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Abstract: Recurrent/metastatic nasopharyngeal carcinoma (NPC) is known for having a poor prognosis due to its 
unfavorable response to chemoradiotherapy. However, the specific processes involved remain poorly understood. 
This study focused on the cisplatin-resistance mechanism in NPC to help understand the occurrence of advanced 
NPC and aims to explore the potential therapeutic target for cisplatin-resistant NPC. Two cisplatin-resistant NPC 
cell lines, HNE-1/DDP and CNE-2/DDP, were established and the differentially expressed genes (DEGs) between 
parental and cisplatin-resistance cell lines, filtering from high-throughput sequencing results, were analyzed. Next, 
the effects of IAP-1 on cisplatin-resistant nasopharyngeal cancer cell proliferation, apoptosis, drug resistance and 
associated cell signaling were evaluated in vitro and in vitro. From our bioinformatic results, more than 15,000 dif-
ferentially expressed genes (DEGs) were found between parental and resistant cell lines. Nine related DEGs were 
found in the classic platinum resistance pathway, three of which (ATM, IAP-1, and IAP-2) also appeared in the top 
five differentially expressed pathways, with elevated IAP-1 showing the highest fold change. Further studies revealed 
that high IAP-1 expression can lead to an increased cisplatin inhibitory concentration and apoptosis inhibition. 
IAP-1 silencing can induce upregulation of the caspase-3 and enhance the antiproliferation and proapoptotic ef-
fects of cisplatin. Clinical data also showed that IAP-1 overexpression was associated with a worse survival status. 
In summary, in vitro and in vivo experiments demonstrated that IAP-1 plays a vital role in cisplatin resistance by 
regulating caspase induced apoptosis and serve as a potential novel therapeutic target and a prognostic indicator 
for advanced NPC.
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Introduction

Nasopharyngeal carcinoma (NPC) is a common 
malignancy of the head and neck, especially in 
South China, Southeast Asia, and North Africa 
[1]. According to the National Comprehensive 
Cancer Network (NCCN) guidelines 2020, radi-
ation therapy combined with scheduled cisplat-
in-based chemotherapy is still the main treat-
ment for NPC [2]. Outcomes in patients with 
primary NPC have improved because of advanc-
es in radiotherapy combined with chemothera-
py, producing a 3-year survival rate of approxi-
mately 85% [3-5].

However, recurrence rates after primary treat-
ment range from 15% to 58% [6-8], and the 
overall survival (OS) of patients with recurrent 
or metastatic NPC is very poor, with a median 
OS of approximately 20 months [9]. Traditionally, 
cisplatin has been regarded as the standard 
first-line treatment for recurrent NPC because 
of statistically significant improvement in pro-
gression-free survival (PFS) [10]. Resistance to 
chemotherapy may occur initially or later after 
the first line of chemotherapy [11]. Few clinical 
trials have assessed the intrinsic and acquired 
resistance of chemotherapy drugs, especially 
cisplatin [12-14], and treatment options are 
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scarce after first-line chemotherapy failure [2]. 
Therefore, clarifying the mechanism of chemo-
resistance in NPC will contribute to early diag-
nosis, developing appropriate therapy, and 
improving survival and quality of life for NPC 
patients.

Many mechanisms may help explain cisplatin 
resistance, including reduced drug absorption, 
increased DNA repair, activated anti-apoptotic 
pathways, restricted formation of cisplatin-DNA 
adducts and others [15]. However, regardless 
of the pathway, the final step is to inhibit the 
programmed cell death pathway, which is 
known as apoptosis [16]. Inhibition of apopto-
sis enhances the survival of cancer cells and 
facilitates their escape from immune surveil-
lance and cytotoxic therapies [17].

The principal molecules contributing to cas-
pase-induced apoptosis inhibition belong to 
the anti-apoptosis protein family, which con-
sists of eight members, five of which have  
been widely studied in cancers, including IAP-1 
(also known as (aka) MIHC/c-IAP2), IAP-2 (aka 
MIHB/c-IAP1), X-IAP (aka MIHA/HILP), livin (aka 
ML-IAP/KIAP) and survivin [18]. According to 
recent reports, IAP (inhibitor of apoptosis pro-
tein) family proteins are overexpressed in vari-
ous types of tumors, such as medulloblastoma 
[19], testicular germ cell tumors [20], pancre-
atic cancer [21] and multiple other cancers 
[22]. Previous studies have shown that  
elevated IAP-1/IAP-2 indicated a poor progno-
sis, while ectopic X-IAP suggested improved 
survival [19, 23-27]. Several mechanisms are 
involved in IAP-regulated cell apoptosis, includ-
ing Fas, TNF-α [26], FAK [24], NF-kB [18, 28] 
and other pathways [19, 27, 29]. In addition to 
regulating caspase-induced apoptosis, IAPs 
can also regulate apoptosis by controlling 
necrosis [30], cell proliferation, the cell cycle, 
and other processes [18, 31-34].

To better understand the molecular mecha-
nisms of drug resistance in NPC, we estab-
lished cisplatin-resistant NPC cell lines (HNE-1/
DDP and CNE-2/DDP) and a xenograft mouse 
model in this study. Then, we performed mRNA 
sequencing to screen differentially expressed 
mRNAs and investigate therapeutically action-
able targets or pathways in drug-resistant NPC 
cell lines, and we found that IAP-1 overexpres-
sion contributed to cisplatin resistance in NPC. 
Next, we explored the biological function of 

IAP-1 in the chemotherapy response both in 
vitro and in vivo and revealed the regulated 
mechanism associated with apoptosis inhibi-
tion by regulating caspase-3 activation. Taken 
together, our results identified a novel biomark-
er in promoting chemoresistance through cas-
pase-3-induced apoptosis inhibition and sug-
gest that IAP-1 may serve as a predictor of drug 
resistance and a potential therapeutic target in 
NPC.

Material and methods

Cell lines and tissue samples 

The human NPC cell lines HNE-1, CNE-1, CNE-2, 
HONE-1, and SUNE-1 were kept in our labora-
tory and maintained in RPM1640 medium 
(Gibco, Grand Island, NY, USA) containing 
L-glutamine with 10% fetal bovine serum 
(Bioind, Kibbutz Beit Haemek, Israel), penicillin 
(100 U/mL) and streptomycin (100 U/mL) in an 
incubator at 37°C with 5% CO2. Cisplatin-
resistant HNE-1/DDP or CNE-2/DDP cells were 
obtained by culturing cells in gradually increas-
ing doses of cisplatin up to 1.0 μg/ml for a total 
of 7 months in our laboratory. Primary tissue 
samples (nasopharyngeal carcinoma, n = 30; 
normal, n = 12) were anonymized and obtained 
in accordance with the Zhuhai People’s Hos- 
pital (Zhuhai, Guangdong, China) Institutional 
Review Board.

In vitro assays in NPC cell lines

Cell viability, cell proliferation and drug resis-
tance were evaluated using an MTT assay. A 
wound-healing assay was performed for cell 
motility analysis. A colony formation assay was 
conducted to test the colony formation ability. 
Flow cytometry was used to determine apopto-
sis and the cell cycle distribution. Caspase-3 
activity was measured using a caspase-3 assay 
kit (Beyotime, Shanghai, China) following the 
manufacturer’s instructions. A proliferation 
assay was performed using a commercial EdU 
kit according to the manufacturer’s instructions 
[kFluor488 Click-iT EdU Imaging Assay kit, 
KeyGen, Nanjing, Jiangsu, China]. The RNA and 
protein levels of the target genes were exam-
ined by real-time PCR (qRT-PCR) and Western 
blot (The primers (Sangon, Shanghai, Shanghai, 
China) are listed in supplementary material 
Table S1). After establishing the resistant cell 
lines, RNA-seq analysis was used to screen dif-
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ferentially expressed genes (DEGs) with the fol-
lowing default criteria: fold change ≥2 and 
divergence probability ≥0.8. (They will be pro-
vided during review.)

