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Abstract: Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer, and the majority of TNBC 
lacks targeted therapies. Previous studies have shown that TNBC cells are highly sensitive to TNF-related apoptosis-
inducing ligand (TRAIL), making it a potentially viable treatment option for TNBC. However, the development of TRAIL 
resistance limits its potential for clinical use, and the underlying mechanisms are not fully understood. To better 
understand the mechanism of resistance to TRAIL, we performed RNA sequencing to identify the candidates that 
are responsible for resistance to TRAIL in two previously established TRAIL-resistant MDA231 and SUM159 cells. 
This approach led us to identify differentially expressed genes (DEGs) and pathways in TRAIL-resistant MDA231 and 
SUM159 cells compared to their TRAIL-sensitive counterparts. We showed that several DEGs and pathways were 
associated with inflammation in TRAIL-resistant cells, including IL-1α and IL6. By downregulating IL-1α and IL6 ex-
pression, we showed that TRAIL sensitivity can be significantly restored in TRAIL-resistant cells. Therefore, this study 
identifies a mechanism by which the inflammation pathway promotes TRAIL resistance, which could be targeted for 
enhancing TRAIL-based therapies in TNBC cells. 
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Introduction

TRAIL (also known as the Apo2 ligand) is a 
tumor necrosis factor (TNF) superfamily cyto-
kine [1, 2], which plays an important role in 
apoptosis and tumor surveillance [3, 4]. TRAIL 
selectively induces apoptosis in tumor cells 
with little to no toxicity toward normal cells, 
making it a promising agent for cancer therapy 
[5-7]. There are two membrane-bound death 
receptors for TRAIL, including TRAIL-R1 (DR4) 
and TRAIL-R2 (DR5) [8-14] and three decoy 
receptors, including DcR1, DcR2, and osteopro-
tegerin (OPG) [9, 11, 15-18]. The binding of 
TRAIL to DR4 or DR5 promotes death receptor 
trimerization, which brings together the Fas-
associated death domain (FADD) adaptor pro-
tein and pro-caspase 8 to form the death-

inducing signaling complex (DISC) [19, 20]. The 
latter activates caspase 8, followed by caspas-
es 3, 6, and 7 activation, to induce cell death 
[19, 20]. In some cells, caspase 8 cleaves the 
Bcl-2 family member Bid, resulting in the gen-
eration of truncated Bid (tBID) protein [21, 22]. 
The tBID protein then translocates to the mito-
chondria, where it activates the mitochondrial 
apoptosis pathway and thus enhances TRAIL-
induced apoptosis [23]. However, binding of 
TRAIL to decoy receptors inhibits TRAIL-induced 
apoptosis because this binding competes for 
TRAIL binding to death receptors DR4 and DR5.

TRAIL-based treatment has been shown in 
phase I/II clinical trials to be safe and effective 
in some cancer patients [24, 25]. However, the 
intrinsic and acquired resistance to TRAIL limits 
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its utility in clinical settings. Previous studies 
have shown that resistance mechanisms to 
TRAIL can develop at any stage of the TRAIL 
apoptotic pathway [26]. For example, aberrant 
expression of the DR4/DR5 death receptors 
and the decoy receptors can undoubtedly 
impact the binding of TRAIL to death receptors 
DR4/DR5 on the surface of TRAIL-resistant 
tumors, resulting in decreased apoptosis [26]. 
Furthermore, c-FLIP overexpression can pre-
vent TRAIL-induced apoptosis by inhibiting cas-
pase 8 activation. In addition, anti-apoptotic 
Bcl-2 family members and Inhibitor of Apoptosis 
family proteins (IAPs) have been shown to be 
upregulated in TRAIL-resistant tumors [27-29]. 
Furthermore, a recent study found that the 
expression of the immune checkpoint protein 
programmed death ligand-1 (PD-L1) can confer 
resistance to TRAIL in tumor cells [30]. In addi-
tion, activation of oncogenic signaling path- 
ways such as ERK1/2, AKT, and NF-kB has 
been shown to confer resistance to the TRAIL 
signaling pathway [31-33]. Therefore, further 
research is needed to understand better the 
mechanisms underlying TRAIL resistance to 
improve its use in clinical settings. 

