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ABSTRACT

Gliomas, the most common primary brain tumor in humans, include a spectrum 
of disease. High-grade gliomas (HGG), such as glioblastoma, may arise from low-
grade gliomas (LGG) that have a more indolent course. The process of malignant 
transformation (MT) of LGG to HGG is poorly understood but likely involves the 
activation of signaling programs that suppress apoptosis. We previously showed that 
Survivin (BIRC5) plays a role in malignant progression of glioma. Here, we investigated 
the role of the remaining members of the Inhibitors of Apoptosis (IAP) family on 
promoting MT in glioma. Utilizing expression data from the cancer genome atlas 
(TCGA), we identified BIRC3 as a key facilitator of MT from LGG to HGG. TCGA HGGs 
with high expression of BIRC 3 demonstrated a survival disadvantage and expression 
levels of BIRC3 were also significantly higher in TCGA HGG compared to TCGA LGG 
cases. We validated our findings from TCGA by using matched human specimens to 
show that BIRC expression is increased in HGG compared to their precursor LGG 
lesions. Using a unique murine model of glioma, we show that overexpression of 
BIRC3 promotes higher grade glioma and significantly reduces tumor-free survival 
in mice.

INTRODUCTION

Glioblastoma (GB), the most common primary 
malignant brain tumor in humans has a 5-year survival rate 
of only 10% despite aggressive treatment [1]. Secondary 
GBs are the result of an accumulation of molecular 
alterations and originate from low-grade gliomas (LGGs)
[2]. LGGs often have an indolent clinical course until they 
progress to high-grade gliomas (HGGs) such as GB, after 
which survival time decreases significantly. The causes of 
this malignant progression are largely unknown.

We have shown previously that suppression of 
apoptosis can promote malignant progression in a murine 
model of glioma. Increased expression of Survivin 
(BIRC5), a member of the Inhibitors of Apoptosis (IAP) 
family, has been shown to be prognostic of shorter 

survival in patients with HGG [3, 4]. We showed that 
the overexpression of anti-apoptotic Survivin transcript 
variant 2 is associated with a poor prognosis as well as 
increased angiogenesis in a murine model [5]. While 
Survivin has been well studied, it is unknown if other IAPs 
are capable of inducing similar malignant degeneration. 
IAPs are a family of eight anti-apoptotic proteins whose 
overexpression has been linked to numerous malignancies 
including gliomas [6]. This family of 8 human proteins is 
characterized by a conserved baculoviral IAP repeat (BIR). 
IAP proteins modulate apoptosis directly binding caspases, 
inhibiting the assembly of pro-apoptotic molecules and 
promoting anti-apoptotic factors. Although multiple IAPs 
are known to be over expressed in gliomas, the specific 
role served by IAPs in the development and progression of 
gliomas remains unclear. Elucidating factors that facilitate 
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the progression of gliomas and clarifying the role that 
IAPs play in this process is critical as mitigating their 
activity offers an opportunity for therapeutic intervention.

Here, we analyzed the Cancer Genome Atlas [7] 
to evaluate the differential expression of IAP family 
genes (save BIRC5 which we have studied previously) 
in LGG and HGG. We compared expression of these 
genes between LGG and HGG. We also evaluated the 
impact of IAP gene expression on survival. Of these, 
BIRC 3 (cIAP2) demonstrated increased expression in 
HGG relative to LGG. Increased expression of BIRC3 in 
human tumors (both HGG and LGG) also correlated with 
shorter survival. Based upon these findings, BIRC3 was 
determined to be a likely candidate to promote malignant 
progression from LGG to HGG. Expression of BIRC3 in 
a PDGFB-dependent murine model of glioma resulted 
in shorter-symptom free survival compared to controls 
and also resulted in a shift to a more malignant glioma 
phenotype. Thus, BIRC3 may be a potential therapeutic 
target to mitigate the transition from low-grade to high-
grade glioma.

RESULTS

BIRC3 is highly differentially expressed in HGG 
compared to LGG

We compared mean RNA expression of individual 
IAPs (BIRC1-8) between LGG and GB tumors from TCGA 
data. Of these, BIRC3 and BIRC4 (XIAP) demonstrated 
the most significant differential log fold change of all the 
IAPs evaluated (Supplementary Table S1).

