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Abstract We have analyzed brain and acute leukemia,
cytoplasmic (BAALC) gene expression and other genetic
markers (ERG, EVI1, MN1, PRAME, WT1, FLT3, and
NPM1 mutations) in 127 intermediate-risk acute myeloid
leukemia (AML) patients: 98 cytogenetically normal and
29 with intermediate-risk cytogenetic alterations. High
versus low BAALC expressers showed a higher refracto-
riness to induction treatment (31% vs 10%; p=.005),

lower complete remission rate after salvage therapy (82%
vs 97%; p=.010), and lower 3-year overall (23% vs 58%,
p<.001) and relapse-free survival (26% vs 52%, p=.006).
Similar results were found when cytogenetic subgroups
were analyzed separately. Multivariate models confirmed
the unfavorable prognosis of this marker. In conclusion,
BAALC is a relevant prognostic marker in intermediate-
risk AML.
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Introduction

The BAALC (brain and acute leukemia, cytoplasmic) gene,
located at chromosome 8q22.3, is expressed primarily in
neuroectoderm-derived tissues and hematopoietic precur-
sors but not in mature marrow or blood mononuclear cells
and encodes a protein with unknown function [1, 2].
Additionally, it has been detected in a subset of patients
with acute myeloid leukemia (AML), acute lymphoblastic
leukemia, and chronic myelogenous leukemia in blast crisis
[2]. High BAALC RNA expression levels are associated
with adverse prognosis in newly diagnosed AML patients
with normal cytogenetics (CN-AML) [2–5]. This prognostic
impact is particularly relevant in those CN-AML patients
lacking FLT3-ITD and CEBPA mutations [6].

Several studies from the same research group have
investigated the prognostic value of BAALC expression
together with other prognostic molecular markers (ERG and
MN1 expression, as well as CEBPA, FLT3, NPM1, or WT1
mutations) [5, 7–9], but all of them are restricted to CN-
AML patients, and there are no confirmatory studies from
other independent investigational groups. Thus, no reports
have evaluated the prognostic value of BAALC in AML
harboring chromosomal alterations with unclear prognostic
impact (i.e., trisomy 8 or t(9;11) [1]) without either
complex or monosomal karyotype [10]. Very recently, our
group has published a molecular score based on ERG,
PRAME, and EVI1 gene expression that allows to stratify
CN-AML patients in four risk categories [11]. For this
reason, we aimed to evaluate the clinical relevance of
BAALC together with other relevant markers in AML
(FLT3-ITD, ERG, EVI1, MN1, NPM1 mutations, PRAME,
and WT1) in a series of de novo AML patients with
intermediate-risk cytogenetics. Therefore, the present study
represents an external validation of BAALC adverse
prognosis in patients enrolled into PETHEMA/CETLAM
Spanish clinical trials. In addition, it is the first description
about the clinical relevance of BAALC gene expression
levels in AML patients harboring chromosomal abnormal-
ities without a well-defined prognostic value.

Materials and methods

One hundred and twenty-seven adult patients with untreated
primary AML and intermediate-risk cytogenetics were
included in this study. We considered as intermediate-risk
cytogenetics those patients with a normal karyotype (n=
98) and patients harboring one or two abnormalities without

a well-defined impact on clinical outcome [1, 10] and CN-
AML with an altered fluorescence in situ hybridization
analysis or an MLL transcript fusion detected by real-time
polymerase chain reaction (PCR; n=29; Supplementary
Table 1). We included five patients harboring an MLL-
MLLT3 (alias MLL-AF9) since de novo AML with t(9;11)
(p22;q23) show a better clinical outcome than traditionally
adverse AML group with other 11q23 rearrangements [12,
13], and they are now considered as an independent AML
subtype according to the 2008 World Health Organization
classification of myeloid neoplasias. All patients were
treated according to the Spanish PETHEMA LAM-99
[14] or ICE-CETLAM [15] protocols. Twelve patients
(9.4%) died during induction treatment, 92 (72.4%)
achieved complete remission (CR) with induction therapy,
and 23 (18.1%) were refractory to the standard induction
treatment. Eleven patients from this latter group achieved
CR after salvage therapy. Finally, 52 of the 103 (50.5%)
patients who achieved CR eventually relapsed during the
evaluation period. The median follow-up for censored
patients was 29 months (range 6–107). Additionally, ten
bone marrow (BM) samples from healthy donors were
evaluated as controls for gene expression analysis. In-
formed consent to use biological samples and clinical data
was obtained in all cases.

