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To improve risk stratification and treatment decisions for patients with acute myeloid leukemia (AML) 
undergoing hematopoietic cell transplantation (HCT). We used SNP‑array data from the DISCOVeRY‑
BMT study to detect chromosomal aberrations in pre‑HCT peripheral blood (collected 2–4 weeks 
before the administration of conditioning regimen) from 1974 AML patients who received HCT 
between 2000 and 2011. All aberrations detected in ≥ 10 patients were tested for their association 
with overall survival (OS), separately by remission status, using the Kaplan–Meier estimator. Cox 
regression models were used for multivariable analyses. Follow‑up was through January 2019. We 
identified 701 unique chromosomal aberrations in 285 patients (7% of 1438 in complete remission 
(CR) and 36% of 536 not in CR). Copy‑neutral loss‑of‑heterozygosity (CNLOH) in chr17p in CR patients 
(3‑year OS = 20% vs. 50%, with and without chr17p CNLOH, p = 0.0002), and chr13q in patients not 
in CR (3‑year OS = 4% vs. 26%, with and without chr13q CNLOH, p < 0.0001) are risk factors for poor 
survival. Models adjusted for clinical factors showed approximately three‑fold excess risk of post‑
HCT mortality with chr17p CNLOH in CR patients (hazard ratio, HR = 3.39, 95% confidence interval CI 
1.74–6.60, p = 0.0003), or chr13q CNLOH in patients not in CR (HR = 2.68, 95% CI 1.75–4.09, p < 0.0001). 
The observed mortality was mostly driven by post‑HCT relapse (HR = 2.47, 95% CI 1.01–6.02, p = 0.047 
for chr17p CNLOH in CR patients, and HR = 2.58, 95% CI 1.63–4.08, p < 0.0001 for chr13q CNLOH in 
patients not in CR. Pre‑transplant CNLOH in chr13q or chr17p predicts risk of poor outcomes after 
unrelated donor HCT in AML patients. A large prospective study is warranted to validate the results 
and evaluate novel strategies to improve survival in those patients.
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Acute myeloid leukemia (AML) is an aggressive disease with a variable response to therapy. Cytogenetics and 
more recently molecular profiling are the main predictors for disease prognosis and are used to guide patient 
therapeutic  strategies1–3.

Allogeneic hematopoietic cell transplantation (HCT) is a potentially curative treatment option for AML, 
with the best outcomes observed in patients receiving HCT while in first complete remission (CR)4. The 3-year 
survival probabilities after HCT are 53%, 50%, and 27% for patients undergoing an unrelated donor HCT in first 
CR, in second or subsequent CR and those not in CR, respectively.4.

Recent studies have shown that the presence of pre-transplant measurable residual disease (MRD) is associ-
ated with increased risk of relapse and death after HCT in patients with  AML5–8. Given the highly heterogenous 
nature of residual leukemia after induction therapy, it is of clinical interest to monitor genomic profiles in pre-
transplant marrow or blood to evaluate aberrations that may further improve risk stratification for HCT. The 
use of highly sensitive methods such as SNP-array has been explored for chromosomal assessments in  AML9–11. 
However, its possible clinical application in HCT is yet to be explored.

In this study, we used a high-resolution genome-wide SNP-array to characterize large clonal chromosomal 
aberrations in pre-HCT blood samples from a large cohort of AML patients undergoing unrelated donor HCT. 
We then evaluated whether detected chromosomal aberrations can aid prognostic classification of overall survival 
and risk of relapse after allogeneic transplant for AML.

Results
Patient characteristics. The median age at transplant was 48.2 (range 0.6–78.0) years. Fifty-three per-
cent were males, 95% were Caucasians, 7.4% had therapy-related disease, and 73% were in complete remission. 
Chromosomal aberrations in pre-transplant blood samples were detected in 285 patients (14.4%). Patients with 
chromosomal aberrations were older at transplant (median = 54.0 vs. 47.2 years, p < 0.001) and had a poor KPS 
score (p < 0.001). As expected, clonal chromosomal aberrations were more frequently found in patients who 
received HCT while not in CR compared with those in CR (35.6% vs. 6.5%, p < 0.001). Participant clinical and 
transplant-related characteristics comparing those with and without any chromosomal aberrations are sum-
marized in Table 1.

Detected clonal chromosomal aberrations by remission status at HCT. Figure 1A,B shows the 
type and location of detected chromosomal aberrations by remission status at transplant. In patients with 
advanced disease, a total of 496 aberrations were detected in 191 patients; among those, 49.7% had only one 
aberration, 33.5% had 2–4 aberrations and 16.8% had ≥ 5 aberrations. The median proportion of affected cells in 
patients with aberrations was 49% (interquartile range, IQR 29–79%). In patients undergoing HCT while in CR, 
205 aberrations were detected in 94 (6.5%) patients; of them, 61.7% had one event, 30.9% had 2–4 events and 
7.4% had ≥ 5 events. The median fraction of affected cells in patients with aberrations was 45% (IQR 28–62%). 
The frequency of patients with commonly detected aberrations is presented in Supplemental Table 1.

Pre‑transplant chromosomal aberrations associated with overall survival. Univariate analyses 
in patients with advanced disease showed poor post-HCT overall survival with the following aberrations: copy 
losses in chr5q (N = 24, log-rank p = 0.046), 17p (N = 16, p = 0.01), 12p (N = 12, p = 0.04), 15q (N = 9, p = 0.02), 
and CNLOH in 13q (N = 25, p < 0.0001). Only CNLOH chr13q remained statistically significantly associated 
with patient survival in a multivariable model with other aberrations and important clinical factors (Supplemen-
tal Table 2). The 3-year overall survival (OS) probabilities in patients with advanced disease with and without 
chr13q CNLOH were 4% vs. 26%, log-rank p < 0.0001, with a median survival of 2.7 vs. 7.4 months, and 96% vs. 
73% of the death happened in the first year after HCT, respectively (Fig. 2A and Supplemental Table 3). Multi-
variable analysis adjusted for clinical factors, showed that patients with advanced disease and chr13q CNLOH 
were at three-fold higher risk of post-HCT mortality compared to those with advanced disease but not with 
chr13q CNLOH (HR = 2.68, 95% CI 1.75–4.09, p < 0.0001) (Table 2).