BIRC3 expression is associated with shorter 
survival in LGG and GB patients

In low grade gliomas, median survival for BIRC3 
overexpressors (N=153) was 26.7 months compared to 
94.5 months for nonexpressors (N=364) (log rank test p= 
0.009). BIRC2 overexpressors (N=249) also demonstrated 
a survival disadvantage (41.1 months versus 105.1 months 
for nonexpressors (N=271)) (Supplementary Table S2). 
However, in GB patients only BIRC3 overexpressors 
demonstrated a progression-free (PFS) and overall survival 
(OS) disadvantage compared to nonexpressors. PFS was 
4.8 months for overexpressors (N=72) and 8.02 months for 
nonexpressors (N= 90) (log rank test, p=0.0009). OS was 
11.7 months for overexpressors (N-93) compared to 14.3 
months in nonexpressors (N=113) (log rank test p=0.01) 
(Figure 1A and 1B). For all other patients with increased 
expression of a particular IAP (from BIRC1 through 
BIRC8, excluding BIRC5, which we reported previously), 
median survival between expressors and non expressors 
was not statistically significantly different for GB TCGA 
cases (Supplementary Table S3).

BIRC3 expression is upregulated in human HGG 
compared to LGG precursors

Based on the result that increased BIRC3 expression 
was associated with shorter survival and increased 
expression in HGG compared to LGG, we wanted to 
know if it was upregulated in HGGs that progressed from 
previously diagnosed LGGs. We quantified the expression 
of BIRC 3 in human tumors and demonstrated an increase 

Figure 1: A. Progression-free survival (PFS) in patients from TCGA stratified by BIRC3 mRNA expression. The red line indicates 
patients with increased expression of BIRC3, and the blue line represents patients with decreased or non-expression relative to a normalized 
mean. PFS in expressors was significantly worse than the comparison group (log rank test, p= 0.00086). B. Overall survival (OS) in patients 
from TCGA stratified by BIRC3 mRNA expression. OS in expressors was significantly worse than the comparison group (log rank test, p= 
0.009).
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in expression between a panel of LGG (N=8) that 
eventually progressed to HGG (Figure 2). In 7/8 paired 
samples, we showed an increase in the number of tumor 
cells expressing BIRC3 in the HGG tumor compared to 
the matched LGG (one paired sample showed an increase 
in BIRC3 expression in the HGG relative to the low-
grade precursor but the difference was not statistically 
significant) (Supplementary Table S4).

BIRC3 overexpression promotes malignant 
progression in vivo

We interpreted the result that BIRC3 demonstrated 
a survival disadvantage in the TCGA LGG group as an 
indicator that it may promote malignant progression to 
HGG. The increased expression in GB compared to LGG 
also suggested its role in malignant transformation. We 
modeled BIRC3 overexpression using the RCAS/Ntv-a 
system. This is a genetically-engineered murine model of 
PDGFB-driven gliomas in which the low-grade phenotype 
is predominant. We overexpressed PDGFB alone or in 
conjunction with BIRC3 in an in vivo mouse model as well 
as BIRC3 independently. The mouse brains were harvested 
and evaluated for tumor formation and tumor grade (BIRC 
3 expression was verified in the tumors, Supplementary 
Figure S1). The combination injection sets were compared 
to the rates of tumor formation for the PDGFB alone 
cohort (Figure 3A). In the PDGFB alone group, 31 out 
of 34 mice formed tumors (91%). Of these tumors, 22/31 
were low grade (71%) 9/34 were high grade (29%). For 
the PDGFB + BIRC3 cohort, 30/34 mice formed tumors 
(88%) of which 13/30 were low grade (43%) and 17/30 
were high grade (57%) (Figure 4). There were statistically 
more high-grade tumors in the combination BIRC3 + 
PDGFB cohort compared to PDGFB alone (chi square 
p=0.034). None of the mice injected with BIRC3 alone 
developed tumors.

Increased IAP expression is associated with 
shorter tumor latency and survival in vivo

Mice were sacrificed when they developed 
neurological symptoms from tumor burden or at 90 days. 
For the PDGFB alone group, the median survival reached 
90 days. In the combination cohort of PDGFB + BIRC3, 
the median survival was 67 days which was significantly 
shorter than the PDGFB alone cohort (log rank test 
p=0.036) (Figure 3B).