Nude mouse xenograft and in vivo assays

All murine studies were performed under the 
ethical regulation of the institutional guidelines 
of Guangdong Province and China animal wel-
fare regulations. In vivo experiments were per-
formed in strict agreement with the institution-
ally approved protocol. All experiments were 
approved by the Southern Medical University 
Experimental Animal Ethics Committee. Male 
BALB/c nude mice aged 4-6 weeks (n = 20) 
were purchased from the Laboratory Animal 
Center of Southern Medical University. Each 
mouse was inoculated subcutaneously in the 
right flank with NPC cells with different treat-
ments (4 groups, 5 in each group). Body weight, 
tumor growth and the general behavior of the 
mice were monitored. For in vivo chemosensi-
tivity assays, the animals were treated with cis-
platin via intraperitoneal injection (4 mg/kg 
body weight etoposide [once every 2 d]). At the 
end of the experiment, the mice were sacri-
ficed, and the tumors and organs were surgi-
cally dissected. Tumors and organs were ana-
lyzed by immunohistochemistry and TUNEL 
assay.

Gene ontology and pathway enrichment analy-
sis of DEGs

Gene Ontology (GO) annotation analysis was 
performed for screened DEGs. After obtaining 
GO annotations for DEGs, WEGO software was 
used for GO functional classifications. The 
KEGG database was used for pathway enrich-
ment analysis of DEGs. The calculated P-values 
were Bonferroni-corrected, and a corrected 
P-value ≤0.05 was set as the threshold. Terms 
fulfilling this condition are defined as signifi-
cantly enriched terms in DEGs.

Statistical analyses

SPSS statistics version 13.0 for Windows 
(SPSS Inc., Chicago, Ill., USA) was used for all 
analyses. To compare possible differences 
between groups, an independent-sample t-test 
or one-way ANOVA was used. The data are  
presented as the mean ± SD of at least three 
independent experiments. Differences with 
P-values See the Supplementary Data for 
additional methods.

Results

Establishment of the cisplatin-resistant NPC 
cell lines HNE-1/DDP and CNE-2/DDP

To better understand the mechanism behind 
drug resistance in NPC, stable in vitro models 
were first acquired by traditional continuous 
culture methods. By continuously culturing the 
NPC cell lines HNE-1 and CNE-2 for 7 months in 
gradually increasing doses of cisplatin up to 1 
µg/ml, we established cisplatin-resistant NPC 
cell lines (HNE1/DDP and DNE-2/DDP). The 
relative cisplatin resistance was verified by the 
IC50 through MTT assay. The resistance index 
showed that the established HNE-1/DDP and 
CNE-2/DDP cells were 10- to 40-fold more 
resistant to cisplatin than their parental cell 
lines (Figure 1A; Table 1). By three months of 
culture without cisplatin, the IC50 of HNE-1/
DDP and CNE-2/DDP cells had decreased to 
approximately 84% and 78%, respectively, of 
that of HNE-1/DDP and CNE-2/DDP cells cul-
tured continuously in the presence of 1 µg/ml 
cisplatin (Table 2). In addition, the resistance of 
cells recovered from liquid nitrogen remained 
at approximately 90% of that of cells grown 
continuously in cisplatin. These results showed 
that HNE-1/DDP and CNE-2/DDP cells present 
stable resistance to cisplatin.

Furthermore, to determine the characteristics 
of the established cisplatin-resistant cell lines, 
we detected the cell cycle, proliferation, apop-
tosis, motility, and other biological characteris-
tics of our resistant cell lines. As shown in 
Figure 1, HNE-1/DDP and CNE-2/DDP cells had 
a longer DNA synthesis phase (Figure 1B, 1C 
and Table S2). HNE-1/DDP and CNE-2/DDP 
cells had a slower growth time with doubling 
times of approximately 67 hours and 71 hours, 
respectively, compared to HNE-1 (50 hours) 
and CNE-2 (43 hours) cells (Figure 1D and 
Table S3). We also observed 5% and 3% reduc-
tions in the apoptosis ratios of HNE-1/DDP and 
CNE-2/DDP cells, respectively, compared to the 
ratios in their parent cell lines (Figure 1E, 1F), 
but no significant changes were noted in their 
morphology and proliferation ability (Figures 
1G and S1). Then, we evaluated the motility of 
cells by wound-healing assay, and the results 
indicated no notable change (Figure 1H, 1I). In 
addition, colony formation results also indicat-
ed that the growth time of the cisplatin-resis-
tant cell lines was relatively longer than that of 
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the parental cell lines (Figure 1J, 1K and Table 
S4), which is similar to the multiple-resistance 
promyelocytic leukemia cell line HL60R [35] 
but different from the trends for other resistant 
cancer cell lines such as H69AR [36]. In sum-
mary, the established cisplatin-resistant cell 
lines (HNE-1/DDP and CNE-2/DDP) showed 
lower apoptosis ratios, slower growth rates  
and a higher IC50, which is consistent with  
the characteristics of clinical drug-resistant 
samples.

Cisplatin-resistant NPC cells presented differ-
ential gene expression

To explore the molecular targets and potential 
mechanisms associated with cisplatin resis-
tance in NPC, total mRNA sequencing was per-
formed to analyze differences in mRNA expres-
sion between parental and cisplatin-resistant 
cells (group 1: HNE-1 vs HNE-1/DDP and group 
2: CNE-2 vs CNE-2/DDP). Among the 16,351 
differentially expressed mRNAs in the HNE-1 
group, 948 of them showed significant differ-
ences after NoiseSeq filtering, and 458 of them 
were upregulated (Figures 2A, S2, S3). Similarly, 

16,222 DEGs were found in the CNE-2 vs 
CNE-2/DDP groups (Figure 2B), including 402 
upregulated and 250 downregulated DEGs.

Then, GO enrichment analysis was used to 
identify key molecular functions, biological pro-
cesses, and cellular components between 
parental and resistant cell lines (HNE-1 vs 
HNE-1/DDP or CNE-2 vs CNE-2/DDP) (Figure 
2C-E), while KEGG analysis was used to identify 
key pathways (Figure 2F). As shown in Figure 
2C, the main enriched biological processes in 
DEGs were cellular process, metabolic process, 
and biological regulation. For molecular func-
tions, most of the DEGs were enriched in the 
terms binding activity, catalytic activity, and 
transporter activity (Figure 2D). Cell part, 
organelle and membrane were the most differ-
entially expressed cellular components betw- 
een resistant and parental cell lines (Figure 
2E). The top 5 differentially expressed path-
ways were complement and coagulation, ECM-
receptor interaction, lysosome, transcription 
misregulation in cancer and focal adhesion 
(Figure 2F). As shown, there were 105 and 150 
identical DEGs in the downregulated and upreg-

Figure 1. Establishment of the cisplatin-resistant NPC cell lines HNE-1/DDP and CNE-2/DDP. A. MTT assays showed 
that resistant cell lines had increased IC50 values (*P<0.05). B, C. Cell cycle analysis showed longer G0/G1 and S 
periods and a shorter G2/M period (HNE-1 vs HNE-1/DDP *P<0.05; CNE-2 vs CNE-2/DDP *P<0.05). D. The growth 
curve indicated that the cisplatin-resistant cell lines had an increased cell growth time compared with their parental 
cell lines (HNE-1 vs HNE-1/DDP *P<0.05; CNE-2 vs CNE-2/DDP *P<0.05). E, F. Flow cytometry showed that resis-
tant cell lines presented lower percentages of apoptotic cells (HNE-1 vs HNE-1/DDP *P<0.05; CNE-2 vs CNE-2/DDP 
*P<0.05). G. Morphology between the groups showed no significant differences. Original magnification ×100, bar 
= 100 µm; insets ×400, bar = 20 µm. H, I. The wound-healing assay showed no notable change (HNE-1 vs HNE-1/
DDP P P-value = 0.1; CNE-2 vs CNE-2/DDP P = 0.70). J, K. Colony formation assays showed that resistant cell lines 
presented fewer cell colonies (HNE-1 vs HNE-1/DDP *P<0.05; CNE-2 vs CNE-2/DDP *P<0.05). Data are presented 
as the mean ± SD of at least three independent experiments. Statistical significance is indicated by *P<0.05.

