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Abstract
For most acute myeloid leukemia (AML) patients, an allogeneic hematopoietic stem cell transplantation (HSCT) offers the
highest chance of sustained remissions and long-term survival. At diagnosis, high expression of the AML-associated genes
BAALC (brain and acute leukemia, cytoplasmic) and MN1 (meningioma-1) were repeatedly linked to inferior outcomes in
patients consolidated with chemotherapy while data for patients receiving HSCT remain limited. Using clinically applicable
digital droplet PCR assays, we analyzed the diagnostic BAALC/ABL1 andMN1/ABL1 copy numbers in 302 AML patients. High
BAALC/ABL1 andMN1/ABL1 copy numbers associated with common adverse prognostic factors at diagnosis. However, while
high diagnostic copy numbers of both genes associated with shorter event free survival (EFS) and overall survival (OS) in
patients receiving chemotherapy, there was no prognostic impact in patients undergoing HSCT. Our data suggests that the
adverse prognostic impact of high BAALC and MN1 expression are mitigated by allogeneic HSCT. But preHSCT BAALC/
ABL1 and MN1/ABL1 assessed in remission prior to HSCT remained prognosticators for EFS and OS independent of the
diagnostic expression status. Whether allogeneic HSCT may improve survival for AML patients with high diagnostic BAALC
or MN1 expression should be investigated prospectively and may improve informed decisions towards individualized consoli-
dation options in AML.
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Introduction

Acute myeloid leukemia (AML) is a highly heterogeneous
disease for which reliable risk stratifications are needed to
individualize treatment strategies [1]. Today, potential consol-
idation therapies for AML patients in remission after success-
ful induction therapy include intensive chemotherapy cycles
alone or an allogeneic hematopoietic stem cell transplantation
(HSCT). Through immunological graft-versus-leukemia
(GvL) effects, where the donor’s immunocompetent cells are
believed to eradicate residual disease [2, 3], allogeneic HSCT

remains the treatment option with the highest chance of
sustained remissions in most AML patients, albeit the associ-
ated morbidity and mortality [1].

The AML-associated genes BAALC (brain and acute leu-
kemia, cytoplasmatic) and MN1 (meningioma-1) have been
shown to be physiologically expressed at high levels in mye-
loid progenitor cells and downregulated during maturation
and to promote leukemogenesis through blockage of myeloid
differentiation [4–6]. While BAALC maps to chromosome
band 8q22.3 and was initially identified in AML patients har-
boring a trisomy 8 [7], MN1 is located on chromosome
22q12.3 and a transcription coactivator firstly described in
meningioma pathogenesis [8]. High expression levels of both
genes at AML diagnosis have repeatedly been associated with
adverse outcomes in both younger [4, 9] and older AML pa-
tients [10, 11], especially in the context of a normal karyotype
[12–14]. Furthermore, the expression levels of both genes
have been identified as feasible markers for residual disease
in AML patients in complete remission (CR) independent of
the applied consolidation therapy [15–19].
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However, the majority of the studies investigating the prog-
nostic impact of diagnostic BAALC and MN1 expression
levels focused on patients consolidated with standard
cytarabine-based chemotherapies or autologous HSCT in
which either none or only a small number of the analyzed
individuals received allogeneic HSCT for consolidation.
Only one recently published manuscript analyzed the data of
71 AML patients from The Cancer Genome Atlas (TCGA)
and suggested no prognostic impact of BAALC expression
levels at diagnosis in patients receiving allogeneic HSCT
[20]. This study was restricted by patient numbers and limited
information on the applied treatments (e.g., intensity of con-
ditioning regimens). Here, we analyzed the prognostic signif-
icance of the differential diagnostic BAALC andMN1 expres-
sion levels in a well-defined cohort of AML patients whowere
either treated with chemotherapy alone or received an alloge-
neic HSCT as consolidation therapy at our institution. For
better reproducibility, and to develop a feasible clinical rou-
tine assay, we adopted a digital droplet PCR (ddPCR) tech-
nology for absolute diagnostic BAALC and MN1 quantifica-
tion [21].

