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Simple Summary: Lung cancer is the leading cause of cancer-related death worldwide. Although
novel therapy regimens using immuno- and targeted therapy have improved survival for a subgroup
of patients with lung cancer, the five-year survival rate is still poor. The inhibitor of apoptosis protein
(IAP) family represents a heterogeneous group of anti-apoptotic proteins that are highly expressed in
a variety of human malignancies. Despite conflicting results regarding the prognostic significance of
IAPs, high expression of some members of this family have been extensively reported to be associated
with poor prognosis in lung cancer patients. Therefore, there might be a subgroup of patients that
could benefit from a targeted therapy against specific IAP family members in lung cancer. The aim of
this study was to perform a meta-analysis to investigate the prognostic value of IAP family members
and their association with clinicopathological features in lung cancer.

Abstract: Lung cancer is the most common cause of cancer-related death worldwide. Approximately
85% is non-small-cell and 15% is small-cell lung cancer. The inhibitor of apoptosis proteins (IAPs)
represent a heterogeneous family of anti-apoptotic proteins, some members of which have been
reported to correlate with clinical outcome in lung cancer. We screened PubMed, Web of Science, and
Scopus for studies that investigated the prognostic value and clinicopathological features of IAPs in
lung cancer. Forty-five eligible studies with 4428 patients assessed the expression of the IAPs survivin,
XIAP, livin, and BRUCE. The pooled hazard ratio (HR) of 33 studies that analyzed overall survival
(OS) revealed a positive correlation between survivin expression and poor prognosis. Seven studies
displayed a strong association between survivin and disease recurrence. Two studies that assessed
the expression of XIAP and livin, respectively, proved a significant relationship of these IAPs with
poor OS. Meta-analyses of clinicopathological variables revealed a significant association between
survivin and T stage, UICC stage, the presence of lymph node metastasis, and grade of differentiation.
In conclusion, high expression of distinct IAPs significantly correlates with prognosis in lung cancer.
Therefore, lung cancer patients might benefit from a targeted therapy against specific IAPs.

Keywords: lung cancer; SCLC; NSCLC; inhibitors of apoptosis; BIR domain; survivin; XIAP;
livin; BRUCE

1. Introduction

Lung cancer is the most common cause of cancer-related death worldwide [1]. Ac-
cording to the World Health Organization (WHO) and International Association for the
Study of Lung Cancer (IASLC), lung cancer can be classified as small-cell lung cancer
(SCLC) and non-small-cell lung cancer (NSCLC) [2–4]. Among all cases, approximately
85% comprises NSCLC and 15% SCLC [2,5–7]. To date, surgical resection according to
oncological principles remains the mainstay in the treatment of early-stage lung cancer
(stage I or II) [2,8,9]. However, more than 60% of patients with lung cancer present with
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locally advanced or metastatic disease (stage III or IV) at the time of diagnosis, limiting
surgical resection as a primary treatment option [9]. In addition, even after complete
surgical resection of early-stage NSCLC, a high risk of disease recurrence has been re-
ported [5]. Although multimodal platinum-based chemotherapy, radiation, and surgery,
when possible, are well established in the treatment of patients with advanced NSCLC,
locally advanced NSCLC is still associated with poor survival [10]. Over the past decade,
targeted therapy with tyrosine kinase inhibitors (TKIs) such as erlotinib or gefitinib and
anaplastic lymphoma kinase inhibitors (ALK) such as crizotinib have improved clinical
outcome in a subset of lung cancer patients whose tumors harbor EGFR (epidermal growth
factor receptor) and EML4-ALK (echinoderm microtubule-associated protein-like 4 and
anaplastic lymphoma kinase) alterations, respectively [11–13]. Specifically for NSCLC
with reported EGFR mutation rates between 7% to 37% in Caucasian and 40% to 64% in
Asian patients, EGFR-sensitizing mutations were identified as oncogenic drivers predicting
response to EGFR TKIs [13]. In NSCLC cases with EGFR mutations, approximately 90%
harbor an exon 19 deletion or exon 21 L858R mutation, which renders the tumors sensitive
to EGFR TKIs [13–17]. Thus, due to their increased benefit on progression-free survival
(PFS) and mild adverse effects, certain FDA- (US Food and Drug Administration) and
EMA- (European Medicines Agency) approved EGFR TKIs such as erlotinib and gefitinib
are usually implemented as first-line therapy for patients with advanced NSCLC [14,17–19].
However, emerging resistance to EGFR TKI therapy substantially affects five-year survival
rates, especially for patients with metastatic lung disease [20]. Therefore, novel therapeutic
strategies are needed to improve patient outcomes. Recently, a dual EGFR-VEGF path-
way inhibition (e.g., erlotinib and bevacizumab or erlotinib and ramucirumab) has been
reported as a promising strategy for patients with EGFR-mutant NSCLC [13].

More recently, immunotherapy using PD-L1 (programmed cell death ligand 1) as a key
immunoregulatory molecule has been developed and is increasingly used in the treatment
of lung cancer patients [21,22]. As a key immunoregulatory molecule, PD-L1 interacts
with its immune checkpoint receptor PD-1 (programmed cell death protein 1), which is
expressed on the surface of macrophages and activated T cells and B cells. The binding
of PD-L1 to PD-1 enhances immunosuppression and avoids tumor-induced immune de-
struction by inhibiting the proliferation and survival of cytotoxic T cells and reducing
cytokine production [23–25]. In NSCLC patients, positive PD-L1 expression is observed
in 50% to 70% of cases [23]. Recently, expression of PD-L1 was reported to be associated
with increased tumor proliferation and aggressiveness, as well as shorter survival times
for patients with NSCLC [26]. The evolvement of immune checkpoint inhibitors (ICI)
based on PD-1 inhibition (e.g., nivolumab, pembrolizumab) and PD-L1 inhibition (dur-
valumab, atezolizumab, and avelumab) have significantly improved the survival rates
and clinical outcomes in patients with metastatic NSCLC [23,27]. Moreover, in first-line
and second-line settings, ICI monotherapy and dual therapy or a therapeutic approach
in combination with chemotherapy has displayed an overall survival benefit compared
to standard platinum-based regimens [23,27–29]. However, not all patients experience
favorable response to treatment with ICI due to severe side effects and underlying clinical
condition [30]. Although the development of targeted therapy has improved the clinical
outcome in a subgroup of lung cancer patients, the five-year survival rate is still less than
20% [2,9,31]. Therefore, there is a need to detect novel molecular markers that might posi-
tively impact the outcome of patients with lung cancer. One of the most important targets
of cancer therapies is the induction of apoptotic cell death. The molecular mechanisms
by which cancer drugs induce apoptosis can be mediated via the receptor depending
extrinsic or mitochondrial intrinsic pathway, resulting in the activation of caspases, a
family of cysteine-rich proteases [32]. Unfortunately, evasion of apoptotic cell death is
a well-known phenomenon in tumor cells and leads to chemotherapeutic resistance. A
common molecular mechanism by which tumor cells achieve resistance to chemothera-
peutic agents is the overexpression of anti-apoptotic proteins. Among these anti-apoptotic
proteins, the inhibitor of apoptosis protein (IAP) family members have been extensively
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investigated during the last decades. The IAP family represents a heterogeneous group
of proteins that are highly expressed in a variety of human malignancies [33–37]. This
family consists of eight members, namely, neuronal IAP (NAIP/BIRC1), cellular IAPs
(cIAP1/BIRC2, cIAP2/BIRC3), X-linked IAP (XIAP/BIRC4), survivin/BIRC5, BIR repeat
containing ubiquitin-conjugating enzyme (BRUCE/BIRC6), livin/BIRC7, and testis specific
IAP (Ts-IAP/BIRC8) [38]. Each member contains at least a Baculovirus IAP Repeat (BIR)
domain of approximately 70 amino acids that is responsible for the inhibitory proper-
ties [39]. Although the number of BIR domains varies among the IAP family members,
each BIR domain consists of cysteine and histidine residues in a well-defined pattern,
which represents a novel zinc-binding fold [40].