Total RNA from diagnostic BM was obtained using
phenol-chloroform extraction, and subsequent reverse tran-
scription was performed using high capacity commercial kit
(Applied Biosystems, Foster City, CA, USA). All samples
were analyzed for FLT3-ITD [16], mutations in NPM1 [17],
and relative expression of the following genes: ABL1 (as
control gene), BAALC, ERG, EVI1,MN1, PRAME, andWT1,
using the TaqMan® gene expression assays (Applied
Biosystems). Relative quantification was calculated using
the equation 2�$$Ct, as previously described [18]. Addition-
ally, we tested DEK-NUP214 [t(6;9)(p23;q34)], MLL-
MLLT2 [t(4;11)(q21;q23)], MLL-MLLT3 [t(9;11)(p22;q23)],
MLL-MLLT4 [t(6;11)(q26;q23)], MLL-MLLT10 [t(10;11)
(p12;q23)], RUNX1/RUNX1T1 [t(8;21)(q22;q22)], PML-
RARα [t(15;17)(q22;q12-21)], and CBFβ/MYH11 [inv(16)
(p13q22)] fusion transcripts by real-time PCR [19].

All tests were carried out by using the Statistical Package
for the Social Sciences (SPSS) 15.0 program (SPSS,
Chicago, IL, USA). For univariate analyses, the χ2 and t
student test was performed to evaluate the relationship
between refractoriness to treatment and gene expression.
The relapse-free survival (RFS) and overall survival (OS)
were calculated using the Kaplan–Meier method. The
impact of multiple predictor variables on refractoriness to
treatment was estimated based on logistic regression
analysis. Similarly, multivariate analysis on RFS and OS
was assessed using the Cox regression model. Logistic
regression and multivariate analyses were built including
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Table 2 Multivariate analysis for refractoriness to induction therapy, overall and relapse-free survival

Refractoriness OS RFS

Parameter OR 95% CI p HR 95% CI p HR 95% CI p

FLT3-ITD 4.6 1.5–13.7 .006

High BAALC (median) 3.3 1.0–10.9 .036 3.0 1.7–5.2 <.001 2.4 1.1–3.1 .005

High ERG (median) 2.9 1.0–9.4 .053

High PRAME (75th percentile) – – .076

Age >65 years 3.2 1.7–5.8 <.001 2.7 1.4–5.2 .003

WBC >50×109/L 1.7 1.1–2.8 .026 – – .12

Molecular scorea 1.4 1.0–1.9 .041 1.4 1.0–2.0 .049

Variables considered for refractoriness model (p value in Pearson chi-square analysis for categorical variables or Mann–Whitney U test for
continuous variables): FLT3-ITD (.001), BAALC gene expression, median (.003), ERG gene expression (.023), PRAME gene expression (.037),
NPM1 mutations (.040), and MN1 gene expression, median (.081). BAALC, ERG, and MN1 gene expression levels were dichotomized by median
value and PRAME expression were dichotomized by 75th percentile value to perform the logistic regression analysis

Variables considered for OS model (p value in Kaplan–Meier [log-rank test] analysis): high BAALC (<.001), age >65 years (.006), high molecular
score (.007), WBC > 50� 109=L :010ð Þ, high ERG (.013), NPM1mut+FLT3wt (.017), low PRAME (.039), high EVI1 (.071), and high MN1 (.097)

Variables considered for RFS model (p value in Kaplan–Meier [log-rank test] analysis): high BAALC (.006), age >65 years (.013), high molecular
score (.024), high ERG (.038), low PRAME (.060), and WBC > 50� 109=L :090ð Þ
a Based on ERG, EVI1, and PRAME gene expression levels. From Santamaria et al. [11]

Table 1 Clinical and biological characteristics of acute myeloid leukemia patients at diagnosis according to BAALC gene expression levels