Subjects and methods

Patients and treatment

We analyzed the diagnostic bone marrow material of 302
AML patients who were treated at the University of Leipzig
between November 2000 and October 2018 for their BAALC/
ABL1 andMN1/ABL1 copy numbers. Median age at diagnosis
was 62.2 years (range 14.5–87.8 years). All nonAPL karyo-
types were included in the analysis. Written informed consent
was obtained from all patients in accordance with the
Declaration of Helsinki. For all 302 patients, associations of
diagnostic BAALC/ABL1 and MN1/ABL1 copy numbers with
baseline clinical and genetic factors were assessed (“associa-
tion set”). Of the 207 patients who received an allogeneic
HSCT for consolidation therapy, 186 patients were
transplanted in CR or CRwith incomplete peripheral recovery
(CRi) and were eligible for outcome analyses. Of the 95 pa-
tients who were treated with chemotherapy alone, 77 patients
received at least one cycle of intensive chemotherapy and
survived 28 days after diagnosis and were also included in
the outcome analyses. Thus, outcome was evaluated for 263
AML patients (“outcome set”). For details, please see the flow
chart in Supplementary Fig. S1.

All patients in the outcome set received age-dependent
standard cytarabine–based chemotherapy protocols (please
see Supplementary Information for details). Conditioning reg-
imens in the 186 patients receiving allogeneic HSCT were
either myeloablative (n = 47, using 2 × 60 mg/kg body weight
cyclophosphamide and 12 Gray [Gy] total body irradiation) or

nonmyeloablative (n = 139, using 3 × 30 mg/m2 fludarabine
and 2 Gy total body irradiation). Median time from diagnosis
to allogeneic HSCT was 139 days. Reasons for the chosen
consolidation therapy as well as conditioning regime in case
of allogeneic HSCT are given in the Supplementary
Information. All transplanted patients received granulocyte
colony stimulating factor–stimulated peripheral blood stem
cells. Stem cell donors were human leukocyte antigen
(HLA) matched related (n = 42, 23%), HLA matched unrelat-
ed (n = 108, 58%) or HLA mismatched unrelated (n = 36,
19%). Further patients’ characteristics are shown in Table 1
and Supplementary Table S1 and S2. Median follow-up after
diagnosis was 5.0 years for patients alive.

Assessment of BAALC/ABL1 and MN1/ABL1 copy
numbers and cutoff point definitions

For all patients, absolute BAALC and MN1 copy numbers at
diagnosis were assessed using specific ddPCR assay (BioRad,
Hercules, California, USA). ddPCR was performed on a
QX100 platform (BioRad), and QuantaSoft software
(Biorad) was used for raw data processing as previously de-
scribed [15]. Both genes were normalized to ABL1 copy num-
bers as internal control. To evaluate the prognostic impact, the
median BAALC/ABL1 (absolute 0.2538) andMN1/ABL1 copy
numbers (absolute 0.2424) were used to define patients with
high or low BAALC/ABL1 and MN1/ABL1 copy numbers at
diagnosis. For validation of the ddPCR results, in 110 patients,
qRT-PCR was performed to assess BAALC and MN1 expres-
sion levels at diagnosis additionally to ddPCR. For details
regarding qRT-PCR analysis, please see Supplementary
Information.

We previously reported on the prognostic significance of
preHSCT BAALC [15] as well as preHSCT MN1 copy num-
bers [16]. In the here-presented patient population, preHSCT
BAALC/ABL1 and preHSCT MN1/ABL1 copy numbers were
available in 77 and 76 patients, respectively. The previously
published cutoffs were used to define patients with high or
low preHSCT BAALC/ABL1 and preHSCT MN1/ABL1 copy
numbers [15, 16].