In CR patients, the presence of CNLOHs in chromosomes 17p (N = 10, log-rank p = 0.0002), 9p (N = 13, 
p = 0.004), 2p (N = 4, p = 0.02), 11p (N = 4, p = 0.02), and copy losses in 5q (N = 10, p = 0.006), 13q (N = 6, p = 0.007) 
and 20q (N = 4, p = 0.04) were associated with poor post-HCT survival in univariate analyses. Among those, 
only CNLOH in chr17p was associated with a statistically significant excess risk of mortality in a model with 
other aberrations and clinical factors (Supplemental Table 2). The 3-year OS probabilities were 20% and 50%, 
in CR patients with and without chr17p CNLOH, respectively, log-rank p = 0.0002, median survival = 5.9 vs. 
33.4 months, and 80% vs. 57% of the death happened in the first year after HCT, respectively (Fig. 2B and Sup-
plemental Table 3). Multivariable analysis of associated mortality risk in CR patients with a chr17p CNLOH 
compared with those free of this aberration showed a HR = 3.39 (95% CI 1.74–6.60, p = 0.0003) (Table 2).

Chromosomal aberration profile in patients with CNLOHs in chr13q or chr17p. A total of 28 
patients had chr13q CNLOH, with the majority having advanced disease (N = 25). On the other hand, chr17p 
CNLOH was detected in 17 patients with advanced disease and 10 patients in CR. Figure 3A,B show aberra-
tion profile of patients with CNLOH in chr13q or chr17p by CR status. None of the patients had both aberra-
tions regardless of their remission status. Thirty-nine percent (N = 11) of the patients with chr13q CNLOH car-
ried aberrations in other chromosomes vs. 56% (N = 15) of those with chr17q CNLOH. Chromosomal regions 
affected by chr13q or 17p CNLOH in this study include FLT3 in 13q12.2 and TP53 in 17p13.1 (Supplemental 
Fig. 1A,B).
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Characteristics

Chromosomal aberration, N (%)

P1Present (N = 285) Absent (N = 1689)

Clinical factors

Recipient age < 0.001

 ≤ 10 12 (4%) 60 (4%)

 10 < − 18 3 (1%) 93 (6%)

 18 < − 40 35 (12%) 452 (27%)

 40 < − 60 151 (53%) 791 (47%)

 > 60 84 (29%) 293 (17%)

Recipient sex 0.09

 Female 121 (42%) 809 (48%)

 Male 164 (58%) 880 (52%)

Recipient race 0.542

 Caucasian 271 (95%) 1595 (94%)

 African–American 2 (1%) 33 (2%)

 Asian 4 (1%) 22 (1%)

 Other 3 (1%) 11 (1%)

 Missing/unknown 5 (2%) 28 (2%)

Karnofsky Performance Score < 0.001

 90–100 147 (52%) 1053 (62%)

 < 90 110 (39%) 460 (27%)

 Missing 28 (10%) 176 (10%)

Disease status prior to transplant < 0.001

 Not in complete remission 191 (67%) 345 (20%)

 In complete remission 94 (33%) 1344 (80%)

Cytogenetics at diagnosis 0.007

 Normal 58 (20%) 514 (30%)

 Abnormal 151 (53%) 782 (46%)

 No evaluation (metaphase) 2 (1%) 9 (1%)

 Unknown/missing 74 (26%) 384 (23%)

Transplant-related factors

Donor age 0.67

 18–< 33 139 (49%) 871 (52%)

 33–< 50 129 (45%) 719 (43%)

 50– 17 (6%) 99 (6%)

Donor sex 0.55

 Female 96 (34%) 539 (32%)

 Male 189 (66%) 1150 (68%)

Donor race 0.70

 Caucasian 253 (89%) 1500 (89%)

 African–American 2 (1%) 30 (2%)

 Asian 5 (2%) 24 (1%)

 Other 19 (7%) 106 (6%)

 Missing/unknown 6 (2%) 29 (2%)

In vivo T-Cell Depletion 0.83

 ATG and/or Campath 87 (31%) 491 (29%)

 No ATG or Campath 184 (65%) 1121 (66%)

 Missing 14 (5%) 77 (5%)

Donor–recipient CMV serostatus matching 0.14

 Both negative 68 (24%) 452 (27%)

 Negative/positive 114 (40%) 623 (37%)

 Both positive 65 (23%) 335 (20%)

 Positive/negative 26 (9%) 227 (13%)

 Missing 12 (4%) 52 (3%)

Graft type 0.50

 Bone marrow 84 (29%) 532 (31%)

 Peripheral blood 201 (71%) 1157 (69%)

Continued
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Table 1.  Patient characteristics. 1 Pearson Chi-square test unless otherwise specified. 2 Fisher’s exact test.