Table 1. IC50 values of the common chemotherapy drugs in the established cell lines

Drugs
IC50/(µg/ml)

Resistance Index, RI
IC50/(µg/ml)

Resistance Index, RI
HNE-1 HNE-1/DDP CNE-2 CNE-2/DDP

Cisplatin 0.594 7.08 11.92 0.453 21.341 47.11 
Paclitaxel 0.16 0.161 1.01 0.079 0.522 6.61
5-Fluorouracil 0.539 0.55 1.02 0.728 0.933 1.28

Table 2. Stability of the established cell lines

Periods
IC50/(µg/ml) Resistance 

Index, RI
IC50/(µg/ml) Resistance 

Index, RIHNE-1 HNE-1/DDP CNE-2 CNE-2/DDP

Established 0.594 7.08 11.92 0.453 21.341 47.11 
3 months without CDDP - 5.979 10.07 - 16.717 36.90 
6 months’ storage in liquid nitrogen 0.679 8.26 12.16 0.459 20.252 44.12 
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Figure 2. Cisplatin-resistant NPC cells presented differential gene expression. A, B. DEGs in the HNE-1 vs HNE-1/DDP groups and CNE-2 vs CNE-2/DDP groups 
with the following default criteria: fold change ≥2 and divergence probability ≥0.8. C-E. Molecular function, biological process, and cellular component results of 
the GO analysis in two comparison groups (HNE-1 vs HNE-1/DDP groups and CNE-2 vs CNE-2/DDP groups). F. KEGG analysis results of both groups. The calculated 
P-value was Bonferroni-corrected, and a corrected P-value ≤0.05 was set as the threshold. G, H. PCA of the downregulated and upregulated DEGs between the two 
comparison groups.
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ulated DEGs between the two comparison 
groups (Figure 2G and 2H).

Next, by using Cytoscape, we filtered 49 clus-
tered key nodes among all the DEGs (see Table 
S5). The network structure diagrams of down-
regulated and upregulated DEGs are shown in 
Figure 3A and 3B, respectively. Moreover, a 
network with 3 DEGs (ATM, Birc-3: a gene cod-
ing the protein IAP-1, Birc-2: a gene coding the 
protein IAP-2) was also expressed in the plati-
num drug resistance pathway. Then, we con-
ducted a specific study on the DEGs involved in 
the classic platinum drug resistance pathway in 
the KEGG database and found that 9 DEGs in 
our data belonged to the platinum drug resis-
tance pathway. Unexpectedly, consistent with 
the clustering results, three DEGs (ATM, Birc-3, 
and Birc-2) from the 9 DEGs also appeared in 
the top five differentially expressed pathways 
(Figure 2F and Table S6) in our bioinformatics 
results (Figure 3C), while elevated IAP-1 had 
the highest fold change (log2 ratio = 4.22). 
Here, since the other three pathways had no 
DEGs associated with the platinum resistance 
pathway, we present only the results of the plat-
inum resistance pathway with focal adhesion 
and transcriptional dysregulation pathways. Ba- 
sed on the high-throughput screening results, 
our findings revealed that IAP-1 might be a 
potential molecule contributing to the regula-
tion of cisplatin resistance in NPC.

IAP-1 overexpression was involved in the NPC 
oncogenesis mechanism

After establishing cisplatin-resistant cell lines 
and screening differentially expressed genes 
through total mRNA sequencing, we then com-
pared the expression of IAP-1 in open-source 
clinical databases to further verify our previous 
findings. Oncomine and GEO2R were used to 
analyze the GEO and Oncomine databases. As 
shown in Figure 4A, IAP-1 expression in all 520 
head and neck carcinoma cases was much 
higher than that in the normal group, which is 
similar to the results in the NPC group (Figure 
4B). Meanwhile, multiple tumor results demon-
strated relevance between tumor types and 
IAP-1’s biological function. As shown in Figure 
4C, oropharyngeal carcinoma showed the high-
est IAP-1 expression. Furthermore, IAP-1 over-
expression was also correlated with an 
advanced clinical stage and a higher tumor 
grade (Figure 4D, 4E).

In addition, high IAP-1 expression was also 
related to poor survival status in NPC and HNC 
(Figure 4F), which was consistent with the GEO 
results (Figure 4G) and other head and neck 
carcinoma results from the TCGA database 
(Figure 4H-J). Notably, IAP-1 was not always 
overexpressed in every tumor type but was 
upregulated in HNSC (Figure 4K). Taken togeth-
er, these results suggest a strong correlation 
between elevated IAP-1 expression and poor 
survival in head and neck carcinomas, espe-
cially in NPC.

Overexpression of IAP-1 promotes cisplatin 
resistance in NPC

To comprehensively determine the specific reg-
ulatory mechanism of IAP-1 in the cisplatin 
resistance of NPC, we upregulated IAP-1 in the 
parental cell lines HNE-1 and CNE-2 by lentivi-
rus-mediated stable overexpression and down-
regulated IAP-1 expression in HNE-1/DDP and 
CNE-2/DDP cells by shRNA-mediated stable 
knockdown. As shown in Figure 5A and 5B, the 
lentivirus showed high transfection efficiency 
(>80%), and there were no significant differ-
ences in cell morphology among all the groups 
after transfection (Figure 5C). We then needed 
to explore the efficiency of transfection using 
qRT-PCR and Western blot. The results showed 
that IAP-1 was upregulated in HNE-1/DDP and 
CNE-2/DDP cells, with 5-fold and 2.3-fold 
increases in RNA expression levels (Table 3; 
Figure 5D, 5E) and 12.34-fold and 5.12-fold 
increases in protein expression levels (Figure 
5G, 5H), respectively. 

