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BIRC3 and BIRC5: multi‐faceted inhibitors 
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Abstract 

Background:  The evasion from apoptosis is a common strategy adopted by most tumors, and inhibitors of apop-
tosis proteins (IAPs) are among the most studied molecular and therapeutic targets. BIRC3 (cellular IAP2) and BIRC5 
(survivin) are two of the eight members of the human IAPs family. This family is characterized by the presence of the 
baculoviral IAP repeat (BIR) domains, involved in protein-protein interactions. In addition to the BIR domains, IAPs also 
contain other important domains like the C-terminal ubiquitin-conjugating (UBC) domain, the caspase recruitment 
(CARD) domain and the C-terminal Ring zinc-finger (RING) domain.

Main body:  BIRC3 and BIRC5 have been characterized in some solid and hematological tumors and are therapeutic 
targets for the family of drugs called “Smac mimetics”. Many evidences point to the pro-survival and antiapoptotic 
role of BIRC3 in cancer cells, however, not all the data are consistent and the resulting picture is heterogeneous. For 
instance, BIRC3 genetic inactivation due to deletions or point mutations is consistently associated to shorter progres-
sion free survival and poor prognosis in chronic lymphocytic leukemia patients. BIRC3 inactivation has also been asso-
ciated to chemoimmunotherapy resistance. On the contrary, the progression from low grade gliomas to high grade 
gliomas is accompanied by BIRC3 expression increase, which bears relevant prognostic consequences. Due to the 
relationship between BIRC3, MAP3K14 and the non-canonical NF-kB pathway, BIRC3 inactivation bears consequences 
also on the tumor cells relying on NF-kB pathway to survive. BIRC5, on the contrary, is commonly considered an anti-
apoptotic molecule, promoting cell division and tumor progression and it is widely regarded as potential therapeutic 
target.

Conclusions:  The present manuscript collects and reviews the most recent literature concerning the role played by 
BIRC3 and BIRC5 in cancer cells, providing useful information for the choice of the best therapeutic targets.
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Background
Apoptosis is a cell death pathway that is physiologically 
adopted by human cells in response to death signals. It 
may follow either an intrinsic (mitochondrial) or an 
extrinsic (death receptor-mediated) pathway [1]. The eva-
sion from apoptosis is a common strategy adopted by 
most tumors, and inhibitors of apoptosis proteins (IAPs) 
are among the most studied molecular and therapeutic 

targets. BIRC3 (cellular IAP2) and BIRC5 (survivin) 
are two of the eight members of the human IAPs fam-
ily [2, 3]. This family is characterized by the presence 
of the baculoviral IAP repeat (BIR) domains, involved 
in protein-protein interactions. In addition to the BIR 
domains, IAPs also contain other important domains like 
the C-terminal ubiquitin-conjugating (UBC) domain, the 
caspase recruitment (CARD) domain and the C-terminal 
Ring zinc-finger (RING) domain [2, 4] (Fig. 1).

The strategies aimed at restoring the apoptotic pro-
cesses in cancer cells led to the discovery of IAPs 
antagonists. X-linked IAP (XIAP/BIRC4) is one of the 
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best characterized and is a target for therapeutic inter-
vention. The natural inhibitor of XIAP is the Second 
Mitochondria-derived Activator of Caspases/Direct 
IAp Binding with Low pI (SMAC/Diablo), a N-termi-
nal tetrapeptide who inspired IAPs antagonists called 
“SMAC mimetics” [5]. Great interest raised around 
SMAC mimetics as novel active compounds in the fight 
against cancer. These molecules are designed to block 
the IAPs activity, including BIRC3 and BIRC5, thus pro-
moting apoptosis (Fig.  2). SMAC mimetics have been 
tested as single agents and in combination to protea-
some inhibitors, leading to promising results. SMAC 
mimetics are also under investigation for the therapy 
of diffuse large B-cell lymphoma (DLBCL) and chronic 
lymphocytic leukemia (CLL) [4, 6].

Genetic aberrations also represent a mechanism for 
IAPs disregulation. It has been recently reported that 
11q22.1-q22.2 locus amplification represents a marker 
for poor clinical outcome and metastasis progression 
in oral squamous cell carcinoma (OSCC) [7]. This locus 
codes for cellular IAP1 (cIAP1) and cellular IAP2 (cIAP2) 
(BIRC2 and BIRC3, respectively) and its amplification 
is also associated to lymph node metastasis and radi-
oresistance insurgence in OSCC, strongly supporting 
the oncogenic function of these two IAPs in this type of 
malignancy [8].

The laboratory and pre-clinical evidences collected thus 
far are not entirely concordant though. IAPs are com-
monly considered pro-oncogenic proteins, associated to 
cancer cell evasion from death mechanisms, progression 

Fig. 1  The structure and composition of inhibitory of apoptosis proteins (IAPs) family members. a The three BIR domains characterize the members 
of the IAPs family, summarized in the list at the right corner. BIR1 does not contain the IAP binding motif (IBM), while BIRC2 and BIRC3 do contain 
the IBM and, thus, can interact with effector caspases and with Smac/Diablo. b Cellular IAPs (cIAPs) contain a caspase recruitment (CARD) domain 
in addition to the three BIR domains, the ubiquitin-conjugating (UBC) domain and the C-terminal Ring zinc-finger (RING) domain. The IBM groove is 
the one responsible for the binding of the N-terminal tetrapeptides
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of cell cycle and proliferation. However, several clinical 
studies published in recent years reported an unfavorable 
contribution of BIRC3 genetic inactivation or downregu-
lation in cancer patients. These evidences suggest that a 
more complex scenario is actually regulating the expres-
sion and modulation of these genes and needs to be taken 
into account when designing therapeutic approaches.

The present manuscript aims at collecting and describ-
ing the most recent evidences concerning the role of the 
two IAPs BIRC3 and BIRC5 focusing on cancer, in order 
to underline the common characteristics and to shed 
light on the main controversies.

Mechanisms of evasion from apoptosis
Cancer cells display a number of different mechanisms in 
order to evade apoptosis. In particular, the activation of 
anti-apoptotic systems allows cancer cells to escape this 
program leading to uncontrolled proliferation resulting 
in tumor survival, resistance to therapies and recurrence 
of cancer. Some of the most relevant may be subdivided 
in these major groups:

	2.1.	 Dysregulation of anti-apoptotic BCL-2 members.
	2.2.	 Inhibitors of caspases.

	2.3.	 Involvement of autophagy.
	2.4.	 Involvement of Heat shock protein 90 (Hsp90).
	2.5.	 Involvement of nuclear transport regulation.

Dysregulation of anti‑apoptotic BCL‑2 members
The members of the B-cell lymphoma 2 (BCL-2) family 
regulate the mitochondrial pathway of apoptosis. This 
family includes both anti-apoptotic and pro-apoptotic 
proteins and is characterized by the presence of one or 
more BCL-2 Homology (BH) domains (BH1–BH4) [1]. 
The overexpression of the antiapoptotic BCL-2 family 
members compared to the normal counterpart is a com-
mon mechanism for apoptosis resistance of cancer cells 
in several tumors, including mature B-cell neoplasms [9, 
10]. Several drugs that entered into the clinic in recent 
years are targeted towards BCL-2 in overexpressing 
tumors. These are BH3 mimetics (they mimic the physi-
ological activity of BCL-2 antagonists) and kill cancer 
cells by targeting their survival mechanisms. Venetoclax 
(ABT-199) is, for instance, the first in class orally bioa-
vailable BCL-2 selective BH3 mimetic that binds BCL-2 
while sparing BCL-XL and MCL-1 [11].

Fig. 2  SMAC mimetics activity on cIAPs. SMAC mimetics bind to BIR3 domains and induce homo-dimerization. Ubiquitin is recruited and leads to 
cIAP degradation
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Inhibitors of caspases
Inhibitors of apoptosis (IAP) proteins are a class of apop-
tosis regulators that perform several functions, including 
the control of survival and cell death by regulating cru-
cial factors in signaling events such as caspase activation 
and NF-κB signaling [12]. IAPs were initially discovered 
in baculoviral infected SF-21 insect cells and later on in 
many organisms, including humans [13]. The IAP-bind-
ing motif (IBM) is the portion required for the interac-
tion with the N-terminus of some caspases and IAP 
antagonists. Changes in the aminoacidic composition of 
IBM alter the binding selectivity of different IAPs [14].