In this study, we performed RNA sequencing 
and gene expression analysis to identify the 
genes and associated pathways that confer 
resistance to TRAIL in TNBC cells. Among these 
pathways, we showed that the inflammatory 
pathway plays a critical role in TRAIL-resistant 
MDA231 and SUM159 TNBC cells. By down-
regulating cytokines such as IL-1α and IL-6,  
we showed that TRAIL sensitivity is greatly 
enhanced in TRAIL-resistant cells. Therefore, 
this study identifies the contribution of the  
cytokine and inflammatory pathways to TRAIL 
resistance and suggests that targeting the 
cytokine and inflammatory pathways could 
improve TRAIL-based therapies in TNBC. 

Materials and methods

Cell lines and culture

MDA-MB-231 (MDA231) and SUM159 TNBC 
cell lines were obtained from the American 
Type Culture Collection (ATCC). Dulbecco’s 
modified Eagle’s medium (DMEM) was used to 
culture MDA231 and SUM159 cells. All cells 
received 10% fetal bovine serum and 1% peni-
cillin-streptomycin (PS) and kept at 37°C in a 
humidified environment of 5% CO2.

Reagents and antibodies

PVDF membranes (catalogue no. IPVH00010) 
and actin antibody (catalogue no. A1978) were 
purchased from Sigma-Aldrich. Recombinant 
Human sTRAIL/Apo2L (catalog no. 310-04) was 
purchased from PeproTech. Trypsin-EDTA (cata-
logue no. 25300-054), DMEM (catalogue no. 
11995-065), bovine serum albumin (catalogue 
no. BP1605-100), FBS (catalogue no. 10437- 
028), goat anti-mouse alexa fluor 680 IgG (cat-
alog no. A21058), LipofectamineTM RNAiMAX 
transfection reagent (catalog no. 13778150), 
Opti-MEM (catalog no. 11058021), penicillin-
streptomycin (catalog no. 15140122), Power 
SYBR Green PCR mix (catalog no. 4367659), 
SuperScript™ III First-Strand Synthesis System 
(catalog no. 18080051), goat anti-rabbit alexa 
fluor 680 IgG (catalogue no. A21109), Super- 
SignalTM West PICO PLUS chemiluminescent 
substrate (catalog no. 34580), and TRIzolTM 
reagent (catalog no. 15596026) were pur-
chased from ThermoFisher Scientific. Anti-
rabbit IgG HRP-linked (catalog no. 7074) and 
anti-mouse IgG HRP-linked (catalog no. 7076) 
were purchased from Cell Signaling. Protein 
assay dye (catalog no. 500-0006) was pur-
chased from Bio-Rad. Human siRNA for IL-6  
(sc-39627), IL-1α (sc-39613), and control  
(sc-37007) was purchased from Santa Cruz 
Biotechnology, INC. 

TRAIL-resistant cell lines

TRAIL-resistant MDA231 (MDA231-R) and SUM- 
159 (SUM159-R) cells were generated over a 
6-month period by gradually exposing parental 
MDA231 and SUM159 cells to increasing con-
centrations of TRAIL (5 to 120 ng/ml) as previ-
ously described [34]. TRAIL-resistant cells were 
maintained in TRAIL (120 ng/ml). 

MTT assay

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte- 
trazolium bromide (MTT) assay was performed 
as described previously [30]. In brief, a total of 
2000 cells were seeded in 96-well plates. 
Following overnight attachment, cells were 
incubated with different concentrations of 
drugs in 200 µl media for 48 or 72 hours. Each 
well received 20 µl of MTT solution (5 mg/ml) 
and was incubated at 37°C for 2 hours. MTT-
containing media were removed, and formazan 
crystals were dissolved in 100 µl DMSO. A 
SynergyTM-2 microplate reader (BioTek Instru- 
ments Inc., Winooski, VT, USA) was used to 
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measure the optical density at 570 nm. The 
IC50 values were calculated using linear regres-
sion analysis with Microsoft Excel. Experiments 
were performed in triplicates. 

Colony formation assay

A total of 250 cells were seeded in 24 or 6-well 
plates. Following overnight attachment, cells 
were incubated with different concentrations  
of drug in 2 ml for 48 or 72 hours. Cells were 
then maintained in a drug-free medium for an 
additional 14 days. The media was changed 
every two days. The resulting cells were washed 
with PBS and fixed for 10 min in cold 100% 
methanol. Cells were stained with 0.25%  
crystal violet for 30 min and washed in water. 
After air drying, colonies with more than 50 
cells were counted using Oxford Optronix 
GELCOUNTTM.

