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Abstract
Relapse in patients with acute myeloid leukemia (AML) is common and is associated with a dismal prognosis. Treatment 
options are limited and the understanding of molecular response patterns is still challenging. We analyzed the clonal response 
patterns of 15 patients with relapsed/refractory AML treated with selinexor in a phase II trial (SAIL). DNA was analyzed 
at three time points and showed a decline of mutated alleles in FLT3, SF3B1, and TP53 under SAIL treatment. Overall sur-
vival (OS) was similar between patients with declining versus persisting clones. We show an interesting long-term course 
of a patient who relapsed after allogeneic stem cell transplantation (alloHCT) with SF3B1- and SRSF2-mutated AML and 
received selinexor as maintenance treatment for 4 years. Measurable residual disease (MRD) remained detectable for 2 weeks 
after donor lymphocyte infusion (DLI) in this patient and then remained negative under selinexor maintenance treatment. 
Selinexor was tolerated well and was stopped after 4 years of SAIL treatment. We present an exploratory study and identify 
subclonal patterns of patients treated with selinexor.
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Introduction

Selinexor is an exportin-1 (XPO-1) inhibitor that forces the 
nuclear retention and functional activation of tumor suppres-
sor proteins, thereby inducing apoptosis in cancer cells [1, 
2]. Overexpression of XPO-1 is common in many tumors, 
including acute myeloid leukemia (AML) [3]. New thera-
pies are particularly needed in relapsed AML, as 10–60% 
of all AML patients will relapse and have a poor prognosis 
[4]. Following a promising phase I trial, [5] we conducted a 
phase II study with selinexor plus cytarabine and idarubicin 
in patients with relapsed/refractory AML (SAIL) [6]. Forty-
two patients with a median age of 59.5 years were enrolled. 
Due to prolonged aplasia and a rate of febrile neutropenia of 
85% and of grade 3/4 diarrhea of 56%, the initial selinexor 
dose of 40 mg/m2 twice weekly for 4 weeks was reduced 
to 60 mg twice weekly for 3 weeks resulting in a reduction 
of febrile neutropenia and severe diarrhea to 33% and 40%, 
respectively. The overall response rate (complete remission 
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(CR), CR with incomplete hematologic recovery (CRi), and 
MLFS) was 50%. Fifteen patients had a first or second stem 
cell transplantation (36%). The event-free, relapse-free, and 
overall survival were 4.9, 17.7, and 8.2 months, respec-
tively. Three of four NPM1-mutated patients responded, 
but a detailed molecular workup has not been reported. 
Response to selinexor has been previously associated with 
t(6;9) resulting in the fusion protein DEK-NUP214 [7]. To 
identify molecular predictors of response and survival, we 
evaluated the molecular profile and time course and cor-
related them to the clinical outcome of patients treated with 
selinexor and chemotherapy in the SAIL trial [6].

Patients, materials, and methods

Patients and treatment

All 42 patients who were treated in the SAIL trial were 
eligible to participate in this correlative study. The SAIL 
trial was a phase II study evaluating selinexor with cytara-
bine and idarubicin in relapsed or refractory AML patients 
according to the 2016 World Health Organization criteria 
[8]. Patients received standard chemotherapy (7 + 3, con-
tinuous infusion of cytarabine 100 mg/m2 on days 1–7 and 
idarubicin 10 mg/m2 intravenously on days 1, 3, and 5) 
plus selinexor 40 mg/m2 orally twice a week for 4 weeks or 
60-mg selinexor absolute twice a week for 4 weeks [6]. The 
main criterion for inclusion in the present study was avail-
ability of DNA from bone marrow or peripheral blood at 3 
time points: initial AML diagnosis, screening for the SAIL 
trial, and first response assessment after cycle 1 (scheduled 
for day 28 of cycle 1, median after 17 days). Fifteen patients 
had DNA available and were included in the present analy-
sis. Written informed consent was obtained according to the 
Declaration of Helsinki and the study was approved by the 
local ethics committee.