Autophagy
The autophagic process is a physiological mechanism 
aimed at maintaining cell homeostasis through lyso-
somal degradation of unnecessary or damaged cellular 
components. It is commonly considered a cell survival 
mechanism. Thus, in an attempt to maintain the intra-
cellular balance after chemotherapy, autophagy may rep-
resent a further mechanism for cancer cells to escape 
cell death [10, 15, 16]. Autophagy has been observed to 
protect cancer cells from apoptosis upon treatment with 
some anticancer drugs and it may drive the acquisition 
of chemoresistance [17–19]. Among the most recent 
evidences supporting this phenomenon, there is the rel-
evant finding that major histocompatibility complex class 
I (MHC-I) surface molecules expressed by pancreatic 
cells can be degraded through autophagy [20]. Pancreatic 
ductal adenocarcinoma (PDAC) is a very aggressive form 
of cancer, resistant to most therapies including immune 
checkpoint blockade. Yamamoto et al. [20] demonstrated 
that PDAC display a reduced MHC-I surface expression, 
while accumulating this molecule in the autophagosomes 
and lysosomes. In an experimental model of syngeneic 
host mice, the autophagy inhibition restores the MHC-I 
surface levels leading to improved antigen presenta-
tion, enhanced anti-tumor T cell responses and reduced 
tumor growth. Furthermore, autophagy may trigger a 
form of programmed cell death (type II programmed cell 
death) induced by an excess of cellular stress [21]. Thus, 
autophagy is also connected to cell death mechanisms, 
including apoptosis, and should be considered also a cel-
lular death promoter under specific circumstances.

Heat shock protein 90 (Hsp90)
Hsp90 is a highly expressed chaperone molecule that 
plays anti-apoptotic functions by chaperoning non-
mutated and mutated kinases and cytosolic anti-
apoptotic factors. This chaperoning activity leads to 
proliferation, migration and metastasis enhancements, 
that is to say Hsp90 may drive tumor progression [10]. 
The resistance to Tyrosine kinase inhibitors in non-small 

cell lung cancer (NSCLC) is mediated, for instance, by 
Hsp90. Hsp90 inhibitors have been demonstrated to 
preferentially deplete mutated EGFR, with a consequent 
suppression of p-Akt and induction of cell death [22]. 
NSCLC targeted therapy had also been demonstrate to 
benefit of Hsp90 inhibition in tumors harboring EGFR 
mutations [23, 24]. Notably, BIRC5 (survivin) is a client 
protein of Hsp90 chaperone and results downregulated 
upon Hsp90 pharmacological inhibition in cancer cells 
[25, 26].

Nuclear transport regulation
The nuclear pore complexes (NPC) became attractive 
therapeutic targets because the aberrant expression of 
the constituent proteins has been consistently observed 
in different cancers and has been linked to apoptosis 
resistance [27]. The subcellular localization of apoptosis 
inducers is crucial and tumor suppressors usually reside 
in nucleus where they exert their function by binding to 
DNA in a sequence-specific fashion leading to modula-
tion of gene expression and assessing the integrity of 
the genome [28]. The inhibition of nucleo-cytoplasmic 
transport is key in order to keep the cell cycle regula-
tors and oncosuppressors within the nucleus and inhibit 
cancer cell growth. Studies of synergism between vene-
toclax (ABT-199, a selective BCL-2 inhibitor) with selec-
tive inhibitors of nuclear export (SINE) yielded in  vitro 
and in vivo promising results in acute myeloid leukemia 
(AML) and diffuse large-B cell lymphoma (DLBCL) mod-
els [29].

The role of BIRC3 during evasion of cancer cells 
from apoptosis
Here are presented some updated evidences concerning 
the tumors where a role for cIAP2 (BIRC3) emerged as 
pivotal for prognosis and during the insurgence of ther-
apy resistance.

Chronic lymphocytic leukemia, gliomas/glioblasto-
mas and breast cancer are considered. The analysis of the 
experimental evidences point to an apparent paradox of 
this cIAP, since in many instances BIRC3 plays a role of 
tumor suppressor, its deficiency being associated to poor 
prognosis and insurgence of therapy resistance (please, 
see Table 1).

Chronic lymphocytic leukemia and lymphomas
CLL/small lymphocytic lymphoma is a common B-cell 
malignancy characterized by a highly variable clinical 
course. CLL is the most common leukemia of adults in 
Western countries and the third most common malig-
nancy of B-cell origin in the United States [30–32].

It is now accepted that CLL is characterized by a sig-
nificant amount of chromosomal abnormalities, which 
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were discovered and described during the 2000’s by flu-
orescence in situ hybridization (FISH) and sequencing, 
and led to a FISH-based hierarchical prognostic model 
that is valid, to some extent, even today [33–36].

In addition to deletion 17p (del17p), del11q, trisomy 
12 and del13q, several point mutations have been 
described and may coexist with the deletion on the 
other allele (e.g. TP53, ATM, et  al.). Among the most 
relevant point mutations for their predictive or prog-
nostic value are the ones within the BIRC3 gene [36].

Even though BIRC3 mutation or deletion has been 
reported in about 3–7% of the CLL cases, its disruption 
predicts poor prognosis and represents an independent 
risk factor [37, 38]. BIRC3 deletions and mutations are rec-
ognized as rare albeit unfavorable events for CLL patients. 
A significant contribution to the research in mutation land-
scape of CLL reported a few years ago that BIRC3 abnor-
malities associate to an inferior outcome in the LLC0405 
protocol [39]. The results on the independent negative 
predictive value of BIRC3 were also confirmed in a large, 
comprehensive study where the mutational and cytogenetic 
analysis were integrated. The highest-risk group emerg-
ing from this analysis was the one harboring TP53 and/or 
BIRC3 abnormalities and displayed a significantly lower 
10-years survival rate compared to the low-risk group [40].

It is widely accepted that deletion of 11q (del11q-) is a 
relevant aberration in CLL and is associated to unfavoura-
ble prognosis [41]. Del11q is a recurrent karyotypic abnor-
mality acquired by patients with progressive CLL disease. 
Initial karyotypic and FISH studies were complemented 
by genotypization of CLL patients, leading to the discov-
ery that del11q is monoallelic, often large and includes a 
minimal deleted region encompassing ATM gene [37]. 
The minimal deleted region often includes also BIRC3, 
located on the 11q22.2 band, in cis with ATM. According 
to the most recent literature on CLL, BIRC3 inactivation 
identifies a subgroup of patients with very aggressive dis-
ease [42]. Furthermore, the patients with a biallelic lesion 
of BIRC3 (del and mut) were associated to a significant 
shorter time to first treatment when compared to BIRC3-
del/wt or wild type patients [42].

ATM is involved in DNA damage repair whereas BIRC3 
is a negative regulator of non-canonical NF-kB signal-
ing. BIRC3 deletion occurs in 83% of del11q cases and 
always coexists with ATM deletion, as demonstrated by 
the CLL4 study [37].

Concerning the response to therapies, it is known that 
BIRC3 inactivation is associated to fludarabine-chem-
oresistance and to adverse prognosis in a large cohort of 
chemotherapy-treated CLL patients [43]. Furthermore, a 

Table 1  BIRC3 and BIRC5 roles in different cancers

 Tumor type  Function  References

BIRC3

Oral squamous cell carcinoma (OSCC) Pro-oncogenic: poor prognosis, metastasis, radioresistance [7, 8]

Chronic lymphocytic leukemia (CLL) Oncosuppressive: disruptions predict poor prognosis, inferior outcome, 
chemoresistance. Neg. regulator of the non-canonical NF-kB pathw.

[36–45, 49]

Chronic lymphocytic leukemia (CLL) Pro-oncogenic: higher expression in leukemia cells, downregulated by 
SMAC-mimetics

[50]

Mantle-cell lymphoma (MCL) Oncosuppressive: mutations activate the non-canonical NF-kB pathw. [51–54]

Glioma, glioblastoma (GBM) Pro-oncogenic: gene expression inversely correlates to survival and therapy 
resistance. Higher expression in HGG

[3, 12, 56]

Breast cancer Pro-oncogenic: antiapoptotic, chemoresistance [57–62]

Breast cancer Oncosuppressive: high expression correlates to drug sensitivity [2]

BIRC5

Lung, pancreatic, breast, ovarian, brain, colon cancer Pro-oncogenic [63–65]

B-cell acute lymphoblastic leukemia, B-cell lym-
phoma and T-cell leukemia/lymphoma

Pro-oncogenic [66–68]

Hepatocellular carcinoma (HCC) Pro-oncogenic: high expression correlates to lower survival [70]

Gastrointestinal stromal tumors (GIST) Pro-oncogenic: high expression correlates to lower survival [71]

Prostate cancer Pro-oncogenic: high expression correlates to p53 mutations and metastases. 
Cytoplasmic localization associates to an aggressive disease

[72, 74]

Gioma, astrocytoma, glioblastoma, medulloblastoma Pro-oncogenic: anti-apoptotic function. High expression correlates to lower 
short-term and long-term survival. Overexpression increases chromosomal 
aberrations

[64, 75–79]

Colorectal cancer, ALL, melanoma, glioblastoma Pro-oncogenic: silencing and inhibition leads to chemo- and radiosensitiza-
tion

[80–84]
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target re-sequencing of 22 genes of the patients enrolled 
in the UK LRF CLL4 study confirms that bi-allelic BIRC3 
lesions (del and mut in the same patient) are an independ-
ent marker of inferior progression free survival (PFS) 
and overall survival (OS) [44]. This large, multi-centrical 
study (n = 499 patients) reports a detailed distribution of 
the mutational landscape of CLL disease after target re-
sequencing. Del11q cases are the second most frequent 
copy number alteration (CNA) and the third most frequent 
genetic alteration [44]. BIRC3 point mutations can also co-
occur with del11q and NOTCH1 point mutations. Both 
co-occurrences are statistically significant by Fisher’s exact 
test. At variance with this association, BIRC3 point muta-
tions do not occur with ATM point mutations, but associ-
ate to del11q. An integrated analysis of ATM and BIRC3 
mutations in a context of del11q patients revealed that bial-
lelic BIRC3 mutations associate to shorter PFS and OS by 
Kaplan Meier plots, confirming an unfavorable prognostic 
value reported also by Raponi et al. [42, 44].