Compared to other IAPs, survivin, encoded by the BIRC5 gene, is the smallest and
most extensive studied member of the IAP family in lung cancer. Although it contains
a single N-terminal BIR domain and a C-terminal coiled coil domain, survivin consists
of four exons and three introns covering 14,796 nucleotides on chromosome 17q25, form-
ing transcripts with different functional domains [40]. It is highly expressed in most
human tumors but almost undetectable in normal, fully differentiated adult tissues. It
is predominantly present in the cytosol of malignant cells, but nuclear expression has
also been demonstrated [41–43]. During cell proliferation and division, survivin forms
an integral component of the chromosomal passenger complex (CPC), which ensures
proper segregation of chromosomes and cytokinesis and thus acts as key mediator of
cell proliferation (Figure 1A) [44]. Whereas nuclear survivin is involved in mitosis, cy-
toplasmic survivin seems to be responsible for anti-apoptotic activity. In this context,
survivin binds directly to XIAP, thus preventing XIAP from proteosomal degradation. Con-
sequently, the stabilized XIAP-survivin complex inhibits apoptotic cell death by inhibiting
caspase activity (Figure 1B) [45]. Besides its anti-apoptotic function, the XIAP-survivin
complex induces tumor cell invasion and metastasis by altering focal adhesion via an
interaction with the TAB1/TAK1 complex, which activates Nuclear Factor kappa B (NF-κB)
(Figure 1C) [46]. Moreover, transcription of survivin has been demonstrated to be regulated
by p53, retinoblastoma (Rb), and transcription factor E2F2 [47]. In this context, it has been
previously reported that p53-induced downregulation of survivin was mediated through
proteosomal degradation of MDM2, a critical negative regulator of p53 [48]. Interestingly,
by protecting endothelial cells of the tumor vasculature against drug-induced damage,
survivin may be involved in mediating chemotherapeutic resistance [49]. Due to its distinct
roles in the inhibition of apoptosis, regulation of cell cycles, and drug resistance, survivin
seems to attract more interest as molecular target in lung cancer compared to the other IAPs.

Nonetheless, high expression of some members of the IAP family has been exten-
sively reported to induce chemoresistance, correlate with clinicopathological parameters,
and be associated with poor prognosis in lung cancer patients [37,42,50–55]. However,
conflicting results have been reported regarding the prognostic significance of IAPs in
malignant disease. Therefore, we performed a systematic review and meta-analysis using
the Population, Intervention, Comparison, Outcome (PICO) model to clarify the question
of whether in patients with lung cancer (P) high expression levels of IAPs (I) are associated
with clinicopathological parameters and poor survival (CO).
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Figure 1. Schematic representation of survivin actions. (A) During cell division, survivin (SVV) forms with Aurora B, 
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segregation and cytokinesis. By directly binding, survivin protects XIAP from proteosomal degradation. (B) The stabilized 

XIAP-survivin complex inhibits apoptosis mediated by caspases after the activation of intrinsic or extrinsic signaling path-

ways. FADD, FAS-associated death domain protein; Cyt c, cytochrome c; APAF1, apoptotic protease activating factor 1. 

(C) XIAP and survivin cooperate to activate transcription factor NF-κB via the TAB1/TAK1 complex, which induces the 

overexpression of fibronectin 1. This leads to an autocrine or paracrine stimulation of β1-integrin and phyosphorylation 

(P) of proto-oncogene tyrosine kinase Src and focal adhesion kinase FAK. Activation of these cell motility kinases induces 

metastasis by activating tumor cell invasion. 
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Figure 1. Schematic representation of survivin actions. (A) During cell division, survivin (SVV) forms with Aurora B,
Borealin, and INCENP (inner centromere protein), the chromosomal passenger complex (CPC) that regulates chromosome
segregation and cytokinesis. By directly binding, survivin protects XIAP from proteosomal degradation. (B) The stabilized
XIAP-survivin complex inhibits apoptosis mediated by caspases after the activation of intrinsic or extrinsic signaling
pathways. FADD, FAS-associated death domain protein; Cyt c, cytochrome c; APAF1, apoptotic protease activating factor 1.
(C) XIAP and survivin cooperate to activate transcription factor NF-κB via the TAB1/TAK1 complex, which induces the
overexpression of fibronectin 1. This leads to an autocrine or paracrine stimulation of β1-integrin and phyosphorylation
(P) of proto-oncogene tyrosine kinase Src and focal adhesion kinase FAK. Activation of these cell motility kinases induces
metastasis by activating tumor cell invasion.

2. Materials and Methods
2.1. Literature Search

The PICO model was used to define the research question of our systematic review [56].
In addition, the systematic review and meta-analysis were conducted according to the
AMSTAR [57] and PRISMA [58] checklists. We then conducted a literature search via
PubMed, Web of Science, and Scopus on July 24, 2021, to find articles that investigated
the role of IAPs in lung cancer using Boolean operators to connect our search terms
together: lung OR pulmonal OR bronchial OR NSCLC OR SCLC AND tumor* OR cancer
OR carcinoma OR neoplasm OR malignancy OR adenocarcinoma OR squamous AND
survivin OR XIAP OR X-linked OR IAP OR cIAP OR c-IAP OR livin OR NAIP OR ML-IAP
OR ILP OR Apollon OR Bruce OR BIRC* OR baculoviral OR “inhibitor of apoptosis”.