These results indicated that the expression lev-
els of IAP-1 were successfully upregulated and 
downregulated, respectively. We then exam-
ined the alteration of IAP-1 expression on bio-
logical characteristics (such as drug resistance 
and apoptosis) in NPC cell lines. IC50 results 
revealed that resistance to cisplatin was in- 
creased from 0.679 µg/ml and 0.459 µg/ml to 
5.5 µg/ml and 11.29 µg/ml in IAP-1-upregulated 
HNE-1 and CNE-2 cells (Figures 5F and 6A, 6B). 
Similarly, cisplatin resistance in HNE-1/DDP 
and CNE-2/DDP cells with shRNA-IAP-1 silenc-
ing was decreased from 8.26 µg/ml and 20.25 
µg/ml to 1.59 µg/ml and 2.75 µg/ml, respec-
tively. These results suggested that altering 
IAP-1 expression contributed to cisplatin resis-
tance in NPC.
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Figure 3. Birc3 gene (Protein: IAP-1) showed the highest fold change among the DEGs. A. Downregulated DEGs of 49 clustered key nodes. B. Upregulated DEGs of 
49 clustered key nodes. C. Three DEGs in the classic platinum drug resistance pathway (ATM, Birc-3 for IAP-1, and Birc-2 for IAP-2) also appeared in the top 5 dif-
ferentially expressed pathways in the HNE-1 vs HNE-1/DDP group analysis results (IAP-1 log2 ratio = 4.22, probability = 0.95; IAP-2 log2 ratio = 1.10, probability = 
0.88; ATM log2 ratio = 1.03, probability = 0.82).
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Figure 4. IAP-1 overexpression was involved in the NPC oncogenesis mechanism. A, B. IAP-1 was relatively highly expressed in head and neck carcinoma and NPC 
in the Oncomine database (A. All head and neck carcinoma *P<0.05; B. Sengupta nasopharyngeal carcinoma *P<0.05). C. IAP-1 was relatively high in NPC and 
pharyngeal carcinoma in multiple tumor types (1. Oropharyngeal carcinoma vs Normal *P<0.05; 2. Tonsillar carcinoma vs Normal *P<0.05; 3. Floor of the Mouth 
Carcinoma vs Normal *P<0.05; 4. Tongue carcinoma vs Normal *P<0.05). D. The results showed higher IAP-1 expression at advanced clinical stages (Normal vs 
Stage 3 *P<0.05; Normal vs Stage 4 *P<0.05). E. The results showed higher IAP-1 expression with higher tumor grades (Normal vs Grade 2 *P<0.05; Normal vs 
Grade 3 *P<0.05; Normal vs Grade 4 *P<0.05). F. Kaplan-Meier analysis of head and neck carcinoma patients in the Oncomine database showed that high IAP-1 
expression was associated with a worse outcome (-, negative; +, positive; *P<0.05). G. IAP-1 expression was higher in nasopharyngeal carcinoma patients in GDS-
3341 from the GEO database (Control vs Cancer: *P<0.05). H-J. IAP-1 was relatively highly expressed in other head and neck carcinomas in the Oncomine database 
(H. Ginos *P<0.05; I. Toruner *P<0.05; J. Peng *P<0.05). K. IAP-1 expression levels in various tumor types in the Oncomine database. Statistical significance is 
indicated by *P<0.05.



IAP-induced cisplatin resistance in nasopharyngeal carcinoma

652 Am J Cancer Res 2021;11(3):640-667



IAP-induced cisplatin resistance in nasopharyngeal carcinoma

653 Am J Cancer Res 2021;11(3):640-667

Figure 5. The expression levels of IAP-1 were successfully upregulated and downregulated by lentivirus-mediated 
stable overexpression and knockdown. A. Transfection efficiency of the lentivirus. Original magnification ×200, bar 
= 20 µm. B. Transfection percentage of the lentivirus. C. Morphology between the groups showed no significant 
differences. Original magnification ×100, bar = 100 µm; insets ×400, bar = 20 µm. D. RT-PCR results of the IAP-1 
mRNA expression level in the HNE-1 groups (HNE-1 vs HNE-1/DDP *P<0.05; shIAP-1-HNE-1 vs HNE-1/DDP *P<0.05; 
shIAP-1-HNE-1 vs IAP-1-HNE-1 *P<0.05; IAP-1-HNE-1 vs HNE-1 *P<0.05). E. RT-PCR results of the IAP-1 mRNA ex-
pression level in the CNE-2 groups (CNE-2 vs CNE-2/DDP *P<0.05; shIAP-1-CNE-2 vs CNE-2/DDP *P<0.05; shIAP-
1-CNE-2 vs IAP-1-CNE-2 *P<0.05; IAP-1-CNE-2 vs CNE-2 *P<0.05). F. MTT assays showed that IAP-1-HNE-1 had an 
increased IC50 value (*P<0.05) and shIAP-1-HNE-1/DDP showed a decreased IC50 value (*P<0.05). G, H. West-
ern blot assay results of the protein expression level of IAP-1 in two different groups (The membranes have been 
cropped). (HNE-1 vs HNE-1/DDP *P<0.05; shIAP-1-HNE-1 vs HNE-1/DDP *P<0.05; shIAP-1-HNE-1 vs IAP-1-HNE-1 
*P<0.05; IAP-1-HNE-1 vs HNE-1 *P<0.05. CNE-2 vs CNE-2/DDP *P<0.05; shIAP-1-CNE-2 vs CNE-2/DDP *P<0.05; 
shIAP-1-CNE-2 vs IAP-1-CNE-2 *P<0.05; IAP-1-CNE-2 vs CNE-2 *P<0.05). Data are presented as the mean ± SD of 
at least three independent experiments. Statistical significance is indicated by *P<0.05.

Furthermore, we analyzed the apoptosis per-
centages for IAP-1-overexpressing chemosensi-
tive cell lines (IAP-1-HNE-1 and IAP-1-CNE-2) 
and IAP-1-silenced resistant cell lines. The 
results showed that the percentages of apop-
totic cells decreased from 10.36% and 12.81% 
to 6.92% and 7.19% in the IAP-1-HNE-1 and IAP-
1-CNE-2 groups, respectively (Figures 6C, 6D 
and S4). Meanwhile, the percentage of apop-
totic cells in IAP-1-silenced resistant cell lines 
increased from 5.64% and 10.51% to 8.39% 
and 10.7% (Figure 6C, 6D). All these results 
indicated that IAP-1 negatively regulates apop-
tosis in NPC cells.

According to our previous studies, more than 
90% of NPC samples expressed folate recep-
tor, which is a typical marker in NPC. Among all 
of the NPC cell lines, HNE-1 is the only cell line 
that showed similar expression of folate recep-
tor to that in NPC samples [37]. Thus, HNE-1-
related models were adopted to determine the 
following colony formation and motility ability 
changes with cisplatin treatment. Our previous 
results showed that the HNE-1/DDP cell line 
had a longer growth time and a similar motility 
to that in the parental cell line (Figure 1H-K). 
Interestingly, when 0.5 µg/ml cisplatin was 
added to the culture medium, the IAP-1-
overexpressing cell line showed better toler-
ance to the chemical treatment, as no signifi-
cant difference was found between the cisplat-
in-treated groups and untreated groups in the 
IAP-1-upregulated HNE-1 groups (Figure 6E-H). 

Considering the elevated IAP-1 level in NPC 
cells followed by cisplatin resistance, we 
hypothesized that IAP-1 as a potential thera-
peutic target might help to increase cisplatin 
sensitivity in resistant NPC cells. Therefore, we 
next explored whether an IAP inhibitor could 
enhance sensitivity to cisplatin. We treated the 
4 different HNE-1 cell lines with a combination 
of cisplatin and small-molecule IAP-1 inhibitors 
(CUDC-427, LCL161, AZD5582 and polygalacin 
D (PGD)) at varying drug concentrations and 
measured cellular viability after 72 hours of 
incubation with 0.5 µg/ml cisplatin. The results 
showed that combined with CUDC427 and 
LCL161, cisplatin showed greater cytotoxicity 
in IAP-1-HNE-1 cell lines (Figure 7A, 7B), as IAP-
1-HNE-1 groups showed worse survival rates in 
all HNE-1 groups. Similar effects were observed 
with two other IAP family inhibitors, AZD5582 
and polygalacin D (PGD) (Figure 7C, 7D). Taken 
together, these results showed that IAP inhibi-
tion can enhance the efficiency of cisplatin 
cytotoxicity in NPC and that an IAP-1 inhibitor 
may become a potential therapeutic option in 
NPC treatments.

The resistant cell lines showed better toler-
ance to cisplatin in vivo

To better confirm the effectiveness of cisplatin 
resistance models in vivo, HNE-1/DDP cells 
were subcutaneously injected into nude mice 
to establish an animal xenograft model, while 
HNE-1 cells were used as controls. After tumor 

Table 3. IC50 values of the established cell lines after lentivi-
rus transfection (Unit: µg/ml)

Parental Resistance shIAP-1-HNE-1 IAP-1
IC50 IC50 RI IC50 RI IC50 RI

HNE-1 0.68 8.26 12.16 1.59 2.34 5.5 8.10 
CNE-2 0.46 20.25 44.12 2.75 5.99 11.29 24.60

In summary, all the above results 
illustrated that the upregulated 
expression of IAP-1 is involved in 
cisplatin resistance of NPCs in vitro.

