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Background: Aplastic anemia (AA), characterized by hematopoietic stem cell

deficiency, can evolve into different hematologic malignancies. Our

understanding of the genetic basis and mechanisms of this progression

remains limited.

Methods:We retrospectively studied 9 acquired AA patients who later developed

hematologic malignancies. Data encompassed clinical, laboratory, karyotype,

and next-generation sequencing (NGS) information. We explored chromosomal

alterations and mutation profiles to uncover genetic changes underlying

the transition.

Results: Nine AA patients developed myelodysplastic syndrome (seven patients),

acute myeloid leukemia (one patient), or chronic myelomonocytic leukemia (one

patient). Among eight patients with karyotype results at secondary malignancy

diagnosis, monosomy 7 was detected in three. Trisomy 1, der(1;7), del(6q),

trisomy 8, and del(12p) were detected in one patient each. Among three

patients with NGS results at secondary malignancy diagnosis, KMT2C mutation

was detected in two patients. Acquisition of a PTPN11 mutation was observed in

one patient who underwent follow-up NGS testing during progression from

chronic myelomonocytic leukemia to acute myeloid leukemia.

Conclusion: This study highlights the genetic dynamics in the progression from

AA to hematologic malignancy. Monosomy 7’s prevalence and the occurrence of

PTPN11 mutations suggest predictive and prognostic significance. Clonal

evolution underscores the complexity of disease progression.
KEYWORDS

aplastic anemia, secondary cancer, hematologic malignancy, genomic profile,
clonal evolution
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1 Introduction

Aplastic anemia (AA) is a rare but potentially life-threatening

disorder characterized by a profound deficiency of hematopoietic

stem cells (HSCs) in the bone marrow, leading to insufficient

production of red blood cells, white blood cells, and platelets (1).

This condition results in pancytopenia, a state characterized by

reduced levels of all major blood cell types in the peripheral blood

(2). AA’s etiology encompasses both acquired and inherited factors

(3). Acquired AA, which accounts for the majority of cases, often

develops as a result of immune-mediated destruction of HSCs (4).

On the other hand, inherited forms of AA, such as Fanconi anemia,

are caused by genetic mutations that disrupt DNA repair pathways

and lead to bone marrow failure (5).

The management of AA has evolved significantly over the years

(6). Historically, the prognosis was grim, with limited therapeutic

options (7). However, advances in medical science have resulted in

innovative treatment strategies. Hematopoietic stem cell

transplantation from a matched sibling donor has been

considered the gold standard for treatment, offering a potential

cure (8, 9). However, the availability of suitable donors is limited,

and the procedure carries risks of complications (3). As an

alternative, immunosuppressive therapy has emerged as a viable

option (10). Employing agents such as antithymocyte globulin and

cyclosporine, immunosuppressive therapy aims to mitigate the

immune response leading to hematopoietic cell destruction (11).

This approach has shown promise, particularly in non-severe cases,

leading to hematologic improvement and prolonged survival (12).

While clonal evolution to conditions such as myelodysplastic

syndrome (MDS), acute myeloid leukemia (AML), and other

hematologic malignancies have been subject of investigation, our

understanding of the genetic mechanism of progression from AA to

other hematologic malignancies remains incomplete (13).

While clonal evolution, secondary cancers, and the

progression to leukemia have garnered some research attention

in the context of AA (14), there is a gap in the understanding of

the long-term trajectory toward different hematologic

malignancies. Moreover, few comprehensive studies have

examined the chromosomal alterations and results from next-

generation sequencing (NGS) in these cases (15–17). To address

these gaps, this study sought to analyze the less-explored aspects

of AA evolution into secondary hematologic malignancy. We

sought to investigate the clonal evolution mechanism in AA by

presenting the genetic profile of patients diagnosed with

secondary hematologic malignancies.
2 Methods

2.1 Patients and data

This retrospective study enrolled acquired AA patients who

underwent bone marrow examination at the time of diagnosis of

secondary hematologic malignancy between January 2013 and

August 2023 within a single institution. Inherited AA was excluded

from analysis. Their clinical data and laboratory test results, including
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those of genetic analysis, were collected and analyzed. Demographic

and laboratory data at the time of AA diagnosis and information

about treatments received for AA were included. Based on their

complete blood count and bone marrow results at diagnosis, patients

were classified into non-severe AA, severe AA, and very severe AA

(17). Additionally, we enrolled eight patients diagnosed with AA who

underwent long-term follow-up, including bone marrow aspiration,

biopsy, chromosome karyotyping, and NGS.