2.2. Selection Criteria

All eligible studies that assessed the relationship between the expression of IAP family
members and clinicopathological parameters and/or performed survival analysis were
extracted. Primarily, abstracts and titles of publications obtained from our initial database
search were analyzed by S.F. and A.K. to find exactly those articles that investigated the
relationship between IAP family members and clinicopathological parameters and/or
survival in lung cancer. After rigorous reading of the abstracts that met the criteria, the
full texts were analyzed and included in or excluded from the meta-analysis according
to the following criteria: (1) expression of the IAP family member was evaluated in lung
cancer either by immunohistochemistry (IHC), fluorescence in situ hybridization (FISH),
or reverse transcription and polymerase chain reaction (RT-PCR) analysis; (2) expression
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levels of the IAP family member was compared with clinicopathological characteristics
and/or survival outcomes; (3) hazard ratios (HR) with confidence intervals (CI) of the
survival analysis were provided or could be calculated from the presented survival curves;
(4) articles were written only in the English language; (5) the papers supplied relevant
data that compared the expression of an IAP family member with clinicopathological
characteristics and enabled us to calculate the odds ratio (OR); (6) if the same patient group
was published in several journals by an author, the study with the most complete data
set was selected for our meta-analysis; and (7) studies in which clinical samples others
than tissue specimen (e.g., serum, plasma, urine) were analyzed for expression levels
of IAPs and studies that presented data from The Cancer Genome Atlas (TCGA) portal
were excluded.

2.3. Data Extraction

Two independent investigators (S.F. and A.K.) reviewed each article for data extrac-
tion. The extracted data were recorded independently by both investigators in separate
databases by including the first author’s name, year of publication, country of origin,
included tumor stages, histology, number of patients, sex, age, administered therapy,
source of histological samples, follow-up data, analyzed biomarker (IAP family mem-
ber), immunohistochemically stained subcellular localization of the biomarker, laboratory
methodology, tumor characteristics, hazard ratio (HR) with confidence interval (CI), and
cut-off value. Both investigators compared and discussed the entire dataset and reached an
agreement if necessary.

2.4. Quality Assessment

To assess the methodological quality, each investigator (S.F. and A.K) independently
read and scored each publication according to the scale for biological prognostic factors
established by the European Lung Cancer Working Party (ELCWP) [59]. The ELCWP scale
consists of 4 domains, namely, scientific design, laboratory methodology, generalizability,
and results analysis. In each domain a maximum of 10 points can be scored. By scoring
all 4 domains a maximum of 40 points can be achieved. Both investigators (S.F. and A.K.)
independently calculated their scores and afterwards compared their results to reach a
consensus if necessary. The calculated final scores represent the percentage of the maximum
achievable score, ranging from 0 to 100%. According to the ELCWP scale, higher scores
reflected a better methodological quality. It is important to point out that under the category
“results analysis” only studies that performed a survival analysis could be evaluated. Thus,
low global scores subsequently characterized studies that only investigated the association
between an IAP family member and clinicopathological variables.

2.5. RNA-Seq Data

RNA-seq data from patients with lung adenocarcinoma (LUAD) or squamous cell
carcinoma (LUSC) were extracted for each of the IAP family members (BIRC1-8) using
the Kaplan–Meier Plotter (http://kmplot.com/analysis/index.php?p=service, accessed
on 25 July 2021). This database includes the RNA-seq dataset from 513 LUAD and 501
LUSC specimens that originated from The Cancer Genome Atlas (TCGA) portal [60].
Kaplan–Meier survival curves were constructed for both OS and DFS. Survival curves
were compared by using the log rank test and the HR with CI was estimated. To divide
the patients according to the expression level of the respective IAP into high- and low-
expression groups, the best performing threshold was selected to define the cut-off.

2.6. Statistical Analysis

The OR was calculated to measure the association between the investigated IAP family
member and clinicopathological parameters. Clinicopathological parameters included
sex, UICC stage, lymph node metastasis (N), histological differentiation (G), presence
of distant metastases (M), smoking behavior, age, and tumor size (T). For comparability,

http://kmplot.com/analysis/index.php?p=service
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some clinicopathological parameters were combined, including UICC stage I and II (early-
stage) versus III and IV (advanced-stage), T1 and T2 versus T3 and T4, or well/moderate
versus poor differentiation. The number of positive cases in each group of the analyzed
clinicopathological parameters related to the total number of cases in the group was used
for the analysis of the clinical parameters. HRs were used to display the significance of the
expression levels of the IAP family members and the underlying results of the survival
analysis. For patients with IAP overexpression, an HR > 1 indicated worse prognosis. In
studies in which the HR and 95% CI were reported, we extracted them and used them to
assess the pooled HR. In cases where the HR and 95% CI was missing or not available, we
evaluated them by reading Kaplan–Meier survival curves with Engauge Digitizer software
version 4.1 (http://digitizer.sourceforge.net/, accessed on 14 April 2020). For this purpose,
we used the extracted data to reconstruct the HR and its variance by re-performing survival
curve analysis (GraphPad Software, Inc., La Jolla, CA, USA), presuming that the number
of censored cases was constant over the period of follow-up. By measuring inconsistency
(I2) and using Cochrane’s Q test (Chi-squared test; Chi2), statistical heterogeneity was
tested [59,61,62]. Assuming that the data to be analyzed consisted of different populations,
ORs and HRs were pooled with 95% CI according to the method of DerSimonian and
Laird (random effects model) [63]. Subgroup and one-way sensitivity analyses were used
to test the stability of the meta-analysis. To perform the meta-analysis and to prepare
the graphical results, we utilized Review Manager 5.0 (http://ims.cochrane.org/revman,
accessed on 20 April 2020). Funnel plots were designed to visualize the risk of publication
bias. For statistical testing of the funnel plot symmetry, Egger’s test and a rank correlation
test were performed by JASP software [64]. In addition, the test of publication bias and the
adjustment for publication bias were analyzed using selection models in JASP [64]. Quality
scores between different subgroups were compared using non-parametric Mann–Whitney
tests. A p-value < 0.05 indicated statistical significance.

3. Results
3.1. Study Selection and Characteristics

In accordance with our defined search criteria, the electronic database search via
PubMed, Web of Science, and Scopus revealed 1949, 2219, and 2609 articles, respectively
(Figure 2). By meticulously reading the abstracts, we identified 133 studies that focused
on the expression of the IAP family members survivin, XIAP, livin, and BRUCE. Of note,
for other IAP family members our search strategy failed to identify eligible studies. After
careful reading of the full text of the 133 studies, 8 articles were excluded because the
analyzed data were not extractable for meta-analysis. Two studies were excluded because
they were duplicates. Six studies analyzed bioinformatic data that were not relevant
for meta-analysis, and were thus excluded. Three studies used TCGA data for survival
analysis and 69 articles were excluded for other reasons (e.g., lack of relevant data, ana-
lyzed primarily other biomarkers, did not perform tissue analysis). Therefore, 45 eligible
studies with 4428 patients (mean: 98.4; range: 32–373) and published between 1999 and
2017 [33,37,41–43,50–55,65–98] were included in our meta-analysis to assess the prognostic
and clinicopathological significance of IAP family members as potential biomarkers in lung
cancer. As illustrated in Table 1, 32 studies included patients from Asia, 11 studies patients
from Europe, and 2 patients from North America. Seventeen studies included patients with
UICC stage I–IV lung cancer, 12 studies investigated the expression of IAP family members
in UICC stage I–III lung cancer, 4 studies assessed UICC stages III–IV, 3 studies analyzed
UICC stages I and III lung cancer, and 2 studies investigated lung cancer patients of UICC
stages I–II. Only 1 study assessed lung cancer patients with UICC stage II–III, and 3 studies
did not provide information on the UICC stage. Regarding histological type, the majority
of the studies (n = 41) enrolled only patients with NSCLC. Interestingly, 2 studies evaluated
only patients with SCLC and 2 studies included patients with both tumor entities (NSCLC
and SCLC). In addition, 25 studies included patients who underwent primary surgical
resection and in 3 studies biopsy was performed prior to surgical resection. Three studies