Inhibitors of IAP as a therapeutic 
method for cisplatin resistance in 
NPCs
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Figure 6. Overexpression of IAP-1 promotes cisplatin resistance in NPC. A, B. IC50 results by MTT assays after transfection (HNE-1 vs HNE-1/DDP *P<0.05; shIAP-
1-HNE-1 vs HNE-1/DDP *P<0.05; shIAP-1-HNE-1 vs IAP-1-HNE-1 *P<0.05; IAP-1-HNE-1 vs HNE-1 *P<0.05. CNE-2 vs CNE-2/DDP *P<0.05; shIAP-1-CNE-2 vs CNE-
2/DDP *P<0.05; shIAP-1-CNE-2 vs IAP-1-CNE-2 *P<0.05; IAP-1-CNE-2 vs CNE-2 *P<0.05). C, D. Flow cytometry showed that elevated IAP-1 resulted in lower apop-
tosis percentages, while silencing IAP-1 had the opposite effect (HNE-1 vs HNE-1/DDP *P<0.05; shIAP-1-HNE-1 vs HNE-1/DDP *P<0.05; IAP-1-HNE-1 vs HNE-1 
*P<0.05; shIAP-1-HNE-1 vs IAP-1-HNE-1 *P<0.05; CNE-2 vs CNE-2/DDP *P<0.05; shIAP-1-CNE-2 vs CNE-2/DDP *P<0.05; shIAP-1-CNE-2 vs IAP-1-CNE-2 *P<0.05; 
IAP-1-CNE-2 vs CNE-2 P<0.05). E, F. The colony forming assay showed no significant difference between treated and untreated cells in the IAP-1-HNE-1 group (HNE-1 
*P<0.05; HNE-1/DDP *P<0.05; IAP-1-HNE-1 P = 0.2887; shIAP-1-HNE-1/DDP *P<0.05). G, H. The wound healing assay showed no significant differences between 
treated and untreated cells in the IAP-1-HNE-1 and HNE-1/DDP groups (HNE-1 *P<0.05; HNE-1/DDP P = 0.2309; IAP-1-HNE-1 P = 0.0691; shIAP-1-HNE-1/DDP 
*P<0.05). Data are presented as the mean ± SD of at least three independent experiments. Statistical significance is indicated by *P<0.05.
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formation, the same doses of cisplatin were 
given to all the animal models. Before cisplatin 
treatment, the HNE-1 group showed a similar 
tumor volume growth rate. However, after cis-
platin treatment, the tumor volume decreased 
significantly in the HNE-1 group compared with 
the HNE-1/DDP group. These results illustrated 
that resistant cell lines have better tolerance to 
cisplatin in vivo (Figure 8A, 8B), which is con-
sistent with our in vitro results (Figure 1A-F). As 
shown in Figure 7, although HNE-1/DDP cells 
grew slightly slower, they exhibited stronger 
resistance after cisplatin administration with 
no significant difference in mouse weights 
between the groups (Figure 8C, 8D). Therefore, 
compared to the parental cell line, the HNE-1/
DDP cell line showed better tolerance to cispla-
tin both in vitro and in vivo.

Upregulated IAP-1 expression led to a worse 
chemotherapeutic response in vivo

To further determine whether IAP-1 confers cis-
platin resistance in vivo, two transfected cell 
lines (IAP-1-HNE-1 and shIAP-1-HNE-1/DDP) 
were subcutaneously transplanted into nude 
mice, which were then treated with cisplatin. 
The chemosensitivity between the different 
IAP-1 expression groups (IAP-1-HNE-1 and shI-
AP-1-HNE-1/DDP) was tested by tumor volume 
changes. As shown in our in vivo results, each 
group showed a different therapeutic response 
to chemotherapy (Figure 8E, 8F), and the 
weights of all mice gradually decreased, but no 
significant differences were found between the 
groups (Figure 8G, 8H). After cisplatin treat-
ment, the IAP-1-HNE-1 group showed the fast-
est growth rate and the worst reaction to cispl-
atin, while the shIAP-1 group exhibited the best 
response to cisplatin (Figure 8I, 8J). TUNEL 
assay results showed fewer apoptotic cells in 
the IAP-1-upregulated xenograft groups (HNE-
1/DDP and IAP-1-HNE-1) than in the chemosen-
sitive (shIAP-1-HNE-1/DDP or HNE-1) xenograft 
groups (Figure 9A, 9B). Moreover, no significant 
difference in tumor metastasis was identified 
between the groups (Figure S5). Taken togeth-
er, we revealed that elevated IAP-1 was respon-
sible for cisplatin resistance in vivo.

IAP-1 affects the sensitivity of NPC cells to cis-
platin by regulating the activity of caspase-3

Immunohistochemistry was used to determine 
the expression of IAP-1, Ki 67, caspase-3 and 
caspase-9 in xenografts, and the results sug-
gested that IAP-1-HNE-1 and HNE-1/DDP cells 
showed upregulated expression of IAP-1 and 
reduced expression of cleaved caspase-3 
(Figure 9C, 9D). At the same time, there were 
no significant differences between groups in 
Ki-67 and caspase-9.

Then, we further investigated the clinicopatho-
logic significance of IAP-1 in NPC samples 
(Table 4). The results of the clinical tissues 
showed that there were 50% IAP-1-positive 
samples in all 30 NPC tissue samples (Table 5), 
and IAP-1 overexpression showed a negative 
correlation with cleaved caspase-3 expression. 
(R = -0.658; P<0.5) (Figure 10A, 10B). There 
was no significant relationship between IAP-1 
and the remaining caspase family members 
(Figure 10A; Table S7). Similar to previous 
results, we found that cleaved caspase-3 activ-
ities decreased when IAP-1 expression was 
elevated (Figures 5D and 10C).

We next evaluated the effect of IAP-1 on apop-
totic cell death together with other IAP family 
proteins. However, for IAP-2, X-IAP, livin and sur-
vivin, the cells did not show significant upregu-
lation in cisplatin-resistant cell lines (HNE-1/
DDP and IAP-1-HNE-1) (Figure 10D). These 
results revealed that IAP-1, but not X-IAP, IAP-2, 
survivin or livin, contributed to cleaved cas-
pase-3-related apoptosis, which had a func-
tional effect on cisplatin resistance in NPC.

Discussion

Although the prognosis of NPC has significantly 
improved due to advances in radiation therapy 
and concurrent chemotherapy [5, 38, 39], the 
overall survival of patients in advanced disease 
stage is still poor [40]. Currently, the standard 
treatment for recurrent NPC still consists of 
platinum-containing multiagent chemotherapy 
[2]. Despite numerous clinical trials, the devel-
opment of new systemic therapies for recurrent 

Figure 7. Inhibitors of IAP as a therapeutic method for cisplatin resistance in NPCs. A-D. Cell viability changes at 72 
hours when using IAP inhibitors combined with cisplatin among the four HNE-1 groups. (A. CUDC427; B. LCL161; 
C. AZD5582; D. PGD.) Data are presented as the mean ± SD of at least three independent experiments. Statistical 
significance is indicated by *P<0.05. 