Cytogenetics, molecular marker, and flow cytometry

Diagnostic cytogenetic analyses were performed centrally
using standard techniques of banding and in situ hybridiza-
tion. Bone marrow mononuclear cells at diagnosis were
assessed for surface presence of an institutional standard panel
as previously described [22]. The mutation status of the
CCAAT/enhancer-binding protein alpha (CEBPA),
nucleophosmin 1 (NPM1), and FLT3 tyrosine kinase (FLT3-
TKD) gene as well as the presence or absence of internal
tandem duplications in the FLT3 gene (FLT3-ITD) were eval-
uated as previously described [23]. For patients with material
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available, mutation status of 54 genes included in the TruSight
Myeloid Sequencing Panel (Illumina) was evaluated at diag-
nosis as previously described [22, 24]. Patients were grouped
according to the ELN2017 genetic classification [1].

Definition of clinical endpoints and statistical
analyses

All statistical analyses were performed using the R statis-
tical software platform (version 3.4.3) [25]. Overall sur-
vival (OS) was calculated from diagnosis until death from
any cause. Event free survival (EFS) was calculated from
diagnosis to event (i.e., nonachievement of a CR or CRi
after two cycles of chemotherapy, relapse or death from
any cause). Associations with baseline clinical, demo-
graphic, and molecular features were compared using the
Kruskal–Wallis Test and Fisher’s exact tests for continu-
ous and categorical variables, respectively. Survival esti-
mates were calculated using the Kaplan–Meier method,
and groups were compared using the log-rank test.
Multivariate analyses methods are described in the
Supplementary Information.

Results

Comparison of qRT-PCR and ddPCR results

To validate our ddPCR-based expression assays, we com-
pared the results to classical qRT-PCR assays. Results
from gene expression analysis by qRT-PCR and copy
number analysis by ddPCR correlated well (Spearman
correlation coefficient: BAALC r = 0.89 and MN1 r =
0.90, Fig. 1).

Associations of BAALC/ABL1 copy numbers at
diagnosis with clinical and genetic characteristics

Patients with high BAALC/ABL1 copy numbers at diagnosis
had a lower white blood count at diagnosis (P < .001) and
presented with a higher expression of immature surface anti-
gens (i.e., CD34, P < 0.001; CD34+/CD38−, P< 0.001; and
CD117, P < 0.001), higher expression of surface antigens in-
dicating T cell differentiation (i.e., CD7, P < 0.001; and CD2,
P < 0.001), higher CD13 expression (P = 0.04), but lower ex-
pression of other antigens indicating myeloid differentiation
(i.e., CD64, P < 0.001; CD11b, P = 0.01; and CD33, P =
0.001) on mononuclear bone marrow cells at diagnosis
(Supplementary Table S1). They had a lower frequency of a
normal karyotype (P < 0.001) and were more likely to have a
core binding factor AML (CBF-AML, P < 0.001) but also to
harbor adverse-risk genetics, i.e. del(5)/del(5q) (P = 0.001),
del(7)/del(7q) (P = 0.001), a monosomal karyotype (P =
0.02) [26], a complex karyotype (P = 0.02) [1], as well as
worse risk according to ELN2017 classification (P < 0.001,
Table 1). High BAALC/ABL1 copy numbers also associated
with a lower frequency of NPM1 mutations (P < 0.001),
FLT3-ITD (P < 0.001), DNMT3A mutations (P = 0.03), by
trend TET2 mutations (P = 0.10), and a higher frequency of
RUNX1 mutations (P = 0.004), higherMN1/ABL1 copy num-
bers (P < 0.001), higher GPR56 expression (P < 0.001), and
by trend higher EVI1 expression (P = 0.08) at diagnosis.

Associations of MN1/ABL1 copy numbers at diagnosis
with clinical and genetic characteristics

Patients with highMN1/ABL1 copy numbers at diagnosis had
lower white blood count at diagnosis (P < 0.001) and present-
ed with a higher expression of immature surface antigens (i.e.,
CD34, P < 0.001; CD34+/CD38−, P < 0.001; and CD117,
P < 0.001), higher expression of surface antigens indicating

Fig. 1 Spearman correlation
between ddPCR and qRT-PCR at
diagnosis a BAALC/ABL1 and b
MN1/ABL1