We collected data on the time interval from initial AA diagnosis,

complete blood count, bone marrow findings, karyotype, and NGS

results at the time of secondary hematologic malignancy diagnosis.

Treatment for secondary malignancy was also documented.

Outcomes and follow-up were assessed, with outcomes categorized

as progression, alive, dead, or follow-up loss. Additional follow-up

duration was documented for patients classified as alive or dead. This

study protocol was approved by the Institutional Review Board of

Yonsei University Health System (4-2023-0926).
2.2 Cytogenetic and molecular
genetic analyses

The G-banding karyotyping procedure was conducted on

heparinized bone marrow aspirate according to standard

protocols. At least 20 metaphases were evaluated, and the

karyotype was described according to the International System

for Human Cytogenetic Nomenclature. For targeted NGS, a

custom set of probes (Dxome Co. Ltd., Gyeonggi-do, Korea)

focusing on 531 genes associated with hematologic neoplasms

was employed (Supplementary Table S1). Genomic DNA

extracted from the diagnostic bone marrow aspirate was used

to create libraries, which were then subjected to hybridization

with capture probes and sequenced using NextSeq 550Dx from

Illumina (San Diego, CA, USA). All steps were performed as per

the manufacturer’s guidelines. NGS data analysis was conducted

using a DxSeq analyzer (Dxome). Single-nucleotide variants,

small insertions and deletions, and copy number variants were

identified according to previously described methods (18, 19).

Confirmation of germline variant was achieved with NGS results

using skin fibroblast analysis. Identified variants were

categorized into four tiers based on the Association for

Molecular Pathology’s guidelines, which involve contributions

from the American College of Medical Genetics and Genomics,

the American Society of Clinical Oncology, and the College of

American Pathologists (20). The classification process involved

consultation of web databases such as OncoKB and cBioPortal

(21, 22). The accuracy of all variants was confirmed visually

using the Integrated Genomics Viewer.
3 Results

3.1 Patient demographics

Nine patients were enrolled in this study (Table 1). Among the

nine patients for whom laboratory data were available at the time of
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AA diagnosis, three had severe AA and five had non-severe AA. Six

of the 9 enrolled patients underwent AA treatment, with danazol

treatment being the most common. Patients were diagnosed with

secondary hematologic malignancy on average 13.6 years (range,

3.5–34 years) after AA diagnosis. Seven patients were diagnosed

with MDS, and one patient each was diagnosed with AML and

chronic myelomonocytic leukemia (CMML). During treatment of

secondary hematologic malignancy, two patients underwent

allogeneic hematopoietic stem cell transplantation, and five

patients were treated with decitabine, azacitidine, or danazol. Two

patients (one MDS patient and one CMML patient) later progressed

to AML.

Additionally, we enrolled eight patients diagnosed with AA who

underwent long-term follow-up, including bone marrow aspiration,

biopsy, chromosome karyotyping, and NGS, and analyzed their

results (Supplementary Table S3). Except for one, all showed a

normal karyotype. Among the eight patients, six did not have tier 1/

2 mutations in bone marrow DNA NGS. One patient had a tier 2

somaticmutation in the WRAP53 gene, while another had multiple

somatic mutations in TP53 and TET2 with low variant allele

frequency (VAF) of less than 1%.
3.2 Genetic analysis at diagnosis of
secondary hematologic malignancy

An oncoplot was created for the type of hematologic

malignancy, karyotype results, NGS results, and prognosis of the

patients (Figure 1). Six patients who underwent karyotype analysis

at the time of AA diagnosis (P2–P6, P8) showed normal karyotype.

Among the nine patients who underwent karyotype testing at

diagnosis of secondary hematologic malignancy, monosomy 7, the

most frequent abnormality, was detected in three patients, and no

duplicate variants were found for the other abnormalities. NGS

results collected at diagnosis of secondary malignancy were

obtained from four patients. KMT2C mutations were detected in

two patients, and IDH1, STAG2, ETV6,NOTCH2, CEBPA, PTPN11,

EZH2, KMT2C, ECT2L, and MPL mutations were detected in one

patient each. In three patients, an average of three somatic

mutations (range, 0–5 mutations) was identified. NGS results are

provided in Supplementary Table S2.
3.3 Clonal evolution in patients who
progressed to AML

Patients P5 underwent two NGS tests, when diagnosed with

secondary hematologic malignancies (CMML-2 for P5) and when

they progressed to AML. The changes in VAF for tier 1 and 2

variants that were confirmed to be somatic are shown in Figure 2.

