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Abstract

Background—The inhibitor-of-apoptosis protein survivin, encoded by BIRCS5, regulates
apoptosis, cell division and proliferation. Several survivin splice variants have been described
however, the prognostic significance of their expression has not been well defined in pediatric
acute myeloid leukemia (AML).
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Procedure—Quantitative expression analyses of BIRC5 mRNA (n = 306) and survivin transcript
splice variants (n = 90) were performed on diagnostic bone marrow samples from children with de
novo AML treated on the clinical trials CCG-2961 and AAMLO3P1, then correlated with disease
characteristics and clinical outcome.

Results—Total BIRCS expression did not correlate with clinical outcome. Fragment length
analysis and sequencing of the entire BIRCS transcript demonstrated three splice variants. The
most prominent product, wild-type survivin, was expressed in all samples tested. Two minor
transcripts were present in 90 patients treated on CCG-2961; survivin-2B and a novel variant,
survivin-AEX2, characterized by deletion of BIRC5 exon II. A high 2B/AEx2 expression ratio (=1)
correlated with increased diagnostic WBC count, monocytic phenotype, +8 cytogenetics, lower
complete remission (45% [n = 10] vs. 88% [n = 59], P < 0.001) and higher induction failure rates
(23% [n = 5] vs. 3% [n = 2], P = 0.009). Consistent with this poor induction response, patients
with a 2B/AEX2 ratio =1 had inferior 5-year survival rates (OS 36% vs. 60%, P = 0.011; EFS 23%
vs. 53% at 5 years, P = 0.001) and appear to have increased relapse risk (P = 0.056). Subset
analyses suggest that relative over-expression of 2B, rather than under-expression of AEx2
determines clinical response.

Conclusions—High survivin-2B/AEX2 ratios are associated with refractory disease and inferior
survival in childhood AML. Survivin splice variant expression warrants prospective evaluation in
clinical trials.

Keywords

Survivin; splice variant; acute myeloid leukemia; childhood AML; molecular genetics; refractory
disease

Introduction

Acute myeloid leukemia (AML) is characterized by numerous molecular abnormalities
impairing differentiation and promoting proliferation [1]. Although recurrent cytogenetic
and molecular abnormalities are powerful predictors of relapse and survival in both adult
and pediatric AML, identifying reliable prognostic markers of primary refractory disease
remains a challenge. Overall, approximately 20-30% of adults (<60 years) and up to 17% of
children will fail to achieve complete remission (CR) with cytarabine and anthracycline
based induction chemotherapy [1,2]. The prognosis for children with primary refractory
disease is extremely poor, with only a third achieving remission with a second therapeutic
attempt [3]. Novel prognostic markers that predict induction failure are needed to facilitate
the early introduction of intensified and/or novel therapeutic strategies.

Survivin, a small inhibitor-of-apoptosis protein (IAP) encoded by the BIRC5 gene, plays
critical roles in apoptosis, cell division, and proliferation [4]. Several splice variants of
survivin such as full-length survivin (-WT), survivin-2B, and survivin-AEx3 are well
characterized [5]. Survivin-WT is encoded by four exons (I-1V), survivin 2B has an
additional exon (11B), and survivin AEx3 has deletion of exon 111 [5]. Expression of survivin
and its splice variants correlates with white blood cell (WBC) count, cytogenetics, clinical
response, and survival in AML [6-13]. Studies on survivin expression in childhood AML,
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however, have been restricted to relatively small cohorts (<50 patients) [6,9,12]. Recent
preclinical data show that survivin is a transcriptional target of the FLT3-STAT pathway
[14] and regulates proliferation in FLT3-mutated AML [15].

To determine whether survivin expression correlates with disease characteristics, such as
FLT3 mutational status, and clinical outcome, we performed molecular and expression
characterization of BIRC5 and its transcript splice variants in a large cohort of childhood
AML.