2421Ann Hematol (2020) 99:2417–2427



T cell differentiation (i.e., CD2, P < 0.001 and CD7,
P < 0.001), higher CD13 (P = 0.007), but lower expression
of other antigens indicating myeloid differentiation (i.e.,
CD33, P < 0.001; CD15, P = 0.05; and CD64, P = 0.001) on
mononuclear bone marrow cells at diagnosis (Supplementary
Table S1). High MN1/ABL1 copy numbers also associated
with a lower frequency of a normal karyotype (P < 0.001)
and a higher frequency of CBF-AML (P = 0.001) but also a
higher frequency of adverse risk genetics as del(7)/del(7q)
(P = 0.001), del(5)/del(5q) (P = 0.01), by trend monosomal
karyotype (P = 0.09) and worse risk according to ELN2017
classification (P < 0.001, Table 1). High MN1/ABL1 copy
numbers also associated with a lower frequency of NPM1
mutations (P < 0.001), FLT3-ITD (P = 0.004), CEBPA muta-
tions (P = 0.006), by trend TET2mutations (P = 0.10), as well
as a higher frequency ofRUNX1mutations (P = 0.004), higher
BAALC/ABL1 copy numbers (P < 0.001), and higher GPR56
expression (P < 0.001) at diagnosis.

Prognostic impact of BAALC/ABL1 and MN1/ABL1
copy numbers at diagnosis

In line with previously published reports, in patients treated
with chemotherapy alone, BAALC/ABL1 copy numbers at di-
agnosis associated with a significantly shorter EFS (P = 0.008,
Fig. 2a) as well as shorter OS (P = 0.05, Fig. 2b). In contrast,
in patients receiving allogeneic HSCT as consolidation thera-
py, there was no different EFS (P = 0.60, Fig. 2c) or OS (P =
0.31, Fig. 2d) in patients with high or low BAALC/ABL1 copy
numbers at diagnosis.

Similarly, high MN1/ABL1 copy numbers associated with
shorter EFS (P = 0.009, Fig. 3a), which despite a separation of
the curves did not translate into significantly shorter OS (P =
0.20, Fig. 3b). Again, in patients receiving allogeneic HSCT
as consolidation therapy, there was no different EFS (P =
0.50, Fig. 3c) or OS (P = 0.30, Fig. 3d) in patients with high
or low MN1/ABL1 copy numbers at diagnosis.

Fig. 2 Outcome according toBAALC/ABL1 at diagnosis in AML patients
(“outcome set”, n = 263). a Event free survival and b overall survival
according in patients receiving chemotherapy alone and c event free

survival and d overall survival in patients consolidated with an
allogeneic stem cell transplantation in CR/CRi

2422 Ann Hematol (2020) 99:2417–2427



In multivariate analyses for patients consolidated with che-
motherapy, high MN1/ABL1 copy numbers at diagnosis
remained a significant factor for shorter EFS after adjustment
for age at diagnosis and presence of a monosomal karyotype
while high BAALC/ABL1 copy numbers at diagnosis
remained a significant factor shorter OS after adjustment for
hemoglobin levels at diagnosis and presence of a complex
karyotype (Table 2). Also in multivariate analyses neither
high BAALC/ABL1 nor high MN1/ABL1 copy numbers at di-
agnosis were significantly associated with EFS or OS in pa-
tients receiving allogeneic HSCT (Table 3).

Similar results were observed when we restricted our anal-
yses to patients with a normal karyotype (Supplementary Figs.
S2 and S3) or patients transplanted in first CR (Supplementary
Fig. S4). Additionally, we performed a landmark analysis for
patients receiving chemotherapy for the first 139 days after
diagnosis (median time from diagnosis to HSCT in the
HSCT treated cohort) and again observed shorter EFS (P =
0.02) and by trend shorter OS (P = 0.08) for patients with high

BAALC/ABL1 copy numbers at diagnosis (Supplementary
Fig. S5A, B) as well as shorter EFS (P = 0.05) and by trend
shorter OS (P = 0.10) for patients with high MN1/ABL1 copy
numbers at diagnosis (Supplementary Fig. S5C, D).

Differences between patients consolidated with chemother-
apy and patients receiving allogeneic HSCT are shown in the
Supplementary Information and Supplementary Table S3.