Cytogenetic and molecular analyses

G- and R-banding analysis was performed centrally in 
blood or bone marrow samples. DNA was extracted and 
processed as described previously [9]. A custom TruSight 
myeloid sequencing panel (Illumina, San Diego, CA) was 
used to determine mutations associated with myeloid leuke-
mias including 46 genes (Supplementary Table S1). DNA 
sequencing libraries were prepared from samples (bone mar-
row n = 40, peripheral blood n = 8) at diagnosis, at relapse 
(respectively the start of selinexor), and at follow-up accord-
ing to the manufacturers’ instructions (Illumina, San Diego, 
CA) and as described previously [9].

Error‑corrected sequencing for sensitive MRD 
detection

Sensitive measurable residual disease (MRD) assessment 
was used to monitor the follow-up samples of the long-term 
patient for mutations in SF3B1 and SRSF2 (Supplementary 
Table S2). An amplicon sequencing approach for sensitive 
detection of SNVs and indels to reduce the sequencing error 
rate was applied as described before [9, 10]. The Illumina 
MiSeq reagent kit v3 (600 cycles, San Diego, USA) was 
used for sequencing and was run on the MiSeq sequencer 
aiming for a high coverage per sample. This amplicon-based 
error-corrected sequencing and bioinformatics approach was 
applied to samples of the long-term patient 6.4, 6.48, 6.56, 
6.6, 9.2, and 11.3 years after initial diagnosis.

Whole‑genome amplification

Since ultra-deep sequencing requires a high amount of DNA, 
some samples had to undergo amplification to increase the 
DNA amount. The Qiagen REPLI-gMini Kit was used 
according to the manufacturer’s instructions to amplify 
genomic DNA [11].

Bioinformatics and statistical analyses

Bioinformatics analysis of myeloid panel sequencing and 
of error-corrected sequencing was performed as previously 
described according to a standardized algorithm for call-
ing single nucleotide variants (SNVs) and small and large 
insertions/deletions (indels) MRD positive or negative based 
on the number of read families (RF mode, error-corrected 
sequencing) or the number of matching forward (R1) and 
reverse (R2) reads (R1/R2 mode), using the background 
error of the individual sample to define the limit of detection 
[9, 10]. Limit of detection (LOD) for SNVs and small indels 
was defined as an average of the background error plus 3 
standard deviations of the background error, where back-
ground error is quantified by LVAF (largest non-reference 
variant allele fraction at all nucleotide positions between the 
primers of the respective amplicon). For large indels, ≥ 75 
supporting (mutated) reads were required to call MRD posi-
tive, except for the NPM1 4 base pair insertion, where the 
requirement was ≥ 10 supporting reads.

For NGS-MRD analyses, bioinformatic analysis was per-
formed using a sensitive error-corrected amplicon sequenc-
ing approach, which had a sensitivity threshold of 0.015%, 
to validate identified variants [10, 12].

Molecular response was defined as variant allele fre-
quency (VAF) negativity in the follow-up sample in com-
parison to the relapse sample, i.e., a mutation found at the 
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time of relapse was no longer detectable in the follow-up 
sample with a sensitivity of 1%. Molecular non-response 
was defined as a VAF ≥ 1% at relapse that was still detect-
able at follow-up.

Overall survival (OS) endpoints, measured from the 
date of start of selinexor, were death (failure) and alive at 
last follow-up (censored). Event-free survival (EFS) end-
points, measured from the date of start of selinexor, were 
relapse (failure), molecular non-response (failure), death in 
complete remission (CR) (failure), and alive in CR at last 
follow-up (censored). The Kaplan–Meier method and log-
rank tests were used to estimate the distribution of OS and 
EFS, and to compare differences between survival curves. 
Categorized variables were considered in univariate analysis 
for EFS and OS. Comparisons of variables were performed 
using the Kolmogorov–Smirnov test and the Chi-squared 
test for categorical variables for exploratory purposes. The 
two-sided level of significance was set at P < 0.05. The sta-
tistical analyses were performed with the statistical software 
package SPSS 26.0 (IBM Corporation, Armonk, NY), sta-
tistical program R using packages “survival,” and Microsoft 
Excel 2021 (Microsoft Corporation, Redmond, WA, USA).