Western blot analysis

Western blot analysis was performed, as previ-
ously described [30]. Cells were lysed with 1× 
NP40 lysis buffer that contained protease and 
phosphatase inhibitors. Total protein was col-
lected after a 20 min centrifugation at 12,000 
rpm at 4°C. The protein concentration was 
determined using a Bio-Rad protein assay. A 
total of 50-200 μg of protein was electropho-
resed in a 10% sodium dodecyl sulphate- 
polyacrylamide gel (SDS-PAGE). Proteins were 
then transferred to 0.45 µM polyvinylidene 
difluoride (PVDF) membranes and blocked with 
2% casein. The membranes were incubated 
with specific primary antibodies overnight at 
4°C before being incubated for 1 hour with 
Alexa Fluor conjugated secondary antibodies. 
The Odyssey infrared imaging system (LI- 
COR) at 700 nm (Li-Cor Biosciences, Lincoln, 
NE, USA) or enhanced chemiluminescence 
(ThermoFisher Scientific, catalogue no. 34580) 
was used to detect protein signals.

RNA extraction, sequencing, and bioinformat-
ics

Total RNA was extracted from MDA231-P/R  
and SUM159-P/R cells preserved in TRIzol (Life 
Technologies) using the Direct-zol RNA kit 
(Zymo). Sequencing libraries were generated 
from 200 ng of RNA using the NEBNext Ultra II 
Directional RNA Library Prep Kit before 
sequencing on the NovaSeq (2 × 50 bp). The 
reads were aligned to the human genome (Build 
hg38) [35] and tabulated for each gene region 
[36]. Differential analyses were performed 

between conditions, utilizing three replicates of 
each cell line [37]. Significantly altered genes 
(log fold change ≥ 2; FDR ≤ 0.05) were used to 
identify affected pathways [38].

DEG, gene ontology (GO), and kyoto encyclope-
dia of genes and genomes (KEGG) analysis

The RNA expression levels were log2-trans-
formed, and an unpaired t-test, followed by FDR 
correction, was used to compare between 
groups: MDA231-P/R and SUM159-P/R cells. 
Differentially expressed genes (DEGs) were 
then identified using a volcano plot with a false 
discovery rate (FDR) ≤ 0.05 and a fold-change 
(FC) of ≥ 2. The iPathwayGuide (Advaita Bio, 
Inc.) was used for gene ontology (GO) analysis, 
KEGG pathway analysis, and meta-analysis.

Real-time PCR

cDNA was synthesized using Invitrogen Super- 
Script III Reverse Transcriptase kit (Thermo- 
Fisher Scientific) from 1 µg-5 μg total RNA and 
random primers. The following primer sequenc-
es were used for semiquantitative and real-
time PCR: GAPDH forward (5’-ATC AAG AAG GTG 
GTG AAG CAG-3’), GAPDH reverse (5’-TGT CGC 
TGT TGA AGT CAG AGG-3’), IL-6 forward (5’-AGA 
CAG CCA CTC ACC TCT TCA G-3’), IL-6 reverse 
(5’-TTC TGC CAG TGC CTC TTT GCT G-3’), CCL5 
forward (5’-CCT GCT GCT TTG CCT ACA TTG 
C-3’), CCL5 reverse (5’-ACA CAC TTG GCG GTT 
CTT TCG G-3’), CD24 forward (5’-ATG GGC AGA 
GCA ATG GTG GCC A-3’), CD24 reverse (5’-AGA 
GTG AGA CCA CGA AGA GAC T-3’), CSF2 forward 
(5’-CTC AGA AAT GTT TGA CCT CCA G-3’), CSF2 
reverse (5’-TGA CAA GCA GAA AGT CCT TCA 
G-3’), IL-1α forward (5’-AGT AGC AAC CAA CGG 
GAA GG-3’), and IL-1α reverse (5’-TGG TTG GTC 
TTC ATC TTG GG-3’). Primer sequences were 
obtained from Invitrogen. The Power SYBR 
Green PCR mix (ThermoFisher Scientific) was 
used for real-time RT-PCR on the Step One Plus 
Real-Time PCR System. The following were the 
thermal cycling conditions: 95°C for 10 min, 
then forty cycles of 95°C for 15 sec and 60°C 
for 1 min. The ΔΔCt method was used to calcu-
late relative RNA levels, with GAPDH serving as 
an internal control. The results displayed are 
representative of at least three independent 
experiments.