Parameter Total (n=127) Low BAALC (n=63) High BAALC (n=64) p

Age, years, median (range) 54 (15–77) 56 (20–77) 53 (15–75) .35

Sex, male, n (%) 64 (50.4) 32 (50.8) 32 (50.0) .54

WBC, ×109/L, median (range) 14.0 (0.2–337) 9.2 (0.2–186) 27.8 (0.6–337) .057

Hemoglobin, g/L, median (range) 94 (40–150) 88 (44–150) 98 (40–127) .59

Platelets, ×109/L median (range) 55 (5–930) 62 (7–930) 48 (5–226) .10

BM blasts,% median (range) 68 (20–98) 70 (20–98) 67 (20–98) .39

FLT3-ITD, n (%) 34 (26.8) 13 (20.6) 21 (32.8) .088

NPM1 mutated, n (%) 55 (43.3) 43 (68.3) 12 (18.8) <.001

ERG gene expression, median (range) 0.5 (0.0–6.2) 0.4 (0.0–4.3) 0.8 (0.1–6.2) .011

EVI1 gene expression, median (range) 0.05 (0.0–253) 0.04 (0.0–230) 0.06 (0.0–253) .081

MN1 gene expression, median (range) 53.2 (0–18,342) 39.8 (0–3,628) 201.7 (0–18,342) .006

PRAME gene expression, median (range) 6.1 (0–18,163) 6.1 (0–11,391) 6.0 (0–18,163) .23

WT1 gene expression, median (range) 164.6 (0–3,987) 187.0 (0–856) 122.4 (0–3,987) .21

Response to induction therapy, n (%)

Complete remission (CR) 92 (80.0) 54 (90.0) 38 (69.1) .005
Refractoriness to treatment 23 (20.0) 6 (10.0) 17 (30.9)

Death before CR 12 3 9

CR after induction/salvage therapy, n (%)a

Yes 103 (89.6) 58 (96.7) 45 (81.8) .010
No 12 (10.4) 2 (3.3) 10 (18.2)

Relapse, n (%)

No 51 (49.5) 34 (58.6) 17 (37.8) .028
Yes 52 (50.5) 24 (41.4) 28 (62.2)

Exitus, n (%)

No 60 (47.2) 40 (63.5) 20 (31.3) <.001
Yes 67 (52.8) 23 (36.5) 44 (68.7)

a A total of 103 patients achieved complete remission, including 92 with standard induction therapy and 11 with salvage treatment
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only those variables reaching a p value <0.1 in the
respective univariate analysis.

Results and discussion

In order to test if all patients could be considered as a
uniform series, we compared survival, clinical features, and
gene expression profile of CN-AML (n=98) and AML with
intermediate-risk karyotype (n=29). No differences in
either overall (OS; p=.52) or RFS (p=.96) were observed
between these subgroups. In addition, no differences in age,

white blood cells (WBC), platelets or BM blasts counts, as
well as ERG, EVI1, MN1, or PRAME gene expression were
observed. Only WT1 was overexpressed in AML patients
with altered karyotype (p=.021), especially in those
patients harboring trisomy 11. In addition, there was a
trend toward higher BAALC (p=.062) in patients with
trisomy 8 as compared to CN-AML patients.

Clinical and biological features of the 127 intermediate-
risk AML patients are summarized in Table 1. At diagnosis,
patients with high BAALC gene expression (values above
the median value) showed several adverse prognostic
parameters such as lower incidence of NPM1 mutation