http://digitizer.sourceforge.net/
http://ims.cochrane.org/revman
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included patients treated with a combination of biopsy and chemotherapy and 12 studies
included patients who underwent surgery and/or chemotherapy and/or radiation. Two
studies did not provide any information on therapeutic modalities or the source of the sam-
ples. Expression of the IAPs was either detected by reverse transcriptase-polymerase chain
reaction (RT-PCR) method (n = 7) or by immunohistochemistry (IHC; n = 36), whereas in 2
studies fluorescence in situ hybridization (FISH) was performed. Further methodological
details of all included studies are summarized in Table S1.
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Table 1. Clinical characteristic of included studies.

First Author Year Country Stage Histology Study
Period

No. of
Patients

Age (* Mean/#

Median) Marker Sex
(Female/Male)

Therapy/Source of
Samples

* Mean/# Median
Follow up (Months)

Yano, Y. [65] 2015 Japan I–IV SCLC 2003–2012 32 68 # (45–82) SVV 4/28 Surgery (n = 16)/Surgery,
Biopsy NA

Karczmarek-Borowska,
B. [51] 2005 Poland II–III NSCLC 1993–1997 60 57 * (38–69) SVV 6/54 Surgery + adj.

chemotherapy 22 # (5–60)

Rosato, A. [33] 2013 Italy I–II
I–II

NSCLC
SCLC

2002–2009
2002–2009

65
35

NA
NA

SVV
SVV

17/48
12/23

Surgery
NA/Biopsy NA

Chen, P. (1) [37] 2010 China III–IV NSCLC 2002–2006 72 59 # (40–77)
SVV
XIAP 21/51 Chemotherapy/Biopsy NA

Dai, C.H. [52] 2010 China I–III NSCLC 2003–2005 66 60 # (34–78)
SVV
Livin 20/46

Surgery + adj.
chemotherapy; in 5 cases +

radiation/Surgery
52 #

Bria, E. [42] 2008 Italy I–III NSCLC 1995–2001 116 60 # SVV 15/101
Surgery + adj.

chemotherapy (n = 45),
radiochemotherapy (n = 30)

20 # (10–129)

Yoo, J. [67] 2007 South
Korea I–III NSCLC NA 219 67(19–89) SVV 51/168 Surgery 38.9 # (1.6–117.8)

Monzó, M. [68] 1999 Spain I–III NSCLC 1995–1996 83 65 # (26–77) SVV 5/78 Surgery 18 # (2–31)

Sun, P.L. [69] 2013 South
Korea I–IV NSCLC 2003–2009 373 65 # (21–84) SVV 115/258 Surgery + adj.

chemotherapy Range (0–80)

Xu, P. [70] 2012 China I–III NSCLC 2006–2007 97 60 ND SVV 22/75 Surgery Range (4–58)

Chen, P. (2) [66] 2014 China I–IV SCLC 2000–2007 45 53 # (30–76) SVV 8/37
Surgery + adj.

chemotherapy (n = 8) or
radiochemotherapy (n = 37)

11 #

Gao, Q. [71] 2012 China I–IV NSCLC 2001–2005 62 57.8 * (35–78) SVV 18/44 Surgery Range (3–120)

Hu, S. [43] 2013 China I–III NSCLC 2004–2006 256 57.7 * SVV 80/176
Surgery + adj.

chemotherapy (n = 217),
radiotherapy (n = 92)

64 #

Mohamed, S. [72] 2009 Japan NA NSCLC 1990–1996 78 62.8 * SVV 20/58 Surgery NA
Shinohara, E.T. [41] 2005 USA I–II NSCLC 1996–2002 144 67 # (34–92) SVV 50/94 Surgery NA

Cho, S. [73] 2012 South
Korea I NSCLC 2003–2006 110 62.3 * (41–79) SVV 26/84 Surgery 55 # (2.3−87.9)

Vischioni, B. [74] 2004 Netherlands III–IV NSCLC 1993–1999 53 56 * (29–75) SVV 20/33

Neoadj. chemotherapy,
surgery, or radiotherapy

(n = 32), palliative
chemotherapy (n = 21)

76 #

Wang, M. [75] 2012 China III NSCLC 2002–2004 210 59.8 * (35–76) SVV 80/130 Surgery NA
Wu, Y.K. [76] 2014 Taiwan III–IV NSCLC 2004–2009 48 59.4 * (36–83) SVV 16/32 Biopsy, chemotherapy 20.4 # (3.4–59)

Yamashita, S.I. [77] 2009 Japan NA NSCLC 1997–2003 47 NA SVV 14/33 Surgery 64.8 # (14.4–100.8)

Akyürek, N. [50] 2006 Turkey I–IV NSCLC 1994–2001 78 63 # (39–78) SVV 6/72 Surgery (n = 27), biopsy
(n = 51) 18 # (1–80)
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Table 1. Cont.

First Author Year Country Stage Histology Study
Period

No. of
Patients

Age (* Mean/#

Median) Marker Sex
(Female/Male)

Therapy/Source of
Samples

* Mean/# Median
Follow up (Months)

Cho, H.J. [78] 2015 South
Korea III NSCLC 2000–2005 53 57.6 * SVV 10/43

Neoadj.
radiochemotherapy, Surgery

adj. radio- (n = 25) or
radiochemotherapy (n = 2)

NA

Falleni, M. [79] 2003 Italy I NSCLC NA 83 63.4 * (43–74) SVV 4/79 Surgery 54 # (7–94)
Hirano, H. [80] 2014 Japan I NSCLC 2007–2010 44 65. 3 ND ± 1.5 SVV 8/36 Surgery 38.3 ND (5.2–58.9)

Kren, L. [54] 2004 Czech
Republic I–III NSCLC 1983–1994 102 NA SVV 45/57 Surgery NA

Porebska, I. [81] 2010 Poland I–IV NSCLC NA 74 60.5 * (43–77) SVV 25/49 Surgery, neoadj. therapy
(n = 22), palliative therapy NA

Nakashima, N. [82] 2010 Japan I–III NSCLC 2001–2004 122 NA SVV NA Surgery NA

Atikcan, S. [83] 2006 Turkey I–III NSCLC 2000–2003 58 57.29 * (40–76) SVV 0/58
Surgery, adj. chemotherapy
(n = 9), radiotherapy (n = 13),
radiochemotherapy (n = 5)

NA

Huang, W. [84] 2016 China III–IV NSCLC 2006–2011 61 56 # (32–74) SVV 15/46 Chemotherapy, biopsy 7 # (2–29)