siRNA transfection for IL-6 or IL-1α knockdown

siRNA knockdown was performed, as described 
previously [30]. Specifically, cells were seeded 
in 60 mm plates overnight. The following day, 
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cells were transfected with IL-6 and IL-1α siRNA 
or control siRNA (Santa Cruz Biotechnology,  
Inc) using LipofectamineTM RNAiMAX trans- 
fection reagent (ThermoFisher Scientific) as 
directed by the manufacturer’s instruction. IL- 
6 (sc-39627A) siRNA is a pool of 3 different 
siRNA duplexes: sc-39627A (sense: 5’-CAGAA- 
CGAAUUGACAAACAtt-3’, antisense: 5’-UGUUU- 
GUCAAUUCGUUCUGtt-3’), sc-39627B (sense: 
5’-GCACAGAACUUAUGUUGUUtt-3’, antisense: 
5’-AACAACAUAAGUUCUGUGCtt-3’), sc-39627C 
(sense: 5’-GUGUAGGCUUACCUCAAAUtt-3’, anti-
sense: 5’-AUUUGAGGUAAGCCUACACtt-3’). IL- 
1α (sc-39613) is a pool of 3 different siRNA 
duplexes: sc-39613A (sense: 5’-CAUCCAAGC- 
UUACCUUCAAtt-3’, antisense: 5’-UUGAAGGUA- 
AGCUUGGAUGtt-3’), sc-39613B (sense: 5’-CC- 
ACAGACCUAGGAUUUCAtt-3’, antisense: 5’-UG- 
AAAUCCUAGGUCUGUGGtt-3’), sc-39613C (sen- 
se: 5’-GGAGACCUGUAAUCAUAUAtt-3’, antisen- 
se: 5’-UAUAUGAUUACAGGUCUCCtt-3’). After 72 
hours, the cells were treated or left untreated 
at the indicated time points. After treatment, 
cells were harvested to confirm IL-1α or IL-6 
expression by Western blot analysis. Cell viabil-
ity was then determined using MTT or colony 

formation assays in both treated and untreated 
cells.

Statistical analysis

All data were processed and analyzed using 
Microsoft Excel. Densitometry analysis was 
performed using ImageJ. To compare between 
two groups, the Student’s unpaired t-test was 
used. No correction was made for multiplicity.

Results

Characterization of gene expressions that alter 
as TRAIL-sensitive TNBC cells acquire TRAIL 
resistance

We previously established two TRAIL-resistant 
TNBC cell lines, MDA231-R and SUM159-R, by 
exposing TRAIL-sensitive MDA231 (MDA231-P) 
and SUM159 (SUM159-P) cells to increasing 
concentrations of TRAIL for more than six 
months, as previously described [34]. We con-
firmed that MDA231-R and SUM159-R cells 
had IC50s greater than 100 ng/ml compared 
to MDA231-P (IC50 = 39.6 ng/ml) and SUM- 
159-P cells (IC50 = 87.5 ng/ml) cells (Figure 
1A). In addition, colony formation assays also 

Figure 1. TRAIL sensitivity of TNBC cells. A. The MTT assay was performed to determine relative cell growth of 
MDA231 (left) and SUM159 (right) cells treated with the indicated doses of TRAIL for 48 h. B. Colony formation as-
says and quantification of MDA231 (left) and SUM159 (right) cells treated with the indicated doses of TRAIL for 48 
h. Top: Colony formation assay. Bottom: Densitometry bar graph depicting relative colony formation. P, parental; R, 
resistant to TRAIL. In the bar graphs, data are represented as mean ± SD, where the error bars denote the standard 
deviation (SD). *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-test. 
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verified that MDA231-R and SUM159-R cells 
are resistant to TRAIL compared to their  
corresponding TRAIL sensitive counterparts, 
MDA231-P and SUM159-P cells (Figure 1B). 
Therefore, these cells are good models for 
studying resistance to TRAIL. 