PTPN11 c.215C>T and EZH2 c.2251C>T variants were present at

CMML-2 diagnosis. One of the KMT2C mutations in P5

(c.12140G>T) exhibited a high VAF in both NGS tests, and it was

unclear whether it overlapped with monosomy 7 as a germline

mutation or if it was a somatic mutation. Upon progression to

AML, the VAF of the PTPN11 c.215C>T variant decreased, and two
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new PTPN11 variants (c.852T>C and c.182A>T) with high VAFs

appeared, while the VAF of the EZH2 c.215C>T variant

slightly increased.
4 Discussion

The presented study provides valuable insights into the less-

explored aspects of the evolution of AA into various hematologic

malignancies. The journey of AA patients toward different

malignancies is a complex process influenced by genetic, molecular,

and environmental factors (23). The findings from this study

contribute to our understanding of the underlying mechanisms and

molecular alterations associated with this progression.

The study’s focus on cytogenetic analysis and NGS provides a

window into the genetic changes that occur during the progression

of AA to hematologic malignancy. The identification of

chromosomal abnormalities and somatic variants, such as the

monosomy 7 abnormality detected in a significant proportion of

patients, highlights the importance of these alterations in disease

evolution. The emergence of mutations during disease progression,

as demonstrated by P2 and P5, suggests clonal evolution and

implies that certain genetic events might drive the transformation

to AML.

Understanding the molecular changes associated with disease

progression has potential clinical implications. The emergence of

gene variants during progression could serve as potential

biomarkers for predicting the risk of transformation to aggressive

forms of hematologic malignancy (14). Early identification of these

variants might enable tailored monitoring and intervention

strategies to mitigate the risk of disease evolution.

We compared nine patients diagnosed with AA who were

subsequently diagnosed with a different hematologic malignancy

to eight patients who were not diagnosed with such malignancies.

Among the nine patients, chromosome abnormalities were

observed in seven, whereas only one of the eight patients

exhibited chromosome abnormalities. Furthermore, among the

three patients diagnosed with hematologic malignancies who

underwent NGS, tier 1/2 mutations with high VAF were observed

in two, whereas only one of the eight patients exhibited tier 1/2

mutations with high VAF. These observations suggest that

progression to hematologic malignancy involves factors such as

chromosome abnormalities and gene mutations. Thus, it is evident

that NGS should be included in the follow-up tests for patients

diagnosed with AA.

In this study, not all patients underwent chromosomal

karyotyping at diagnosis, with only 6 out of 9 patients being

tested, all of whom showed a normal karyotype. This aligns with

existing literature suggesting that only 5-15% of patients diagnosed

with AA exhibit an abnormal karyotype (24, 25). However, when

considering the 9 patients who experienced relapse, all except one

who did not undergo testing and one who showed a normal

karyotype exhibited abnormal karyotypes. This presents a

significant difference and underscores the necessity of

chromosomal karyotyping for patients diagnosed with secondary

hematologic malignancies originating from AA.
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TABLE 1 Patient characteristics.

A diagnosis
Treatment
for AA

Secondary
malignancy

Period
of

latency

Laboratory data at
secondary

malignancy diagnosis
Treatment

for
secondary
malignancy

Outcome/
follow-up

Platelets
(×109/L)

ANC
(×109/L)

ARC
(×109/L)

Platelets
(×109/L)

