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Shwachman-Diamond syndrome (SDS) is a rare and systemic disease mostly caused by mutations in the SBDS gene and characterized by pancreatic insufficiency, skeletal abnormalities, and a bone marrow dysfunction. In addition, SDS patients are predisposed to develop myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML), typically during adulthood and associated with TP53 mutations. Although most SDS diagnoses are established in childhood, the nature and frequency of serial bone marrow cell investigations during the patients' lifetime remain a debatable topic. The precise molecular mechanisms leading to AML progression in SDS patients have not been fully elucidated because the patient cohorts are small and most disease monitoring is conducted using standard histological and cytogenetic approaches. Here we report a rare case of a patient with SDS who was diagnosed with AML at 5 years of age and survived. Intermittent neutropenia preceded the AML diagnostic but serial bone marrow monitoring according to the standard of care revealed no cytogenetic anomalies nor signs of clonal hematopoiesis. Using next generation sequencing approaches to find cytogenetically cryptic pathogenic mutations, we identified the cancer hotspot mutation c.394C>T/p.Arg132Cys in IDH1 with high variant allelic frequency in bone marrow cells, suggesting clonal expansion of a major leukemic clone karyotypically normal, in the SDS-associated AML. The mutation was somatic and likely occurred at the leukemic transformation stage, as it was not detected in a matched normal tissue nor in bone marrow smear prior to AML diagnosis. Gain-of-function mutations in IDH1, such as c.394C>T/p.Arg132Cys, create a neo-activity of isocitrate dehydrogenase 1 converting α-ketoglutarate into the oncometabolite D-2-hydroxyglutarate, inhibiting α-ketoglutarate-dependent enzymes, such as histone and DNA demethylases. Overall, our results suggest that along with previously described abnormalities such as TP53 mutations or monosomy7, 7q-, which are all absent in this patient, additional mechanisms including IDH1 mutations drive SDS-related AML and are likely associated with variable outcomes. Sensitive techniques complementary to standard cytogenetics, such as unbiased or targeted panel-based next generation sequencing approaches, warrant testing for monitoring of myelodysplasia, clonal hematopoiesis, and leukemia in the context SDS. Such analyses would also assist treatment decisions and allow to gain insight into the disease biology.
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BACKGROUND

Shwachman-Diamond syndrome (SDS) is a rare autosomal recessive bone marrow failure syndrome characterized by exocrine pancreatic insufficiency, bone abnormalities, progressive cytopenia, and predispositions to myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). The risk of worsening cytopenia(s), clonal myeloid evolution or AML is estimated at 20% by age 18 (1). The Severe Chronic Neutropenia International Registry reported a 1% per year progression rate to MDS/AML in patients with SDS, with a cumulative risk of MDS/AML reaching 36% by 30 years of age (2).

As the median age at diagnosis of SDS-associated AML is reported to be between 18 and 20 years and as the risk of AML increases with age (3), there are very few pediatric cases reported in the literature (<10 to our knowledge in the last 25 years, Table 1). As such, the molecular events driving malignant transformation in SDS are poorly described, and recent evidence points to a leukemia promoting bone marrow niche in SDS (6). The scant reported pediatric cases of SDS-related AML in the literature are mostly characterized by patient age, cytogenetic profile, and outcome. To our knowledge, all pediatric reported cases of SDS-associated AML occurred between 2.5 and 13 years of age (2, 4, 5) and had cytogenetic abnormalities discernable on karyotype, with frequent chromosome seven involvement (2, 4, 5). Furthermore, these patients had exceedingly poor outcome with only one reported case of survival in a 13-year-old child with SDS following hematopoietic stem cell transplant for AML [(5); Table 1].


Table 1. Reported cases of pediatric SDS-related AML in the literature between 1994 and 2019.

[image: image]



In addition to the paucity of pediatric cases of SDS-related AML, limited molecular profiling data are available. A recent report suggests that acquisition of TP53 mutations are initiating events contributing to the development of MDS/AML in SDS and may confer a poor prognosis (7). However, no other alteration is known to have any prognostic value.

Here we report a unique case of SDS-associated AML in a young pediatric patient, in absence of cytogenetic abnormalities. Using next-generation sequencing approaches to identify cytogenetically cryptic pathogenic mutations, we reveal an acquired somatic mutation in the Isocitrate Dehydrogenase 1 gene (IDH1), which is a rare cooperating event in pediatric AML and has never been reported in conjunction with SDS. Gain-of-function mutations in Isocitrate Dehydrogenase 1, an enzyme involved in cell metabolism, are known to modify the epigenetic landscape and to promote cancer progression (8). We propose that besides TP53 mutations, additional cytogenetically silent mechanisms drive SDS-related myelodysplastic syndrome or AML, such as IDH1 mutations, and next generation sequencing approaches may benefit the hematological evaluation and risk classification of patients.