Kim, G.Y. [85] 2011 South
Korea I–IV

NSCLC
ADC
SCC

1985–2005
244
93

151

62 * (35-81)
NA
NA

SVV
55/189
40/53

15/136
Surgery NA

Yang, D.X. [86] 2010 China I–IV NSCLC 2002–2004 60 53.5 # (37–71) SVV 20/40 Surgery NA
Chen, Y.Q. [87] 2009 China I–III NSCLC 2005–2007 120 61 * (42–76) SVV 26/94 Surgery, adj. chemotherapy NA
Ikehara, M. [88] 2002 Japan I–IV NSCLC 1992–1999 79 64 # (26–83) SVV 46/33 Surgery NA

Fan, C.F. [89] 2011 China I–IV NSCLC 1998–2005 76 57.1 * (26–78) SVV 30/46 Surgery 45.6 # (3–111)
Yu, S. [90] 2014 China I–IV NSCLC 2006–2013 32 60.1 * (43–82) SVV 9/23 Surgery NA
Li, C. [91] 2015 China I–IV NSCLC NA 75 59 # (20–84) SVV 36/39 Surgery NA

Grossi, F. [92] 2010 Italy III NSCLC 1985–1997 87 62 # (35–74) SVV 16/71 Surgery, adj. radiotherapy
(n = 44) 140. 4 # (61.2–214.8)

Wang, X.Y. [93] 2005 China I–IV NSCLC and
SCLC NA 54 60 # (33–78) SVV 17/37 NA NA

Xia, R. [94] 2015 China I–IV NSCLC 2004–2008 104 NA SVV 26/78 Surgery 40 # (8–89)
Liang, Y. [55] 2017 China I–IV NSCLC 2004–2009 90 NA Livin 41/49 Surgery NA

Ferreira, C.G. [95] 2001 Netherlands I–III NSCLC 1988–1995 144 65 ND XIAP 24/120 Surgery 104 #

Hofmann, H.S. [96] 2002 Germany I–IV NSCLC 1999–2000 34 NA XIAP NA Surgery NA
Dong, X. [53] 2013 Canada I–IV NSCLC 2005–2006 78 69.09 * ± 9.52 BIRC6 44/34 Surgery NA

Gharabaghi, M.A. [97] 2016 Iran NA NSCLC 2006–2014 40 NA BIRC6 17/23 Surgery NA
Sun, L. [98] 2016 China I–IV NSCLC NA 165 NA SVV 45/120 NA NA

adj.: adjuvant; neoadj.: neoadjuvant; SVV: survivin, NSCLC: non-small-cell lung cancer; SCLC: small-cell lung cancer; XIAP: X-linked inhibitor of apoptosis protein; BIRC6: baculoviral IAP repeat containing 6
(BRUCE); NA: not available; ND: not defined; *: mean; #: median.
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Forty studies with a total of 4025 patients (mean: 105.5; range: 32–373) investigated
the expression of the IAP family member survivin, 3 studies with 250 patients (mean: 83.3;
range 34–144) investigated the expression of XIAP, and 2 studies with 156 as well as 2
studies comprising 118 patients analyzed the expression of livin and BRUCE, respectively
(Table 1). For meta-analysis, 36 studies investigating survivin expression and 2 studies each
that evaluated XIAP and livin expression, respectively, provided extractable survival data
for a pooled survival analysis. Of note, the majority of these studies provided expression
data in relation to overall survival. Survival data from 2 studies investigating BRUCE
expression provided overall [97] and recurrence-free [53] survival, respectively, and thus
could not be combined to estimate pooled HRs.

3.2. Study Quality

In order to evaluate the quality of the studies we included in our meta-analysis, we
analyzed the study design, laboratory methodology, generalizability, and results analysis,
and in addition calculated the global quality score of each study. We expressed the final
global quality score as a percentage of the maximum achievable global score. Therefore,
the mean global score of the included studies of our meta-analysis was 55.26% (range
32.21–63.16%) (Table 2). Of note, in the results analysis category only studies in which
a survival analysis was performed could be evaluated. Therefore, five studies that did
not provide survival data could not be assessed in this category and thus resulted in
a low global quality score. Interestingly, as we compared the quality scores for study
design, laboratory methodology, and generalizability of publications presenting survival
data to those without survival data, a significantly higher value became evident for the
study design category in the studies presenting survival data. As expected, studies that
conducted a multivariate analysis achieved a significantly higher value for the results
analysis category and thus, higher global quality scores. In addition, a significantly high
value for laboratory methodology became evident when comparing studies that performed
immunohistochemistry (IHC) with RNA-based (RT-PCR and FISH) studies. Moreover,
there was no significant difference in the quality of studies from Asia or other countries.

Table 2. Study quality assessment according to the ELCWP Scale.

No. of Studies Design Laboratory
Methodology Generalizability Results Analysis Global Score (%)

All studies 45 6.00 6.00 4 6 55.26
Survival data 40 7 6 4 6 60.53

No survival data 5 5 4 4 NA 34.21
p <0.001 0.26 0.37 NA 0.001

UV 13 6 6 4 4 55.26
MV 27 7 5 5 6 63.16

p 0.15 0.43 0.07 <0.001 0.009
IHC 36 7 6 4 6 60.53

RNA-based 9 6 4 4 6 50
p 0.11 0.002 0.24 0.97 0.01

Asian 32 6 6 4 6 55.26
Other regions 13 7 5 6 6 60.53

p 0.39 0.92 0.88 0.73 0.39

ELCWP: European Lung Cancer Working Party; UV: univariate; MV: multivariate; IHC: immunohistochemistry; NA: not available.
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3.3. Study Results and Meta-Analysis