75 Danazol MDS-RS-MLD 22y2m 220 17.1 27 Decitabine Dead/4m

10 Steroid, IST MDS-MLD 4y5m 3140 296 48 Decitabine
Progressed
to AML

262 None MDS-MLD 4y1m 780 25.2 324 Allo-HSCT Alive/1y1m

90 Steroid, danazol AML 11y2m 60 21.2 19 Allo-HSCT Dead/1m

<3 Eltrombopag CMML-2 3y6m 1680 178 1038 Decitabine
Progressed
to AML

30 Steroid, danazol MDS-EB1 21y5m 1360 58.3 40 Azacitidine Alive/1m

53 None MDS-MLD 5y2m 1100 92.7 63 Follow-up Loss Follow-up loss

31 Danazol MDS-MLD 16y6m 6870 107.8 191 Danazol Alive/3y8m

NA None MDS-MLD 34y 400 30.6 113 Follow-up Alive/2y2m

yeloid leukemia; ANC, absolute neutrophil count; ARC, absolute reticulocyte count; CMML-2, chronic myelomonocytic leukemia-2; IST, immunosuppressive therapy; M,
LD, myelodysplastic syndrome with ring sideroblasts with multilineage dysplasia; NA, not available; NSAA, non-severe aplastic anemia; SAA, severe aplastic anemia; y, year.
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3
8
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14
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0
4

Patient
Initial

diagnosis

Age at
AA

diagnosis
Sex

Laboratory data at A

ANC
(×109/L)

ARC
(×109/L)

P1 NSAA 31Y F 4200 NA

P2 SAA 50Y F 700 19.8

P3 NSAA 21Y M 1130 52.2

P4 NSAA 54Y F 1310 63.4

P5 SAA 62Y F 760 28.4

P6 SAA 60Y F 360 12

P7 NSAA 76Y M 640 NA

P8 NSAA 39Y F 4710 71.1

P9 AA 4Y F NA NA

AA, aplastic anemia; allo-HSCT, allogenic hematopoietic stem cell transplantation; AML, acute
male; m, month; MDS-MLD, myelodysplastic syndrome with multilineage dysplasia; MDS-RS-M
m
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Monosomy 7 has been recognized as a significant genetic

anomaly in MDS and AML (26). Monosomy 7 is known to occur

in approximately 5%–20% of cases in MDS and AML (27), and, in

our patient cohort, it was observed in an even greater proportion of

patients than usual (44%). Furthermore, monosomy 7 is associated

with adverse prognosis in MDS (28); among the three patients in

this study with trackable outcomes of the four patients diagnosed in

total, all progressed to AML, corroborating this association.

Previous studies have also linked a higher prevalence of
Frontiers in Oncology 05
monosomy 7 to the karyotypes of high-risk severe AA patients

(17), implying that aggressive treatment and management might be

warranted for AA patients harboring monosomy 7.

In the existing literature, somatic mutations of AA were

reported to occur in genes such as PIGA, BCOR/BCORL1,

DNMT3A, and ASXL1 (29). However, our analysis of data from

progressed patients revealed slightly different results. Remarkably,

among the three patients who progressed from MDS/CMML to

AML, both patients who underwent NGS testing exhibited PTPN11
FIGURE 1

Oncoplot of the case distribution of aplastic anemia patients who later developed hematologic malignancy. AML, acute myeloid leukemia; CMML,
chronic myelomonocytic leukemia; MDS, myelodysplastic syndrome. aSix patients (P2–P6 and P8) showed normal karyotype at aplastic anemia
diagnosis. The other three patients (P1, P7, and P9) had no information on karyotype at aplastic anemia diagnosis.
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mutations. PTPN11 mutations are present in approximately 7%–

12% of AML cases, and those in AML patients with wild-type

NPM1 are associated with adverse patient outcomes (30).

Interestingly, in our study, the PTPN11 mutations might have

played a driver role in patient diagnosis of hematologic

mutations. However, there is scarce research on the relationship

between AA and the PTPN11 gene. It is essential to explore the

presence of driver mutations and genetically linked prognostic

factors through NGS at the time of diagnosis not only in AA

patient cohorts, but also in the broader context of hematologic

diseases. NGS has greatly advanced our understanding and

management of aplastic anemia by allowing comprehensive

genetic analysis, facilitating the discovery of novel mutations, and

enabling personalized treatment strategies based on individual

genetic profiles.

Additionally, we identified mutations in the IDH1 and EZH2

genes in our patients. IDH1, along with TP53, has been reported as a

gene associated with an increased risk of AML. It is noteworthy that

our patient initially diagnosed with AA were later diagnosed with

AML with high VAF of IDH1, aligning with the disease’s trajectory

(31). EZH2 is implicated in various hematologic malignancies, with

literature suggesting its relevance in proposing novel therapeutic

directions for AA (32). Indeed, among observed cases, we have

witnessed patients transitioning from AA to CMML and then to

AML, emphasizing the necessity of incorporating genes associated

with hematologic malignancies into our panel.