BIRC3 induces apoptotic suppression in tumors

We determined the extent of apoptotic suppression 
by comparing the percentage of CC3 positive cells in 
tumors induced from the RCAS-BIRC3 + RCAS-
PDGFB and RCAS-PDGFB injection sets (Figure 5). 
For the RCAS-BIRC3 + RCAS-PDGFB injection set, 
the mean percentage of CC3 positive cells was 0.5% (± 
0.1%). For the RCAS-PDGFB injection set, the mean 
percentage of CC3 positive cells was 1.7% (± 0.2%). 
The difference was statistically significant (unpaired t 
test, p<0.0001).

Mitotic activity

We determined the extent of tumor cell 
proliferation by comparing the percentage of pHH3 
positive cells in tumors induced from the RCAS-BIRC3 
+ RCAS-PDGFB and RCAS-PDGFB injection sets 
(Figure 6). For the RCAS-BIRC3 + RCAS-PDGFB 
injection set, the mean percentage of pHH3 positive cells 
was 4.5% (± 0.5%). For the RCAS-PDGFB injection set, 
the mean percentage of pHH3 positive cells was 2.0% 
(± 0.2%). The difference was statistically significant 
(unpaired t test, p=0.003).

Figure 2: Expression of BIRC3 in representative human low-grade glioma and subsequent high-grade glioma. A. Low-
grade glioma demonstrating a paucity of BIRC3 staining. B. Subsequent high-grade glioma in the same patient demonstrating abundant 
BIRC3 staining (400X, scale bar= 50 μm). C. Bar graph demonstrating differences in BIRC3 staining in paired matched samples of LGG 
and HGG from eight patients.
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DISCUSSION

Evasion of apoptosis is a key pro-survival 
mechanism utilized by cancer cells to proliferate. The 
expression of Survivin, the best-studied member of 
the inhibitor of apoptosis family, has been shown to be 
a negative prognostic indicator in a variety of human 
cancers as well as gliomas [8, 9]. We showed recently 
that a transcript variant of Survivin has a profound effect 
on malignant progression in glioma and facilitated tumor 
cell proliferation [5]. In contrast, relatively little is 
known of the role played by the lesser-studied members 
of the IAP family in the development and progression of 

gliomas. Here, we studied IAP expression in the context of 
malignant progression using the TCGA dataset. We show 
that of the 8 known IAPs (excluding Survivin) BIRC3 has 
a unique role in facilitating glioma progression from low- 
to high-grade.

In an examination of TCGA expression data, 
we found that of all described IAPs, only BIRC3 both 
correlated with shorter survival in both LGG and GB and 
exhibited increased expression in GB relative to LGGs. 
Although a limitation of our study is that the TCGA data 
sets used were not matched (i.e. the HGG cases are not 
secondary GBs that arose from LGG precursors), the 
results from several hundred specimens with mRNA data 

Figure 3: A. Incidence of low- and high-grade gliomas in the RCAS-PDGFB and RCAS-PDGFB + RCAS-BIRC3 injection sets. B. 
Kaplan-Meier curve demonstrating symptom-free survival in Ntv-a mice injected with RCAS-PDGFB and RCAS-PDGFB+RCAS-BIRC3.
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Figure 4: A. Whole mount photomicrograph of low-grade glioma induced by RCAS-PDGFB in Ntv-a mice. This is the dominant 
phenotype observed in this injection set. B. Whole mount photomicrograph of high-grade glioma with microvascular proliferation and 
necrosis induced by RCAS-PDGFB + RCAS-BIRC3 in Ntv-a mice. This is the dominant phenotype observed in this injection set. C. 
Magnified photomicrograph of the low-grade glioma induced by PDGFB demonstrating tumor cells without high-grade features. This is 
the dominant phenotype observed in this injection set. D. Magnified photomicrograph of high-grade glioma induced by PDGFB+BIRC3 
demonstrating increased cellularity and areas of microvascular proliferation (arrowheads) consistent with HGG (400x, scale bar = 50 μm).