Results

Patient characteristics

Fifteen (36%) of 42 patients were included for whom DNA 
was available for the time points at diagnosis, at relapse/
refractoriness, and at the first response assessment at the 
end of the first cycle of selinexor and chemotherapy (Sup-
plementary Fig. S1). Included patients were younger than 
the excluded patients but did not differ among other clini-
cal variables (Supplementary Table S3), nor for EFS or OS 
(Supplementary Fig. S2). Baseline characteristics of all 15 
patients are listed in Supplementary Table S4. The median 
age was 49.1 years (range 29–72). Eleven (73%) patients 

had de novo and four (27%) had secondary/therapy-related 
AML. Nine patients belong to the favorable or intermediate 
cytogenetic risk groups, whereas four patients were classi-
fied as adverse. The molecular profile showed a predomi-
nance of secondary AML-type mutations (Fig. 1).

Response to selinexor and chemotherapy

All patients received one course of SAIL treatment. Seven 
(47%) patients achieved morphologic complete remission 
(CR) or CR with incomplete hematologic recovery (CRi). 
Clinical characteristics were similarly distributed between 
CR/CRi patients and all other patients (Supplementary 
Table S5). When comparing the molecular characteristics 
of patients achieving CR/CRi and all other patients, no 
trend to achieve CR/CRi could be observed (Supplemen-
tary Table S6).

Clonal evolution of patient-specific mutations was evalu-
ated from diagnosis to relapse/refractoriness to post SAIL 
treatment (Supplementary Fig. S3). Clones with mutations 
in FLT3 (FLT3-TKD = 1, FLT3-ITD = 1), SF3B1, and TP53 
declined under SAIL treatment, whereas clones with muta-
tions in CUX1, GATA2, TET2, BCOR, DNMT3A, RAD21, 
ASXL1, SRSF2, RUNX1, NPM1, PTPN11, ASXL2, and WT1 
remained stable or increased under SAIL treatment (Sup-
plementary Table S7).

Survival after selinexor and chemotherapy

Median survival time was 1.076 years in the included and 
0.512 in the excluded patients (Supplementary Fig. S2). In 
univariate analysis, age (HR 0.129, 95%CI 0.025–0.666, 
P = 0.014) and type of AML (HR 0.222, 95%CI 
0.055–0.906, P = 0.036) were predictive for OS (Supplemen-
tary Table S8). Variables considered for EFS in univariate 
analysis are shown in Supplementary Table S8. Mean over-
all survival (OS) was significantly longer in patients who 
underwent allogeneic hematopoietic cell transplantation 

Fig. 1  Frequency of genes that 
were found mutated at the time 
of SAIL screening and associa-
tion with CR/CRi
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(alloHCT, P = 0.014, Supplementary Fig. S4). OS was simi-
lar between patients with CR/CRi or no response (Supple-
mentary Fig. S5) and patients with declining vs persisting 
clones (Supplementary Fig. S6). There was no significant 
difference in terms of OS comparing the cohort with molec-
ular response versus all others.

Selinexor maintenance treatment

One of the responding patients received selinexor as main-
tenance therapy for 4 years. The patient was diagnosed with 
de novo AML with normal cytogenetics, with SF3B1 and 
SRSF2 mutations. The patient initially received an HLA-
identical transplant after myeloablative conditioning, but 
relapsed 6 years after alloHCT. One cycle of selinexor/
chemotherapy was administered and the patient achieved 
CR. The patient continued selinexor maintenance treatment 
with 60-mg selinexor twice a week. SF3B1 and SRSF2 muta-
tions were still present at the time of relapse and declined 
under SAIL treatment (Fig. 2). The patient received one 
course of donor lymphocyte infusion (DLI) (1 ×  107  CD3+ 
cells), which was tolerated well without signs of GvHD. 
MRD remained detectable 17 days after DLI. At 30 days 
after DLI treatment, both MRD markers turned nega-
tive under continued selinexor treatment. Under selinexor 
maintenance treatment, MRD remained negative until last 
follow-up at 4.9 years after SAIL treatment. The patient tol-
erated selinexor well with short-term nausea and dysgeusia 

after selinexor intake. Selinexor maintenance treatment was 
stopped 4 years after SAIL treatment and the patient remains 
in CR 14 months after the end of maintenance.