Patients and Treatment

In an initial sequencing of the entire coding sequence of BIRCS5 in diagnostic specimens
from 100 children with AML, no disease-associated alterations were identified. We
therefore quantitatively analyzed BIRC5 mRNA expression in 306 patients with de novo
AML treated on multicenter clinical trials CCG-2961 (N = 91) and AAMLO3P1 (N = 215).
Furthermore, survivin transcript splice variant data was available for 90 patients, all of
whom were treated on CCG-2961 (99%). Details and clinical outcomes of these trials have
been reported previously [16,17]. CCG-2961, enrolled 901 eligible de novo patients (<21
years old) and incorporated an 1daDCTER induction regimen, followed by a randomization
between 1daDCTER or fludarabine, cytarabine, and idarubicin in course 2. Patients with a
matched related family donor underwent haematopoietic stem cell transplantation (HSCT)
as course 3, and those without a donor received high-dose cytarabine (HDAC) and L-
asparaginase followed by a randomization between one or no courses of IL-2 [16]. The
CCG-2961 study failed to demonstrate any difference for any randomization, with no new
agent improving outcome [16]. The AAMLO3P1 trial enrolled 340 eligible de novo patients
(<21 years old) and assessed the safety of adding gemtuzumab ozogamicin (GO; 3 g/m? as a
single dose during each of courses 1 and 4) to intensive chemotherapy. Patients with a
matched family donor received HSCT as course 4, and those without a donor received two
further courses of intensification (mitoxantrone, cytarabine, and GO followed by HDAC and
-asparaginase) [17]. Clinical characteristics were similar for patients enrolled on CCG-2961
and AAMLO3P1 [16,17]. Furthermore, clinical outcomes for patients treated on the
AAMLO3P1 study were generally similar to those treated during the latter stages of
CCG2961 (EFS and OS 53% and 66% vs. 46% and 57%, respectively) [16,17].

Informed consent was obtained in accordance with the Declaration of Helsinki for both
participation in the clinical trials and the collection of specimens for biological studies. The
institutional review boards of all participating institutions approved the clinical trials, and
the COG Myeloid Disease Biology Committee approved this study. CCG-2961 and
AAMLO3P1 are registered at ClinicalTrials.gov as NCT00002798 and NCT00070174,
respectively.

BIRCS5 Expression and Splice Variant Analysis

All studies were performed on Ficoll purified marrow specimens with no further selection.
The median percentage of bone marrow blasts for all patients analyzed was 71% (range 2—
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100%). For the 91 patients enrolled on CCG-2961, the median percentage of bone marrow
blasts was 77% (range 16-100%). Quantitative analysis of BIRC5 expression in AML blasts
from diagnostic samples was performed by TagMan RT-PCR, using the primer/probes set
(ABI) Hs03063352_s1, which binds to BIRC5 exon IV and its 3’ UTR. Expression of BIRC5
in AML blasts was normalized to normal peripheral blood mononuclear cells (PBMCs). The
control normal PBMCs were obtained from normal volunteers to create a baseline for
comparison purposes as previously described [18]. The expression value in each patient was
normalized against this baseline control to define variability between patient specimens.
Splice variants were identified by reverse transcription, followed by PCR amplification of
the entire transcript using fluorescently labeled primers. Amplified products were resolved
by fragment length analysis and the length and sequence of each fragment were compared
with published data [5].

Statistical Methods

The Kaplan—Meier method was used to estimate overall survival (OS), event-free survival
(EFS) and disease-free survival (DFS). Overall survival was defined as time from study
entry to death. Event-free survival was defined as time from study entry until death, failure
to achieve CR during induction therapy, or relapse. Disease-free survival was defined as
time from end of course 1 or end of course 2 for patients in complete response (CR) until
relapse or death. For patients of AAMLO3P1, induction 1 (course 1) failures were defined as
patients who went off therapy due to relapse or persistent central nervous system (CNS)
disease. Patients with refractory disease and who withdrew from therapy at the end of
induction 1 were also considered failures. Induction 2 (course 2) failures were defined as
patients who were not in CR by the end of induction 2. Estimates of relapse risk (RR) and
treatment related mortality (TRM) were obtained using methods that account for competing
events. Relapse risk was defined as time from end of course 1 or course 2 for CR patients to
relapse where deaths from non-progressive disease were considered competing events.
Treatment related mortality was defined as time from end of course 1 or course 2 for CR
patients to death from non-progressive disease where relapses were considered competing
events. The significance of predictor variables was tested with the log-rank statistic for OS,
EFS, and with Gray's statistic for RR and TRM. The significance of observed differences in
proportions was tested using the Chi-squared test and Fisher's exact test when data were
sparse. The Mann-Whitney test was used to determine the significance between differences
in medians.