Characteristics

Chromosomal aberration, N (%)

P1Present (N = 285) Absent (N = 1689)

GvHD prophylaxis 0.60

 Tacrolimus + MMF ± others 54 (19%) 272 (16%)

 Other Tacrolimus based 149 (52%) 923 (55%)

 CSA based 75 (26%) 440 (26%)

 Other GVHD or no prophylaxis 7 (2%) 54 (3%)

HLA matching, n (%) 0.50

 10/10 260 (91%) 1519 (90%)

 < 10/10 25 (9%) 170 (10%)

TBI in conditioning regimen 0.008

 Yes 88 (31%) 660 (39%)

 No 197 (69%) 1029 (61%)

Conditioning regimen intensity 0.16

 Myeloablative 190 (67%) 1196 (71%)

 Reduced intensity 95 (33%) 493 (29%)

Year of transplant 0.19

 2000–2002 36 (13%) 173 (10%)

 2003–2005 93 (33%) 477 (28%)

 2006–2008 101 (35%) 673 (40%)

 2009–2011 55 (19%) 366 (22%)

Figure 1.  Genomic location and type of chromosomal aberrations among patients with AML. (A) 
Advanced disease (not in remission), (B) in complete remission; Yellow: copy-gain, blue: copy-neutral loss 
of heterozygosity (CNLOH), red: copy-loss. R package “OmicCircos” version 1.28.031 was used to create the 
figures.
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In 43 patients with chr13q or 17p CNLOH at HCT and cytogenetic information at AML diagnosis (N = 22 
with 17p CNLOH and N = 21 with 13q CNLOH), 6/8 patients in CR with chr 17p CNLOH had complex karyo-
types or deletion in chromosome 5 or 7. Yet, only one patient with chr13q CNLOH had either (Supplemental 
Fig. 2).

Risk of relapse/disease progression in patients carrying either CNLOH in chr13q or chr17p. The 
1- and 3-year cumulative incidences of relapse/disease progression in AML patients by remission status and 
chromosomal aberrations are summarized in Supplemental Table 3. In a multivariable model, the presence of 
CNLOHs in chr13q in patients with advanced disease or in chr17p in CR patients was associated with more than 
twofold increased risk of leukemia progression or relapse, respectively (HR = 2.58, 95% CI 1.63–4.08, p < 0.0001; 
and HR = 2.47, 95% CI 1.01–6.02, p = 0.047) (Table 2).

CNLOH in chr13q or chr17p in patients with normal cytogenetics at AML diagnosis and their 
association with overall survival after HCT. In analysis restricted to patients with normal cytogenetics 
at AML diagnosis (N = 572), approximately one-quarter (N = 157, 27.4%) received HCT while not in CR, with 
CNLOHs in chr13q (N = 13, 8.3%) the most frequently detected aberration in this group. Among CR patients 
with normal cytogenetics at diagnosis, 5% had chromosomal aberrations at HCT but none had chr17p CNLOH. 
Supplemental Fig.  3A,B summarize the chromosomal aberration profile in patients with normal cytogenet-
ics at AML diagnosis by CR status. Similar to results from the full cohort, the presence of chr13q CNLOH in 
patients with advanced disease in this subgroup analysis was associated with excess risk of post-HCT mortality 
(HR = 2.78, 95% CI 1.48–5.21, p = 0.002) (Supplemental Table 4).

Figure 2.  Survival probabilities after hematopoietic cell transplant in patients with AML: (A) Advanced disease 
(not in remission) by the presence or absence of chr13q CNLOH; (B) in complete remission by the presence or 
absence of chr17p CNLOH. Yellow: absent, blue: present.

Table 2.  Association between copy-neutral loss of heterozygosity in chr13q or chr17p and post-HCT 
outcomes in patients with AML. a Model was adjusted for recipient race, Karnofsky Performance Status scores, 
study cohort, GvHD prophylaxis, donor–recipient CMV serostatus matching, and graft type. b Model was 
adjusted for Karnofsky Performance Status scores, and graft type. c Model was adjusted for recipient age, donor 
age, GvHD prophylaxis, Karnofsky Performance Status scores, donor-recipient CMV serostatus matching, and 
stratified on recipient sex, conditioning intensity, graft type, and year of transplant. d Model was adjusted for 
conditioning intensity, donor sex, study cohort, and stratified on Karnofsky Performance Status scores.

Remission 
status

Copy neutral 
loss-of 
heterozygosity

All-cause mortality Relapse

N event/total N event/total

Present Absent HR (95% CI) p Present Absent HR (95% CI) p

Not in CR chr13q 24/25 429/511 2.68 (1.75–
4.09)a < 0.0001 20/25 313/510 2.58 (1.63–

4.08)b < 0.0001

In CR chr17p 10/10 888/1428 3.39 (1.74–
6.60)c 0.0003 5/10 505/1427 2.47 (1.01–

6.02)d 0.047
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CNLOH in chr13q or chr17p by patient age and their association with overall survival after 
HCT. Supplemental Fig. 4A–F show chromosomal aberration profile by patient age group. Notably, only one 
pediatric patient (≤ 18 years) had chr13q CNLOH and none carried aberrations in chr17. CNLOH in chr17p 
in CR patients was only observed in those older than 40 years. The effect of chr13q CNLOH on OS in patients 
with advanced disease was consistent across age groups (HR = 2.31, 95% CI 1.02–5.24, p = 0.045, and HR = 2.63, 
95% CI 1.56–4.43, p = 0.0003 in those ≤, or > 40 years) (Supplemental Table 4). The absence of chr17p CNLOH 
in young CR patients did not allow for age-specific analysis. In analysis restricted to adult patients (> 18), chr13q 
CNLOH was associated with an approximately threefold increased risk of death and relapse in patients with 
advanced disease (OS: HR = 2.83, 95% CI 1.83–4.35, p < 0.0001; relapse: HR = 2.74, 95% CI 1.71–4.40, p < 0.0001). 
Chr17p CNLOH was associated with a threefold increase risk of mortality and more than a twofold increased 

Figure 3.  Aberration profile of AML patients with copy-neutral loss of heterozygosity in chr13q or chr17p. (A) 
Advanced disease (not in remission), (B) in complete remission; Yellow: copy-gain, blue: CNLOH, red: copy-
loss. Partek Genomics Suite software version 7.030 was used to create the figures.
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relapse risk in CR patients (OS: HR = 3.25, 95% CI 1.65–6.37, p = 0.001; relapse: HR = 2.46, 95% CI 1.01–6.01, 
p = 0.048).