Initially, we analyzed whether expression levels of the investigated IAP family mem-
bers survivin, livin, XIAP, and BRUCE were associated with survival in patients with lung
cancer. For comprehensibility, we described the results of the pooled HRs according to
each investigated IAP family member. The majority of studies analyzed the association
between the expression of the IAP family member survivin (n = 40, 4025 patients) either
with overall survival (OS), disease-free survival (DFS), or disease-specific survival (DSS). In
this group, the pooled HR of 33 studies showed that high survivin expression levels were
associated with reduced overall survival in lung cancer patients (HR 2.00; 95% CI: 1.61–2.47;
p < 0.00001) (Figure 3A). However, the Cochrane Q test (Chi2 = 203.09; p < 0.00001) and
test of inconsistency (I2 = 83%) displayed significant heterogeneity. To perform one-way
sensitivity analysis, we excluded step-by-step each included study and re-evaluated the
pooled HR for the remaining studies (dataset not illustrated). However, heterogeneity
remained consistent, implying that none of the studies was responsible for its occurrence.
Next, we performed a subgroup analysis to identify possible determinants of heterogeneity.
For this purpose, we investigated whether there were differences in outcomes related to
detection method, HR estimate, global quality score, number of patients included, UICC
stage, histological type, and country where the study was conducted (Table 3). Accordingly,
heterogeneity was absent in studies using RT-PCR analysis for the detection of survivin
or performing univariate survival analysis. In addition, heterogeneity became evident in
studies that included patients with UICC stage IV. However, a discrimination depending
on study quality, histological type, and country of origin failed to identify the source of
heterogeneity. Next, we investigated whether the immunohistochemically analyzed subcel-
lular localization of survivin could influence statistical heterogeneity and demonstrated
that survival analysis based on the cytoplasmic expression of survivin was characterized
by a moderate heterogeneity (Figure S1). In contrast, when nuclear or combined cyto-
plasmic/nuclear expression was evaluated or when studies did not define the subcellular
localization, a substantial to considerable heterogeneity became evident. Furthermore, crit-
ical examination of the funnel plot displayed asymmetry (Figure 3B), therefore suggesting
publication bias (Egger’s test: z = 3.063, p = 0.002; Begg test: Kendall’s tau = 0.061, p = 0.609).
Hence, we applied a selection model using JASP that assessed and adjusted for publication
bias [64]. Since the Chochrane Q test as well as inconsistency revealed heterogeneity,
we first confirmed publication bias when applying the test that assumes heterogeneity
(Chi2 13.557, p < 0.001). Accordingly, we adjusted random effects estimates for publication
bias, which confirmed a statistically significant relationship between survivin expression
levels and OS in lung cancer patients (p = 0.043) (Figure S2A).
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Table 3. Subgroup analysis of summarized hazard ratios reflecting the relationship between survivin/BIRC5 and overall
survival in lung cancer.

Pooled Data (Random) Test for Heterogeneity

Subgroup No. of
Studies Cases HR 95% CI p-Value Chi2 p-Value I2 (%)

Method
IHC 26 2892 1.92 1.52–2.42 <0.00001 170.44 <0.00001 84
PCR 6 451 2.09 1.45–3.00 <0.0001 5.89 0.32 15
FISH 1 60 4.26 1.98–9.16 NA NA NA NA

Survival
analysis
Kaplan–
Meier 9 758 2.21 1.69–2.88 <0.00001 13.7 0.09 42

UV 4 353 1.54 1.10–2.16 0.01 1.44 0.7 0
MV 21 2292 2.01 1.52–2.65 <0.00001 130.19 <0.00001 84

Global
Quality
Score
≥57.89 19 2013 2.14 1.75–2.63 <0.00001 38.56 0.005 51
<57.89 14 1390 1.76 1.30–2.37 0.0002 64.48 <0.00001 78

Cases (N)
≥78 18 2521 1.99 1.64 <0.00001 38.4 0.005 51
<78 15 882 1.96 1.36–2.81 0.0003 83.24 <0.00001 83

UICC
I-IV 12 1407 1.83 1.32–2.54 0.0003 75.84 <0.00001 83
I-III 8 900 2.03 1.60–2.58 <0.00001 12.9 0.12 38

w/o IV 15 1602 2.21 1.87–2.62 <0.00001 15.89 0.32 12
NA 2 125 2.05 1.25–3.37 0.004 0.27 0.6 0

Histological
Type

NSCLC 31 3326 1.99 1.68–2.36 <0.00001 70.97 <0.0001 55
SCLC 2 77 1.87 0.42–8.30 0.41 7.38 0.007 86

Country
Asian 23 2501 2.04 1.60–2.62 <0.00001 141.66 <0.00001 83

Caucasian 10 902 1.87 1.23–2.84 0.003 34.72 <0.0001 74

Whereas an association between expression of survivin and disease-specific survival
(DSS) did not become evident (HR 2.08; 95% CI: 0.86–5.03; p = 0.10; I2 = 33%) (Figure 4A),
the pooled HR of 8 studies that evaluated the association between survivin and DFS
demonstrated the prognostic relevance of survivin expression in lung cancer patients,
despite heterogeneity (HR 1.62; 95% CI: 1.14–2.29; p = 0.006; I2 = 63%) (Figure 4B).
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Interestingly, the one-way sensitivity analysis no longer showed any heterogeneity
after excluding the study by Vischioni [74]. Although the funnel plot (Figure 4C) combined
with a statistical analysis for asymmetry (Egger’s test: z = 0.725, p = 0.468; Begg test:
Kendall’s tau = 0.286, p = 0.399) did not reveal publication bias, we once again made use
of the aforementioned selection model, in which the test for publication bias assuming
heterogeneity suspected a publication bias (p < 0.001). Due to the observed heterogeneity,
we adjusted random effects estimates for publication bias and confirmed the observation
that high survivin expression was associated with a shorter DFS (p = 0.01) (Figure S2B).
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To investigate whether other IAP family members could serve as prognosticators in
lung cancer patients, we next estimated the pooled HRs of studies providing XIAP or
livin expression data for survival analysis. Whereas high livin expression was observed
in patients with poor OS (HR 1.53; 95% CI: 1.00–2.35; p = 0.05; I2 = 0%), high XIAP
was associated with favorable survival (HR 0.63; 95% CI: 0.44–0.90; p = 0.01; I2 = 0%)
(Figure 5A,B).
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To further elucidate the role of the IAP family members survivin, XIAP, livin, and
BRUCE as biological markers, we investigated the association between their expression and
clinicopathological parameters. Twenty-seven studies provided extractable data to compare
survivin expression levels with clinicopathological parameters. Although heterogeneity
became evident for some parameters, meta-analysis of these data using a random effects
model revealed an association between high expression of survivin and advanced UICC
stages (OR: 2.24; 95% CI: 1.56–3.21; p < 0.0001; I2 = 53%), T stage (OR: 1.57; 95% CI: 1.14–2.18;
p = 0.006; I2 = 0%), poor histological differentiation (OR: 1.66; 95% CI: 1.20–2.29; p = 0.002;
I2 = 37%), and the presence of lymph node metastasis (OR: 1.95; 95% CI: 1.36–2.78; p =
0.0003; I2 = 66%) (Table 4). However, meta-analysis of the expression of the remaining three
members of the IAP family (XIAP, livin, and BRUCE) either showed no correlation with
the investigated clinicopathological variables (data not shown) or was not performed as
only a single study allowing data extraction (Tables S2–S4).
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Table 4. Association between survivin/BIRC5 and clinicopathological variables.