Figure 5: Suppression of apoptosis. Decreased expression of cleaved caspase 3 was observed in tumors induced by RCAS-PDGFB + 
RCAS-BIRC3 relative to those induced by RCAS-PDGFB alone. A. CC3 staining in tumor induced by RCAS-PDGFB. B. CC3 staining in 
tumor induced by RCAS-PDGFB + RCAS-BIRC3. Arrowheads indicate positively staining apoptotic bodies. C. Scatter plot demonstrating 
difference in CC3 expression between injection sets (400x, scale bar= 50 μm).
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proved useful in determining differences in expression 
between these tumor types. Further, a matched set of 
human LGGs that had eventually transformed to HGGs 
demonstrated increased expression of BIRC3 in the 
HGGs with essentially absent expression in the LGGs. 
These results prompted us to investigate the effect 
of BIRC3 overexpression in vivo using a genetically 
engineered murine model of endogenous brain tumor 
formation. Ectopic expression of PDGFB in Ntv-a mice 
induces gliomas of predominantly a low-grade phenotype. 
Combining PDGFB and BIRC3 resulted in a significant 
shift to a high-grade phenotype in the mice compared to 
PDGFB controls. Further, the combination of PDGFB 
and BIRC3 resulted in a significant decrease in tumor-free 
survival compared to controls. We did not observe any 
tumors in mice injected with BIRC3 alone indicating that 
it is insufficient to induce tumors independently.

A significant anti-apoptotic effect was observed in 
tumors induced with PDGFB and BIRC3 compared to 
PDGFB alone. This correlated inversely with an increase 
in tumor cell proliferation (as measured by mitotic 
activity). The uncoupling of apoptosis from proliferation 
has been described before in murine models of brain 
tumors [10, 11]. Similar to the present results, in these 
models the gene supplying the anti-apoptotic effect is 
insufficient to induce tumors independently. This is 
unsurprising as the drivers of the described GB subclasses 
do not generally include the increased expression of 
anti-apoptotic genes [12]. However, recently described 
multinucleated and giant cells that arise after radiation of 
GB demonstrate increased expression of BIRC3 among 
other prosurvival signals underscoring the importance of 
BIRC3 in the biology of high-grade glioma [13].

BIRC3 is a known target of the transcription 
factor NF-κB, which is associated with poor prognosis 
and apoptotic resistance in gliomas [14–16]. NF-κB is 
constitutively activated in HGG and target genes including 
BIRC3 (and BIRC5) are elevated in HGG compared to 

LGG [17]. In glioma cell lines with inhibited NF-κB 
expression, BIRC3 expression is also inhibited and these 
cells are sensitive to TNF-α induced cell death [17]. Thus, 
the expression of BIRC3 induced by NF-κB is necessary 
to inhibit TNF-α induced apoptosis. Interestingly, the 
activation of NF-κB is also induced by the ubiquitin-
associated domain of cIAP2, and ubiquitin binding may 
facilitate cell survival, NF-κB signaling and subsequent 
oncogenesis [18]. Finally, hypoxia is a known stimulus 
for NF-κB and also induces BIRC3 in HGG [19]. As a 
hallmark of HGG, we frequently observe areas of necrosis 
– zones of hypoxia - in our high-grade murine tumors, and 
it is possible necrosis plays an additional stabilizing role 
in the expression of BIRC3.

XIAP (BIRC4) stabilizes BIRC3 thereby enhancing 
its expression [20]. Although in our analysis of TCGA data 
we found that increased expression of XIAP was seen in 
GB relative to LGG, this did not correlate with shorter 
survival. BIRC3 is fairly rapidly auto-ubiquinated and 
degraded but this process is inhibited by XIAP, at least in 
part by inhibiting ubiquitination. Because of the integration 
of numerous RCAS-BIRC3 sequences throughout Nestin+ 
progenitor cells, it is likely that there is at least a transient 
effect of BIRC3 expression prior to ubiquitination that 
yields a biological effect. A future direction for us is 
to express XIAP independently or in conjunction with 
BIRC3 to determine if a stabilized complex can induce a 
more malignant phenotype than either IAP independently. 
Importantly, the overexpression of XIAP independently 
is insufficient to stabilize endogenous BIRC3 implying 
that increased expression of BIRC3 must also occur to 
facilitate tumor growth and progression.