Discussion

We analyzed the molecular profile of patients treated 
within the SAIL trial at initial diagnosis, at the time of 
screening for SAIL when the patient had relapsed or was 
refractory, and after the first cycle of SAIL induction 
chemotherapy. We evaluated subclonal response patterns 
and found that clones with mutations in FLT3, SF3B1, 
and TP53 declined under SAIL treatment, whereas clones 
with mutations in CUX1, GATA2, TET2, BCOR, DNMT3A, 
RAD21, ASXL1, SRSF2, RUNX1, NPM1, PTPN11, ASXL2, 
and WT1 remained stable or increased under SAIL treat-
ment. Zhang et  al. also found an association between 
FLT3 mutation status and response in patients treated with 
selinexor when combined with the multikinase-inhibitor 
sorafenib [13]. WT1 remained stable under SAIL treat-
ment, whereas Wang et  al. showed WT1 as a reliable 
marker for response and relapse in AML patients treated 
with selinexor in combination with high-dose cytarabine 
and mitoxantrone [14]. NPM1 was described before as a 
stable marker under selinexor [15]. The surprising effect 
on TP53 may be explained by the mechanism of selinexor 
as an exportin inhibitor [16]. ASXL1 and SRSF2 were 

Fig. 2  Molecular course 
of long-term patient under 
selinexor maintenance treat-
ment. The x-axis marks the 
years after diagnosis. The 
orange and blue lines show 
the SRSF2 and SF3B1 MRD 
courses, respectively. The filled 
squares represent MRD positiv-
ity above the LOD of VAF 
0.02% and the empty squares 
represent MRD negativity. 
Selinexor maintenance treat-
ment started 26 days after DLI
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among the genes associated with molecular persistence. 
They are known as co-occurring genes associated with a 
dismal prognosis, which is concordant with our findings 
[17]. Although subclonal response patterns are interesting, 
they did not result in improved survival. Selinexor mono-
therapy in older relapsed/refractory AML patients with 
TP53 mutations resulted in similar survival as in patients 
treated with physician’s choice [18].

We found a significant benefit in OS in patients undergo-
ing alloHCT, confirming that alloHCT is an effective con-
solidation treatment after selinexor/chemotherapy.

One patient had a late relapse 6.4 years after alloHCT 
and received one cycle of SAIL treatment. He achieved CR 
and continued selinexor as a maintenance treatment. He 
was treated with DLI from the original donor and turned 
MRD negative 17  days after DLI and selinexor treat-
ment and remained negative until 4.9 years after relapse. 
As the patient did not develop any signs of GvHD, it is 
not clear how much DLI or selinexor contributed to this 
long-term remission. Mutations occurred in SRSF2 and 
SF3B1 gene which are two spliceosome mutations lead-
ing to missense mutations. These are hotspot mutations 
(SRSF2 NM_003016.4:c.284C > T,p.Pro95Leu, SF3B1 
NM_012433.2:c.1998G > T,p.Lys666Asn;) with different 
VAFs (SRSF2 VAF 12.5%, SF3B1 VAF 23.7%), suggesting 
that they occur either in different clones or have non-redun-
dant pathogenic function. Spliceosome mutations are usually 
mutually exclusive, yet combined occurrence does occur and 
has been described before [19–21]. Another interesting long-
term course was observed by Walker et al. [22] The patient 
was treated with selinexor monotherapy in the SOPRA trial 
for 40 months. Sequencing identified mutations in IDH2, 
DNMT3A, and BCORL1 at the time before treatment and 
declining VAFs under selinexor. Monotherapy of selinexor 
in relapsed/refractory unfit AML patients was evaluated in 
the SOPRA trial and compared against physician’s choice 
[18]. CR/CRi was achieved in 11.9% vs 3.5%, respectively, 
with median OS of 3.2 vs 5.6 months, respectively [18]. 
Response to selinexor monotherapy was associated with six 
master regulator proteins, with five proteins having higher 
activity in responders (PKIA, ZDBF2, BCL11B, FHIT, and 
CAMK4), and one protein having lower activity in respond-
ers (MGST2) (18).