While the study provides valuable insights, certain limitations

should be acknowledged. The retrospective nature of this study and

its small patient cohort might limit the generalizability of the

findings. Since the majority of patients have not received

immunosuppressive therapy, recent studies on disease progression

may deviate slightly from the current trajectory. There were no

patients who underwent NGS at the time of diagnosis with AA.

Further, the absence of comprehensive karyotype results for all

patients and the focus on specific genes in the NGS analysis might

miss other relevant genetic alterations.
Frontiers in Oncology 06
5 Conclusion

In conclusion, this study delves into the complex journey of AA

patients as they progress toward various hematologic malignancies.

The genetic and molecular insights gained from cytogenetic analysis

and NGS offer a glimpse into the underlying mechanisms of disease

evolution. The findings have the potential to guide future research,

improve risk stratification, and contribute to the development of

targeted therapies for these patients. As we continue to unravel the

intricate pathways of disease progression, collaborative research

endeavors will be crucial in advancing our understanding and

improving the outcomes of patients with AA and its

associated complications.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Ethics statement

This study protocol was approved by the Institutional Review

Board of Yonsei University Health System (4-2023-0926). The studies

were conducted in accordance with the local legislation and

institutional requirements. The ethics committee/institutional review

board waived the requirement of written informed consent for

participation from the participants or the participants’ legal

guardians/next of kin because only test results of participants

were used.
Author contributions

NK: Writing – original draft, Data curation, Conceptualization.

YJC: Writing – review & editing. S-TL: Writing – review & editing,

Methodology. JRC: Writing – review & editing, Resources,

Investigation. CJL: Writing – review & editing, Resources,

Investigation, Conceptualization. SS: Writing – review & editing,

Supervision, Data curation, Conceptualization. J-WC: Writing –

review & editing, Supervision, Resources, Investigation.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the National Research Foundation of Korea

(NRF-2021R1I1A1A01045980).
Conflict of interest

Authors S-TL and JRCwere employed by the companyDxomeCo. Ltd.
FIGURE 2

Mutation profile and variant allele frequencies for tier 1 and tier 2
variants in patient P5, assessed through two next-generation
sequencing tests for chronic myelomonocytic leukemia-2 and
progression to acute myeloid leukemia.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1365614
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Kim et al. 10.3389/fonc.2024.1365614
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product
Frontiers in Oncology 07
that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1365614/

full#supplementary-material
References
1. Gonzaga VF, Wenceslau CV, Vieira DP, Policiquio BO, Khalil C, Araldi RP, et al.
Therapeutic potential of human immature dental pulp stem cells observed in mouse
model for acquired aplastic anemia. Cells. (2022) 11:2252. doi: 10.3390/cells11142252

2. Biswajit H, Pratim PP, Kumar ST, Shilpi S, Krishna GB, Aditi A. Aplastic anemia:
a common hematological abnormality among peripheral pancytopenia. N Am J Med
Sci. (2012) 4:384–8. doi: 10.4103/1947-2714.100980

3. Young NS. Aplastic anemia. N Engl J Med. (2018) 379:1643–56. doi: 10.1056/
NEJMra1413485

4. Ogawa S. Clonal hematopoiesis in acquired aplastic anemia. Blood. (2016)
128:337–47. doi: 10.1182/blood-2016-01-636381

5. Shimamura A, Alter BP. Pathophysiology and management of inherited bone
marrow failure syndromes. Blood Rev . (2010) 24:101–22. doi: 10.1016/
j.blre.2010.03.002

6. Georges GE, Doney K, Storb R. Severe aplastic anemia: allogeneic bone marrow
transplantation as first-line treatment. Blood Adv. (2018) 2:2020–8. doi: 10.1182/
bloodadvances.2018021162

7. Scheinberg P. Novel therapeutic choices in immune aplastic anemia. F1000Res.
(2020) 9(Faculty Rev):1118. doi: 10.12688/f1000research.22214.1

8. Jung MY, Lim YT, Lim H, Hah JO, Lee JM. Successful hematopoietic stem cell
transplantation from a matched related donor with beta-thalassemia minor for severe
aplastic anemia. Children (Basel). (2020) 7(10), 162. doi: 10.3390/children7100162