CASE PRESENTATION

A male infant was investigated at 7 months of life with failure to thrive secondary to exocrine pancreatic insufficiency, hypotonia, musculoskeletal congenital anomalies (syndactyly of toes, abnormally short ribs) and intermittent neutropenia with an absolute neutrophil count fluctuating between 0.8 ×109/L and 4.2 ×109/L, suggesting a diagnosis of SDS. The patient had an unremarkable medical family history and was referred to genetic counseling at the age of 1 year. The genetic basis of SDS was confirmed by sequencing of blood/buccal swab-derived DNA revealing two compound heterozygous mutations of the SBDS gene (intron 2 c.258+2T>C and exon 1 c.120delG (p.Ser41fs) (Figures 1A,B). He was followed with serial bone marrow aspirations, biopsies, and cytogenetic analysis, until the age of 5.5 years when he developed worsening cytopenia and his bone marrow evaluation revealed infiltration by 47.4% myeloblasts with underlying multilineage dysplasia (Figure 2A). These changes were compatible with a diagnosis of AML (M0, per FAB classification), with blasts expressing CD45dim, CD34+, CD33+, CD117+, DR+, MPO+, CD15+, CD13partial on flow cytometry and with a normal karyotype (46,XY) on cytogenetic analysis (Figures 2B,C).
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FIGURE 1. Molecular diagnosis of Shwachman-Diamond syndrome in a pediatric patient. Targeted sequencing of pre-leukemia blood DNA and (A) whole exome sequencing analysis of buccal swab DNA at AML diagnosis reveal compound heterozygous mutations impacting SBDS gene, consistent with an autosomal recessive Shwachman-Diamond syndrome. (B) Schematic representation of SBDS coding sequence (NM_016038), with confirmed c.120delG (exonic), and c.258+2T>C (intronic/splicing) mutations.
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FIGURE 2. Clinical presentation of AML in a 5-year-old patient with SDS syndrome. (A) Wright-Giemsa-stained cytologic preparation showing leukemic blasts collected from a bone marrow aspiration. Imaging was performed with an upright microscope (Zeiss AxioScope A.1) equipped with 20X/0.5 plan-neofluar and 100x/1.4 oil objectives and an Axiocam 105 color camera. Left and right panels, 200X and 1000X magnification, respectively. (B) Standard GTG-banded karyotype revealing no cytogenetic abnormality. (C) Flow cytometry analyses of bone marrow cells suggest a myeloid leukemia (CD45+ CD33+ CD34+CD117+) with high infiltration (>80%).



He was treated with a first cycle of induction chemotherapy (cytarabine, daunorubicin, etoposide), but minimal residual disease (MRD) remained positive at 0.4%, as assessed by flow cytometry at the end of the cycle. He pursued treatment with a second cycle consisting of high-dose cytarabine and etoposide, after which he achieved MRD negativity and proceeded to hematopoietic stem cell transplant. A first attempt with intra-osseous cord blood transplant following busulfan, fludarabine, and anti-thymocyte globulin (ATG) was unsuccessful with persistent aplasia. A second attempt with an alternate cord blood unit also failed to engraft after conditioning with total body irradiation, cyclophosphamide and fludarabine. Finally, the patient underwent a matched unrelated donor bone marrow transplant following conditioning with cyclophosphamide, fludarabine, and ATG. Hematopoietic engraftment was successful and the patient remains in first complete remission 5.5 years post-transplant (11-year-old).

Given his young age at diagnosis of SDS-associated AML and the lack of clonal cytogenetic anomalies, we searched for discrete oncogenic alterations such as indels and point mutations. First, array-based comparative genomic hybridization (aCGH) analysis did not reveal chromosomal copy-number abnormalities (data not shown) in leukemic cells, consistent with a normal karyotype. Then, whole exome and transcriptome sequencing were performed using bone marrow cells at diagnosis. A point mutation in IDH1 (c.394C>T/p.Arg132Cys), reported to be pathogenic and recurrent in adult AML and other cancer types (8), was identified both by exome and transcriptome sequencing, with both wild-type and mutant alleles expressed at 45 and 55%, respectively (Figure 3A, Figure S1 and data not shown). The mutation was confirmed by Sanger sequencing (Figure 3B). Whole exome sequencing of buccal swab DNA confirmed that the IDH1 mutation was somatic in origin as it was not found in a matched normal tissue (Figure S1). Somatic mutation of IDH1 defined a major leukemic clone (variant allele fraction of 0.38 for a specimen with ~80% leukemic infiltration) while a minor clone with a mutation in BRCA2 (variant allele fraction of 0.08) was also detected (Figure 3A). No fusion transcripts were identified from RNA sequencing reads using two different fusion detection tools (data not shown). The TP53 gene was devoid of somatic alterations according to whole exome sequencing analysis (420X and 70X average coverage for leukemic bone marrow sample and buccal swab DNA, respectively, not shown). To estimate the timing of IDH mutation appearance, we performed NGS on DNA material obtained from scraping fixed bone-marrow smears, archived 6 months prior to AML diagnosis. IDH1 c.394C>T (p.Arg132Cys) mutation was not detected in any of the 44 sequencing reads obtained spanning that position, indicating that the mutation was not present or below our detection threshold 6 months prior to AML diagnosis (Figure S1). These results suggest a cooperative role of IDH1 somatic mutation in SDS-related AML progression, and warrant further mechanistic and multicenter clinical studies. Overall, these molecular analyses suggest that next-generation sequencing may reveal clonal evolution in cytogenetically normal SDS-associated myelodysplasia/leukemia as well as cooperating mutations.
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FIGURE 3. Molecular profiling of SDS-associated leukemia. (A) Differential whole exome sequencing analyses of leukemic bone marrow cell DNA compared with normal control (e.g., buccal swab DNA) reveal a somatic mutation (c.394C>T) in IDH1 coding sequence, corresponding to the recurrent p.Arg132Cys mutation reported in adult AML. (B) Schematic representation of IDH1 coding sequence (NM_005896) and Sanger sequencing chromatogram confirming the c.394C>T (p.Arg132Cys) mutation in leukemic bone marrow cell DNA.