Subgroups of patients designated as low, standard, or high risk patients were also analyzed
for outcome. Low risk (LR) patients were defined as either having core-binding factor AML
[with t (8;21) or inv(16) cytogenetics], NPM1 mutation, or CEBPA mutation. High risk (HR)
patients were defined as patients having monosomy 7, -5/5g- cytogenetics, or with
FLT3/ITD high allelic ratio (>0.4). All other patients having data for cytogenetics, FLT3/
ITD, NPM1, and CEBPA who were not otherwise HR or LR were designated as standard
risk (SR).
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Results
BIRC5 Expression in Pediatric AML

Expression of BIRC5 was assessed by quantitative RT-PCR in diagnostic specimens from
306 patients as described under methods, and normalized to the expression in PBMCs.
Expression of BIRCS5 in diagnostic bone marrow samples varied widely, ranging from 0- to
61.04-fold over BIRCS expression in normal PBMCs (Fig. 1A). The median expression was
0.24. The majority of patients (84%, n = 257) had expression lower than normal PBMCs
(PBMC-normalized ratio <1). High BIRCS5 expression (> 1.0; 16% [n = 49]) correlated with
an immature phenotype (FAB MO0 12% [n = 6] vs. 1% [n = 3], P = 0.001) and monosomy 7
(11% [n = 4] vs. 1% [n = 3], P = 0.008). BIRC5 expression also correlated with risk group.
Twenty-six percent (n = 10) of patients with BIRC5 expression >1 were classified HR versus
12% (n = 29) of low expressors (P = 0.024); conversely, 37% (n = 86) of patients with
BIRCS expression < 1 were classified LR versus 16% (n = 6) of high expressors (P = 0.011).
There was no correlation between BIRC5 expression status (high or low) and recurring
mutations in FLT3, NPM1, or CEBPA. Despite the correlation with poor prognostic markers
such as high-risk group and monosomy 7, BIRCS5 expression did not correlate with
remission status, relapse rate or survival (Supplementary Tables | and I1).

Identification of the Novel Survivin Splice Variant AEx2

The entire coding region of BIRC5 was amplified and analyzed for transcript variants. Three
distinct splice variants were identified in diagnostic specimens from 90 patients treated on
the CCG-2961 study and characterized by fragment length analysis and sequencing (Fig.
1B-D and Supplementary Fig. 1). Wild type (WT) survivin transcript, with 429 base pairs
(bp) and 142 amino acids (aa), was variably expressed in all samples. In addition to the WT
transcript, two additional variants, a smaller and a larger product were identified (Fig. 1B).
Sequencing of the two products showed that the larger isoform was that of previously
described survivin-2B, characterized by an additional exon 11, comprising 498 bp and 165 aa
in total.

The smaller isoform revealed a novel BIRCS variant with loss of BIRCS exon 11I; hence we
designated this splice variant as survivin-AEx2 (Fig. 1C). Exon Il has 110 bp, with the last
two bases (adenosine [A] and thymidine [T]) normally combining with the first base of exon
I (A) in survivin-WT or the first base of exon 11B (T) in survivin-2B. In both survivin-WT
and survivin-2B, the resulting codon translates to isoleucine. Since exon | has 111 bp,
deletion of exon Il results in a frameshift mutation in exon 111, with the first codon becoming
AGA (adenosine—guanosine—adenosine; translating to arginine) and a premature stop codon
(TAA) arising after just 9 bp in exon I1. As a result, the translated peptide would comprise
only 40 aa (Fig. 1D and Supplementary Fig. 1).

Survivin-2B/AEx2 Ratio and Disease Characteristics

Although survivin-WT was the predominant isoform, expression levels of the two survivin
isoforms varied significantly. Since survivin-WT expression did not predict clinical
outcome, we sought to determine whether expression of the two variants might have
biologic and clinical implications. The ratio of the survivin-2B and survivin-AEx2 splice
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variants (2B/AEx2) was therefore used as a measure of expression of the two variants. Ratio
of 2B to AEX2 ranged from O (primarily AEx2 product) to >10 (primarily 2B product).
Clinical and laboratory characteristics and outcomes were compared for patients with
isoform ratio =1 and those with lower ratios. All 90 patients with available survivin-2B and -
AEX2 isoform data were enrolled on the CCG-2961 study. The 22 (24%) patients with a 2B/
AEX2 ratio =1 had a higher WBC count at diagnosis (median WBC 69.4 vs. 19.4 x 103/ul, P
= 0.025) and an increased incidence of monocytic phenotype (FAB M5; 36% [n = 8] vs.
12% [n = 8]; P = 0.02) and +8 cytogenetics (46% [n = 6] vs. 0% [n = 0], P < 0.001),
compared with those with a 2B/AEX2 ratio <1. A low 2B/AEX2 ratio (<1) was more frequent
in patients with wild-type FLT3 (78% [n = 39] vs. 55% [n=11], P = 0.054), compared with
FLT3-1TD or FLT3-TKD positive patients combined. There was no correlation between
Survivin-2B/AEX2 ratio and FLT3-ITD or FLT3-TKD mutational status when analyzed
separately.