IAPs, in particular BIRC5, have been described 
as therapeutic targets in the treatment of cancer [21]. 
Down regulation of PI3K/AKT signaling using the IAP 
inhibitor, GDC-0152, which targets BIRC2, BIRC3, 
and XIAP has been shown to result in the induction 
of apoptosis in human leukemia cells [22]. Specific 

Figure 6: Tumor cell proliferation. Increased expression of pHH3 was observed in tumors induced by RCAS-PDGFB + RCAS-
BIRC3 relative to those induced by RCAS-PDGFB alone. A. pHH3 staining in tumor induced by RCAS-PDGFB. B. pHH3 staining in 
tumor induced by RCAS-PDGFB + RCAS-BIRC3. C. Scatter plot demonstrating difference in pHH3 expression between injection sets 
(400x, scale bar=50 μm).
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inhibition of BIRC3 has recently emerged as a treatment 
for the treatment of cancers including oral squamous cell 
carcinoma, colorectal cancers, and other malignancies 
[23, 24]. Strategies described include small molecule 
inhibitors, Smac (second mitochondria derived activator 
of caspase) mimetics that potentiate apoptosis and 
antagonize IAP proteins, and antisense oligonucleotides 
[23, 25–29]. Smac mimetics that antagonize BIRC3 
activity have also demonstrated activity against 
melanoma cell lines when combined with TNF-α [30]. 
Although these treatments have yet to be attempted 
in brain tumors, our results demonstrating BIRC3 as 
upregulated in HGG relative to LGG and its effect on 
promoting malignant progression in vivo highlights 
its potential as a therapeutic target in glioma. Patients 
with the low-grade phenotype may survive for years 
(if not decades) but after malignant transformation, 
their survival declines precipitously and is measured in 
merely months thus mitigating malignant transformation 
from LGG to HGG is an appealing therapeutic strategy.

MATERIALS AND METHODS

Expression analysis

We determined mRNA expression levels in LGG 
and GB patients using the TCGA data portal (www.
cbioportal.org) [31]. We defined overexpression if mRNA 
expression levels were higher than the normalized mean 
(using the oncoquery syntax described in cbioportal). The 
remaining patients were referred to as nonexpressors. The 
2008 TCGA data set was used for the analysis because 
it contained the largest number of tumors with complete 
mRNA expression data. Analysis of TCGA data using this 
portal was performed between January and February of 
2015.

Gene expression analysis

Level 3 RNA sequencing data from the TCGA LGG 
(N=530) and GB (N=607) samples was used to quantify 
the expression of IAPs [32, 33]. Univariate analysis was 
performed on log2 transformed RNAseq data to identify 
differentially expressed IAPs between LGG and HGG 
using Student’s t-test. The P-values obtained by multiple 
t-tests were adjusted using the Bonferroni method. 
Differentially expressed genes were defined as statistically 
significant if the Bonferroni-adjusted p-value was less than 
0.05 and log fold change of the corresponding gene greater 
than 0.5.

RCAS vector construction

The creation of RCAS-platelet-derived growth 
factor subunit B (PDGFB) was described previously 

[34]. We created RCAS-BIRC3 by cloning a human 
BIRC3 cDNA (MGC cDNA from GE Dharmacon) 
into a Gateway-compatible RCAS vector. To generate 
Gateway-compatible entry vectors containing the BIRC3 
gene, we isolated the BIRC3 cDNA using sequences 
required for directional cloning into the pENTR/D-
TOPO vectors (Invitrogen). The forward primer 5’ and 
reverse primers were used to generate the blunt-ended 
PCR products. The Gateway LR recombination reaction 
between the entry vector and BIRC3-containing entry 
vector resulted in RCAS-BIRC3 which was verified by 
sequencing.

Transfection of DF-1 cells

Immortalized DF-1 chicken fibroblasts were grown 
in Dulbecco’s modified Eagle’s medium containing 10% 
fetal bovine serum in a humidified atmosphere of 95% 
air/5% CO2 at 37 degrees C. Live virus was produced 
by transfecting the RCAS vector into DF-1 cells using 
Fugene (Roche) and allowing them to replicate in culture.

