal aberration has been detected in 46% of children with ALL. In general, the rates of aberration detection were higher in other series (57% to 82% of children) (8) (9) (10), and, as mentioned before, our results can be further increased by the use of FISH and SKY.
Normal karyotype:
   In a study that Julie Quessada conducted, she demonstrated that karyotypes without abnormalities could be falsely normal. She detected a case with a normal standard karyotype result, but chromosomal abnormalities were detected using FISH. This concludes that a normal karyotype is not very informative in terms of the prognosis of the disease. It will depend on the mutations identified by molecular biology (11).


Numeral abnormalities:  
    Hyperdiploidy is defined by the non-random gain of chromosomes, increasing the modal chromosome number of leukemic blasts from 46 to between 51 and 65 or 67 (12). A DNA index of more than 1·16 is also frequently used to define this subgroup. The gene responsible for this abnormality remains unknown to this day. Hyperdiploidy has been reported as the most frequent cytogenetic alteration in western (20% to 30% of children with ALL) (13) and Indian (13%) literature (14). In our study, this abnormality is the most common cytogenetic as it is retrieved in 37,3% of ALL cases with abnormal karyotype. In hyperdiploidy with more than 50 chromosomes (51 to 65 chromosomes), all chromosomes can be gained, but eight are recurring in 70% of cases: X, 4, 6, 10, 14, 17, 18, and 21 (15). In our study, the most frequent chromosomes reported are 5,8,9,16,17,21,22, and X.
    Hypodiploidy is defined by the loss of one of the chromosomes, mainly the sex chromosomes (especially Y). This abnormality is associated with somatic TP53 mutations. The chromosomes frequently involved are chromosomes 7, 9, 12, 17, and 20 (16). This abnormality is observed in the western literature ( 2-5% of childhood ALL). Japanese and Indian studies did not find any case of hypodiploidy; However, Chinese studies by Li X, Li J, and Hu Y reported a frequency of 3% with hypodiploidy in childhood ALL (17). In our study, hypodiploidy was found in an 11,9 years old boy, ALL-B, with normal leukocytes level, and the losses involved the chromosomes 8, 13, and 17.
    Near haploid is defined by the decrease of the number of chromosomes that reaches 25-30 chromosomes. This abnormality is characterized by alterations targeting receptor tyrosine kinase signaling, Ras signaling, and IKZF3 (IKAROS family zinc finger 3, the lymphoid transcription factor gene) (18). Nearhaploid ALL is a rare and unique subgroup of childhood common ALL. We didn't find any case of near-haploid in the present cohort, and, to the best of our knowledge, very few single cases have been reported in the literature.
Structural abnormalities:
    Translocation (12;21) is the most common molecular-karyotypic abnormality detected in western and Asian studies (19). The gene involved in this translocation is ETV6 (ets variant 6). However, we didn't observe this translocation in any of our patients as its detection is difficult and needs advanced molecular techniques such as the Southern blot or RT-PCR and FISH analysis (20).
    Translocation (4;11)(q21;q23) leads to the production of the MLL/AF4 (now called KMT2A and AFF1, respectively) fusion gene (21). T(4;11) is one of the commonest specific chromosomal translocations occurring in 2% of childhood ALL (22). The majority of cases with t(4;11)(q21;q23) positive ALL occur in infants less than six months old (23). Our findings are similar to the literature, as in our study, this translocation was observed in two infants ALL.
    Translocation (5,15) is rare and was classified as a new recurring abnormality in 1994. Molecular cytogenetics is not done yet for this translocation. However, translocation (5;15)(p15;q11) was identified in 5 patients with ALL by an old study report and, to date, has been reported only in infants (24). In our study, this translocation was observed in only one 4-year-old girl with B-ALL.
    Translocation (7,19) resulted in the truncation of the LYL1 gene and production of abnormal-sized RNAs suggesting a role for LYL1 in the pathogenesis of T-Leukemia (25). This translocation is very rare (<1%) among T-ALL  and was found in one case of a series of 5 patients with 7q34 involvement. Our study observed this translocation in an 8-year-old boy with ALL-T.
    Translocation (1,19) results in the expression of two gene expressions: MEF2D/DAZAP1 and MEF2D/HNRNPUL1. Both gene expressions were found in B-cell type ALL (26). Therefore, our study retrieved this translocation in a 3-year-old girl with B-ALL, which matches the literature report.