Our study is clearly limited by the small patient number, 
the low number of patients within each genetic subgroup, 
and some cases with incomplete data. Our study is therefore 
exploratory and the therapeutic effect of selinexor cannot be 
separated from the effect of chemotherapy or DLI/alloHCT.

In summary, we correlate response to genetic characteris-
tics in a subset of the patients treated within the SAIL study, 
identify subclonal response patterns, and describe the effect 
and tolerability of selinexor long-term treatment in a patient 
with relapsed AML.
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tary material available at https:// doi. org/ 10. 1007/ s00277- 022- 05075-4.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This study was supported by grants 70112697 and 70114478 
from Deutsche Krebshilfe, DFG grants HE 5240/6-2å, DJCLS grant 
16 R/2021, and by the Rudolf-Bartling Stiftung.

Declarations 

Conflict of interest The institutions of WF and MH received research 
funding from Karyopharm. The other authors have no potential con-
flicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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/.

References

 1. Syed YY (2019) Selinexor: first global approval. Drugs 
79(13):1485–1494

 2. Gandhi UH, Senapedis W, Baloglu E, Unger TJ, Chari A, Vogl 
D et al (2018) Clinical implications of targeting XPO1-mediated 
nuclear export in multiple myeloma. Clin Lymphoma Myeloma 
Leuk 18(5):335–345

 3. Ranganathan P, Kashyap T, Yu X, Meng X, Lai TH, McNeil B 
et al (2016) XPO1 inhibition using selinexor synergizes with 
chemotherapy in acute myeloid leukemia by targeting DNA repair 
and restoring topoisomerase IIα to the nucleus. Clin Cancer Res 
22(24):6142–6152

 4. Döhner H, Weisdorf DJ, Bloomfield CD (2015) Acute myeloid 
leukemia. N Engl J Med 373(12):1136–1152

 5. Garzon R, Savona M, Baz R, Andreeff M, Gabrail N, Gutierrez 
M et al (2017) A phase 1 clinical trial of single-agent selinexor in 
acute myeloid leukemia. Blood 129(24):3165–3174

 6. Fiedler W, Chromik J, Amberg S, Kebenko M, Thol F, Schlipfen-
bacher V, et al (2020) A phase II study of selinexor plus cytarabine 
and idarubicin in patients with relapsed/refractory acute myeloid 
leukaemia. Br J Haematol 190(3):e169; e169-e173; e173

 7. Alexander TB, Lacayo NJ, Choi JK, Ribeiro RC, Pui C, Rub-
nitz JE (2016) Phase I study of selinexor, a selective inhibitor of 
nuclear export, in combination with fludarabine and cytarabine, 
in pediatric relapsed or refractory acute leukemia. J Clin Oncol 
34(34):4094; 4094–4101; 4101

 8. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau 
MM et al (2016) The 2016 revision to the World Health Organi-
zation classification of myeloid neoplasms and acute leukemia. 
Blood 127(20):2391–2405

 9. Heuser M, Gabdoulline R, Löffeld P, Dobbernack V, Kreimeyer 
H, Pankratz M et al (2017) Individual outcome prediction for 
myelodysplastic syndrome (MDS) and secondary acute myeloid 
leukemia from MDS after allogeneic hematopoietic cell transplan-
tation. Ann Hematol 96(8):1361–1372

327Annals of Hematology (2023) 102:323–328

https://doi.org/10.1007/s00277-022-05075-4
http://creativecommons.org/licenses/by/4.0/


1 3

 10. Thol F, Gabdoulline R, Liebich A, Klement P, Schiller J, Kandzi-
ora C et al (2018) Measurable residual disease monitoring by NGS 
before allogeneic hematopoietic cell transplantation in AML. 
Blood 132(16):1703–1713

 11. Treff NR, Su J, Tao X, Northrop LE, Scott RT (2011) Single-cell 
whole-genome amplification technique impacts the accuracy of 
SNP microarray-based genotyping and copy number analyses. 
Mol Hum Reprod 17(6):335; 335–343; 343