BIRC3 contains three adjacent BIR domains, each 
made of about 70 amino acids, whose fold is stabilized 
by a zinc atom that is coordinated by one histidine and 
three cysteine residues [4, 43]. In order to better under-
stand the correlation between BIRC3 gene inactivation 
and worse prognosis, we first of all took a look at what 
types of mutations occur within BIRC3 gene. There 
exist two clusters of mutations in the coding region, as 
just reported in the analysis by Diop et  al. [43]. These 
two mutation hotspots are located between amino acids 
367–438 and amino acids 537–564 (UBC domain and 
RING domain respectively). They are frameshift and stop 
codons mutations, eventually leading to the inactivation/
truncation of the C-terminal RING domain of the protein 
(Fig.  1). The RING domain is necessary for the interac-
tion with the E3 ubiquitin ligase that leads to ubiquitin-
mediated proteasomal degradation of MAP3K14 [45]. 
MAP3K14 is the central kinase of the NF-kB non-canon-
ical pathway. It is therefore correct to consider the actual 
BIRC3 mutations as NF-kB-activating, by MAP3K14 
stabilization.

The recent work by Diop et  al. [43] further demon-
strates that BIRC3 mutations confer, at least partially, 
resistance to fludarabine treatment on primary CLL 
samples. In the same experimental set also TP53 mutant 
and wt CLL samples were treated, confirming the resist-
ance and sensitivity to treatment respectively. In this 
same study, the prognostic significance of a panel of the 
most frequent mutations was assessed in a total of 287 
CLL patients who received first-line fludarabine-cyclo-
phosphamide-rituximab (FCR). The univariate analysis 
adjusted for multiple comparisons unveils that just TP53 
and BIRC3 mutations associate to a significantly shorter 
PFS. These two mutations were consistently associated 

to a lower complete response rate at the end of the FCR 
therapy.

Collectively, the data summarized above point to a 
tumor suppressive function of BIRC3, likely through the 
cooperation with other mediators. This function is con-
sistent with the inhibitory activity exerted on the non-
canonical NF-kB pathway, which is active in the CLL cells 
and enhanced by BIRC3 deficiency (Fig. 3).

These evidences also do not fit with the concept that 
BIRC3 is a promoter of malignancy due to its apoptosis-
inhibitor capabilities (it is a member of the IAP family). If 
this were the case, a BIRC3 deficiency would facilitate the 
apoptotic process of CLL cells, especially upon chemo-
immunotherapy. BIRC3 is also a target for SMAC mimet-
ics directed not only towards XIAP but also towards 
cIAP1 (BIRC2) and cIAP2 (BIRC3) [46, 47]. Of note, it 
has been reported a functional redundancy between dif-
ferent IAP members, namely cIAP1, cIAP2 and XIAP 
[48]. These overlapping functions could represent an 
escape mechanism of cancer cells after the administra-
tion of SMAC mimetics and a strategy leading to drug 
resistance.

Fig. 3  Schematic representation of the pathway involving the 
non-canonical NF-kB activation through NF-kB-inducing kinase (NIK/
MAP3K14), modulated by cIAPs



Page 7 of 14Frazzi ﻿Cell Biosci            (2021) 11:8 	

Further evidences pointing to the tumor-suppressor 
role of BIRC3 in CLL arise from the characterization of 
IBTKα in CLL primary samples [49]. IBTKα is an inhibi-
tor of the Bruton tyrosine-kinase (BTK) pathway asso-
ciated to CLL stage and progression. Some evidences 
reports IBTKα expression increase with the Binet stage 
of the disease. BIRC3 is a downstream target regulated 
by this inhibitor and its expression anti-correlates with 
IBTKα-silencing, supporting its role as a tumor suppres-
sor [49].

However, it has to be mentioned that not all the experi-
mental data available on CLL are consistent. A recent 
pre-clinical research demonstrates how XIAP, cIAP1 and 
cIAP2 are more expressed by CLL cells compared to nor-
mal lymphocytes [50]. A SMAC mimetic targeting the 
IAP’s BIR3-domain was able to induce apoptosis of CLL 
cells through a specific XIAP- and IAP-degradation. This 
work also showed how XIAP and cIAP2 high expression 
in microenvironment-like experiments was downregu-
lated by SMAC mimetics, suggesting how BIRC3 can be 
considered an oncogene and a therapeutic target [50].

A focus on mature B-cell neoplasms reveals how BIRC3 
mutations are common to another lymphoid malignancy: 
mantle-cell lymphoma (MCL) [51]. Ibrutinib inhibits 
BTK pathway and, as such, it represents a promising ther-
apeutic options also for MCL patients [52]. Primary ibru-
tinib resistance may arise due to mutations in the B-cell 
receptor (BCR) pathway causing its constitutive activa-
tion (e.g. BTKC481S mutation). These eventually lead to 
constitutive activation of the canonical NF-kB pathway. 
It has been demonstrated though that MCL-cell lines 
rely either on the canonical (BCR-BTK‐NF-kB) or non-
canonical (MAP3K14‐NF-kB) NF-kB pathways and may 
develop ibrutinib resistance. Mutations in the TRAF2, 
TRAF3, BIRC3 and MAP3K14 genes may lead to a con-
stitutive activation of the non-canonical NF-kB pathway 
through MAP3K14 stabilization (Fig.  3). Furthermore, 
TRAF2, BIRC3 and MAP3K14 were recurrently mutated 
in approximately 17% of a cohort of 165 MCL tumor tis-
sues investigated by genomic profiling [52, 53].

Therefore, unmutated MCL should result sensitive to 
ibrutinib therapy while mutations in the non-canonical 
NF-kB activation pathway could represent a resistance 
mechanism through BCR-pathway bypass.

Since it is estimated that 10–15% of MCL patients are 
BIRC3-mutated and that deletions (11q21-q23) involv-
ing ATM and BIRC3 are quite common, it is plausible 
that BIRC3 aberrations in MCL may result in decreased 
response to ibrutinib. This is due to the failure to sup-
press the alternative NF-kB pathway mediated by 
MAP3K14. This is in fact proposed as a therapeutic tar-
get in BIRC3‐mutated lymphomas and is currently under 
investigation [54].

Glioma, glioblastoma and medulloblastoma
Gliomas are the most common tumor of the brain in 
humans. Overall, they are the most common primary 
malignant intracerebral neoplasm with an incidence rate 
of 6.03 per 100,000 individuals every year [55]. Low-
grade gliomas (LGG) have an indolent course but may 
evolve to high-grade gliomas (HGG, like glioblastomas) 
that are aggressive malignancies [56].

Glioblastoma multiforme (GBM) is an aggressive form 
of tumor of the central nervous system. It is character-
ized by therapy resistance insurgence, associated to the 
disease recurrence. Surgery, radiotherapy and chemo-
therapy represent the main treatment options even 
though the prognosis remains dismal [3].

The evasion from apoptosis is a common strategy 
adopted by most tumors, including glioblastomas, and 
IAPs are among the most studied molecular and thera-
peutic targets also in these cancers. BIRC3 (cellular IAP2) 
is one of the eight members of the human IAPs family [3, 
12]. Tumor cancer genome atlas (TCGA) data analysis 
recently unveiled that BIRC3 was specifically the only IAP 
whose differential expression was significantly related to 
the 5-year survival in patients with GBM. Lower BIRC3 
expression levels were associated to a favorable outcome 
and BIRC3 levels-increase paralleled the acquisition of 
radio- and chemio-resistance.