CNLOH in chr13q or chr17p and their association with outcomes after HCT in patients with 
de novo AML. Supplemental Fig. 5A–D show chromosomal aberration profile in patients with de novo and 
treatment-related AML stratified by remission status. In de novo AML (N = 1611), the most frequent aberration 
in patients in advanced disease (N = 455) was chr13q CNLOH (N = 23, 5.1%), followed by chr5q loss (N = 18, 
4%), and in those in CR (N = 1156) was CNLOH in chr9p (N = 11, 1%), followed by chr17p CNLOH (N = 7, 
0.6%) and chr5q loss (N = 7, 0.6%). In treatment-related AML (N = 145), the most common aberration was chr5q 
loss in advanced disease (N = 4, 15.4%). In an analysis restricted to patients with de novo AML (N = 1611), we 
observed similar results to that of the full cohort. In patients with advanced disease, the presence of chr13q 
CNLOH was associated with approximately 3-folds increased risks of death or leukemia progression (OS: 
HR = 2.82, 95% CI 1.81–4.40, p < 0.0001; progression: HR = 2.86, 95% CI 1.78–4.62, p < 0.0001) (Supplemental 
Table 5). In CR patients, the presence of chr17p CNLOH was associated with threefold increased risk of death 
(HR = 3.14, 95% CI 1.38–7.15, p = 0.01) and twofold excess risk of relapse, although not statistically significant 
(HR = 2.33, p = 0.15). Small number of patients with treatment-related AML (N = 145) did not allow for robust 
outcome analyses.

Discussion
In this large study of 1974 AML patients who underwent unrelated donor HCT, we showed that CNLOH in 
chr17p or chr13q (detected in approximately 3% of the patients) can identify new high-risk groups. The 3-year 
OS for CR patients carrying chr17p CNLOH was similar to those with advanced disease in the absence of chr13q 
CNLOH (3 years OS = 20% vs. 26%). Yet, harboring chr13q CNLOH in patients with advanced disease resulted 
in a detrimental outcome with a 3-year OS of 4% (with almost all death happened in the first year after HCT). 
The observed poor survival associated with such aberrations were primarily driven by the excess risk of relapse 
or disease progression. Although relatively small numbers, poor survival associated with CNLOH in chr17p 
or chr13q can refine pre-HCT risk stratification and guide precision medicine strategy in HCT decisions for 
patients with AML.

Responses to induction therapy dictated HCT prognosis in patients with AML for many years, with patients 
receiving HCT in first CR having the best prognosis and those with advanced disease with the worst  outcome4. 
Recent studies showed a prognostic improvement when considering measurable residual disease in patients with 
morphological  remission12–14. It is plausible that the observed inferior survival associated with CNLOH in chr17p 
or chr13q in our study is a reflection of residual leukemia or its aggressive phenotype. We showed that these 
aberrations affect genomic regions harboring TP53 and FLT3, respectively, both known to be associated with 
risk of leukemia relapse and poor  prognosis15,16. The presence of mutated TP53 or high allelic ratio of FLT3-ITD 
at AML diagnosis are included in the adverse risk category of the European Leukemia Net 2017 (ELN-2017)2. 
We were unable to examine the role of ELN risk scheme in our analysis due to the lack of information but the 
presence of chr13q CNLOH in patients with FLT3-ITD was associated with a shorter survival (median OS = 2.3 
vs.10.1 months, p = 0.009, in patients with and without chr13q CNLOH, respectively) in one  study17. It is possible 
that the loss-of-heterozygosity in those genomic regions are subsequent events to mutations in TP53 or FLT3 
that may modify patient outcome. If valid, pre-HCT testing for clonal CNLOH in chr17p or chr13q may guide 
the identification of patients at highest risk of inferior outcomes among patients harboring somatic mutations 
in TP53 and FLT3, a hypothesis that warrants investigation.

In line with previous literature in  AML17, our finding showed that chr13q CNLOH was detected primarily in 
patients with advanced disease (25/28); this was also true for the subset of patients who had normal cytogenetics 
at AML diagnosis. The observed detrimental post-HCT outcome in patients with advanced disease and chr13q 
CNLOH (median survival = 2.7 months; 3-year OS = 4%) need to be validated in a larger study as it questions 
the role of HCT in those patients and calls for careful risk–benefit assessment for this vulnerable patient popula-
tion. Also, the presence of CNLOH in chr13q at HCT further stratified patients who were originally classified as 
intermediate risk based with normal cytogenetics at AML diagnosis. All those patients did not achieve CR and 
had an approximately three-fold risk of post-HCT leukemia relapse when compared to advanced disease patients 
free of such aberration. This observation calls for a longitudinal evaluation of chromosomal loss-of heterozygosity 
in AML patients with normal cytogenetics to understand their dynamics through the disease treatment course.

Surprisingly, the effect of chr17p CNLOH on post-HCT survival was restricted to CR patients. It is possible 
that the higher frequency of reduced intensity regimens in CR patients with chr17p CNLOH (60% in CR vs. 
18% in advanced disease) contributed to this observation. Alternatively, the use of fludarabine-based regimen 
(in 80% of CR patients with chr17p CNLOH) was less effective. In-vitro studies suggested that cells with chr17 
abnormalities are resistant to fludarabine-induced  apoptosis18,19. A recent CIBMTR study in myelodysplastic 
syndrome showed that the presence of TP53 mutation was associated with an approximately twofold increased 
risk in post-HCT mortality (HR = 1.71, p < 0.001)20; this was not modified by conditioning regimen intensity. A 
prospective study is needed to determine the best conditioning regimen strategy for those patients.