Pooled Data (Random) Test for Heterogeneity

Clinicopathological Variable No. of
Studies Cases OR 95% CI p-Value Chi2 p-Value I2 (%)

Sex (female/male) 22 2387 0.92 0.70–1.20 0.52 32.63 0.05 36
UICC stage (I + II/III + IV) 18 2160 2.24 1.56–3.21 <0.0001 36.09 0.004 53

T stage (T1 + 2/T3 + 4) 12 1515 1.57 1.14–2.18 0.006 7.22 0.78 0
Differentiation (well +

moderate/poor) 17 1778 1.66 1.20–2.29 0.002 25.21 0.07 37

Lymph node metastasis 23 2687 1.95 1.36–2.78 0.0003 64.26 <0.00001 66
Distant metastasis 5 484 0.84 0.47–1.51 0.56 4.14 0.39 3

Smoking 8 969 1.11 0.84–1.46 0.73 4.82 0.68 0
Age 16 2016 0.99 0.78–1.25 0.91 19.3 0.2 22

Tumor size 7 859 0.98 0.59–1.61 0.93 13.21 0.04 55

3.4. Validation Using the TCGA Dataset

To further compare the results from our meta-analysis including only expression
data from the literature, we performed a survival analysis using RNA-seq datasets from
TCGA comprising a total number of 1014 patients with lung cancer. Of note, a survival
analysis including OS (Figure S3) and DFS (Figure S4) was performed for each IAP family
member in LUAD and LUSC, separately. Whereas high expression levels of cIAP1/BIRC2
and survivin/BIRC5 were associated only with poor OS in LUAD, overexpression of
cIAP2/BIRC3 correlated with a shorter OS in both LUAD and LUSC. Moreover, increased
NAIP/BIRC1 levels were detectable in LUSC patients with a shorter OS. In contrast, high
NAIP/BIRC1 or livin/BIRC7 and Ts-IAP/BIRC8 expression were associated with a more
favorable OS in LUAD and LUSC, respectively. However, when correlating the expression
levels with DFS, high expression of cIAP1/BIRC2 and XIAP/BIRC5 were associated with a
shorter DFS in LUAD and LUSCD, respectively. This was the opposite for NAIP/BIRC1
and Ts-IAP/BIRC8 in LUAD.

Next, we combined the HRs obtained for each IAP family member from LUAD and
LUSC and compared the summarized HR (Table S5) with the pooled HR obtained from our
meta-analysis. Accordingly, only for DFS did the summarized HR from both our literature
search (HR 1.62; 95% CI: 1.14–2.29; p = 0.006) and Ref-seq dataset (HR 1.58; 95% CI:
1.13–2.20; p = 0.007) demonstrate an association for survivin/BIRC5 with recurrent disease.

4. Discussion

Despite enormous advances in therapeutic modalities, lung cancer remains the leading
cause of cancer-related deaths worldwide [1]. Although the clinical outcome for a subset
of patients using targeted therapy and immunoregulatory molecules has improved, the
five-year survival rate is still less than 20% [2,9,31]. The inhibitors of apoptosis protein (IAP)
family represent a heterogeneous group of anti-apoptotic proteins that have been shown to
be overexpressed in a variety of malignant diseases [33–37]. Hence, over the past decade,
various members of the IAP family have attracted considerable interest as treatment targets
in cancer therapy and have been demonstrated to correlate with poor prognosis in several
studies investigating different tumor entities [34–37,42,50–55]. However, some of the
published studies already reported contradictory outcome data related to a single cancer
entity. Accordingly, it is of utmost importance to synthesize these data in a meta-analysis
to elucidate potential correlations between IAP family members and clinicopathological
parameters as well as prognosis in cancer patients.

For this purpose, we conducted a meta-analysis of 45 eligible studies that aimed to
investigate for the first time an association between all IAP family members and clinico-
pathological parameters or survival outcomes in patients with lung cancer. Of all these
included studies, the majority (n = 40, 4025 patients) investigated the expression of sur-
vivin in lung cancer, of which 33, 8, and 2 investigated OS, DFS, and DSS, respectively. It
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should be mentioned that some studies examined more than one IAP family member or
survival outcome in the same study and thus were included in each analyzed IAP group or
outcome separately [43,52,69,84,94]. Despite heterogeneity, we found that high expression
of survivin correlated with poor overall OS and DFS, but not with disease-specific survival.
The latter might be due to the low number of studies that investigated this outcome. In
addition, due to the high number of studies (n = 33) that examined the correlation between
the expression of survivin and OS, we were able to perform a subgroup analysis to deter-
mine whether survivin subcellular localization correlated with survival. Interestingly, high
cytoplasmic as well as nuclear survivin expression levels were associated with poor overall
survival. Moreover, a meta-analysis of studies that analyzed survivin expression in both
subcellular compartments (nuclear and cytoplasmic) also demonstrated poor prognosis
of elevated survivin expression. Our result regarding cytoplasmic survivin expression is
in line with a previous meta-analysis that investigated the correlation between survivin
expression and prognosis in hepatocellular carcinoma [99]. However, in the meta-analysis
by Fan [100] that investigated the association between survivin and OS in NSCLC, positive
nuclear survivin expression did not turn out to serve as a prognostic factor for overall
survival, which is contradictory to our result. This difference might be due to the low
number of studies included in this study compared to our meta-analysis. For the 33 studies
that performed OS analysis and the 8 studies that analyzed DFS with respect to survivin
expression, we found considerable to substantial heterogeneity after calculating the pooled
HR. To detect determinants of heterogeneity, we performed one-way sensitivity and sub-
group analyses. Whereas heterogeneity remained consistent for OS when performing
one-way sensitivity analysis, exclusion of the study published by Vischioni [74] adjusted
the problem of heterogeneity for DFS. However, one main cause of heterogeneity might be
explainable by the inclusion of studies using different detection methods, such as FISH,
RT-PCR, and IHC. Importantly, none of the detection methods was either validated or
standardized. In addition, studies in which expression of survivin was detected by IHC
sometimes used different antibodies from different species and used heterogeneous cut-off
values to define positive or high protein expression. Moreover, some studies included
patients of all UICC stages, whereas others excluded UICC IV patients or did not specify
the UICC stages included.

In addition, we would like to emphasize further limitations of our meta-analysis.
Since we had to extract Kaplan–Meier survival data from some publications and therefore
had to assume that the number of censored cases remained constant during follow-up, the
re-calculated HRs from these survival curves might be less accurate. Of note, a relevant
bias might be introduced by the retrospective design of the included studies. Moreover,
our meta-analysis contained publication bias that might be explainable by the inclusion
of studies written only in English and our search strategy that did not take grey literature
into account. Therefore, we applied a selection model and conducted a publication bias-
adjusted meta-analysis. In this context, we have to admit that these models have their
limitations when the number of studies is small.

With regard to the other IAP family members, XIAP, livin, and BRUCE, a meta-analysis
of survival outcomes was only conducted for XIAP and livin, as the 2 eligible studies that
analyzed BRUCE investigated different outcomes. The pooled HR of the 2 studies that
consecutively examined the association between expression levels XIAP and livin revealed
that high livin and low XIAP expression correlated with poor survival. Since pooled HRs
were synthesized only by 2 studies for each IAP, these results have to be interpreted with
caution. However, the result of our meta-analysis for livin is the first report that investigates
the correlation between livin expression levels and overall survival.