IAP-induced cisplatin resistance in nasopharyngeal carcinoma

658 Am J Cancer Res 2021;11(3):640-667



IAP-induced cisplatin resistance in nasopharyngeal carcinoma

659 Am J Cancer Res 2021;11(3):640-667

Figure 8. The resistant cell lines showed better tolerance to cisplatin in vivo. A. Growth curves of tumor volume in parental and resistant groups (*P<0.05). B. 
Growth curves of tumor volume in all 4 groups (IAP-1-HNE-1 and shIAP-1-HNE-1/DDP *P<0.05; IAP-1-HNE-1 vs HNE-1 *P<0.05; shIAP-1-HNE-1/DDP vs HNE-1/
DDP *P<0.05; HNE-1 vs HNE-1/DDP *P<0.05). C, D. Weight changes of the mice (HNE-1 and HNE-1/DDP group) showed no significant difference (P = 0.874). E, F. 
The growth curves of lentivirus transfection groups and their parental groups (IAP-1-HNE-1 vs HNE-1 *P<0.05; shIAP-1-HNE-1/DDP vs HNE-1/DDP *P<0.05). G, H. 
Weights in the lentivirus-transfected mouse groups did not show significant differences (P = 0.3432). I. The effect of cisplatin chemotherapy on the tumor growth 
of NPC cell lines in vivo. J. Tumor volume changes in all four groups after cisplatin chemotherapy. The volume changes showed significant differences among the 
different groups (IAP-1-HNE-1 and shIAP-1-HNE-1/DDP *P<0.05; IAP-1-HNE-1 vs HNE-1 *P<0.05; shIAP-1-HNE-1/DDP vs HNE-1/DDP *P<0.05; HNE-1 vs HNE-1/
DDP *P<0.05). Data are presented as the mean ± SD of at least three independent experiments. Statistical significance is indicated by *P<0.05.
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Figure 9. Xenograft results suggested that upregulated IAP-1 correlated with a reduced apoptosis rate and cleaved caspase-3 expression. A, B. TUNEL assay 
results showed that apoptosis was lower in the elevated IAP-1 groups and higher in the shIAP-1 groups (IAP-1-HNE-1 vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs 
IAP-1-HNE-1 *P<0.05; HNE-1/DDP vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs HNE-1/DDP *P<0.05). Original magnification ×400, bar = 50 µm. (White arrows 
indicate the apoptosis cells). C, D. Histopathologic features, and representative immunohistochemistry staining of IAP-1, Ki67, cleaved caspase-3 and caspase-9 
in NPC cell line xenografts. The IAP-1/HNE-1 and HNE-1/DDP groups showed higher IAP-1 expression and lower cleaved caspase-3 expression (IAP-1: IAP-1-HNE-1 
vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs IAP-1-HNE-1 *P<0.05; HNE-1/DDP vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs HNE-1/DDP *P<0.05. Caspase-3: IAP-1-
HNE-1 vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs IAP-1-HNE-1 *P<0.05; HNE-1/DDP vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs HNE-1/DDP *P<0.05. Caspase-9: 
IAP-1-HNE-1 vs shIAP-1-HNE-1/DDP *P<0.05; HNE-1 vs IAP-1-HNE-1 *P<0.05; HNE-1/DDP vs IAP-1-HNE-1 *P<0.05. Ki 67: All groups NS). Original magnification 
×400, bar = 100 µm. (Black arrows indicate the positive staining cells) Data are presented as the mean ± SD of at least three independent experiments. Statisti-
cal significance is indicated by *P<0.05.
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NPC in the past 20 years has been limited [41]. 
Thus, few alternatives are available when plati-
num drugs are tolerated. Identifying the mecha-
nism underlying cisplatin resistance and 
searching for potential effective therapies in 
cisplatin-resistant NPC are urgent tasks. In 
addition, a lack of preclinical tools, such as sta-
ble NPC-resistant cell line models, for predict-
ing the clinical effect of therapeutic strategies 
in cancer restricts progress in oncology [42]. 
Therefore, we established cisplatin-resistant 
NPC models both in vitro and in vivo, which pro-
vided a simple, repeatable, stable experimental 
model and may be an efficient tool in drug 
screening-related fields. 

In this study, we screened and analyzed DEGs 
between the drug-resistance model and paren-
tal cell lines. We found that the focal adhesion 
(FAK) pathway, which is frequently reported to 
function in cancer cell behavior [43, 44], had 2 
DEGs (IAP-1 and IAP-2) that were also highly 
expressed in the classic platinum resistance 
pathway, while IAP-1 had the highest mRNA 
expression level among the IAP family mem-
bers. Previous studies showed that FAK overex-
pression protects cells against various apop-
totic stimuli by upregulating IAP gene expres-
sion [24], which is consistent with our bioinfor-
matics results (Figure 3C).

Therefore, we hypothesized that IAP-1 modu-
lated cisplatin resistance in NPC. However, the 
IAP family includes 8 members, which are fre-
quently upregulated in cancers and associated 
with poor prognoses [45-47]. Hence, we must 
determine whether other IAP members are 
involved in cisplatin resistance. In this paper, 

onstrated that IAP-1, but not X-IAP or survivin, 
contributed to cisplatin resistance in NPC, 
which is consistent with our hypothesis. 
However, more clinical data are needed in 
recurrent NPC because only one result was 
found in the Oncomine database (Figure S6).

Additionally, we studied IAP-1 expression in 
open-source clinical databases (Figure 4) and 
found results consistent with our experimental 
data indicating that elevated IAP-1 modulated 
chemoresistance both in vivo and in vitro and 
correlated with poor survival in NPC (Figures 
5-10). In addition, some related studies on 
medulloblastoma, leukemia and other tumors 
are consistent with our results showing that 
IAP-1 overexpression promotes cancer cell sur-
vival and chemoresistance [19, 23-27]. Notably, 
elevated IAP-1 strongly indicates a poor prog-
nosis in various virus-associated tumors, such 
as HPV-related cervical cancers [49] and HPV-
related lung cancer [23]. Some viral proteins, 
such as HPV protein-E6/E7 and HLTV-1 protein-
Tax, have been reported to help prevent apop-
tosis by upregulating IAP proteins [50-52]. EBV, 
as a risk factor in NPC [53], has been associ-
ated with several lymphoid and solid tumors 
[54]. The viral protein LMP1 in EBV has been 
reported to activate a signaling cascade that 
results in constitutive activation of the JNK, 
NFKB and MAPK pathways [55]. Combining the 
above findings and the results in this article, we 
hypothesize that activation of these key signal-
ing pathways, which increase cellular growth 
and promote survival, may be mediated by 
upregulation of IAP-1 in NPC. Thus, IAP-1 serves 
as a prognostic indicator in NPC.

Table 4. Clinicopathological features of patients
Clinicopathological features NPC (n = 30) Normal (n = 12) 
Age (years) 
    Mean ±  SD 50.50 ± 11.89 42.17 ± 11.74
    Range 24-76 29-70
Gender
    Female, n (%) 12 (40%) 7 (58%)
    Male, n (%) 18 (60%) 5 (42%)

Table 5. Protein expression in NPC (Percentage)
Protein Positive rates 0 1+ 2+ 3+
IAP-1 50% 15% 35% 0%
Cleaved caspase-3 0% 10% 70% 20%

we mainly focused on the expression lev-
els of IAP-1, IAP-2, X-IAP, survivin and 
livin, which play predominant roles in reg-
ulating apoptosis, particularly in malig-
nant cells [48]. In our results, X-IAP, livin 
and survivin showed low expression in 
the resistant cell lines, while no signifi-
cant difference was found for IAP-2 
(Figure 10D). IAP-1 showed high expres-
sion with the most pronounced fold 
change among the IAP family members. 
Additionally, studies in various tumors 
also showed that IAP-1 overexpression 
can increase the resistance of tumor 
cells to chemotherapeutic drugs [23-27, 
49], which is similar to our bioinformatics 
results in Figure 3. All these results dem-
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Therefore, we next observed the effect of IAP 
inhibitors on NPC cells and whether IAP-1 inhi-
bition can reverse this resistance. Currently, 
most IAP inhibitors are the second mitochon-
dria-derived activator of caspase (SMAC), an 
endogenous IAP antagonist that mimics the 
IAP-binding motif [54]. Among them, we select-
ed 3 representative SMACs (CUDC-427, LCL 
161 and AZD5582) for our study. The results in 
Figure 7 show that all these IAP antagonists 
had a significant killing effect when combined 
with cisplatin, with CUDC-427 showing the 
most significant effect. This drug has entered 
phase I clinical research on refractory solid 
tumors or lymphomas (NCT01226277) [54]. 
Apart from SMAC, we also found that small-mol-
ecule PGD, an inhibitor of IAP-1, IAP-2 and sur-
vivin [56], could also significantly increase the 
killing effect on NPC cells (Figure 7D). These 
results are consistent with a variety of studies 
suggesting the potential of IAP inhibitors in 
tumor therapy [54, 56-58]. Likewise, our in vivo 
results showed that with downregulated IAP-1 
expression, cisplatin can significantly reduce 
the tumor volume, reflecting the potential use 
of IAP inhibitors in NPC. These findings should 
motivate further research on combining IAP-1 
antagonists with other treatments. To further 
investigate how IAP inhibitors enhance the 
effect of antineoplastic drugs on killing NPC 
cells, additional tests are required.