To gain insight into the genes and pathways 
that confer resistance to TRAIL in these TNBC, 
we performed RNA sequencing to identify dif-
ferentially expressed genes (DEGs) between 
MDA231 and SUM159 cells sensitive to and 
resistant to TRAIL. A total of 26,791 genes in 
each cell line were included in the RNA-seq 
analysis (Figure 2A). DEGs were defined by an 
absolute value log2FC ≥ 1 with FDR ≤ 0.05. 
Based on this criterion, MDA231-R cells had 
918 DEGs with 401 upregulated and 517 down-
regulated, while SUM159-R cells had 4,833 
DEGs with 2,860 upregulated and 1,973 down-
regulated. Next, we examined the data to iden-
tify the 30 most significant DEGs in MDA231- 
R and SUM159-R cells. Accordingly, we nar-
rowed down the top 30 DEGs using additional 
criteria (log2FC ≥ 1 and FDR ≤ 1 × 10 -5) and 
identified that in MDA231-R cells, 8 DEGs were 
upregulated and 22 were downregulated, 
whereas 15 in SUM159-R cells were both up- 
and downregulated (Figure 2B). In particular, 4 
of the upregulated DEGs (IL32, CXCL8, VNN1, 
CCL5) in MDA231-R cells were associated  
with an immune response, as were 6 (IL36B, 
IL36RN, CHI3L1, FPR1, NLRP10, ANKRD1) in 
SUM159-R cells. These results suggest that 
the immune response may play a critical role in 
TRAIL resistance in TNBC cells.

DEGs in TRAIL resistance are enriched in sev-
eral immune-dependent biological processes

Because our findings suggest that the immune 
pathways are altered in TRAIL resistance, we 
wondered what functional annotations these 
DEGs in MDA231 and SUM159 cells involved 
and whether they were also associated with 
immune response. To this end, we used the  
iPathwayGuide software to perform a Gene 
Ontology (GO) analysis on the top 30 DEGs of 
each TNBC cell line. We divided them into two 
categories: biological processes and molecular 
functions. Cellular components were omitted 
since they were primarily linked with cellular 
structure. As shown in Figure 3A and 3B, the 
top 30 DEGs in MDA231-R cells were enriched 
in 217 biological processes and 36 molecular 

functions, whereas SUM159-R cells’ top 30 
DEGs were enriched in 190 biological process-
es and 44 molecular functions. We then used 
the criteria (-log10 p-value ≥ 2.0, i.e., p-value ≤ 
0.01) to narrow the data further down so that 
each category contained the top 10 statistically 
significant biological processes or molecular 
functions. The analysis revealed that many bio-
logical processes and molecular functions in 
MDA231-R and SUM159-R cells were associat-
ed with immunity. This led us to investigate 
whether MDA231-R and SUM159-R cells 
shared any biological processes or molecular 
functions that could be related to immune 
response. Consequently, we performed a meta-
analysis comparing the biological processes 
and molecular functions associated with the 
top 30 DEGs of each TNBC cell line. We showed 
that MDA231-R and SUM159-R cells share 18 
biological processes and 3 molecular func-
tions. Figure 3C shows that MDA231-R and 
SUM159-R cells shared 7 biological processes 
associated with the immune response, includ-
ing cellular responses and interleukin-1 res- 
ponses (GO:0071347; GO:0070555), bacterial 
molecules (GO:0002237; GO:0071219), tumor 
necrosis factor (GO:0071356; GO:0034612), 
and immune response (GO:0006955). We also 
showed that MDA231-R and SUM159-R cells 
shared a molecular function that was related  
to the immune response (cytokine activity 
[GO:0005125]) (Figure 3D). These data sug-
gest that DEGs in TRAIL-resistant TNBC cells 
are enriched in several immune-dependent bio-
logical processes and molecular functions.