9. El Fakih R, Alhayli S, Ahmed SO, Shaheen M, Chaudhri N, Alsharif F, et al. Full
dose cyclophosphamide with the addition of fludarabine for matched sibling
transplants in severe aplastic anemia. Transplant Cell Ther. (2021) 27:851.e1–.e6.
doi: 10.1016/j.jtct.2021.06.004

10. Peslak SA, Olson T, Babushok DV. Diagnosis and treatment of aplastic anemia.
Curr Treat Options Oncol. (2017) 18:70. doi: 10.1007/s11864-017-0511-z

11. Scheinberg P, Young NS. How I treat acquired aplastic anemia. Blood. (2012)
120:1185–96. doi: 10.1182/blood-2011-12-274019

12. Rosenfeld S, Follmann D, Nunez O, Young NS. Antithymocyte globulin and
cyclosporine for severe aplastic anemia: association between hematologic response and
long-term outcome. Jama. (2003) 289:1130–5. doi: 10.1001/jama.289.9.1130

13. Drexler B, Zurbriggen F, Diesch T, Viollier R, Halter JP, Heim D, et al. Very
long-term follow-up of aplastic anemia treated with immunosuppressive therapy or
allogeneic hematopoietic cell transplantation. Ann Hematol. (2020) 99:2529–38.
doi: 10.1007/s00277-020-04271-4

14. Shimamura A. Aplastic anemia and clonal evolution: germ line and somatic
genetics. Hematol Am Soc Hematol Educ Program. (2016) 2016:74–82. doi: 10.1182/
asheducation-2016.1.74

15. Li X, Wu YH, Cai SS, Li WM, You Y, Zhang M. Early detection of
myelodysplastic syndrome/leukemia-associated mutations using NGS is critical in
treating aplastic anemia. Curr Med Sci. (2019) 39:217–21. doi: 10.1007/s11596-019-
2022-6

16. Patel BA, Ghannam J, Groarke EM, Goswami M, Dillon L, Gutierrez-Rodrigues
F, et al. Detectable mutations precede late myeloid neoplasia in aplastic anemia.
Haematologica. (2021) 106:647–50. doi: 10.3324/haematol.2020.263046
17. Groarke EM, Patel BA, Shalhoub R, Gutierrez-Rodrigues F, Desai P, Leuva H,
et al. Predictors of clonal evolution and myeloid neoplasia following
immunosuppressive therapy in severe aplastic anemia. Leukemia. (2022) 36:2328–37.
doi: 10.1038/s41375-022-01636-8

18. DeZern AE, Churpek JE. Approach to the diagnosis of aplastic anemia. Blood
Adv. (2021) 5:2660–71. doi: 10.1182/bloodadvances.2021004345

19. Kook HW, Kim JJ, Park MR, Jang JE, Min YH, Lee ST, et al. Therapy-related
acute lymphoblastic leukaemia has a unique genetic profile compared to de novo acute
lymphoblastic leukaemia. J Cancer. (2022) 13:3326–32. doi: 10.7150/jca.76719

20. Kim H, Shim Y, Lee TG, Won D, Choi JR, Shin S, et al. Copy-number analysis by
base-level normalization: An intuitive visualization tool for evaluating copy number
variations. Clin Genet. (2023) 103:35–44. doi: 10.1111/cge.14236

21. Chakravarty D, Gao J, Phillips SM, Kundra R, Zhang H, Wang J, et al. OncoKB:
A precision oncology knowledge base. JCO Precis Oncol. (2017) 1:1–16. doi:10.1200/
PO.17.00011.

22. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discovery. (2012) 2:401–4. doi: 10.1158/2159-8290.CD-12-0095

23. Giudice V, Selleri C. Aplastic anemia: pathophysiology. Semin Hematol. (2022)
59:13–20. doi: 10.1053/j.seminhematol.2021.12.002

24. Keung YK, Pettenati MJ, Cruz JM, Powell BL, Woodruff RD, Buss DH. Bone
marrow cytogenetic abnormalities of aplastic anemia. Am J Hematol. (2001) 66:167–71.
doi: 10.1002/(ISSN)1096-8652

25. Gupta V, Kumar A, Saini I, Saxena AK. Cytogenetic profile of aplastic anaemia in
Indian children. Indian J Med Res. (2013) 137:502–6.