IAPs members are also under investigation because 
responsible for the malignant progression of low-grade 
gliomas to glioblastomas. The TCGA analysis aimed at 
comparing the differential expression of LGG versus 
HGG unveiled that BIRC3 is overexpressed in HGG 
and correlates with shorter PFS and OS in both the 
subtypes [56]. In the same research, matched samples 
also show that the expression increase of BIRC3 char-
acterizes the HGG who progressed starting from LGG. 
In  vivo mouse glioma models also point to a role for 
BIRC3 in promoting malignant progression of LGG 
towards HGG [56]. Malignant progression is the key 
event that transforms a LGG (with a PFS of years) in a 
HGG (having an expectancy of months). For this rea-
sons, IAPs represent exceptionally potential therapeu-
tic targets.

Breast cancer
Breast cancer is one of the tumor types where BIRC3 
has not yet fully characterized. In this setting, BIRC3 
is regarded as an oncogene with antiapoptotic func-
tions, at the same fashion of Bcl2L1, Bcl2A1, RelB, Bcl3 
and MDM2 [57, 58]. BIRC3 results also upregulated by 
the administration of the inflammatory cytokine 1β (IL-
1β) to MCF-7 breast cancer cell line [59]. In this setting, 
BIRC3 resulted the most up-regulated target in a panel 
of pro-survival genes. It was also linked to doxorubicin 
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resistance after stimulation with the inflammatory IL-1β, 
strengthening its role as an oncogene in this type of cells.

A triple-negative cohort of breast cancer patients was 
investigated through the HTG EdgeSeq system com-
bining a proprietary quantitative nuclease protection 
assay (qNPA) chemistry with Illumina next-generation 
sequencing (NGS) platform [60]. In this research, one of 
the genes upregulated in the sentinel or auxillary lymph 
nodes metastasis compared to the primary breast cancer 
was BIRC3, together with anti-apoptosis, survival signal-
ing and chemotaxis genes.

The administration of anti-cancer agents, like the 
withanidolide Withaferin-A, has been demonstrated 
to cause the downregulation of XIAP, cIAP2 (BIRC3) 
and Survivin while inducing apoptosis of human breast 
cancer cells. The ectopic expression of these same anti-
apoptotic mediators significantly inhibited the withaf-
erin A-induced apoptosis [61]. Furthermore, inhibitors 
derived from the N-terminus tetrapeptide of Smac were 
able to antagonize cIAP1 and cIAP2 by binding their 
BIR3 domain. One of these (GDC-0152) in particular was 
efficient in reducing the tumor growth in breast cancer 
xenografts murine models [62].

However, not all the evidences are consistent with 
this postulated role, and one of the most recent papers 
reports an analysis based on the data of the Genom-
ics of Drug Sensitivity in Cancer (GDSC) database. In 
this analysis emerges how BIRC3 high expression corre-
late with sensitivity to kinase inhibitors, mostly target-
ing the ERK-MAPK pathway. The inhibitors included in 
the analysis are Selumentinib, Trametinib, Refametinib 
and (5Z)-7-Oxozeaenol. The group of cancers including 
breast invasive carcinoma was called “ERK-MAPKi sensi-
tive group” [2].

The BIRC3‑paradox
The expression levels and tissue distributions of the 
IAPs members attracted the attention of many scien-
tists involved in cancer research. The aim was (and still 
is) to develop and describe novel targeted anti-cancer 
compounds.

Genomics studies based on the Tumor Cancer Genome 
Atlas (TCGA) revealed how 7 IAPs members expres-
sion, including BIRC3, are distributed among 32 different 
types of cancers [2]. These proteins are also involved in a 
plethora of functions beyond apoptosis, like regulation of 
immune response, cell cycle, gene expression and DNA 
damage repair.

IAPs members are mostly involved in the regulation 
of the intrinsic (mitochondrial) and extrinsic apoptotic 
pathways, and to lesser extent in the execution phase of 
apoptosis. BIRC3 and BIRC6 are the ones involved in the 
regulation of at least one of these pathways in 78% and 

69% of the types of cancers, respectively [2]. Interest-
ingly, the small cohort of diffuse large B-cell lymphomas 
included in the analysis does not reveal any apoptotic 
gene regulated by BIRC3. Likewise, in LGG and breast 
invasive carcinomas BIRC3 does not regulate any of the 
three pathways (intrinsic, extrinsic, execution phase). 
Moreover, neither BIRC2 nor XIAP (BIRC4) are involved 
in apoptosis regulation of DLBCL and LGG, confirming 
the tight connection of these three IAPs. Interestingly, 
BIRC2, BIRC3 and XIAP expression are also clustered 
together across the different tumors. When compar-
ing tumor samples with their adjacent normal tissue 
(total of 32 human cancers), BIRC3 results differentially 
expressed in a cancer-type specific manner. Likewise, 
BIRC2 and XIAP have the same behavior [2].

At this point, scientists could face a paradox and, 
given the great potential of Smac-mimetics, should 
clarify the role of BIRC3 in the tumor cell (Fig.  2). 
The presented results for the tumors of the central 
nervous system are different and bear different sig-
nificance compared to the ones obtained on CLL. 
As we described, the transition from LGG to HGG is 
accompanied to an increase of BIRC3 expression and 
a reduction of PFS and OS [56]. At variance with what 
described in gliomas, BIRC3 genetic inactivation due 
to deletions and/or point mutations is a negative prog-
nostic factor and one of the drivers of therapy-resist-
ance insurgence in CLL patients [36, 38, 42, 43]. Other 
lymphomas, including MCL, rely on NF-kB activation 
and BIRC3 disruption play a role in their pathogenesis. 
Smac-mimetics are also under investigation for thera-
peutic purposes [53, 54].

Shall BIRC3 downregulation in the tumor cells 
regarded as a positive fact? Are BIRC3-interfering 
approaches advisable and represent a therapeutic 
opportunity for certain types of tumors, as the data on 
LGG and HGG demonstrate? Or, on the contrary, since 
BIRC3 inactivation due to deletion, mutation or both is 
a negative, unfavorable marker (as CLL demonstrates 
and MCL suggests), the above-mentioned strategies 
should be avoided?

It becomes of primary importance to define whether 
BIRC3 should be regarded as a proto-oncogene or, on 
the contrary, a tumor suppressor. This shall be done 
for each type of tumor, given the known existing differ-
ences. Pre-clinical experiments and clinical trials would 
greatly benefit of this elucidation.

The role of BIRC5 during evasion of cancer cells 
from apoptosis
BIRC5 is a very promising and well-studied therapeu-
tic target because of its preferential expression in tumor 
cells of adult individuals. Here we review some of the 
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most relevant evidences about the role of BIRC5 emerged 
in hepatocellular carcinomas, gastrointestinal stromal 
tumors, prostate tumors and tumors of the nervous 
system.

Its expression in tumors belonging to various histologi-
cal origins makes this IAP a pan-cancer druggable target 
(please, see Table 1).

BIRC5 (survivin)
In order to assess whether the heterogeneity of informa-
tion concerning BIRC3 was common to other members 
of IAP family, we focused on another well-described 
mediator: BIRC5 (survivin). BIRC5 is one of the eight 
human IAPs genes and the best characterized of this 
family thus far (Fig. 4). Survivin is expressed by develop-
ing tissues, becomes undetectable in adult cells (except 
some specific cell types) and is re-expressed in tumors, 
where it has been reported to be highly present in lung, 

pancreatic, breast, ovarian, brain, colon cancer, among 
others [63–65]. In recent years, survivin pro-oncogenic 
role was described for many other tumors, including 
B-cell acute lymphoblastic leukemia, B-cell lymphoma 
and T-cell leukemia/lymphoma [66–68].

Hepatocellular carcinoma (HCC) is characterized by 
a low early detection rate, rapid progression and high 
recurrence rate. According to epidemiological data, HCC 
incidence is increasing in some Western countries like 
North America and Europe [69]. A gene-signature based 
on the analysis of differentially expressed genes (DEGs) 
from the Gene Expression Omnibus (GEO) and Inter-
national Cancer Genome Consortium (ICGC) datasets 
was recently published [70]. In this work by Wang et al. 
[70], 276 differentially expressed genes characteristic of 
HCC compared to non.-cancerous tissues were identi-
fied. Univariate Cox regression analysis aimed at select-
ing prognostic genes yielded 10 genes defined as “hub” 

Fig. 4  Survivin and interaction with apoptotic pathways. a Schematic representation of Survivin domains and their function. b Survivin interferes 
with the extrinsic apoptotic pathway through the inhibition of the death receptor/FADD-mediated signaling and the indirect inhibition of casp-8. 
Survivin also interacts with XIAP, XAF1 and HBXIP in a complex able to inhibit both the initiator casp-9 and the effectors casp-3 and casp-7
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and identified by lowest p values. BIRC5 emerged as one 
of the top scorer being among the four with the greatest 
prognostic value and its high expression significantly cor-
related to a lower patients survival.