Inflammatory pathways in TRAIL-resistant 
TNBC cells are impacted

Because several biological processes and 
molecular functions are associated with the 
immune response in MDA231-R and SUM159- 
R cells, we then asked which pathways were 
affected in these TNBC cells. To address this, 
we used the top 30 DEGs of MDA231 and 
SUM159 cells in a Kyoto and Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis 
to determine which pathways had been signifi-
cantly impacted. The pathways were then clas-
sified into the 10 most statistically significant 
pathways for each TNBC cell line. As shown in 
Figure 4A, 6 of the top 10 most significantly 
impacted pathways in the KEGG analysis were 
associated with immune response in MDA231-R 
cells, while 5 were for SUM159-R cells. This fur-
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Figure 2. RNA sequence analysis of TRAIL-resistant TNBC cells. A. Volcano plots showing DEGs in each cell line pair. Left: MDA231 cells. Right: SUM159 cells. B. 
Clustered bar graph of the top 30 DEGs in each cell line pair. Left: MDA231 cells. Right: SUM159 cells. Two thresholds were used. T1: FDR ≤ 0.05 and |Log2FC| ≥ 
1. T2: FDR ≤ 1 × 10-5 and |Log2FC| ≥ 1. Red, upregulated; Blue, downregulated; DEG, differentially expressed gene; FC, fold change; adjPVal, FDR; P, parental; R, 
resistant to TRAIL; T, threshold. 
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Figure 3. Gene ontology analysis shows that DEGs have immune-related functional annotations and that TRAIL-resistant TNBC cells have similar immune-related 
gene ontologies. (A, B) Gene ontology analysis of the top 30 DEGs in each pair of cell lines for (A) biological processes and (B) molecular functions. Left: MDA231 
cells. Right: SUM159 cells. (C, D) Meta-analysis of all DEGs in each cell line pair for (C) biological processes and (D) molecular functions. Left: Venn diagram of 
shared gene ontologies (C, D). Middle: Clustered bar graph for MDA231 cells (C). Right: Clustered bar graph for SUM159 cells (C). Upper Right: Clustered bar graph 
for MDA231 cells (D). Lower Right: Clustered bar graph for SUM159 cells (D). DEG, differentially expressed gene; P, Parental; R, resistant to TRAIL. 
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ther led us to ask if any pathways were impact-
ed and shared by MDA231-R and SUM159-R 
cells. Consequently, we performed a meta-
analysis of all genes in MDA231-R and 
SUM159-R cells. We identified 46 pathways 
that were affected and shared by both TNBC 
cells (Figure 4B). Among the 20 most statisti-
cally significant pathways, 2 had an association 
with immune response, such as cytokine-cyto-
kine interaction and tumor necrosis factor 
(TNF) signaling pathways shared by both 
MDA231 and SUM159 cells. These pathways 
are functionally associated with inflammation 
as part of the immune response. Thus, these 
results indicate that inflammatory pathways 
are impacted in TRAIL-resistant TNBC cells. 

Validation of some gene candidates in TRAIL 
resistance

Because immune pathways are up-regulated in 
TRAIL-resistant TNBC cells, we wondered if 
there were DEGs shared by MDA231-R and 
SUM159-R cells that were associated with 
immune response or inflammation. To this  
end, we performed a meta-analysis of all DEGs 
that were upregulated in these TNBC cells, 
using the absolute value log2FC ≥ 1 and FDR ≤ 
0.05 criterion. 15 of the 414 identified shared 
DEGS were related to immunity (Figure 5A). 
Those DEGs include CCL5, CD24, CSF2, INHBA, 
SOCS1, GPR183, IL33, IL-6, IL-1α, POUF2, 
TNFSF15, IFIT2, IRF1, TMEM217, and ZNF382. 
We then used RT-PCR to confirm the expression 
of some of these DEGs. Due to their associa-
tion with inflammation, we validated CCL5, 
CD24, IL-6, CSF2, and IL-1α expression. Further- 
more, CCL5, IL-6, IL-1α, and CSF2 were chosen 
for their roles in the signaling pathways of TNF 
and the cytokine-cytokine receptor interaction. 
IL-1α was selected because of its role in the lat-
ter. Furthermore, CD24 was chosen for valida-
tion due to its ability to evade immune surveil-
lance. As shown in Figure 5B, RT-PCR showed 
that all gene candidates were upregulated in 
MDA231-R and SUM159-R cells compared to 
their corresponding TRAIL-sensitive counter-
parts. Furthermore, we tested the basal levels 
of these cytokines in MDA231 and SUM159 
cells by Western blot analysis. Figure 5C shows 
that MDA231-R and SUM159-R cells had high-
er basal levels of IL-6 and IL-1α than TRAIL-
sensitive cells. These results indicate that 
TRAIL resistance in TNBC is mediated in part by 
inflammation. 

Down-regulation of IL-1α and IL-6 increases 
TRAIL sensitivity in TRAIL-resistant cells

Once the upregulation of these cytokines was 
confirmed, we wanted to know if they play a role 
in TRAIL resistance in these TNBC cells. To 
address this, we used siRNA to knock down  
the expression of IL-1α or IL-6 expression to 
assess the effect of their knockdown on the 
sensitivity of TRAIL. We chose IL-6 and IL-1α as 
a proof of principle to test these cytokines in 
resistance to TRAIL. Figure 6A and 6B show 
that siRNA effectively knocked down IL-1α  
and IL-6 in MDA231 and SUM159 cells. 
Importantly, IL-6 and IL-1α knockdown increas- 
ed the cytotoxicity of TRAIL in MDA231-R and 
SUM159-R cells, as determined by colony for-
mation and MTT assays (Figure 6C-E). Taken 
together, these data strongly suggest that the 
expression of IL-1α and IL-6 expression have a 
negative effect on the sensitivity of TNBC cells 
to TRAIL.