Low BAALC; n=63

Low BAALC; n=49

Low BAALC; n=14

Low BAALC; n=13

Low BAALC; n=11

Low BAALC; n=45

Low BAALC; n=58

High BAALC; n=64

High BAALC; n=49

High BAALC; n=15

High BAALC; n=34

High BAALC; n=45

p<.001 p=.006

p=.001 p=.064

p=.035 p=.034

a b

c d

e f

Fig. 1 Overall survival (OS) and
relapse-free survival (RFS) of
intermediate-risk acute myeloid
leukemia (AML) patients based
on BAALC gene expression
levels. a, b OS and RFS for
the 127 intermediate-risk AML
patients, respectively. c, d
Survival analyses for 98 AML
patients with normal cytogenet-
ics. High BAALC expressers dis-
played a shorter 3-year OS (26%
vs 58%, p=.001) and a trend
toward a poorer RFS (29% vs
48%, p=.064) than low BAALC
expressers. e, f Survival analyses
for 29 AML patients with
intermediate-risk chromosomal/
molecular abnormalities. High
BAALC expressers showed a
shorter 3-year OS (15% vs 58%,
p=.035) and RFS (21% vs 70%,
p=.034) than low BAALC
expressers
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(18.8% vs 68.3%; p=<.001), higher MN1 and ERG gene
expression levels (median 201.7 vs 39.8; p=.006, and
median 0.8 vs 0.4; p=.011, respectively), and a trend
towards higher WBC counts (27.8 vs 9.2×109/L; p=.057),
higher EVI1 gene expression levels (median 0.06 vs 0.04;
p=.081) and higher incidence of FLT3-ITD (32.8% vs
20.6%; p=.088) in comparison to low BAALC expressers.
Furthermore, high BAALC RNA levels were associated
with high mortality rate (69% vs 36%; p<.001), refracto-
riness to standard induction treatment (31% vs 10%;
p=.005), low CR rate after salvage therapy (82% vs 97%;
p=.010), and high relapse rates (62.2% vs 41.4%; p=.028).
In fact, chemotherapy-resistant patients displayed signifi-
cantly higher incidence of FLT3-ITD (52% vs 17%;
p=.001), higher BAALC (mean 16.4±40.2 vs 6.7±17.4,
p=.003) and ERG (mean 1.0±0.8 vs 0.7±0.8, p=.023)
gene expression levels, lower PRAME RNA levels (mean
30±52 vs 742±2,797, p=.037), and lower incidence of
NPM1 mutation (26% vs 49%; p=.040) than non-refractory
patients at diagnosis. In a multivariate model, FLT3-ITD
mutation (odds ratio, 4.6; p=.006), high BAALC (odds
ratio, 3.3; p=.036), and high ERG RNA levels (odds ratio,
2.9; p=.053) were associated with refractoriness to induc-
tion therapy, confirming previous findings in CN-AML [4,
11] (Table 2). In this regard, a recent study has described a
singular gene expression signature in CN-AML with high
BAALC gene expression, identifying the multidrug resis-
tance gene ABCB1 (MDR1) as one of the most highly
upregulated genes in these patients, which could explain the
refractoriness to treatment observed in high BAALC
expressers [5].

Patients expressing high BAALC RNA levels had a
shorter 3-year OS (23% vs 58%, p<.001) and 3-year RFS
(26% vs 52%, p=.006) in comparison to low BAALC
expressers (Fig. 1a, b). Similar results were obtained when
patients were sub-divided in CN-AML (Fig. 1c, d) and
those with other molecular or cytogenetic intermediate-risk
abnormalities (Fig. 1e, f). These results confirm the adverse
prognostic impact of BAALC in CN-AML described
previously by the Cancer and Leukemia Group B research
group [2–4] and add novel information about prognostic
relevance of BAALC gene expression levels in de novo
AML, by including also those patients with intermediate-
risk cytogenetic abnormalities. Multivariate analysis
confirmed the prognostic value of BAALC in the whole
series; the features selected as having an independent
prognostic value for either a shorter OS or RFS were age
>65 years (p<.001 and p=.003), high BAALC gene
expression (p<.001 and p=.005), WBC counts >50×109/L
(p=.026 and p=.12), and our recently proposed molecular
score [11] (p=.041 and p=.049, respectively; Table 2).
Taken together, these results confirm the prognostic value of
BAALC gene expression levels in CN-AML. Moreover, we

have also analyzed patients with other chromosomal abnor-
malities that do not qualify neither for high or low risk
categories, describing for the first time that BAALC RNA
levels show a clinical impact in the whole intermediate-risk
cytogenetic AML sub-group.

In summary, we demonstrated that high BAALC RNA
levels are associated with low CR rate and refractoriness to
chemotherapy in intermediate-risk AML patients, resulting
in a short survival. This suggests that BAALC is a relevant
marker in intermediate-risk AML.
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