High-risk gastrointestinal stromal tumors (GIST) rely 
on the genes belonging to the Wnt/β-catenin signal-
ing pathway. The genes belonging to or activated by this 
pathway resulted upregulated in the high-risk group 
GIST and included BIRC5, among others [71].

Prostate cancer is another major health concern where 
BIRC5 has been studied and described. Since p53 tran-
scriptionally represses BIRC5 expression in normal tis-
sues, mutations affecting p53 cause BIRC5 upregulation 
[72]. A significant subset of prostate cancer patients dis-
play mutated p53 and is characterized by tumor aggres-
siveness and significantly increased risk of progression 
after radical prostatectomy [73]. Recent data obtained 
on a very large number of prostate cancer samples dem-
onstrate that BIRC5 mRNA increased in prostate cancer 
and prostate cancer metastases compared to tissues from 
healthy donors or from adjacent normal prostate tis-
sues combined [74]. Interestingly, from the same study 
emerges that cytoplasmic localization is associated to an 
aggressive disease (higher Gleason score), higher patho-
logical tumor stage and higher Ki67 proliferative index. 
This is consistent with the fact that cytoplasmic BIRC5 
originates from mitochondria and it is rapidly released 
from them upon pro-apoptotic stimuli. BIRC5 in the 
cytoplasm then interacts with XIAP (also upregulated 
in prostate cancer). The resulting heterodimers facili-
tate anti-proteasomal stability and inhibition of caspase-
mediated apoptosis, thereby promoting tumor growth 
and survival (Fig. 4) [74].

Survivin plays mitosis regulatory function and anti-
apoptotic function in gliomas, and it has been reported 
to be localized both in the nucleus and in the cytoplasm 
consistently [64]. However, many immunohistochemi-
cal (IHC) results were obtained with different antibodies 
or were analyzed differently (different choices of thresh-
olds), thus lack of standardization still represents an 
issue.

Furthermore, 12 total studies compared glioma grade 
with survivin expression and 8/12 reported an associa-
tion while 4/12 did not report any. Likewise, the attempt 
to correlate glioma survival with survivin expression by 
IHC led to inconsistent results, possibly due to the het-
erogeneity of cut-offs and analysis methods applied to 
categorize survivin levels in glioma patients [64].

A recent study conducted on 133 formalin fixed-paraf-
fin embedded (FFPE) diffuse astrocytic tumors of three 
different subtypes reports a correlation between survivin, 
tumor subtypes and patients survival [75]. IHC staining 
reveals that high p53 expression and survivin nuclear 

localization correlate with the anaplastic astrocytoma 
whereas the cytoplasmic localization of survivin correlate 
with the glioblastoma subtype. Regardless of the subcel-
lular localization, the high survivin and p53 expression 
correlate with a lower short-term and long-term survival 
of the patients, who would benefit of radiotherapy [75]. 
These data appear consistent with the postulated role 
of survivin, but definitely unexpected when referring to 
the well-established tumor suppressor role of p53. This 
apparent paradox can be explained by the fact that IHC 
data represent just the semi-quantitative expression and 
localization of the protein, but do not take into account 
the activation status of p53. Actually, it is well established 
that p53 activity is modulated also through post-trans-
lational, epigenetic modifications. Therefore, a high p53 
protein level does not necessarily correspond to a highly 
activated oncosuppressor.

Survivin has been reported to promote cancer cell 
proliferation in a variety of tumors, including gliomas. 
A model system of glioma cells overexpressing survivin 
has been developed by Conde et  al. [76]. Interestingly, 
survivin overexpression led to the significant increase of 
numerical and structural chromosomal aberrations com-
pared to the karyotype of the mock cell line. The chro-
mosomes gains or losses were also significantly different 
in the survivin-overexpressing cells. This demonstrates 
a role for this IAP in increasing chromosomal instability 
[76].

Another recent research involved 131 patients with a 
histopathological diagnosis of astrocytic tumors (diffuse 
astrocytoma, anaplastic astrocytoma and glioblastoma). 
IHC was used to detect caspase-3, survivin and MIB-1 
expression [77]. Although no molecular investigation was 
carried out in this manuscript, the presented results are 
consistent and show that caspase-3 was expressed in all 
the 31 primary glioblastomas but only in 17/30 (56.7%) 
secondary glioblastomas. Survivin expression, on the 
contrary, was observed in 80.6% primary glioblastomas 
and in all the examined secondary glioblastomas. These 
data support the anti-apoptotic role of survivin.

Medulloblastomas (MB) are aggressive tumors of 
the brain occurring primarily in children. It was dem-
onstrated already several years ago that high survivin 
expression associates to MB malignancy and poor-prog-
nosis and this IAP-member is recognized as a therapeutic 
target with high priority in these subtypes [78].

Later on, a very informative mouse model of Sonic 
Hedgehog signaling-driven MB (SHH-MB) was created 
and served to elucidate the molecular role of survivin 
in MB cells [79]. SHH-MB tumors and granule neuron 
precursors displayed high-survivin expression, at vari-
ance with normal adult cerebellum. Importantly, cell 
proliferation upon genetic disruption is dramatically 
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reduced, as demonstrated by a 90% reduction in 
radioactive-thymidine incorporation [79]. Cell cycle 
progression is also impaired upon disruption, demon-
strating a survivin essential role in the processes lead-
ing to cell division. In order to translate these results, 
patient-derived xenografts (PDXs) from SHH-driven 
tumors were treated with specific antagonists that were 
able to inhibit SHH-driven MB cell growth. Finally, the 
authors show the in vivo MB growth inhibition by sur-
vivin antagonists in mouse models, demonstrating the 
phenotypic effects of the inhibition of this single IAP in 
MB. The double effect of perturbing cell cycle and pro-
moting cell death by apoptosis makes survivin a prom-
ising therapeutic targets also in this setting.

All these evidences explain, at least in part, the already 
known chemo-and radio-sensitizing effects of survivin 
silencing and inhibition, demonstrated in a variety of 
cancers either solid or haematological [80–83].

The mechanisms for survivin inhibition encompass 
various layers of regulation. All the documented inhibi-
tors can be classified into 5 categories, based on the 
characterizing mechanism of action: (a) Inhibitors that 
disrupt survivin interactions with its partner proteins; 
(b) Inhibitors that disrupt survivin homodimerization; 
(c) Inhibitors that decrease survivin gene transcription; 
(d) Inhibitors that induce survivin mRNA degradation; 
and (e) survivin or its peptide for immunotherapy [84].

Several upstream regulators are known and involve a 
plethora of pathways, recently summarized by Li et  al. 
[85] based on the Gene Ontology (GO) database (https​
://porta​l.geneg​o.com/). Some of the survivin inhibitors 
(e.g. SMAC-mimetic UC-112) feature a selectivity that 
promotes proteasome-mediated degradation of this IAP, 
leaving the other members (XIAP, cIAP1, cIAP2 and 
Livin) mostly unaffected. Others are, on the contrary, 
effective towards more than one member of the family. 
All of the several documented molecules share the char-
acteristics of being aimed at impairing and weakening 
survivin functions in the various cancer experimental 
models. Thus, at variance with BIRC3, survivin is con-
sidered as a pro-oncogenic protein and is commonly 
targeted to impair tumor cell proliferation. It has to be 
mentioned though that splice variants (DEx3 and 2B) 
have been reported to have specific roles in some tumor 
cells and that the existence of splice variants represents 
another layer of regulation for BIRC5 [86, 87].

Concluding remarks
The concept arising from the recent literature is that 
the biological meaning of BIRC3 disregulation in can-
cer cells is not entirely predictable. The disregulation 
may be genetic (deletions, insertions, point mutations), 

transcriptional, or a combination of these two levels. 
Some conflicting experimental data reporting either the 
oncogenic or the tumor suppressor role in the same type 
of malignancy strengthen the context-dependent and bi-
faceted role of BIRC3.

The available data concerning BIRC5 are, on the con-
trary, rather homogeneous and point to a tumor promot-
ing role for this IAP.

Cancer cells of different histological origin rely on dif-
ferent pathways to survive and proliferate and BIRC3, 
in each type of cancer, may interact and contribute at 
different levels. This leads to the conclusion that the 
application of a given IAP-inhibitory therapeutic strat-
egy (e.g. SMAC mimetics, interfering approaches, etc.), 
should be preceded by the evaluation of the survival 
and proliferation pathways that malignancy relies on.