To further validate the results from our meta-analysis, we made use of the publicly
available TCGA datasets from lung cancer patients and performed for each single IAP fam-
ily member a Kaplan–Meier analysis for OS and DFS, respectively. By using this approach,
we could only confirm the results from our meta-analysis that demonstrated the association
between high survivin expression and shorter DFS. Since the TCGA data originate from
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RNA-sequencing and the expression analysis of our meta-analysis was performed by other
methods such as RT-PCR, FISH, and immunohistochemistry, the comparison between the
TCGA-based survival analysis and the results from our literature-based meta-analysis have
to be interpreted with caution. Nonetheless, more studies are needed to verify our results
regarding lung cancer. Additionally, in our meta-analysis we analyzed the correlation
between expression levels of the respective IAP family member and clinicopathological
parameters in patients with lung cancer. Our results demonstrated that the expression of
survivin correlates with advanced UICC stage, differentiation, advanced T stage, and the
presence of lymph node metastasis. However, heterogeneity became evident when com-
paring survivin overexpression with UICC stages as well as the presence of lymph node
metastasis. In this context, dissimilar extensiveness of lymphadenectomy during surgery
among the eligible studies, the application of different multimodal therapy regimens (ra-
diotherapy and/or chemotherapy and/or surgery), or the use of different classification
systems might have caused heterogeneity for nodal status and UICC stage. Of note, none
of the remaining 3 members (XIAP, livin, and BRUCE) demonstrated a correlation with
the investigated clinicopathological data, which can be explained by the low number of
eligible studies. Thus, more studies are needed that investigate the clinical impact of these
IAPs in lung cancer.

To date, various small-molecule inhibitors targeting IAPs have been investigated. Of
these, SMAC mimetics (primary IAP antagonists) play a major role as synthetic mimics of
the endogenous second mitochondria-derived caspase activator/direct IAP binding pro-
tein with low isoelectric point (SMAC/DIABLO) [101,102]. Endogenous SMAC/DIABLO
exerts its inhibitory effect on IAPs by binding to the BIR domain, competitively inhibiting
their binding with effector caspases 9, 3, and 7 [103]. In a previous study, novel SMAC
mimetic LCL161 has been shown to increase paclitaxel-induced apoptosis by degrading
cIAP1 and cIAP2 in NSCLC [104]. Specifically with regard to survivin, the most extensively
studied IAP family member in lung cancer to date, several previous and ongoing clinical
trials have been and are being conducted using survivin as a target for cancer therapy.
YM155 (sepantronium bromide) was the first small-molecule inhibitor discovered to target
the expression of survivin. YM155 inhibits survivin promoter-driven expression without
interfering with the expression of other anti-apoptotic proteins. However, it is well tol-
erated, with a maximum dose of 4.8 mg/m2 [105], and was reported to have moderate
efficacy as single agent for some tumors [106]. However, in previous phase II trials of
YM155 as a single therapy or in combination with carboplatin and paclitaxel for patients
with NSCLC, no improvement of response rates was observed [107,108]. Recently, a phase
I study evaluating the safety and pharmacokinetics of YM155 in combination with erlotinib
in patients with EGFR TKI refractory advanced NSCLC demonstrated a favorable safety
profile and moderate clinical efficacy when YM155 was administered up to 8.0 mg/m2/day
every three weeks [109]. A novel small-molecule transcriptional repressor of survivin,
EM-1421 (terameprocol), which is being tested in ongoing clinical trials, was demonstrated
in clonogenic survival assays to induce radiosensitization in NSCLC cells [110].

Another investigated group of cancer therapeutics that inhibit survivin are antisense
oligonucleotides, including LY2181308 and SPC3042/EZN-3042. In clinical studies, these
oligonucleotides displayed mixed results. LY2181308 is a 2-O-methoxymethyl-modified
single-strand antisense oligonucleotide that inhibits survivin mRNA to decrease survivin
expression [111], whereas SPC3042 is a locked antisense oligonucleotide that targets the
stop codon of the open reading frame in exon 4 of the survivin transcript [112].

Unfortunately, the results of clinical trials using small-molecule survivin inhibitors
have not yet met the initially high expectations. However, another promising attempt
to target survivin might be an immunotherapeutic approach including T cell-based or
dendritic cell (DC)-based vaccines, which were well tolerated in the first phase I and IIa
studies [113,114]. Currently, a study in NSCLC investigating a combination therapy with
nivolumab and autologous DCs that are also pulsed with survivin is still recruiting patients
(Clinical Trials identifier: NCT04199559).
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5. Conclusions

In conclusion, our meta-analysis shows that high expression of certain members of
the IAP family are associated with poor overall survival and disease recurrence in patients
with lung cancer. Whereas more data are needed to reveal the prognostic relevance of
distinct IAP family members in lung cancer, survivin, as the most extensively studied
member of the IAP family, displays high impact as a biomarker independently of its
subcellular localization. Therefore, survivin could be a promising therapeutic target in the
development of innovative multimodal therapies for lung cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13164098/s1, Figure S1: Meta-analysis comparing the subcellular expression of survivin
with OS in patients with lung cancer. The forest plot reflects the individual and pooled HR with 95%
CI. Heterogeneity was quantified by the Cochrane Q test (Chi-squared test; Chi2) and inconsistency
(I2). Figure S2: Comparison of effect size estimates of the adjusted/unadjusted random effects model
for the association of survivin expression and (A) OS or (B) DFS. After adjusting for publication
bias, the estimated effect sizes are still statistically significant. Mean estimates (µ) correspond to
the log (hazard ratio), Figure S3: Kaplan–Meier curves for overall survival (OS) in lung cancer
patients depending on the IAP/BIRC family member. The TCGA dataset was used to analyze the
expression of (A, B) NAIP/BIRC1, (C, D) cIAP1/BIRC2, (E, F) cIAP2/BIRC3, (G, H) XIAP/BIRC4,
(I, J) survivin/BIRC5, (K, L) BRUCE/BIRC6, (M, N) livin/BIRC7, and (O, P) Ts-IAP/BIRC8 in (A,
C, E, G, I, K, M, O) lung adenocarcinoma (LUAD) or (B, D, F, H, J, L, N, P) lung squamous cell
carcinoma (LUSC), Figure S4: Kaplan–Meier curves for disease-free survival (DFS) in lung cancer
patients depending on the IAP/BIRC family member. The TCGA dataset was used to analyze the
expression of (A, B) NAIP/BIRC1, (C, D) cIAP1/BIRC2, (E, F) cIAP2/BIRC3, (G, H) XIAP/BIRC4, (I,
J) survivin/BIRC5, (K, L) BRUCE/BIRC6, (M, N) livin/BIRC7, and (O, P) Ts-IAP/BIRC8 in (A, C, E,
G, I, K, M, O) lung adenocarcinoma (LUAD) or (B, D, F, H, J, L, N, P) lung squamous cell carcinoma
(LUSC), Table S1: Methodological characteristics of included studies, Table S2: Association between
XIAP/BIRC4 and clinicopathological variables, Table S3: Association between livin/BIRC7 and
clinicopathological variables, Table S4: Association between BRUCE/BIRC6 and clinicopathological
variables, Table S5: HR and 95% CI according to the expression of IAP/BIRC family members in
LUAD, LUSC, and the combined histological subtypes (LUAD + LUSC) using TCGA datasets.
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