The Ratio of Survivin-2B/AEx2 Correlates With Induction Failure, Refractory Disease, and
Poor Outcome

The correlation between 2B/AEX2 and clinical outcome was of most interest (Tables | and
I1). Patients with a 2B/AEX2 ratio = 1 had significantly lower CR rates and higher induction
failure rates than those with a ratio < 1 after course 1 (45% [n = 10] vs. 88% [n =59], P <
0.001 and 23% [n = 5] vs. 3% [n = 2], P = 0.009, respectively). Importantly, the correlation
between a high 2B/AEX2 ratio (= 1) and refractory disease remained significant after course
2 of induction chemotherapy, with only 57% (n=12) achieving CR, compared with 80% (n =
47) of those with a low ratio (<1; P = 0.044). Criteria for induction failure after course 2
were met by 24% (n = 5) of high ratio patients, compared with only 5% (n = 3) of low ratio
patients (P = 0.026).

Consistent with the poor response to induction, patients with a 2B/AEX2 ratio = 1 also had
significantly lower overall survival (OS; 36% vs. 60% at 5 years, P = 0.011) and event-free
survival (EFS; 23% vs. 53% at 5 years, P = 0.001) than those with a ratio < 1 (Table Il and
Fig. 2). By risk group, this correlation remained significant for SR (n = 34) and HR (n = 13)
patients, but not LR patients.

Children with a high 2B/AEX2 ratio also appear to be at an increased risk of relapse. A clear
trend toward increased risk of relapse was evident for high 2B/AEX2 ratio patients compared
with low ratio patients when analyzed from the end of course 1 (60% vs. 31%, P = 0.061)
and course 2 (58% vs. 32% P = 0.056; Table Il and Fig. 2). The impact of HSCT on relapse
risk and survival for children with a 2B/AEX2 ratio =1 was not assessed.

To assess which minor splice variant was the primary determinant of outcome, clinical
outcomes were compared to the individual expression of survivin-2B and survivin-AEx2.
Consistent with the observation that a relatively high 2B/AEX2 ratio was associated with
refractory disease, expression of survivin-2B above the median was significantly associated
with inferior CR rates after course 1 (but not course 2) induction therapy (66% [n = 29] vs.
89% [n = 40], P = 0.009). Despite an association with lower CR, high expression of
survivin-2B did not correlate with relapse rate or survival. Conversely, there was no
association between expression of survivin-AEx2 above or below the median and response
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to induction chemotherapy (CR 70% [n = 31] vs. 84% [n = 38], P =0.114 and 64% [n = 25]
vs. 83% [n = 34], P = 0.056 after courses 1 and 2, respectively). Curiously, survivin-AEx2
expression above the median was associated with inferior survival (5-year OS 42% vs. 66%,
P =0.027; 5-year EFS 33% vs. 57%, P = 0.017).

Discussion

The report demonstrates a survivin splice variant with deletion of exon Il, which we termed
survivin-AEx2. Because a stop codon is introduced in exon 111, the resultant peptide is
expected to have only 40 aa. The structure and function of such a small peptide is unknown
although like survivin-2B, the predicted Baculoviral IAP Repeat (BIR) domain would be
disrupted, since it normally consists of aa 16—87 in survivin-WT, encoded by exons I, I, and
I11. The BIR domain is highly conserved amongst 1APs, yet its anti-apoptotic function is
unclear [5]. Survivin has only one BIR domain which is disrupted in all known splice
variants except survivin-WT and survivin-3B (characterized by an additional part of exon 111
and no exon 1V). A second motif of the survivin protein is the predicted coiled-coiled
domain, comprising aa 97-141 of survivin-WT and aa 120-164 of survivin-2B. Unlike
survivin-WT and survivin-2B, survivin-AEx2 would not have this coiled-coiled domain. The
biological activity of survivin-AEX2 remains to be assessed. It is possible that survivin-AEx2
somehow modulates the antiapoptotic activity of survivin-2B, since a lower 2B/AEX2 ratio is
associated with better outcome. However, individual analyses showing that 2B, but not
AEX2, expression is associated with response to induction therapy suggest that 2B may be
exerting a dominant antiapoptotic function, rather than AEx2 having an important protective
or modulatory role.