Discussion

As a result of the search for better risk stratification in AML
patients with normal cytogenetics, high diagnostic expression
of the AML-associated genes BAALC and MN1 were shown
to have independent adverse prognostic impact on CR
achievement, relapse rates, EFS, and OS in younger [4, 9,
12–14, 27–29] and older [10–12] AML patients. Some later
investigations also suggested a prognostic impact in AML
patients with abnormal cytogenetics [30] or independently

Fig. 3 Outcome according to MN1/ABL1 at diagnosis in AML patients
(“outcome set”, n = 263). a event free survival and b overall survival
according in patients receiving chemotherapy alone and c event free

survival and d overall survival in patients consolidated with an
allogeneic stem cell transplantation in CR/CRi
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from cytogenetic groups [20, 31, 32]. Most of these studies
focused on chemotherapy-based consolidation therapies or
autologous HSCT with only a very small proportion of pa-
tients receiving an allogeneic—and in the majority of cases
related donor—HSCT. However, there have already been
some indications that the prognostic impact of diagnostic
BAALC and MN1 expression may be modulated by the con-
solidation treatment. Yoon et al. [33] analyzed a cohort of 125
cytogenetically normal AML patients of whom approximately
half were consolidated with an allogeneic HSCT and did not
observe a prognostic impact of highBAALC expression levels,
which might be explained by the mixed consolidation thera-
pies. One recent study suggested comparable EFS and OS for
high and low BAALC expressers in the TCGA dataset for

patients after allogeneic HSCT, but this analysis was limited
by low patient numbers and missing data on the applied che-
motherapies and conditioning regimens [20]. In a subanalysis
of 48 patients receiving allogeneic HSCT, Baldus et al. [28]
observed very low relapse rates irrespective ofBAALC expres-
sion at diagnosis and suggested that high BAALC expressing
patients might benefit from an allogeneic HSCT.With respect
to diagnostic MN1 expression, in a donor vs no donor
subanalysis by Heuser et al. [4], no benefit of an allogeneic
HSCT in high expressers was observed, but also this study
was also restricted by low patient numbers (n = 39). Thus, the
prognostic significance of BAALC andMN1 expression levels
at diagnosis in the context of an allogeneic HSCT remains to
be evaluated in a large homogeneously treated and genetically

Table 2 Multivariate analysis for patients in the outcome set receiving chemotherapy (n = 77)

Event free survival Overall survival

HR* (95% CI) P OR** (95% CI) P

Age at diagnosis, years 1.04 (1.01–1.06) 0.003 – –

Hb level at diagnosis, g/dl – – 1.32 (1.00–1.72) 0.05

Monosomal karyotype (present vs absent) 2.87 (1.36–6.05) 0.006 – –

Complex karyotype (present vs absent) – – 0.41 (0.16–1.00) 0.05

MN1/ABL1 copy numbers at diagnosis (high vs low, median cut) 2.26 (1.18–4.32) 0.01 – –

BAALC/ABL1 copy numbers at diagnosis (high vs low, median cut) – – 0.37 (0.14–0.97) 0.04

Hb, Hemoglobin

*HR; hazard ratio, ** OR, odds ratio, < 1 (> 1) indicate lower (higher) risk for an event for the first category listed for the dichotomous variables and for
the higher values of the continuous variables

Variables considered in the models were those significant at α < 0.10 in univariable analyses. For EFS endpoint, variables considered were age at
diagnosis, disease origin (de novo vs secondary), ELN genetic risk, normal karyotype (present vs absent), complex karyotype (present vs absent),
monosomal karyotype (present vs absent), BAALC/ABL1 copy numbers (high vs low, median cut) andMN1/ABL1 copy numbers (high vs low, median
cut). For OS endpoint, variables considered were hemoglobin level at diagnosis, ELN genetic risk, normal karyotype (present vs absent), complex
karyotype (present vs absent), monosomal karyotype (present vs absent), and BAALC/ABL1 copy numbers (high vs low, median cut)

Table 3 Multivariate analysis for patients in the outcome set receiving allogeneic HSCT (n = 186)