In the current study, almost none of the 168 pediatric AML patients carried either of our identified prognostic 
aberrations; small sample size may be a limiting factor. Yet, a recent large study of young AML patients (age at 
diagnosis ranging between days and 29 years) showed different molecular landscape than that of adult AML 
with distinct FLT3 mutations but almost no TP53  mutations21.

In the current study, we found no associations between pre-HCT SNP array-detected copy loss in chr5q or 
chr7q and patient post-HCT survival in either advanced or CR patients. Monosomy 7 and monosomy 5 or 5q 
deletion are known adverse cytogenetic prognostic markers for  AML2. Of note, 26% of patients with chr17p 
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CNLOH (N = 7, 2 in CR and 5 not in CR) had pre-HCT SNP-array detected copy loss in either chr5 or chr7, 
while no patient with 13q CNLOH had such aberrations. This was also consistent in the subset of patients with 
available cytogenetic information at AML diagnosis, where approximately 63% of the CR patients with chr17p 
CNLOH had deletions in chr5 or chr7 (N = 5/8), but only one patient with chr13q CNLOH did. Taken together, 
this suggests that the observed association with chr13q CNLOH is mostly independent of other known risk 
cytogenetic findings.

The clinical usefulness of SNP microarray platform in hematological malignancies is widely supported par-
ticularly as technology advances and cost  drops22. Its possible use to guide HCT decision-making is still under 
investigation. Using the same technology, we previously showed a possible value to its use for transplant decisions 
in patients with Fanconi  anemia23, an inherited marrow failure syndrome caused by defects in DNA repair genes, 
and acute lymphoblastic  leukemia24.

The strengths of this study include the large sample size, the use of the genome-wide sensitive array, and the 
availability of well-captured clinical and outcome data. Yet, our study was limited by the unavailability of serial 
samples, which restrict our ability to explain whether those detected alterations are markers of residual disease 
or clonal drivers. Our analyses focused on aberrations observed in ≥ 10 patients, a larger study is warranted to 
validate our findings and evaluate less frequent aberrations. The study also lacked information on pre-HCT 
measurable residual disease, ELN risk classification, and prognostic mutations. SNP array analysis was completed 
using peripheral blood DNA; the use of bone marrow samples to validate our findings is warranted.

In conclusion, we showed poor survival associated with CNLOHs in chr13q and 17p in patients with AML. 
Further, larger scale study with diagnostic and pre-HCT samples for both genomic sequencing and SNP array 
analyses are warranted to elucidate the possible interplay between somatic point mutations and chromosomal 
alterations in AML pathogenesis, prognosis, and treatment response.

Methods
Study participants. This study included patients with AML (N = 1974) who were part of the DISCOVeRY-
BMT (Determining the Influence of Susceptibility COnveying Variants Related to one-Year mortality after BMT) 
study (details are available elsewhere)25. AML patients in this study received unrelated donor HCT between 2000 
and 2011. Blood samples and clinical data were available from the Center for International Blood and Marrow 
Transplant Research (CIBMTR) database and biorepository (https:// www. cibmtr. org).

All patients provided informed consent for inclusion in the CIBMTR database and research repository. The 
study was exempted from full IRB review by Roswell Park Comprehensive Cancer Center Institutional Review 
Board and the NIH Office for Human Research Protections as all data for the analyses were de-identified.

Detection of chromosomal aberrations. DNA was extracted from peripheral whole blood samples col-
lected 2–4 weeks prior to HCT conditioning regimen administration. We used SNP-array genotype data gener-
ated by the HumanOmniExpress-12v1_A BeadChip to calculate the  log2 R ratio (LRR) and B allele frequency 
(BAF). LRR is computed as the  log2 ratio of observed to expected signal intensity for each SNP; LRR > 0 indicates 
copy number gain, whereas LRR < 0 indicates copy number  loss26. BAF is calculated as the frequency of the B 
allele at a given biallelic SNP, where BAF = 0.5 indicates a heterozygous genotype. A deviation from heterozy-
gosity in the BAF without LRR changes indicates a copy-neutral loss of heterozygosity (CNLOH)27. We used 
quantile normalization and GC and CpG waves correction to improve accuracy, as described  previously28. We 
used a custom software pipeline that included BAF Segmentation  software29. All potential events were plotted, 
and false positive calls were removed after manual review. We only included chromosomal aberrations ≥ 2 Mb 
to minimize false positive  discovery28. The detection method we used have shown to yield higher sensitivity 
and specificity for detecting allelic imbalances when compared with other CNV detection  methods29. Partek 
Genomics Suite software, version 7.030 (Partek Inc., St. Louis, MO, USA, https:// www. partek. com/ partek- genom 
ics- suite/) and R package “OmicCircos”, version 1.28.031 (https:// bioco nduct or. org/ packa ges/ OmicC ircos/) were 
used for visual representation of chromosomal aberration data.

Study end points. Two end points were tested for this study: (1) overall survival (OS) defined as time from 
date of HCT to death from any cause or last follow-up, and (2) Leukemia relapse or disease progression. Com-
plete remission in this study is primarily based on hematologic remission.