As proteins known to participate in apoptotic 
inhibition, the IAP family could bind to the active 
sites of caspases, by keeping the caspases 
away from their substrates or by promoting deg-
radation of active caspases [59]. All members 
of IAP family contains at least one copy of a so-
called BIR (baculovirus iap repeat) domain, a 
zinc binding fold, which could directly affect 
caspases, especially caspase-3/7/9 [17]. Our 
results have shown that IAP-1 upregulation 
could lead to apoptosis decrease in tumor cells 
(Figures 1C, 6C and 9A) and we next wanted to 
reveal the most functional caspases member 
here. The in vitro assay and xenograft assay 

showed consistently that active caspase-3 
(cleaved caspase-3) decreased when IAP-1 
expression was elevated (Figures 5D, 5G, 9C, 
9D, 10C and S7, S8). What’s more, the results 
from clinical samples showed that IAP-1 nega-
tively regulated the expression of cleaved cas-
pase-3, but there was no significant relation-
ship between IAP-1 and caspase-7, 8, and 9 
(Figure 10A, 10B). Thus, we confirmed that 
IAP-1 overexpression contributed to cisplatin 
resistance in NPC by inhibiting the caspase-
3-related apoptosis pathway. However, IAPs 
can regulate apoptosis through many other 
pathways [15, 26-31], more related research of 
IAP regulation is required in the future.

In summary, we successfully established drug-
resistant cell line models of NPC in vitro and an 
animal model of NPC in vivo. Then, we per-
formed a series of studies, including DEG 
screening and bioinformatics analysis, to 
search for the possible therapeutic target of 
cisplatin resistance in NPC and identified the 
differential expression of FAK, ECM and other 
pathways. The results revealed that the altered 
IAP family (especially IAP-1) in the FAK pathway 
had a significant effect on cisplatin resistance 
in NPC. Our paper provides the first direct evi-
dence that IAP-1 is responsible for cisplatin 
resistance by inhibiting caspase-3 induced 
apoptosis activity in NPC (Figure 11). Therefore, 
we conclude that IAP-1 is a promising clinical 
biomarker for NPC prognosis and chemothera-
py response and that a specific inhibitor of 
IAP-1 may be a potential strategy for treatment 
in NPC patients.
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Supplementary Data for additional Methods

Cell lines

All cells have conducted STR to make sure their identity. The drug-resistant cells were maintained in 
drug-free medium for at least 2 weeks before any experiments. 

Cell viability, proliferation, and drug resistance

Cell viability, proliferation and drug resistance were evaluated using the MTT assay. For cell viability, 
cells in an exponentially growth phase were plated in 96-well plates, and drugs were added 24 h later. 
According to the MTT manufacturer’s protocol, testing cells were incubated with 10 μl of MTT (BioFroxx, 
Karlsruhe, Baden-Württemberg, Germany) for 4 h, and the absorbance was read at 490 nm. For the cell 
proliferation assay, cells were evaluated every 24 h for 7 days. Cells incubated without drugs were set 
at 100% viability in the calculation for the IC50 concentration. Each concentration was evaluated using 
at least 5 replicate wells, and three parallel experiments were performed for each sample.

Cell migration and colony-formation assays

A wound-healing assay was performed for cell migration analysis. Cells in an exponential growing phase 
were plated in 6-well plates, and three artificial wounds were scratched with a 1-ml pipette tip. Cells 
were incubated with serum-free medium for the next 24 h. Cell migration was observed for 0, 6, 12 and 
24 h. Each assay was performed at least three times. For the colony-formation assay, collected cells 
were plated in 6-well plates with 50, 100, and 200 cells in two wells and incubated in an incubator at 
37°C with 5% CO2. After one to two weeks, once the colonies were sufficient sizes for counting (>50 
cells/colony), the culture medium was removed, and the cells were washed three times with PBS. Then, 
the colonies were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The number of 
colonies was viewed and counted under bright-field microscopy.

Apoptosis and cell cycle assays

Flow cytometry was used to determine the apoptosis and cell cycle distribution. The cell apoptosis 
assay was conducted using an AnnexinV/propidium iodide detection kit (Solarbio, Beijing, Beijing, 
China). For the cell cycle assay, cells were harvested by centrifugation at 1000 rpm for 5 min, fixed in 
70% ethanol at 4°C for 16 h and then stained with propidium iodide.

Caspase-3 activity assay

Caspase-3 activity was performed using the caspase-3 assay kit (Beyotime, Shanghai, Shanghai, China) 
following the manufacturer’s instructions. Following cell incubation for 24 h, both adherent and non-
adherent cells were collected in PBS and lysed in radio-immunoprecipitation assay (RIPA) buffer at 4°C 
for 20 min, and lysates were centrifuged at 10,000 g for 15 min to remove cell debris. Then, the super-
natants were incubated with Ac-DEVD-pNA in a 96-well microplate for 2 h to measure fluorescence 
emission upon cleavage by active caspase-3 under the wavelength of 405 nm. Standard pNA was 
measured at the same time to generate a standard curve. 

EdU-incorporation assay

The proliferation percentage assay was performing according to the manufacturer’s instructions using 
a commercial EdU kit (kFluor488 Click-iT EdU Imaging Assay kit, KeyGen, Nanjing, Jiangsu, China) as 
EdU is incorporated into DNA during DNA synthesis process.

RNA isolation, cDNA synthesis, and quantitative RT-PCR

Total RNA was extracted from cell lines using TRIzol (TaKaRa, Dalian, Liaoning, China) according to the 
manufacturer’s instructions. cDNA synthesis and reverse transcription reactions were conducted fol-
lowing the PrimeScriptTM RT reagent kit (TaKaRa, Dalian, Liaoning, China). The RNA concentration was 
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determined by measuring absorbance at 260 nm. Expression values were normalized to GAPDH and are 
expressed as relative to control samples.

Western blot analysis

After cells were treated in different conditions, total protein content was collected following the manu-
facturer’s protocol for the Whole Cell Lysis Assay (KeyGen, Nanjing, Jiangsu, China). Protein concentra-
tion was measured using the BCA Protein Assay Kit (CWBiotech, Beijing, Beijing, China), and equal pro-
tein concentrations were run on a 10% SDS-PAGE gel. The protein was then transferred to a PVDF 
membrane and incubated in 5% milk in Tris-buffered-Tween20 (TBS-T) for 1 h at room temperature. 
Then, the membranes were incubated with the primary antibody overnight at 4°C. Blots were washed in 
TBS-T three times for 10 min each and then incubated with the secondary antibody for 1.5 h. Levels of 
proteins were measured with chemiluminescence (Millipore, Danvers, MA, U.S.A) after the membranes 
were washed in TBS-T three times.

shRNA-expressing lentivirus transfection

HNE-1/CNE-2 cell lines were transfected with the lentivirus particles of short hairpin RNA (shRNA) for 
IAP-1-GFP in the original parental cell lines and shIAP-1 in the drug-resistant NPC cell lines and their 
corresponding negative controls (NC) (GenePharma, Shanghai, Shanghai, China). Supernatants contain-
ing lentiviral -expressing shRNA were harvested 48 h after transfection. After infection for 48 h, 2.0 µg/
ml puromycin was added in the medium to select the infected cells.