Discussion

The TRAIL pathway remains a promising target 
for cancer therapy because of its ability to 
selectively reduce cell growth in tumor cells 
without harming normal cells. However, the 
development of resistance to TRAIL in tumor 
cells is a significant problem that needs to be 
addressed. In this study, we profiled gene 
expression changes between TRAIL-sensitive 
and TRAIL-resistant cells and identified a num-
ber of genes that are differentially expressed. 
By performing pathway analysis, we identified 
the immune and inflammatory pathways in 
TRAIL resistance that are altered as TRAIL-
sensitive cells acquire TRAIL resistance. 
Identifying a link of the immune/inflammatory 
pathways to resistance to TRAIL may provide a 
strategy to improve the efficacy of TRAIL-based 
treatment in cancer cells. 

The mechanisms of TRAIL resistance have 
been extensively studied but are not complete-
ly understood. Previous studies have implicat-
ed several pathways in resistance to TRAIL, but 
these studies have focused primarily on intrin-
sic and extrinsic apoptosis pathways, and many 
tumor cells remain resistant to TRAIL [7]. By 
performing an RNA-seq analysis in TNBC cells, 
we identified 918 DEGs in MDA231-R cells (401 
up-regulated and 517 downregulated) and 
4,833 DEGs in SUM159-R cells (2,860 up-reg-
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Figure 4. KEGG analysis shows that DEG alter immune-related canonical pathways and that TRAIL-resistant TNBC cells share altered inflammatory pathways. A. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of altered canonical pathways by the top 30 DEGs in each cell line pair. Left: Clustered bar graph 
MDA231 cells. Right: Clustered bar graph SUM159 cells. B. Meta-analysis of shared altered canonical pathways using KEGG of all DEGs in each pair of cell lines. 
Left: Venn diagram. Middle: Clustered bar graph MDA231 cells. Right: Clustered bar graph SUM159 cells. DEG, differentially expressed gene; FC, fold change; P, 
Parental; R, resistant to TRAIL. 
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Figure 5. TRAIL-resistant TNBC cells have similar inflammatory genes. A. Meta-analysis of shared DEGs in each cell line pair. Left: Venn diagram. Middle: Clustered 
bar graph for MDA231 cells. Right: Clustered bar graph for SUM159 cells. B. RT-PCR of IL-6, CCL5, CD24, CSF2, IL-1α. Upper: MDA231 cells. Lower: SUM159 cells. 
C. Western blot of IL-6 and IL-1α in MDA231 and SUM159 cells. Actin was used as a loading control. All experiments are representative of three independent experi-
ments. Individual mRNA expression levels were normalized to GAPDH. DEG, differentially expressed gene; P, parental; R, resistant to TRAIL. In the bar graphs, data 
are represented as mean ± SD, where the error bars denote the standard deviation (SD). *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-test.
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Figure 6. Knockdown of IL-6 and IL-1α increases the sensitivity of TRAIL. MDA231 and SUM159 cells were transfected with IL-6, IL-1α, or nontarget siRNAs for 72 H. 
(A, B) Western blot of IL-6 and IL-1α in MDA231 (A) and SUM159 (B) cells. (C) Colony formation assay of the resulting MDA231 and SUM159 cells transfected with 
IL-6, IL-1α, or nontarget siRNA and treated with TRAIL (50 ng/ml) for 72 h. Upper: MDA231 cells. Lower: SUM159 cells. (D) Densitometry bar graph depicting rela-
tive colony formation. Upper: MDA231 cells. Lower: SUM159 cells. Left: IL-1α. Right: IL-6. (E) MTT assay was performed to determine relative cell growth in MDA231 
(left), and SUM159 (right) cells transfected with IL-1α, IL-6, or nontarget siRNA and treated with TRAIL (50 ng/ml) for 72 h. GAPDH was used as a loading control. 
IL, interleukin; NT, nontarget; P, parental; R, resistant to TRAIL. In the bar graphs, data are represented as mean ± SD, where the error bars denote the standard 
deviation (SD). *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-test.
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ulated and 1,973 downregulated). We identi-
fied that some of the genes that were up-regu-
lated in TRAIL-resistant cells were associated 
with immune response and inflammation. This 
is consistent with the findings of a recent study 
of TRAIL-resistant glioblastoma cell expression 
profiles, which revealed that immune activation 
and inflammatory pathways were upregulated 
[39]. The latter has also been shown in TRAIL-
resistant MCF10A breast cancer cells [40]. 