Statistical analysis. We compared differences in clinical and transplant-related factors between patients 
with and without aberrations using chi-square or Fisher’s exact test, as appropriate. All outcome analyses were 
completed separately by patient CR status to account for the differences in clinical management, HCT out-
comes, and frequencies and types of detected aberrations between the two groups (N in CR = 1438 and N not 
in CR, i.e. advanced disease = 536). To identify chromosomal aberrations of prognostic effect, we first used the 
Kaplan–Meier estimator to calculate OS with each chromosomal aberration that occurred in ≥ 10 patients in the 
full cohort. All aberrations with statistically significant associations in the univariate models were then included 
in a multivariable Cox model to evaluate the independent effect of each controlling for other aberrations and 
important clinical factors. Aberrations that remained statistically significant from the previous step were tested 
for their associations with OS and relapse or disease progression in multivariable Cox proportional hazards 
models. Clinical factors included in the models were selected using a stepwise selection strategy with a thresh-
old of p < 0.25 for entry and p < 0.15 for stay. Proportional hazard assumptions were examined using Schoen-
feld residuals and violation was accounted for through stratification for non-proportional hazards effect. We 
used the cause-specific hazard analysis for relapse/disease progression with transplant related mortality treated 
as competing risk. Follow-up started at date of HCT and ended at outcome under-study, last follow-up, or in 

https://www.cibmtr.org
https://www.partek.com/partek-genomics-suite/
https://www.partek.com/partek-genomics-suite/
https://bioconductor.org/packages/OmicCircos/
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January 2019. The models for OS were adjusted for the following: (1) in CR patients: recipient and donor age, 
graft-versus-host disease (GvHD) prophylaxis, Karnofsky Performance Status (KPS) scores, donor–recipient 
cytomegalovirus (CMV) serostatus matching, and stratified on recipient sex, conditioning regimen intensity, 
graft type, and year of transplant, and (2) in patients with advanced disease: recipient race, KPS scores, study 
cohort, GvHD prophylaxis, donor–recipient CMV serostatus matching, and graft type. Relapse/disease progres-
sion models were adjusted for: (1) conditioning regimen intensity, donor sex, study cohort, and stratified on KPS 
scores for CR patients, and (2) KPS scores, and graft type in patients with advanced disease.

All statistical analyses were conducted using R version 4.0.232 (R Foundation for Statistical Computing, 
Vienna, Austria, https:// www.R- proje ct. org) and SAS software version 9.433 (SAS Institute, Inc., Cary, NC, USA, 
https:// www. sas. com/ en_ us/ home. html).

Received: 25 March 2021; Accepted: 30 June 2021

References
 1. Tallman, M. S. et al. Acute myeloid leukemia, Version 3.2019, NCCN clinical practice guidelines in oncology. J. Natl. Compr. Canc. 

Netw. 17(6), 721–749. https:// doi. org/ 10. 6004/ jnccn. 2019. 0028 (2019) (e-pub ahead of print 2019/06/15).
 2. Dohner, H. et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. 

Blood 129(4), 424–447. https:// doi. org/ 10. 1182/ blood- 2016- 08- 733196 (2017) (e-pub ahead of print 2016/11/30).
 3. Estey, E. H. Acute myeloid leukemia: 2019 update on risk-stratification and management. Am. J. Hematol. 93(10), 1267–1291. 

https:// doi. org/ 10. 1002/ ajh. 25214 (2018) (e-pub ahead of print 2018/10/18).
 4. D’Souza A, Fretham C. Current Uses and Outcomes of Hematopoietic Cell Transplantation (HCT): CIBMTR Summary Slides. 

(2019).
 5. Buckley, S. A. et al. Minimal residual disease prior to allogeneic hematopoietic cell transplantation in acute myeloid leukemia: 

A meta-analysis. Haematologica 102(5), 865–873. https:// doi. org/ 10. 3324/ haema tol. 2016. 159343 (2017) (e-pub ahead of print 
2017/01/28).

 6. Morsink, L. M. et al. Impact of pretransplant measurable residual disease on the outcome of allogeneic hematopoietic cell trans-
plantation in adult monosomal karyotype AML. Leukemia https:// doi. org/ 10. 1038/ s41375- 020- 0717-0 (2020) (e-pub ahead of 
print 2020/01/25).

 7. Thol, F. et al. Measurable residual disease monitoring by NGS before allogeneic hematopoietic cell transplantation in AML. Blood 
132(16), 1703–1713. https:// doi. org/ 10. 1182/ blood- 2018- 02- 829911 (2018) (e-pub ahead of print 2018/09/08).

 8. Schuurhuis, G. J. et al. Minimal/measurable residual disease in AML: A consensus document from the European LeukemiaNet 
MRD Working Party. Blood 131(12), 1275–1291. https:// doi. org/ 10. 1182/ blood- 2017- 09- 801498 (2018) (e-pub ahead of print 
2018/01/14).

 9. Tiu, R. V. et al. New lesions detected by single nucleotide polymorphism array-based chromosomal analysis have important clinical 
impact in acute myeloid leukemia. J. Clin. Oncol. 27(31), 5219–5226. https:// doi. org/ 10. 1200/ JCO. 2009. 21. 9840 (2009) (e-pub 
ahead of print 2009/09/23).

 10. Cluzeau, T. et al. Total genomic alteration as measured by SNP-array-based molecular karyotyping is predictive of overall survival 
in a cohort of MDS or AML patients treated with azacitidine. Blood Cancer J. 3(11), e155. https:// doi. org/ 10. 1038/ bcj. 2013. 52 
(2013) (e-pub ahead of print 2013/11/05).

 11. Duployez, N. et al. SNP-array lesions in core binding factor acute myeloid leukemia. Oncotarget 9(5), 6478–6489. https:// doi. org/ 
10. 18632/ oncot arget. 24031 (2018) (e-pub ahead of print 2018/02/22).

 12. Freeman, S. D. et al. Prognostic relevance of treatment response measured by flow cytometric residual disease detection in older 
patients with acute myeloid leukemia. J. Clin. Oncol. 31(32), 4123–4131. https:// doi. org/ 10. 1200/ JCO. 2013. 49. 1753 (2013) (e-pub 
ahead of print 2013/09/26).