 12. Engel NW, Reinert J, Borchert NM, Panagiota V, Gabdoulline R, 
Thol F, et al (2021) Newly diagnosed isolated myeloid sarcoma-
paired NGS panel analysis of extramedullary tumor and bone mar-
row. Ann Hematol 100(2):499; 499–503; 503

 13. Zhang W, Ly C, Ishizawa J, Mu H, Ruvolo V, Shacham S, et al 
(2018) Combinatorial targeting of XPO1 and FLT3 exerts syner-
gistic anti-leukemia effects through induction of differentiation 
and apoptosis in -mutated acute myeloid leukemias: from concept 
to clinical trial. Haematologica 103(10):1642; 1642–1653; 1653

 14. Wang AY, Weiner H, Green M, Chang H, Fulton N, Larson RA, 
et al (2018) A phase I study of selinexor in combination with 
high-dose cytarabine and mitoxantrone for remission induction in 
patients with acute myeloid leukemia. J Hematol Oncol 11(1):4; 4

 15. Bhatnagar B, Zhao Q, Mims AS, Vasu S, Behbehani GK, Lar-
kin K, et al (2020) Selinexor in combination with decitabine in 
patients with acute myeloid leukemia: results from a phase 1 
study. Leuk Lymphoma 61(2):387; 387–396; 396

 16. Turner JG, Dawson J, Sullivan DM (2012) Nuclear export of 
proteins and drug resistance in cancer. Biochem Pharmacol 
83(8):1021; 1021–1032; 1032

 17. Richardson DR, Swoboda DM, Moore DT, Johnson SM, Chan O, 
Galeotti J, Esparza S, Hussaini MO, Van Deventer H, Foster MC, 

Coombs CC, Montgomery ND, Sallman DA, Zeidner JF (2021) 
Genomic characteristics and prognostic significance of co-
mutated ASXL1/SRSF2 acute myeloid leukemia. Am J Hematol 
96(4):462–470.  https:// doi. org/ 10. 1002/ ajh. 26110

 18. Sweet K, Bhatnagar B, Döhner H, Donnellan W, Frankfurt O, 
Heuser M, et al (2021) A 2:1 randomized, open-label, phase II 
study of selinexor vs. physician's choice in older patients with 
relapsed or refractory acute myeloid leukemia. Leuk Lymphoma 
62(13):3192; 3192–3203; 3203

 19. Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik V, Paschka 
P, Roberts N et al (2016) Genomic classification and prognosis in 
acute myeloid leukemia. N Engl J Med 374(23):2209–2221

 20. Thol F, Kade S, Schlarmann C, Löffeld P, Morgan M, Krauter 
J et al (2012) Frequency and prognostic impact of mutations in 
SRSF2, U2AF1, and ZRSR2 in patients with myelodysplastic 
syndromes. Blood 119(15):3578–3584

 21. Tyner JW, Tognon CE, Bottomly D, Wilmot B, Kurtz SE, Savage 
SL et al (2018) Functional genomic landscape of acute myeloid 
leukaemia. Nature 562(7728):526–531

 22. Walker C, Panoskaltsis N, Crochiere M, Parcharidou A, Colis 
M, Enfield L, Shah J, Shacham S, Landesman Y (2020) IDH2 
P.R172K mutations in patients with acute myeloid leukemia 
(AML) may be associated with favorable response to selinexor 
treatment. EHA Library 294403; EP484

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

328 Annals of Hematology (2023) 102:323–328

https://doi.org/10.1002/ajh.26110

	Molecular response patterns in relapsedrefractory AML patients treated with selinexor and chemotherapy
	Abstract
	Introduction
	Patients, materials, and methods
	Patients and treatment
	Cytogenetic and molecular analyses
	Error-corrected sequencing for sensitive MRD detection
	Whole-genome amplification
	Bioinformatics and statistical analyses

	Results
	Patient characteristics
	Response to selinexor and chemotherapy
	Survival after selinexor and chemotherapy
	Selinexor maintenance treatment

	Discussion
	References