Abbreviations
IAPs: Inhibitors of apoptosis proteins; BIR: Baculoviral IAP repeat domains; 
UBC: C-terminal ubiquitin-conjugating domain; CARD: Caspase recruit-
ment domain; RING: C-terminal Ring zinc-finger domain; BIRC: Baculoviral IAP 
repeat containing; XIAP: X-linked IAP; SMAC/Diablo: Second Mitochondria-
derived Activator of Caspases/Direct IAp Binding with Low pI; DLBCL: Diffuse 
large B-cell lymphoma; CLL: Chronic lymphocytic leukemia; MCL: Mantle 
cell lymphoma; AML: Acute myeloid leukemia; cIAP: Cellular IAP; OSCC: Oral 
squamous cell carcinoma; PFS: Progression free survival; OS: Overall survival; 
FCR: Fludarabine-cyclophosphamide-rituximab; BTK: Bruton tyrosine-kinase; 
del11q-: Deletion of 11q; BCR: B-cell receptor pathway; LGG: Low-grade 
gliomas; HGG: High-grade gliomas; GBM: Glioblastoma multiforme; IL-1β: 
Inflammatory cytokine 1β; TCGA​: Tumor cancer genome atlas; GDSC: Genom-
ics of Drug Sensitivity in Cancer database; IHC: Immunohistochemical; FFPE: 
Formalin fixed-paraffin embedded; MB: Medulloblastomas; SHH-MB: Sonic 
Hedgehog signaling-driven MB; PDXs: Patient-derived xenografts; NPC: 
Nuclear pore complexes; SINE: Selective inhibitors of nuclear export; DEGs: 
Differentially expressed genes; GEO: Gene Expression Omnibus; ICGC​: Interna-
tional Cancer Genome Consortium.

Acknowledgements
The author is grateful to the Laboratory of Translational Research, Azienda 
Unità Sanitaria Locale IRCCS (Reggio Emilia, Italy) for the precious support.

Authors’ contributions
RF conceived and wrote the manuscript.

Funding
The present research has been funded through the “Ricerca Corrente” of the 
AUSL-IRCCS, Reggio Emilia, Italy.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 23 July 2020   Accepted: 16 December 2020

https://portal.genego.com/
https://portal.genego.com/


Page 12 of 14Frazzi ﻿Cell Biosci            (2021) 11:8 

References
	1	 Jullien M, Gomez-Bougie P, Chiron D, Touzeau C. Restoring apoptosis with 

BH3 mimetics in mature B-cell malignancies. Cells. 2020;9(3):717.
	2.	 Liang J, Zhao W, Tong P, Li P, Zhao Y, Li H, et al. Comprehensive molecular 

characterization of inhibitors of apoptosis proteins (IAPs) for therapeutic 
targeting in cancer. BMC Med Genomics. 2020;13(1):7.

	3.	 Wang D, Berglund A, Kenchappa RS, Forsyth PA, Mule JJ, Etame AB. 
BIRC3 is a novel driver of therapeutic resistance in Glioblastoma. Sci Rep. 
2016;6:21710.

	4	 Cossu F, Milani M, Mastrangelo E, Lecis D. Targeting the BIR domains of 
inhibitor of apoptosis (IAP) Proteins in Cancer Treatment. Comput Struct 
Biotechnol J. 2019;17:142–50.

	5	 Fulda S. Promises and challenges of smac mimetics as cancer therapeu-
tics. Clin Cancer Res. 2015;21(22):5030–6.

	6	 Dietz A, Dalda N, Zielke S, Dittmann J, van Wijk SJL, Vogler M, et al. Protea-
some inhibitors and Smac mimetics cooperate to induce cell death in 
diffuse large B-cell lymphoma by stabilizing NOXA and triggering mito-
chondrial apoptosis. Int J Cancer. 2020. https​://doi.org/10.1002/ijc.32976​.

	7	 Bhosale PG, Cristea S, Ambatipudi S, Desai RS, Kumar R, Patil A, et al. 
Chromosomal alterations and gene expression changes associated with 
the progression of leukoplakia to advanced gingivobuccal cancer. Transl 
Oncol. 2017;10(3):396–409.

	8	 Bhosale PG, Pandey M, Cristea S, Shah M, Patil A, Beerenwinkel N, et al. 
Recurring Amplification at 11q22.1-q22.2 locus plays an important 
role in lymph node metastasis and radioresistance in OSCC. Sci Rep. 
2017;7(1):16051.

	9	 Tessoulin B, Papin A, Gomez-Bougie P, Bellanger C, Amiot M, Pellat-Dece-
unynck C, et al. BCL2-family dysregulation in B-cell malignancies: from 
gene expression regulation to a targeted therapy biomarker. Front Oncol. 
2018;8:645.

	10.	 Mohammad RM, Muqbil I, Lowe L, Yedjou C, Hsu HY, Lin LT, et al. Broad 
targeting of resistance to apoptosis in cancer. Semin Cancer Biol. 
2015;35(Suppl):78–103.

	11.	 Perini GF, Ribeiro GN, Pinto Neto JV, Campos LT, Hamerschlak N. BCL-2 
as therapeutic target for hematological malignancies. J Hematol Oncol. 
2018;11(1):65.

	12.	 Mohamed MS, Bishr MK, Almutairi FM, Ali AG. Inhibitors of apoptosis: 
clinical implications in cancer. Apoptosis. 2017;22(12):1487–509.

	13.	 Crook NE, Clem RJ, Miller LK. An apoptosis-inhibiting baculovirus gene 
with a zinc finger-like motif. J Virol. 1993;67(4):2168–74.

	14.	 Eckelman BP, Drag M, Snipas SJ, Salvesen GS. The mechanism of peptide-
binding specificity of IAP BIR domains. Cell Death Differ. 2008;15(5):920–8.

	15	 Yang H, Han M, Li H. Construction and validation of an autophagy-related 
prognostic risk signature for survival predicting in clear cell renal cell 
carcinoma patients. Front Oncol. 2020;10:707.

	16	 Devis-Jauregui L, Eritja N, Davis ML, Matias-Guiu X, Llobet-Navas D. 
Autophagy in the physiological endometrium and cancer. Autophagy. 
2020. https​://doi.org/10.1080/15548​627.2020.17525​48.

	17.	 Liu D, Yang Y, Liu Q, Wang J. Inhibition of autophagy by 3-MA potentiates 
cisplatin-induced apoptosis in esophageal squamous cell carcinoma 
cells. Med Oncol. 2011;28(1):105–11.

	18.	 Xi G, Hu X, Wu B, Jiang H, Young CY, Pang Y, et al. Autophagy inhibition 
promotes paclitaxel-induced apoptosis in cancer cells. Cancer Lett. 
2011;307(2):141–8.

	19.	 Dupere-Richer D, Kinal M, Menasche V, Nielsen TH, Del Rincon S, Petters-
son F, et al. Vorinostat-induced autophagy switches from a death-pro-
moting to a cytoprotective signal to drive acquired resistance. Cell Death 
Dis. 2013;4:e486.

	20.	 Yamamoto K, Venida A, Yano J, Biancur DE, Kakiuchi M, Gupta S, et al. 
Autophagy promotes immune evasion of pancreatic cancer by degrad-
ing MHC-I. Nature. 2020;581(7806):100–5.

	21.	 Wang SY, Yu QJ, Zhang RD, Liu B. Core signaling pathways of survival/
death in autophagy-related cancer networks. Int J Biochem Cell Biol. 
2011;43(9):1263–6.

	22.	 Shimamura T, Lowell AM, Engelman JA, Shapiro GI. Epidermal growth fac-
tor receptors harboring kinase domain mutations associate with the heat 
shock protein 90 chaperone and are destabilized following exposure to 
geldanamycins. Cancer Res. 2005;65(14):6401–8.

	23.	 Shimamura T, Li D, Ji H, Haringsma HJ, Liniker E, Borgman CL, et al. Hsp90 
inhibition suppresses mutant EGFR-T790M signaling and overcomes 
kinase inhibitor resistance. Cancer Res. 2008;68(14):5827–38.

	24.	 Shimamura T, Perera SA, Foley KP, Sang J, Rodig SJ, Inoue T, et al. 
Ganetespib (STA-9090), a nongeldanamycin HSP90 inhibitor, has potent 
antitumor activity in in vitro and in vivo models of non-small cell lung 
cancer. Clin Cancer Res. 2012;18(18):4973–85.

	25	 Bizarro A, Sousa D, Lima RT, Musso L, Cincinelli R, Zuco V, et al. Synthesis 
and evaluation of the tumor cell growth inhibitory potential of new puta-
tive HSP90 inhibitors. Molecules. 2018;23(2):407.

	26.	 Liu J, Sun W, Dong W, Wang Z, Qin Y, Zhang T, et al. HSP90 inhibitor 
NVP-AUY922 induces cell apoptosis by disruption of the survivin in 
papillary thyroid carcinoma cells. Biochem Biophys Res Commun. 
2017;487(2):313–9.