26. Inaba T, Honda H, Matsui H. The enigma of monosomy 7. Blood. (2018)
131:2891–8. doi: 10.1182/blood-2017-12-822262

27. Wlodarski MW, Sahoo SS, Niemeyer CM. Monosomy 7 in pediatric
myelodysplastic syndromes. Hematol Oncol Clin North Am. (2018) 32:729–43.
doi: 10.1016/j.hoc.2018.04.007

28. Aktas D, Tuncbilek E. Myelodysplastic syndrome associated with monosomy 7
in childhood: a retrospective study. Cancer Genet Cytogenet. (2006) 171:72–5.
doi: 10.1016/j.cancergencyto.2006.06.010

29. Boddu PC, Kadia TM. Molecular pathogenesis of acquired aplastic anemia. Eur J
Haematol. (2019) 102:103–10. doi: 10.1111/ejh.13182

30. Fobare S, Kohlschmidt J, Ozer HG, Mrózek K, Nicolet D, Mims AS, et al.
Molecular, clinical, and prognostic implications of PTPN11 mutations in acute myeloid
leukemia. Blood Adv. (2022) 6:1371–80. doi: 10.1182/bloodadvances.2021006242

31. Bill M, Jentzsch M, Bischof L, Kohlschmidt J, Grimm J, Schmalbrock LK, et al.
Impact of IDH1 and IDH2 mutation detection at diagnosis and in remission in patients
with AML receiving allogeneic transplantation. Blood Adv. (2023) 7:436–44.
doi: 10.1182/bloodadvances.2021005789

32. Tong Q, He S, Xie F, Mochizuki K, Liu Y, Mochizuki I, et al. Ezh2 regulates
transcriptional and posttranslational expression of T-bet and promotes Th1 cell
responses mediating aplastic anemia in mice. J Immunol. (2014) 192:5012–22.
doi: 10.4049/jimmunol.1302943
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2024.1365614/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1365614/full#supplementary-material
https://doi.org/10.3390/cells11142252
https://doi.org/10.4103/1947-2714.100980
https://doi.org/10.1056/NEJMra1413485
https://doi.org/10.1056/NEJMra1413485
https://doi.org/10.1182/blood-2016-01-636381
https://doi.org/10.1016/j.blre.2010.03.002
https://doi.org/10.1016/j.blre.2010.03.002
https://doi.org/10.1182/bloodadvances.2018021162
https://doi.org/10.1182/bloodadvances.2018021162
https://doi.org/10.12688/f1000research.22214.1
https://doi.org/10.3390/children7100162
https://doi.org/10.1016/j.jtct.2021.06.004
https://doi.org/10.1007/s11864-017-0511-z
https://doi.org/10.1182/blood-2011-12-274019
https://doi.org/10.1001/jama.289.9.1130
https://doi.org/10.1007/s00277-020-04271-4
https://doi.org/10.1182/asheducation-2016.1.74
https://doi.org/10.1182/asheducation-2016.1.74
https://doi.org/10.1007/s11596-019-2022-6
https://doi.org/10.1007/s11596-019-2022-6
https://doi.org/10.3324/haematol.2020.263046
https://doi.org/10.1038/s41375-022-01636-8
https://doi.org/10.1182/bloodadvances.2021004345
https://doi.org/10.7150/jca.76719
https://doi.org/10.1111/cge.14236
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1053/j.seminhematol.2021.12.002
https://doi.org/10.1002/(ISSN)1096-8652
https://doi.org/10.1182/blood-2017-12-822262
https://doi.org/10.1016/j.hoc.2018.04.007
https://doi.org/10.1016/j.cancergencyto.2006.06.010
https://doi.org/10.1111/ejh.13182
https://doi.org/10.1182/bloodadvances.2021006242
https://doi.org/10.1182/bloodadvances.2021005789
https://doi.org/10.4049/jimmunol.1302943
https://doi.org/10.3389/fonc.2024.1365614
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Unraveling trajectories from aplastic anemia to hematologic malignancies: genetic and molecular insights
	1 Introduction
	2 Methods
	2.1 Patients and data
	2.2 Cytogenetic and molecular genetic analyses

	3 Results
	3.1 Patient demographics
	3.2 Genetic analysis at diagnosis of secondary hematologic malignancy
	3.3 Clonal evolution in patients who progressed to AML

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