Verification of BIRC3 expression in mouse and 
human tumors

We verified BIRC3 expression by 
immunofluorescence. Untransfected DF-1 cells were used 
as a negative control. DF-1 cells infected with RCAS-
BIRC3 were then stained with a human-specific anti-
BIRC3 antibody (Thermo Scientific). To verify expression 
of BIRC3 in tumor-bearing Ntv-a mice, we stained the 
brains with the anti-BIRC3 antibody and compared this 
to un-injected controls. A panel (N= 8) of human LGGs 
and matched HGGs to which they had progressed were 
also stained with the human specific anti-BIRC3 antibody. 
We counted the number of BIRC3 positive cells in five 
non-overlapping microscopic fields (400X magnification). 
Positive cells were compared between LGGs and HGGs. 
Acquisition of human tumors was approved by the 
institutional review board at the University of Texas MD 
Anderson Cancer Center (PA14-0709).

In vivo somatic cell transfer in Ntv-a mice

The generation of transgenic Ntv-a mice, which are 
a mix of strains C57BL/6, BALB/c, FVB/N, and CD1, was 
previously described [35]. To transfer genes, DF-1 producer 
cells transfected with an RCAS vector (1 x 104 cells in 1–2 
μL of PBS) were injected bilaterally into the frontal lobes 
of mice with a 10-μL gas-tight Hamilton syringe. The 
mice were injected within 24–72 hours after birth during 
which the Nestin+ cells producing TVA receptors are most 
proliferative. Equal amounts of DF-1 cells were injected 
in the injection sets consisting of two RCAS vectors. We 
co-expressed BIRC3 and PDGFB and independently in 
Ntv-a mice. Consistent with our previous studies mice were 
humanely euthanized by carbon dioxide asphyxiation 90 
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days post-injection or sooner if symptoms related to tumor 
burden (e.g., hydrocephalus) were present [5, 11, 36]. 
The brains were removed, fixed in formalin, embedded in 
paraffin, and sectioned for immunohistochemical analysis. 
Hematoxylin and eosin staining allowed for analysis of 
tumor formation. The animal experiments performed in 
this research were approved by The Institutional Animal 
Care and Use Committee at The University of Texas MD 
Anderson Cancer Center (Protocol No. 00000900-RN01).

Determination of tumor grade

Tumor grade was determined by a neuropathologist 
(GNF) using WHO 2007 criteria. Low-grade tumors were 
identified increased cellularity owing to infiltrating tumor 
cells. High-grade tumors were identified by the presence 
of microvascular proliferation, foci of necrosis, or brisk 
mitotic activity.

Apoptotic assay

Apoptosis was detected and quantified in tumors 
from the different injection sets by immunostaining of 
formalin-fixed, paraffin-embedded tumor sections with an 
antibody against cleaved caspase-3 (CC3) (1:50, 5A1E, 
Cell Signaling Technology, Danvers, MA). We counted 
the total number of cells and the number of positively 
stained cells in the area of highest tumor cell density in 
five non-overlapping high-power microscopic fields (400x 
magnification). At least five tumors from each injection 
set were selected for analysis. The expression level was 
calculated as the percentage of positive cells in each field.

Proliferation assay

To determine the extent of tumor cell proliferation 
in the different injection sets, we analyzed formalin-fixed, 
paraffin-embedded tumor-bearing tissue sections with an 
antibody against pHH3, which has been described as a 
useful marker for determining the mitotic index in gliomas 
[37]. We counted the total number of cells and the number 
of positively stained cells in the area of highest tumor cell 
density in 10 non-overlapping high-power microscopic 
fields (400× magnification) in tumor-bearing brains taken 
from 5 mice in each injection set. The mitotic index was 
calculated as the percentage of positive cells in each field.

Survival statistics

The incidence of tumors between injection sets 
was assessed using the chi-square test with a p<0.05 
being considered significant. Non-adjusted tumor latency 
was reported by Kaplan-Meier curves. The log rank test 
was used to compare survival curves with p<0.05 being 
considered significant. Statistical analysis was carried out 
using Graphpad Prism, version 6 software.
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