	27.	 van der Watt PJ, Maske CP, Hendricks DT, Parker MI, Denny L, Govender 
D, et al. The Karyopherin proteins, Crm1 and Karyopherin beta1, are 
overexpressed in cervical cancer and are critical for cancer cell survival 
and proliferation. Int J Cancer. 2009;124(8):1829–40.

	28.	 Ben-Barouch S, Kuruvilla J. Selinexor (KTP-330) - a selective inhibitor of 
nuclear export (SINE): anti-tumor activity in diffuse large B-cell lymphoma 
(DLBCL). Expert Opin Investig Drugs. 2020;29(1):15–21.

	29.	 Fischer MA, Friedlander SY, Arrate MP, Chang H, Gorska AE, Fuller LD, et al. 
Venetoclax response is enhanced by selective inhibitor of nuclear export 
compounds in hematologic malignancies. Blood Adv. 2020;4(3):586–98.

	30.	 Frazzi R, Auffray C, Ferrari A, Filippini P, Rutella S, Cesario A. Integrative 
systems medicine approaches to identify molecular targets in lymphoid 
malignancies. J Transl Med. 2016;14:252.

	31.	 Li YWY, Wang Z, Yi D, Ma S. Racial differences in three major NHL sub-
types: descriptive epidemiology. Cancer Epidemiol. 2015;39(1):8–13.

	32.	 Berndt SI, Camp NJ, Skibola CF, Vijai J, Wang Z, Gu J, et al. Meta-analysis 
of genome-wide association studies discovers multiple loci for chronic 
lymphocytic leukemia. Nat Commun. 2016;7:10933.

	33.	 Dohner H, Stilgenbauer S, Benner A, Leupolt E, Krober A, Bullinger L, et al. 
Genomic aberrations and survival in chronic lymphocytic leukemia. N 
Engl J Med. 2000;343(26):1910–6.

	34.	 Krober A, Bloehdorn J, Hafner S, Buhler A, Seiler T, Kienle D, et al. Addi-
tional genetic high-risk features such as 11q deletion, 17p deletion, and 
V3-21 usage characterize discordance of ZAP-70 and VH mutation status 
in chronic lymphocytic leukemia. J Clin Oncol. 2006;24(6):969–75.

	35.	 Puiggros A, Blanco G, Espinet B. Genetic abnormalities in chronic 
lymphocytic leukemia: where we are and where we go. Biomed Res Int. 
2014;2014:435983.

	36	 Nabhan C, Raca G, Wang YL. Predicting prognosis in chronic lymphocytic 
leukemia in the contemporary era. JAMA Oncol. 2015;1(7):965–74.

	37.	 Rose-Zerilli MJ, Forster J, Parker H, Parker A, Rodriguez AE, Chaplin T, 
et al. ATM mutation rather than BIRC3 deletion and/or mutation predicts 
reduced survival in 11q-deleted chronic lymphocytic leukemia: data from 
the UK LRF CLL4 trial. Haematologica. 2014;99(4):736–42.

	38.	 Rossi D, Fangazio M, Rasi S, Vaisitti T, Monti S, Cresta S, et al. Disruption of 
BIRC3 associates with fludarabine chemorefractoriness in TP53 wild-type 
chronic lymphocytic leukemia. Blood. 2012;119(12):2854–62.

	39.	 Chiaretti S, Marinelli M, Del Giudice I, Bonina S, Piciocchi A, Messina M, 
et al. NOTCH1, SF3B1, BIRC3 and TP53 mutations in patients with chronic 
lymphocytic leukemia undergoing first-line treatment: correlation with 
biological parameters and response to treatment. Leuk Lymphoma. 
2014;55(12):2785–92.

	40.	 Rossi D, Rasi S, Spina V, Bruscaggin A, Monti S, Ciardullo C, et al. Integrated 
mutational and cytogenetic analysis identifies new prognostic subgroups 
in chronic lymphocytic leukemia. Blood. 2013;121(8):1403–12.

	41	 Tausch E, Stilgenbauer S. BIRC3 mutations in chronic lymphocytic leuke-
mia—uncommon and unfavorable. Haematologica. 2020;105(2):255–6.

	42.	 Raponi S, Del Giudice I, Ilari C, Cafforio L, Messina M, Cappelli LV, et al. 
Biallelic BIRC3 inactivation in chronic lymphocytic leukaemia patients 
with 11q deletion identifies a subgroup with very aggressive disease. 
Br J Haematol. 2019;185(1):156–9.

	43.	 Diop F, Moia R, Favini C, Spaccarotella E, De Paoli L, Bruscaggin A, et al. 
Biological and clinical implications of BIRC3 mutations in chronic 
lymphocytic leukemia. Haematologica. 2020;105(2):448–56.

https://doi.org/10.1002/ijc.32976
https://doi.org/10.1080/15548627.2020.1752548


Page 13 of 14Frazzi ﻿Cell Biosci            (2021) 11:8 	

	44	 Blakemore SJ, Clifford R, Parker H, Antoniou P, Stec-Dziedzic E, Larrayoz 
M, et al. Clinical significance of TP53, BIRC3, ATM and MAPK-ERK genes 
in chronic lymphocytic leukaemia: data from the randomised UK LRF 
CLL4 trial. Leukemia. 2020;34:1760–74.

	45.	 Rossi D, Deaglio S, Dominguez-Sola D, Rasi S, Vaisitti T, Agostinelli C, 
et al. Alteration of BIRC3 and multiple other NF-kappaB pathway genes 
in splenic marginal zone lymphoma. Blood. 2011;118(18):4930–4.

	46.	 Darding M, Feltham R, Tenev T, Bianchi K, Benetatos C, Silke J, et al. 
Molecular determinants of Smac mimetic induced degradation of 
cIAP1 and cIAP2. Cell Death Differ. 2011;18(8):1376–86.

	47.	 Feltham R, Bettjeman B, Budhidarmo R, Mace PD, Shirley S, Condon 
SM, et al. Smac mimetics activate the E3 ligase activity of cIAP1 
protein by promoting RING domain dimerization. J Biol Chem. 
2011;286(19):17015–28.

	48.	 Yang QH, Du C. Smac/DIABLO selectively reduces the levels of c-IAP1 
and c-IAP2 but not that of XIAP and livin in HeLa cells. J Biol Chem. 
2004;279(17):16963–70.

	49.	 Albano F, Chiurazzi F, Mimmi S, Vecchio E, Pastore A, Cimmino C, et al. 
The expression of inhibitor of bruton’s tyrosine kinase gene is progres-
sively up regulated in the clinical course of chronic lymphocytic leu-
kaemia conferring resistance to apoptosis. Cell Death Dis. 2018;9(1):13.

	50.	 Balakrishnan K, Fu M, Onida F, Wierda WG, Keating MJ, Gandhi V. 
Reactivation of Smac-mediated apoptosis in chronic lymphocytic 
leukemia cells: mechanistic studies of Smac mimetic. Oncotarget. 
2016;7(26):39458–72.

	51.	 Onaindia A, Medeiros LJ, Patel KP. Clinical utility of recently identified 
diagnostic, prognostic, and predictive molecular biomarkers in mature 
B-cell neoplasms. Mod Pathol. 2017;30(10):1338–66.

	52.	 Hershkovitz-Rokah O, Pulver D, Lenz G, Shpilberg O. Ibrutinib resistance 
in mantle cell lymphoma: clinical, molecular and treatment aspects. Br 
J Haematol. 2018;181(3):306–19.

	53.	 Rahal R, Frick M, Romero R, Korn JM, Kridel R, Chan FC, et al. Pharmaco-
logical and genomic profiling identifies NF-kappaB-targeted treatment 
strategies for mantle cell lymphoma. Nat Med. 2014;20(1):87–92.

	54.	 Jain P, Wang M. Mantle cell lymphoma: 2019 update on the diagnosis, 
pathogenesis, prognostication, and management. Am J Hematol. 
2019;94(6):710–25.

	55.	 Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statistical report: 
primary brain and central nervous system tumors diagnosed in the 
United States in 2005–2009. Neuro Oncol. 2012;14(Suppl 5):v1–49.

	56.	 Gressot LV, Doucette T, Yang Y, Fuller GN, Manyam G, Rao A, et al. 
Analysis of the inhibitors of apoptosis identifies BIRC3 as a facilitator of 
malignant progression in glioma. Oncotarget. 2017;8(8):12695–704.

	57.	 Lu W, Ning H, Gu L, Peng H, Wang Q, Hou R, et al. MCPIP1 Selectively 
Destabilizes Transcripts Associated with an Antiapoptotic Gene Expres-
sion Program in Breast Cancer Cells That Can Elicit Complete Tumor 
Regression. Cancer Res. 2016;76(6):1429–40.