DISCUSSION

SDS is a ribosomopathy characterized by genomic instability contributing to the occurrence of chromosomal abnormalities and therefore to the risk of malignant transformation to MDS/AML. Characterization of high-risk clonal chromosomal abnormalities remains a challenge, as some patients only develop transient genetic alterations devoid of malignant potential. The most commonly encountered chromosomal anomalies in SDS comprise isochromosome 7 (i(7)(q10)), resulting in a gain of long arm of chromosome 7 (7q), and deletion 20q (del(20)(q)) (5), not typically associated with initiating events in leukemogenesis. Deletion 20q has not yet been reported to have malignant transformation potential, unless associated with other cytogenetic changes (9). Overall, the risk of MDS/AML in patients with SDS increases with age and varies considerably according to the acquired cytogenetic abnormalities, with complex karyotypes seemingly conferring an increased risk of malignant transformation (2).

SDS being a rare disorder, thorough understanding of SDS-related AML has remained limited due to the small number of patients, especially in pediatrics. Given the heterogeneity of MDS/AML progression in patients with SDS, we postulated that acquired cooperating somatic mutations must contribute to malignant transformation. This should be especially true for pediatric patients in whom the risk of SDS-related MDS/AML is considerably lower than in adults, prompting our investigations for this case. The unique presentation of an SDS-associated AML in a young pediatric patient lacking chromosomal rearrangements and any pathogenic TP53 mutation confirmed this hypothesis and revealed a cooperating genetic mutation in the Isocitrate Dehydrogenase 1 gene (IDH1), associated with promoting leukemia.

IDH1 encodes a key cytoplasmic and peroxisomal enzyme of the Krebs cycle responsible for the catalyzation of isocitrate to α-ketoglutarate while reducing NADP to NADPH and liberating CO2 (8). The mutant IDH1 enzyme acquires a novel molecular function by which it converts α-ketoglutarate to the oncometabolite D-2-hydroxyglutarate (8). D-2-hydroxyglutarate inhibits the α-ketoglutarate-dependent enzymes that regulate epigenetic modeling, collagen synthesis and cell signaling (10). IDH1 mutations have been found to be rare in pediatric AML (~1–2%) (11–13), but to be present at a higher frequency in pediatric AML with a normal karyotype (~5%) (11). They have also been reported at the leukemic transformation of myeloproliferative diseases (14, 15) and, combined with IDH2 mutations, to be present in ~5% of MDS patients (16). Somatic mosaic mutations of IDH1 have been detected in hematologic malignancies (BCP-ALL and AML) of children with Maffucci syndrome, a non-hereditary disorder characterized by multiple enchondromas and hemangiomas (17, 18). In adult, detection of somatic mutations in IDH1 in peripheral blood DNA is highly predictive of a future leukemia development (19).

To the best of our knowledge, we present the first case of oncogenic IDH1 mutation identified in SDS-associated AML. Pediatric AML associated with IDH1 mutations present a favorable overall survival (13) compared with adult AML with TP53 alterations (20), but large multicentric cohort of patients will be necessary to better stratify the genetic subsets and outcomes of SDS-associated leukemia. This study reports one of the only cases of pediatric SDS-related AMLs who achieved complete remission and survived, raising the interesting hypothesis that it is ultimately the genetic makeup of the leukemia that impacts prognosis in the context of SDS, and not the underlying cancer predisposition syndrome in itself.

CONCLUSIONS

The discovery of a cooperating IDH1 mutation in SDS-associated AML illustrates the necessity to refine surveillance for malignant transformation in this condition. Standard cytogenetic analyses may fail to detect single nucleotide genetic alterations driving clonal hematopoiesis and leukemic progression. Additional sensitive techniques, such as unbiased or targeted panel-based next generation sequencing approaches, would benefit the monitoring of myelodysplasia, clonal hematopoiesis, and leukemia in the context SDS. The genetic landscape of SDS-related AML should be evaluated to establish the disease-risk stratification, to assist treatment decisions and ultimately to gain insight into the biology of a rare malignancy.
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