RNA-seq analysis

Total RNA was isolated and used for RNA-seq analysis between HNE-1 vs HNE-1/DDP, and CNE-2 vs 
CNE-2/DDP. cDNA library construction and sequencing were performed by the Beijing Genomics Institute 
using the BGISEQ-500 platform. Bowtie2 was used to map clean reads to reference genes, while HISAT 
and Bowtie were used for the reference genome. The NOISeq method was used to screen differentially 
expressed genes (DEGs) with the following default criteria: fold change ≥2 and diverge probability ≥0.8.

Nude mouse xenograft and in vivo assays

Male BALB/c nude mice aged 4-6 weeks were purchased from the Laboratory Animal Center of Southern 
Medical University. Cells were harvested and resuspended in serum-free medium at a concentration of 
1×106 cells/0.2 ml. Each mouse was inoculated subcutaneously in the right flank with NPC cells with 
different treatments. Tumor size was monitored every 3 days, and the mice were sacrificed after 4 
weeks. Body weight, tumor growth and general behavior of the mice were monitored. For the in vivo 
chemo-sensitivity assays, the animals were treated with cisplatin via intraperitoneal injection (4 mg/kg 
body weight etoposide [once every 2 days]). At the end of the experiment, the mice were sacrificed, and 
the tumors and organs were surgically dissected.

Immunohistochemistry staining

Tumors from nude mice were embedded in paraffin blocks after fixing in 4% paraformaldehyde and then 
cut into 4-µm-thick sections. After HE staining, another tumor slice was incubated in IAP-1 antibody 
(Ki67, caspase3, capase7, caspase8, caspase9, IAP-1) (Abcam, Boston, MA, U.S.A) diluted to 1:100 at 
4°C overnight and then with the secondary antibodies for 2 h. The sections were viewed under the Leica 
Application Suite X system and then analyzed with Image-Pro Plus analysis software.

TUNEL assay

Tumors were fixed with 4% paraformaldehyde and then permeabilized with ethanol to allow penetration 
of the TUNEL reaction reagents into the cell nucleus. Following fixation and washing, incorporation of 
biotinylated-dUTP onto the 3’ ends of fragmented DNA was performed in the reaction containing TdT 
enzyme. Then, the incorporated biotinylated-dUTP was visualized by fluorescence microscopy following 
staining with fluorescent-tagged avidin. Tissue sections were multi stained with DAPI and analyzed by 
microscopy.
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Table S1. RT-PCR primers
Gene Forward primer (5’-3’) Reverse primer (5’-3’)
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC
IAP-1 CCAAGTGGTTTCCAAGGTGT TGGGCTGTCTGATGTGGATA
IAP-2 TGGGTAGAACATGCCAAGTG GGTGGGTCAGCATTTTCTTC
X-IAP TGGGGTTCAGTTTCAAGGAC GCGCCTTAGCTGCTCTTCAG
Survivin AAGGACCACCGCATCTCTAC GACAGAAAGGAAAGCGCAAC
Livin CCTGGTCTGTGCTGAGTGTG GTCCAGAACAGGCAGAGAGG

Table S2. Cell cycle analysis (percentage%)
                       Cell cycle (%)
Cell lines G0/G1 S G2/M

HNE-1 47 12 41
HNE-1/DDP 26 19 55
CNE-2 56 14 30
CNE-2/DDP 27 19 54

Table S3. Population doubling time
Population Doubling Time, PDT (Unit: hour)

HNE-1 HNE-1/DDP* CNE-2 CNE-2/DDP**
50.688 67.488 43.464 71.616
*HNE-1 vs HNE-1/DDP P<0.05, **CNE-2 vs CNE-2/DDP P<0.05.
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Figure S1. EdU proliferation results for all the cell lines showed no significant change (P = 0.3620). Original magnification ×100, bar = 50 µm.

Table S4. Colony-Formation Assay Count. Unit: cell number
CNE-2 CNE-2/DDP HNE-1 HNE-1/DDP

50 100 200 50 100 200 50 100 200 50 100 200
29 58 103 4 43 76 28 57 90 11 42 65
32 67 115 7 48 57 41 68 102 15 33 71
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Figure S2. A. Hierarchical clustering of DEGs. B, C. GO and KEGG analysis results between CNE-2 and CNE-2/DDP. D, E. GO and KEGG analysis results between 
HNE-1 and HNE-1/DDP.
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Figure S3. A. Pathway analysis of DEGs in the CNE-2 groups. B, D. Principal component analysis of four cell lines. C. 
Pathway analysis of DEGs in the HNE-1 groups.

Table S5. Clustered key nodes
49 Clustered Key Nodes

AURKB DOWN ATM UP APP NS
CAV1 DOWN BAG3 UP ELAVL1 NS
EGFR DOWN BIRC2 UP MME NS
ENO1 DOWN BIRC3 UP UBC NS
FAF1 DOWN CD81 UP
FN1 DOWN CDH1 UP
FYN DOWN CRMP1 UP
HSPB1 DOWN CUL4B UP
ICAM1 DOWN FBXO25 UP
IL7R DOWN HDAC2 UP
ISG15 DOWN HOXA1 UP
KRT15 DOWN HSPA1A UP
NR4A1 DOWN HTT UP
PAK1 DOWN IGSF8 UP
PNMA1 DOWN LATS1 UP
PRKCA DOWN MBP UP
PRKCZ DOWN PAN2 UP
PRMT6 DOWN PPARG UP
PSMC6 DOWN SYK UP
PTN DOWN
SNCA DOWN
SRC DOWN
TGFBR1 DOWN
TP63 DOWN

Table S6. Top 5 differentially expressed pathways
Top 5 differentially expressed pathways
1 Complement and coagulation
2 ECM-receptor interaction
3 Lysosome
4 Transcription-misregulation in CA
5 Focal adhesion
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Figure S4. Flow cytometry results of different groups.
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Figure S5. HE staining of the dissected organs and tumors. Original magnification ×50, bar = 100 µm.
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Table S7. Characteristics for IAP-1, apoptotic and prolifera-
tion indices in nasopharyngeal carcinoma

Median expression, %
(range, %)

NPC Normal
IAP-1 2.82 ± 3.98 (0-10) 1.22 ± 0.44 (1-2)
Ki-67 56.19 ± 21.36 (15-85) -
Caspase-3 17.61 ± 44.09 (1-210) 5.50 ± 6.48 (2-20)
Caspase-7 159.30 ± 65.20 (50-270) 212.00 ± 89.17 (0-300)
Caspase-8 153.80 ± 65.55 (20-270) 119.00 ± 61.90 (60-240)
Caspase-9 71.38 ± 49.33 (10-180) 77.00 ± 42.96 (10-140)

Figure S6. IAP-1 expression was relatively high in the patients with recurrence in the Cormer head and neck data in 
the Oncomine database.
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Figure S7. Original western blot 
images for IAP-1 (A-F: Cropped 
membrane; G: Full-length gel).
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Figure S8. (A, B) Original west-
ern blot images for GAPDH (A: 
Cropped membrane; B: Full-
length gel). (C-E) Original west-
ern blot images for caspase-9 
(C, D: Cropped membrane; E: 
Full-length gel). (F) Original 
western blot images for cas-
pase-3 (Full-length gel).