	58.	 Malinovskaya EM, Ershova ES, Okorokova NA, Veiko VP, Konkova MS, 
Kozhina EA, et al. Ribosomal DNA as DAMPs Signal for MCF7 Cancer 
Cells. Front Oncol. 2019;9:445.

	59.	 Mendoza-Rodriguez M, Arevalo Romero H, Fuentes-Panana EM, Ayala-
Sumuano JT, Meza I. IL-1beta induces up-regulation of BIRC3, a gene 
involved in chemoresistance to doxorubicin in breast cancer cells. 
Cancer Lett. 2017;390:39–44.

	60	 Srour MK, Gao B, Dadmanesh F, Carlson K, Qu Y, Deng N, et al. Gene 
expression comparison between primary triple-negative breast cancer 
and paired axillary and sentinel lymph node metastasis. Breast J. 
2019;26:904–10.

	61.	 Hahm ER, Singh SV. Withaferin A-induced apoptosis in human breast 
cancer cells is associated with suppression of inhibitor of apoptosis 
family protein expression. Cancer Lett. 2013;334(1):101–8.

	62.	 Flygare JA, Beresini M, Budha N, Chan H, Chan IT, Cheeti S, et al. Dis-
covery of a potent small-molecule antagonist of inhibitor of apoptosis 
(IAP) proteins and clinical candidate for the treatment of cancer (GDC-
0152). J Med Chem. 2012;55(9):4101–13.

	63.	 Andersen MH, Svane IM, Becker JC, Straten PT. The universal char-
acter of the tumor-associated antigen survivin. Clin Cancer Res. 
2007;13(20):5991–4.

	64	 Varughese RK, Torp SH. Survivin and gliomas: a literature review. Oncol 
Lett. 2016;12(3):1679–86.

	65	 Wheatley SP, Altieri DC. Survivin at a glance. J Cell Sci. 
2019;132(7):jcs223826.

	66	 Luong-Gardiol N, Siddiqui I, Pizzitola I, Jeevan-Raj B, Charmoy M, Huang 
Y, et al. gamma-Catenin-dependent signals maintain BCR-ABL1(+) B cell 
acute lymphoblastic leukemia. Cancer Cell. 2019;35(4):649–63 e10.

	67.	 Runckel K, Barth MJ, Mavis C, Gu JJ, Hernandez-Ilizaliturri FJ. The SMAC 
mimetic LCL-161 displays antitumor activity in preclinical models of 
rituximab-resistant B-cell lymphoma. Blood Adv. 2018;2(23):3516–25.

	68.	 Ishikawa C, Senba M, Mori N. Evaluation of artesunate for the treatment 
of adult T-cell leukemia/lymphoma. Eur J Pharmacol. 2020;872:172953.

	69	 Kulik L, El-Serag HB. Epidemiology and management of hepatocellular 
carcinoma. Gastroenterology. 2019;156(2):477–91 e1.

	70	 Wang D, Liu J, Liu S, Li W. Identification of crucial genes associated with 
immune cell infiltration in hepatocellular carcinoma by weighted gene 
co-expression network analysis. Front Genet. 2020;11:342.

	71	 Fujiya K, Ohshima K, Kitagawa Y, Hatakeyama K, Nagashima T, Aizawa D, 
et al. Aberrant expression of Wnt/beta-catenin signaling pathway genes 
in aggressive malignant gastric gastrointestinal stromal tumors. Eur J Surg 
Oncol. 2020. https​://doi.org/10.1016/j.ejso.2020.02.036.

	72.	 Turner DP, Findlay VJ, Moussa O, Semenchenko VI, Watson PM, LaRue 
AC, et al. Mechanisms and functional consequences of PDEF pro-
tein expression loss during prostate cancer progression. Prostate. 
2011;71(16):1723–35.

	73.	 Schlomm T, Iwers L, Kirstein P, Jessen B, Kollermann J, Minner S, et al. Clini-
cal significance of p53 alterations in surgically treated prostate cancers. 
Mod Pathol. 2008;21(11):1371–8.

	74	 Hennigs JK, Minner S, Tennstedt P, Loser R, Huland H, Klose H, et al. 
Subcellular Compartmentalization of survivin is associated with 
biological aggressiveness and prognosis in prostate cancer. Sci Rep. 
2020;10(1):3250.

	75.	 Faccion RS, Bernardo PS, de Lopes GPF, Bastos LS, Teixeira CL, de Oliveira 
JA, et al. p53 expression and subcellular survivin localization improve the 
diagnosis and prognosis of patients with diffuse astrocytic tumors. Cell 
Oncol (Dordr). 2018;41(2):141–57.

	76.	 Conde M, Michen S, Wiedemuth R, Klink B, Schrock E, Schackert G, et al. 
Chromosomal instability induced by increased BIRC5/Survivin levels 
affects tumorigenicity of glioma cells. BMC Cancer. 2017;17(1):889.

	77.	 Lebelt A, Rutkowski R, Och W, Jaczun K, Dziemianczyk-Pakiela D, Milewski 
R, et al. Survivin, caspase-3 and MIB-1 expression in astrocytic tumors of 
various grades. Adv Med Sci. 2016;61(2):237–43.

	78.	 Haberler C, Slavc I, Czech T, Gelpi E, Heinzl H, Budka H, et al. Histo-
pathological prognostic factors in medulloblastoma: high expres-
sion of survivin is related to unfavourable outcome. Eur J Cancer. 
2006;42(17):2996–3003.

	79.	 Brun SN, Markant SL, Esparza LA, Garcia G, Terry D, Huang JM, et al. Sur-
vivin as a therapeutic target in Sonic hedgehog-driven medulloblastoma. 
Oncogene. 2015;34(29):3770–9.

	80.	 Morrison DJ, Hogan LE, Condos G, Bhatla T, Germino N, Moskowitz NP, 
et al. Endogenous knockdown of survivin improves chemotherapeutic 
response in ALL models. Leukemia. 2012;26(2):271–9.

	81.	 Yamanaka K, Nakahara T, Yamauchi T, Kita A, Takeuchi M, Kiyonaga F, et al. 
Antitumor activity of YM155, a selective small-molecule survivin sup-
pressant, alone and in combination with docetaxel in human malignant 
melanoma models. Clin Cancer Res. 2011;17(16):5423–31.

	82.	 Chakravarti A, Zhai GG, Zhang M, Malhotra R, Latham DE, Delaney 
MA, et al. Survivin enhances radiation resistance in primary human 
glioblastoma cells via caspase-independent mechanisms. Oncogene. 
2004;23(45):7494–506.

	83.	 Rodel F, Frey B, Leitmann W, Capalbo G, Weiss C, Rodel C. Survivin anti-
sense oligonucleotides effectively radiosensitize colorectal cancer cells in 
both tissue culture and murine xenograft models. Int J Radiat Oncol Biol 
Phys. 2008;71(1):247–55.

	84.	 Yang W, Cooke M, Duckett CS, Yang X, Dorsey JF. Distinctive effects of the 
cellular inhibitor of apoptosis protein c-IAP2 through stabilization by XIAP 
in glioblastoma multiforme cells. Cell Cycle. 2014;13(6):992–1005.

	85.	 Li F, Aljahdali I, Ling X. Cancer therapeutics using survivin BIRC5 as a tar-
get: what can we do after over two decades of study? J Exp Clin Cancer 
Res. 2019;38(1):368.

	86.	 Caldas H, Jiang Y, Holloway MP, Fangusaro J, Mahotka C, Conway EM, et al. 
Survivin splice variants regulate the balance between proliferation and 
cell death. Oncogene. 2005;24(12):1994–2007.

https://doi.org/10.1016/j.ejso.2020.02.036


Page 14 of 14Frazzi ﻿Cell Biosci            (2021) 11:8 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	87	 Waligorska-Stachura J, Sawicka-Gutaj N, Zabel M, Andrusiewicz M, Gut P, 
Czarnywojtek A, et al. Survivin DEx3 as a biomarker of thyroid cancers: a 
study at the mRNA and protein level. Oncol Lett. 2017;13(4):2437–41.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	BIRC3 and BIRC5: multi‐faceted inhibitors in cancer
	Abstract 
	Background: 
	Main body: 
	Conclusions: 

	Background
	Mechanisms of evasion from apoptosis
	Dysregulation of anti-apoptotic BCL-2 members
	Inhibitors of caspases
	Autophagy
	Heat shock protein 90 (Hsp90)
	Nuclear transport regulation

	The role of BIRC3 during evasion of cancer cells from apoptosis
	Chronic lymphocytic leukemia and lymphomas
	Glioma, glioblastoma and medulloblastoma
	Breast cancer
	The BIRC3-paradox

	The role of BIRC5 during evasion of cancer cells from apoptosis
	BIRC5 (survivin)

	Concluding remarks
	Acknowledgements
	References