Event free survival Overall survival

HR* (95% CI) P OR** (95% CI) P

Age at diagnosis – – 0.96 (0.93–0.98) 0.001

BM blast count at diagnosis 0.99 (0.97–1.00) 0.05 1.01 (1.00–1.02) 0.01

ELN genetic risk (adverse vs intermediate vs favorable) 1.97 (1.25–3.10) 0.004 0.71 (0.53–0.94) 0.02

Pre-HSCT MN1/ABL1 copy numbers (high vs low, 0.30 cut) 2.99 (1.44–6.21) 0.003 – –

BM, bone marrow; ELN, European LeukemiaNet; HSCT, hematopoietic stem cell transplantation

*HR, hazard ratio; **OR, odds ratio, < 1 (> 1) indicate lower (higher) risk for an event for the first category listed for the dichotomous variables and for
the higher values of the continuous variables

Variables considered in the models were those significant at α < 0.10 in univariable analyses. For EFS endpoint, variables considered were age at
diagnosis, disease origin (de novo vs secondary), bone marrow blast count at diagnosis, hemoglobin level at diagnosis, ELN genetic risk, complex
karyotype (present vs absent), monosomal karyotype (present vs absent), EVI1 expression status (positive vs negative), preHSCT BAALC/ABL1 copy
numbers (high vs low, 0.30 cut) and preHSCTMN1/ABL1 copy numbers. For OS endpoint, variables considered were age at diagnosis, disease origin (de
novo vs secondary), ELN genetic risk, bonemarrow blast count at diagnosis,EVI1 expression status (positive vs negative), preHSCTBAALC/ABL1 copy
numbers (high vs low, 0.30 cut) and preHSCT MN1/ABL1 copy numbers
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well-defined patient set—which was the main objective of our
study.

In contrast to previous reports that used qRT-PCR [4, 9,
13, 14, 27, 28] or microarray-based [12, 32] assays for
evaluation of BAALC and MN1 expression levels, we
adopted a ddPCR technology. This method allows absolute
quantification of gene copy numbers at high sensitivity,
specificity, and reproducibility without the need of stan-
dard curves [21] and enabled us to establish an assay suf-
ficient for a routine clinical assessment of BAALC andMN1
expression. In a subset of 110 patients, we observed a high
correlation between qRT-PCR and ddPCR results for both
gene expressions (Fig. 1) underlining the feasibility of our
ddPCR assays.

The observed associations of diagnostic BAALC and MN1
copy numbers with clinical and genetic parameter stand in line
with previously published analyses [4, 9–14, 20, 27, 31, 32].
As previously reported [13], high BAALC and MN1 expres-
sion correlated with each other, as well as with a high expres-
sion of immature markers such as CD34 [4, 9, 10, 31] and
CD117 [9]. Additionally, we observed an association of high
BAALC/ABL1 and MN1/ABL1 copy numbers with the
CD34+/CD38− cell burden, and GPR56, which match the
suggestions by Liu et al. [34] thatMN1 overexpression might
contribute to an expansion of the leukemic stem cell popula-
tion. High BAALC/ABL1 and MN1/ABL1 copy numbers cor-
related with a specific immunophenotype, including a lower
expression of mature myeloid antigens, e.g., CD11b or CD15,
which have already been described for BAALC [27], and
higher expression of antigens associated with T cell differen-
tiation. Additionally, both high BAALC/ABL1 andMN1/ABL1
expressing patients showed lower CD33 expression, which
might have clinical consequences when considering CD33-
targeted treatment approaches [35]. We also observed the pre-
viously reported association of high BAALC and MN1 levels
with lower white blood counts [9, 11, 14], immature FAB
types [12, 14], abnormal cytogenetics [20, 32], NPM1 wild-
type [9–13], as well as mutated CEBPA for high MN1 ex-
pressers [12].Within the TCGA data set an association of high
BAALC expression levels with mutated RUNX1was described
[20] that we observed for both high BAALC and high MN1
expressing patients. While we did not find an association of
high BAALC levels with wild-type PTPN11 [20], there was a
not yet reported lower incidence of DNMT3A mutations for
high BAALC expressers, as well as a trend for less TET2 mu-
tations in both high BAALC and MN1 expressing patients.