Although previous studies indicated that most 
TNBC cells are non-inflamed [41], our study 
found that TRAIL can increase the expression 
of genes associated with an inflammatory phe-
notype in TRAIL-resistant cells. We showed 
through GO analysis that the top 30 DEGs tar-
geted biological processes and molecular func-
tions related to immune and inflammatory 
responses. We also showed that many of  
these GOs are shared by TRAIL-resistant cells. 
Notably, responses to interleukins and TNFs 
were identified as shared biological processes, 
whereas cytokine activity was identified as a 
shared molecular function. These results sup-
port previous studies showing that interleukins 
can reduce the sensitivity of transformed and 
cancer cells to TRAIL [42, 43] and that IL-1 can 
protect keratinocytes from the cytotoxicity of 
TRAIL by activating NF-κB [42]. 

The underlying mechanism by which inflamma-
tion confers resistance to TRAIL remains to be 
defined. Several lines of evidence suggest that 
TRAIL can activate several signaling pathways 
that stimulate the expression of NF-κB, AKT, 
and ERK, resulting in the production of pro-
inflammatory cytokines [43-45]. In our previous 
studies, we showed that the preceding path-
ways were associated with TRAIL resistance in 
TNBC cells [30, 32]. Furthermore, studies have 
shown that TRAIL can induce cytokine release 
in TRAIL-resistant cancer cells in a FADD-
dependent manner, which is mediated by cas-
pase 8 [46, 47]. In this study, we showed that 
pro-inflammatory cytokines were increasingly 
expressed in TRAIL-resistant cells. An analysis 
of the KEGG pathway in these cells revealed 
that the top 30 DEGs impacted inflammatory 
pathways. Furthermore, a KEGG analysis of all 
DEGs revealed that TNF and cytokine-cytokine 
receptor signaling pathways were the most 
altered and shared among TRAIL-resistant 
cells. These cells also shared 414 DEGs, 15 of 

which were associated with immunity. An asso-
ciation with TNF or cytokine-cytokine receptor 
signaling is consistent with a previous study in 
which TRAIL resistant cells had higher levels of 
programmed death ligand-1 (PD-L1) expression 
[30]. 

Because TRAIL is a TNF superfamily cytokine, it 
is worth investigating whether it plays a nonca-
nonical role in inducing inflammation and 
whether this can be exacerbated by pro-inflam-
matory cytokines in TRAIL-resistant cells. This 
prompted us to ask if inhibiting the expression 
of pro-inflammatory cytokines IL-6 and IL-1α 
renders TRAIL-resistant cells more sensitive to 
TRAIL. As shown in this study, the knockdown 
of IL-6 and IL-1α expression significantly impact-
ed TRAIL sensitivity in TRAIL-resistant cells 
(Figure 6). Consistent with this observation, it 
has been shown that IL-6 contributes to TRAIL 
resistance and that its interruption sensitizes 
cells to TRAIL-induced cytotoxicity [48]. In addi-
tion, it has been demonstrated that IL-1α can 
render cells TRAIL-resistant [42]. Therefore, 
these results validate the role of inflammation 
in resistance to TRAIL in TNBC cells. 

In summary, inflammation is correlated with 
TRAIL resistance in TNBC cells. Several DEGs 
and pathways were identified in TRAIL-resistant 
cells that are associated with inflammation. 
The cytokine and cytokine receptor interaction 
pathways were among the most affected, with 
IL-6 and IL-1α being two of the most upregulat-
ed DEGs. More importantly, TRAIL sensitivity in 
TRAIL resistant cells was affected by downregu-
lation of IL-6 and IL-1α. Based on these find-
ings, additional research is needed to deter-
mine the efficacy of combining IL-6 and IL-1α 
inhibition with TRAIL in TRAIL-resistant TNBC 
cells in vivo. Furthermore, more research is 
required to better understand the roles of IL-6 
and IL-1α in resistance to TRAIL and how TRAIL 
up-regulates these pro-inflammatory cytokines. 
We believe that these findings may also apply 
to other TRAIL-resistant tumors and warrant 
additional investigation. Therefore, our results 
suggest that targeting inflammation may be a 
viable strategy for overcoming TRAIL resistance 
in TNBC cells.
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