Our findings that survivin-WT is the major splice variant, and that relative over-expression
of survivin-2B correlates with inferior outcomes are consistent with a smaller study reported
by Wagner et al. A semi-quantitative analysis of 31 children and 51 adults (treated on AML-
BFM93 and AMLCG92 protocols, respectively) demonstrated that survivin-WT was the
predominant splice variant, with low-level expression of survivin-2B and survivin-AEx3
(ref. 9). Adults with higher survivin-2B expression (relative to GAPDH) had poorer OS and
EFS than those with lower survivin-2B expression (mean 9 vs. 19 months, P = 0.05 and
mean 10 vs. 27 months, respectively, P < 0.01) [9]. There was a similar trend in children
(mean OS 26 vs. 42 months), but it was not statistically significant. In vitro transfection
studies of survivin-2B in 293 (human embryonic kidney) cells demonstrated that exogenous
overexpression of survivin-2B blocks apoptosis induced by Bax overexpression [9].

Our analysis of 306 children with de novo AML is the largest on survivin expression in
pediatric AML to date. Although expression of survivin correlated with high-risk group
status and the presence of monosomy 7, we did not identify a correlation between total
survivin expression and clinical outcome. This is in contrast to previous studies of survivin
expression in children and adults. Children positive for survivin expression at diagnosis on
the AML-BFM93 protocol had a lower OS than those negative for survivin expression
(mean OS 27 [n = 10] vs. 41 months [n = 34], P < 0.05) [12]. In a study of 511 adults with
newly diagnosed AML, reverse-phase protein array showed that survivin expression levels
were significantly higher in bone marrow than peripheral blood [8]. Using a multivariate
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Cox proportional hazards model, higher survivin expression predicted significantly poorer
OS and EFS (hazard ratio 1.17, 95% CI 1.03-1.33, P = 0.016 and 1.15, 95% CI 1.02-1.30, P
=0.023, respectively) [8]. Survivin expression was also significantly higher in CD34*38~
AML stem/progenitor cells than bulk blasts or total CD34* AML cells, suggesting survivin
plays a role in AML leukemogenesis. Unlike our study, there was no correlation between
survivin expression and FLT3-mutational status, clinical response, or relapse risk [8].

In summary, our data suggest that a high survivin-2B/AEX2 ratio is strongly associated with
refractory disease and inferior outcome in children with de novo AML. The impact of this
ratio appears primarily determined by relative over-expression of survivin-2B, rather than
under-expression of survivin-AEx2, although functional studies are required to delineate
this. The expression of alternative survivin splice variants, particularly survivin-2B, may
modulate the antiapoptotic functions of survivin, reducing the ability of cytotoxic
chemotherapy to induce cell death in AML. Prospective clinical studies are also needed to
confirm the prognostic impact of survivin splice variant expression. If the poor prognostic
impact is confirmed, patients with relative over-expression of survivin-2B may benefit from
intensified induction therapy or novel therapeutic strategies. Whether the apparent increased
relapse risk and inferior survival can be mitigated by HSCT in first CR is unknown and
warrants further evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Identification of survivin-2B and the novel splice variant AEx2. A: Range of BIRC5
expression overall, relative to normal PBMCs. B: Capillary electropherogram from normal
PBMCs and two representative patients with 2B/AEX2 ratios <1 (Patient 1) and >1 (Patient
2). C: Sequence analysis revealed loss of exon Il from the splice variant represented by peak
1 in the electropherogram (B), and the variant was hence termed survivin-AEx2. D: Deletion
of exon Il results in a frameshift mutation, leading to a premature stop codon in exon IlI.
Stop codons are represented by red flags. PBMCs, peripheral blood mononuclear cells; WT,
wild-type; bp, base pairs.
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Fig. 2.

Survivin-2B/AEx2 expression and clinical outcome. Event-free survival (A) and overall
survival (B) for patients according to the 2B/AEX2 ratio. C: Relapse risk, according to the
2B/AEX2 ratio, calculated from the end of course 2 induction therapy.
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