 13. Chen, X. et al. Relation of clinical response and minimal residual disease and their prognostic impact on outcome in acute myeloid 
leukemia. J. Clin. Oncol. 33(11), 1258–1264. https:// doi. org/ 10. 1200/ JCO. 2014. 58. 3518 (2015) (e-pub ahead of print 2015/03/04).

 14. Hourigan, C. S. et al. Impact of conditioning intensity of allogeneic transplantation for acute myeloid leukemia with genomic 
evidence of residual disease. J. Clin. Oncol. https:// doi. org/ 10. 1200/ JCO. 19. 03011 (2019) (e-pub ahead of print 2019/12/21).

 15. Hunter, A. M. & Sallman, D. A. Current status and new treatment approaches in TP53 mutated AML. Best Pract. Res. Clin. Hae-
matol. 32(2), 134–144. https:// doi. org/ 10. 1016/j. beha. 2019. 05. 004 (2019) (e-pub ahead of print 2019/06/18).

 16. Daver, N., Schlenk, R. F., Russell, N. H. & Levis, M. J. Targeting FLT3 mutations in AML: Review of current knowledge and evi-
dence. Leukemia 33(2), 299–312. https:// doi. org/ 10. 1038/ s41375- 018- 0357-9 (2019).

 17. Gronseth, C. M. et al. Prognostic significance of acquired copy-neutral loss of heterozygosity in acute myeloid leukemia. Cancer 
121(17), 2900–2908. https:// doi. org/ 10. 1002/ cncr. 29475 (2015) (e-pub ahead of print 2015/06/03).

 18. Nahi, H. et al. Chromosomal aberrations in 17p predict in vitro drug resistance and short overall survival in acute myeloid leu-
kemia. Leuk. Lymphoma 49(3), 508–516. https:// doi. org/ 10. 1080/ 10428 19070 18616 45 (2008).

 19. Turgut, B. et al. 17p Deletion is associated with resistance of B-cell chronic lymphocytic leukemia cells to in vitro fludarabine-
induced apoptosis. Leuk. Lymphoma. 48(2), 311–320. https:// doi. org/ 10. 1080/ 10428 19060 10598 29 (2007) (e-pub ahead of print 
2007/02/28).

 20. Lindsley, R. C. et al. Prognostic mutations in myelodysplastic syndrome after stem-cell transplantation. N. Engl. J. Med. 376(6), 
536–547. https:// doi. org/ 10. 1056/ NEJMo a1611 604 (2017) (e-pub ahead of print 2017/02/09).

 21. Bolouri, H. et al. The molecular landscape of pediatric acute myeloid leukemia reveals recurrent structural alterations and age-
specific mutational interactions. Nat. Med. 24(1), 103–112. https:// doi. org/ 10. 1038/ nm. 4439 (2018) (e-pub ahead of print 
2017/12/12).

 22. Berry, N. K., Scott, R. J., Rowlings, P. & Enjeti, A. K. Clinical use of SNP-microarrays for the detection of genome-wide changes 
in haematological malignancies. Crit. Rev. Oncol. Hematol. 142, 58–67. https:// doi. org/ 10. 1016/j. critr evonc. 2019. 07. 016 (2019) 
(e-pub ahead of print 2019/08/05).

 23. Wang, Y. et al. Chromosomal aberrations and survival after unrelated donor hematopoietic stem cell transplant in patients with 
fanconi anemia. Biol. Blood Marrow Transplant. J. Am. Soc. Blood Marrow Transplant. 24(10), 2003–2008. https:// doi. org/ 10. 1016/j. 
bbmt. 2018. 05. 027 (2018) (e-pub ahead of print 2018/06/08).

 24. Wang, Y. et al. Pre-HCT mosaicism increases relapse risk and lowers survival in acute lymphoblastic leukemia patients post-unre-
lated HCT. Blood Adv. 5(1), 66–70. https:// doi. org/ 10. 1182/ blood advan ces. 20200 03366 (2021) (e-pub ahead of print 2021/02/12).

 25. Hahn, T. et al. Establishment of definitions and review process for consistent adjudication of cause-specific mortality after allogeneic 
unrelated-donor hematopoietic cell transplantation. Biol. Blood Marrow Transplant. J. Am. Soc. Blood Marrow Transplant. 21(9), 
1679–1686. https:// doi. org/ 10. 1016/j. bbmt. 2015. 05. 019 (2015) (e-pub ahead of print 2015/06/02).

https://www.R-project.org
https://www.sas.com/en_us/home.html
https://doi.org/10.6004/jnccn.2019.0028
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1002/ajh.25214
https://doi.org/10.3324/haematol.2016.159343
https://doi.org/10.1038/s41375-020-0717-0
https://doi.org/10.1182/blood-2018-02-829911
https://doi.org/10.1182/blood-2017-09-801498
https://doi.org/10.1200/JCO.2009.21.9840
https://doi.org/10.1038/bcj.2013.52
https://doi.org/10.18632/oncotarget.24031
https://doi.org/10.18632/oncotarget.24031
https://doi.org/10.1200/JCO.2013.49.1753
https://doi.org/10.1200/JCO.2014.58.3518
https://doi.org/10.1200/JCO.19.03011
https://doi.org/10.1016/j.beha.2019.05.004
https://doi.org/10.1038/s41375-018-0357-9
https://doi.org/10.1002/cncr.29475
https://doi.org/10.1080/10428190701861645
https://doi.org/10.1080/10428190601059829
https://doi.org/10.1056/NEJMoa1611604
https://doi.org/10.1038/nm.4439
https://doi.org/10.1016/j.critrevonc.2019.07.016
https://doi.org/10.1016/j.bbmt.2018.05.027
https://doi.org/10.1016/j.bbmt.2018.05.027
https://doi.org/10.1182/bloodadvances.2020003366
https://doi.org/10.1016/j.bbmt.2015.05.019


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15004  | https://doi.org/10.1038/s41598-021-94539-0

www.nature.com/scientificreports/

 26. Machiela, M. J. et al. Characterization of large structural genetic mosaicism in human autosomes. Am. J. Hum. Genet. 96(3), 
487–497. https:// doi. org/ 10. 1016/j. ajhg. 2015. 01. 011 (2015) (e-pub ahead of print 2015/03/10).