    Translocation (11,14)(p15,q11) results in the expression of gene LMO1 (LIM domain only 1) (27). Jacques Boyer mentioned that the t(11,14)(p15,q11) occurs in less than 1% of patients with T- ALL. There is limited knowledge about patients' clinical and biological characteristics with this translocation. In our study, one case of a 10 years old girl with T- ALL was observed, similar to the literature reports.
    Translocation (X,1,11)(q22, q44, q13) has not been previously described to our knowledge. In this study, one case of t(X, 1, 11) (q22, q44, q13) was identified in a 10 years old boy with B-ALL. Only t(X;11) was reported by Adriana Zamecnikova in infants and young children.
    Deletion is a genetic aberration in which a part of a chromosome or a sequence of DNA is left out during DNA replication. We reported 6 cases of deletions, and 3 of them are dissimilar to what is reported in the literature: Del 5(q15,q34) is mostly found in AML (ALL-T in our study), Del 9 is found in B-ALL (ALL-T in our study), and Del 11q23 is found in AML (ALL-B in our study) (28).
    A dicentric chromosome is an abnormal chromosome with two centromeres. It is formed through the fusion of two chromosome segments, each with a centromere, resulting in the loss of acentric fragments (lacking a centromere) and the formation of dicentric fragments. We found dic(9,12)(p13,p13), which is reported to have the PAX5/ETV6 gene involved. According to the authors, this abnormality was often found in B-ALL and very rarely in T-ALL (29). Our study found 2 cases of dic(9,12)(p13,p13) with T-ALL.
    Isochromosomes are chromosomes composed of mirror images of one of the arms of the chromosome. The gene involved in this abnormality is CEP13/WCP21+. An old cohort showed four cases with i(21); three of them are pre-B (30). However, no recent study reported this abnormality of chromosome 21. Our study found one case of i(21) with ALL-B.
    Other non-specific structural aberrations were also found in our study, such as additional (add), derivation (der), mirror image, and marker (mar). All of these aberrations are exclusively found in B-cell ALL.
Complex karyotype:
    The complex karyotype is defined as more than or equal to 3 independent abnormalities. Complex chromosomal rearrangements are associated with poor outcome survival in ALL and other malignancies. In our study, complex chromosomal rearrangements were observed in 12 cases, and the presence of a structurally complex karyotype was the strongest independent diagnosis marker. 
    Eight cases of complex karyotype have hyperdiploidy associated with structural abnormalities. Zhining Chen et al. suggested that hyperdiploidy with two or more structural abnormalities is considered a complex karyotype, especially in adults with B-ALL (31). Hypodiploidy associated with structural abnormalities was found in 4 cases. Authors suggested that hypodiploidy can be "masked," and patients do not have a karyotypically visible clone with less than 43 chromosomes. Instead, their abnormal karyotypes contain 50–78 or more chromosomes from the doubling of previously hypodiploid cells (32). 
Leukemia prognosis:
    In children diagnosed with ALL the Novo, before even starting any treatment, we can predict the outcome of the disease based on certain factors (or prognosis factors) that help to classify the disease and subsequently helps to adapt the treatment. Certain of those prognosis factors are related to the patient's status, while others are based on the blast's cells' characteristics and the level of the leucocytes in the blood. Although, after the onset of the chemotherapy, the response to the corticosteroids and the chemotherapy remains the most important prognosis factor in those patients. 
    The prognosis factors are based on epidemiological data such as age at the initial diagnosis, the blast's cell characteristics before the onset of the treatment, such as the leukocyte level and the immunophenotyping status, certain cytogenetics abnormalities, and finally, the response to the corticosteroids and the chemotherapy (33).
Conclusion 
    The cytogenetic study of leukemias has proven to be the first choice tool in the diagnosis of ALL, given the high specificity existing between certain malignant hemopathies, particularly leukemias, on the one hand, and certain recurring cytogenetic abnormalities, numeral or structural, complex cytogenetic abnormalities on the other hand. 
    In this study, using standard karyotype at the diagnosis was helpful in refining the diagnosis of ALL and useful in adapting the therapeutic to the risk-reducing of relapse and toxic death among children with successful standard karyotyping.
    A higher rate of relapse observed among the unsuccessful karyotypes compared to the successful ones suggests the use of molecular cytogenetics, such as FISH, RT-PCR, and SKY, to go beyond limits imposed by the resolution of the banding and reveal cryptic anomalies essentially in unsuccessful standard cytogenetic cases is needed to find out the underlying genetic abnormality that might refine the diagnosis, adapt the treatment and then improve the prognosis in this population of patients with leukemia.
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