As expected, high BAALC andMN1 copy numbers associ-
ated with inferior outcomes in AML patients after
chemotherapy-based consolidation. In contrast, within the
large group of patients consolidated with an allogeneic
HSCT, we observed no prognostic impact of BAALC or
MN1 copy numbers at diagnosis, which was also seen in sep-
arate analyses for patients with a normal karyotype and

patients transplanted in first CR. Noteworthy, also the cumu-
lative incidences of relapse and nonrelapse mortality accord-
ing to BAALC/ABL1 and MN1/ABL1 copy numbers did not
differ after allogeneic HSCT (Supplementary Fig. S6).

This is especially interesting because even though for some
prognostic markers allogeneic HSCT has been described to
improve outcomes, the prognostic impact of most of these
markers retain their prognostic impact in the HSCT context
[23, 36, 37]. However, patients with high BAALC or MN1
expression at diagnosis—both markers repeatedly published
to confer inferior prognosis in chemotherapy-consolidated
AML patients—might benefit from an allogeneic HSCT as
consolidation therapy. Noteworthy, genes involved in antigen
processing and expression—among those genes encoding for
MHC class I andMHC class II molecules—correlate positive-
ly withMN1 gene expression signatures [13]. This associated
gene expressionmight support immunologic GvL effects after
HSCT to contribute to better outcomes in AML patients with
high MN1 expression.

We previously described the prognostic utility of BAALC/
ABL1 and MN1/ABL1 copy numbers for risk stratification in
remission prior to an allogeneic HSCT—which are likely to
reflect residual disease burden at this time point [15, 16]. In
the here-presented patient set, we also observed a strong im-
pact on EFS and OS after HSCT according to preHSCT
BAALC/ABL1 (Supplementary Fig. S7A, B) and MN1/ABL1
copy numbers (Supplementary Fig. S8A, B). Noteworthy,
there was no correlation between BAALC/ABL1 and MN1/
ABL1 copy numbers at diagnosis and in peripheral blood re-
mission samples prior to HSCT (Supplementary Fig. S9). The
prognostic impact of preHSCT BAALC/ABL1 andMN1/ABL1
copy numbers was independent of the diagnostic BAALC/
ABL1 (Supplementary Fig. S7C–F) orMN1/ABL1 copy num-
bers (Supplementary Fig. S8C–F). PreHSCT BAALC/ABL1
andMN1/ABL1 copy numbers may have the highest prognos-
tic value in patients with low copy numbers at diagnosis as this
may result in higher assay sensitivity (indicated in
Supplementary Figs. S7C–F and S8C–F), but larger analyses
are needed to confirm this assumption. In contrast, also in
patients with high or low preHSCT BAALC/ABL1 or MN1/
ABL1 copy numbers, diagnostic BAALC/ABL1 orMN1/ABL1
copy numbers did not impact outcome (Supplementary Fig.
S10).

Taken together, these data indicate that in the context of an
allogeneic HSCT, the diagnostic BAALC or MN1 expression
levels do not impact prognosis. However, independent of the
diagnostic BAALC or MN1 expression levels, the assessment
of both gene copy numbers in remission prior to allogeneic
HSCT allow for relevant risk stratification. This further con-
firms previous data showing that outcomes of AML patients
undergoing allogeneic HSCT remain the most favorable if
patients are measurable residual disease negative prior to start
of conditioning regimens [15, 16, 38–41].
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In conclusion, we show that the adverse prognostic impact
of high BAALC and MN1 expression levels at diagnosis is
mitigated in AML patients undergoing allogeneic HSCT. In
contrast, in patients receiving chemotherapy alone, we could
confirm the described inferior outcomes for individuals with
high BAALC or MN1 expression at diagnosis. Our data indi-
cate that patients with high BAALC or MN1 expression at
diagnosis might benefit from an allogeneic HSCT which
would help to individualize treatment of these patients.
Prospective analyses would be helpful to further confirm this
observation.
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