 27. Peiffer, D. A. et al. High-resolution genomic profiling of chromosomal aberrations using Infinium whole-genome genotyping. 
Genome Res. 16(9), 1136–1148. https:// doi. org/ 10. 1101/ gr. 54023 06 (2006) (e-pub ahead of print 2006/08/11).

 28. Jacobs, K. B. et al. Detectable clonal mosaicism and its relationship to aging and cancer. Nat. Genet. 44(6), 651–658. https:// doi. 
org/ 10. 1038/ ng. 2270 (2012) (e-pub ahead of print 2012/05/09).

 29. Staaf, J. et al. Segmentation-based detection of allelic imbalance and loss-of-heterozygosity in cancer cells using whole genome 
SNP arrays. Genome Biol. 9(9), R136. https:// doi. org/ 10. 1186/ gb- 2008-9- 9- r136 (2008) (e-pub ahead of print 2008/09/18).

 30. Partek Inc. (2020). Partek Genomics Suite (Version 7.0) [Computer software]. https:// www. partek. com/ partek- genom ics- suite/.
 31. Hu Y, Yan C. (2020). OmicCircos: High-quality circular visualization of omics data. R package (Version 1.28.0). https:// bioco nduct 

or. org/ packa ges/ OmicC ircos/.
 32. R Core Team (2020). R: A Language and Environment for Statistical Computing (Version 4.0.2), R Foundation for Statistical 

Computing, Vienna, Austria. https:// www.R- proje ct. org.
 33. SAS Institute Inc (2013). SAS (Version 9.4), SAS Institute Inc. Cary, NC, USA. https:// www. sas. com/ en_ us/ home. html.

Acknowledgements
This work was supported by the Intramural Research Program of the Division of Cancer Epidemiology and 
Genetics, National Cancer Institute (NCI), National Institutes of Health (NIH). The DISCOVeRY-BMT was 
supported by a Grant to L.E.S-C and T.H. from the National Heart, Lung, and Blood Institute (NHLBI; R01 
HL102278). L.E.S.-C. and T.H. were additionally supported by a Grant from the National Cancer Institute (NCI; 
R03 CA188733). The Center for International Blood and Marrow Transplant Research was supported by Public 
Health Service grant/Cooperative Agreement 5U24-CA076518; and 5U10HL069294 from the NCI and NHLBI, 
and National Institute of Allergy and Infectious Diseases; contract HHSH250201200016C with Health Resources 
and Services Administration of the Department of Health and Human Services; Grants N00014-18-1-2888 and 
N00014-20-1-2705 from the Office of Naval Research. The authors acknowledge the research contributions of the 
Cancer Genomics Research Laboratory funded with Federal funds from the National Cancer Institute, National 
Institutes of Health, under NCI Contract No. 75N910D00024. The content of this publication does not neces-
sarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade 
names, commercial products, or organizations imply endorsement by the US Government.

Author contributions
Study design: S.M.G., L.S.C., T.E.H., S.R.S., S.J.L. Bioinformatic analysis: W.Z. Genotyping and quality control: 
C.A.H., X.S., D.B., and L.P. Data analysis: Y.W., H.A.K. and S.M.G. Data interpretation: Y.W., H.A.K., S.J.C., 
T.E.H., L.S.C., S.J.L., T.W. Draft: Y.W. and S.M.G. Review and approval: all authors.

Funding
Open Access funding provided by the National Institutes of Health (NIH).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 94539-0.

Correspondence and requests for materials should be addressed to S.M.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

https://doi.org/10.1016/j.ajhg.2015.01.011
https://doi.org/10.1101/gr.5402306
https://doi.org/10.1038/ng.2270
https://doi.org/10.1038/ng.2270
https://doi.org/10.1186/gb-2008-9-9-r136
https://www.partek.com/partek-genomics-suite/
https://bioconductor.org/packages/OmicCircos/
https://bioconductor.org/packages/OmicCircos/
https://www.R-project.org
https://www.sas.com/en_us/home.html
https://doi.org/10.1038/s41598-021-94539-0
https://doi.org/10.1038/s41598-021-94539-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prognostic impact of pre-transplant chromosomal aberrations in peripheral blood of patients undergoing unrelated donor hematopoietic cell transplant for acute myeloid leukemia
	Results
	Patient characteristics. 
	Detected clonal chromosomal aberrations by remission status at HCT. 
	Pre-transplant chromosomal aberrations associated with overall survival. 
	Chromosomal aberration profile in patients with CNLOHs in chr13q or chr17p. 
	Risk of relapsedisease progression in patients carrying either CNLOH in chr13q or chr17p. 
	CNLOH in chr13q or chr17p in patients with normal cytogenetics at AML diagnosis and their association with overall survival after HCT. 
	CNLOH in chr13q or chr17p by patient age and their association with overall survival after HCT. 
	CNLOH in chr13q or chr17p and their association with outcomes after HCT in patients with de novo AML. 

	Discussion
	Methods
	Study participants. 
	Detection of chromosomal aberrations. 
	Study end points. 
	Statistical analysis. 

	References
	Acknowledgements


