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Abstract. BH-3 like motif containing inducer of cell death 
(BLID) is a known prognostic factor in breast cancer. The aim 
of the present study was to determine the significance of BLID 
in the outcomes of chemotherapy and mechanisms affected 
in BLID-deficient breast cancer cells. Reverse transcription-
PCR, reverse transcription-quantitative PCR, dual-luciferase 
reporter and chromatin immunoprecipitation assays were used 
to determine the effects of drugs on BLID expression and 
binding of forkhead box protein O3a (FOXO3a) to the BLID 
promoter. RNA arrays, antibody microarrays and microRNA 
arrays were used to illuminate the omics features of BLID 
knockdown  vs.  isogenic control breast cancer cell lines. 
Kaplan-Meier plotter and receiver operating characteristic 
plotter tools were used to determine the prognostic and therapy 
response benefits of BLID expression using publicly available 
clinical datasets. BLID expression was induced in response 
to several chemotherapeutic drugs. Drug treatment resulted 
in increased binding of FOXO3a to the BLID promoter, 
and FOXO3a knockdown was associated with decreased 
expression of BLID. BLID depletion led to a decrease in the 
cytotoxicity of chemotherapeutic drugs. Through multi-omics 
profiling, three functionally distinct classes of effectors that 

were predominately influenced in BLID knockdown cells were 
identified: i) Genes and proteins associated with cell death 
and survival, including cellular inhibitor of apoptosis protein 
2/baculoviral IAP repeat containing 3, phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit α/p110α and 
DFNA5/gasdermin E; ii) members of the aldo-ketoreductase 
family 1, specifically aldo-keto reductase family 1 member C3 
implicated in drug metabolism; and iii) effectors of the inter-
feron response, including IFNβ1, interferon-induced protein 
with tetratricopeptide repeats 2 and interferon-induced protein 
with tetratricopeptide repeats 3. Finally, higher BLID expres-
sion was associated with improved overall survival in several 
types of cancer and the response of breast cancer to anthra-
cyclines. The results of the present study demonstrated that 
BLID is a target of FOXO3a, and BLID-deficiency in breast 
cancer cells was associated with modulation of cell death, 
survival and proliferation, chemoresistance, drug potency, 
and the interferon response. These findings highlighted BLID 
as a promising biomarker of drug response and offer a novel 
framework of integrative mechanisms of therapeutic resistance 
and disease progression.

Introduction

Despite significant advances in various combinations 
of endocrine therapy, targeted therapy, chemotherapy 
and/or immunotherapy, clinical management of advanced 
breast cancer remains a challenge, in part, due to spatial 
and temporal expansion of therapy-resistant tumor cells, 
treatment-related adverse events and disease progression (1-3). 
Currently, breast cancer treatment strategies are largely guided 
by the expression status of estrogen receptor (ER), proges-
terone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2). Unfortunately, patients with late-stage 
hormone receptor-positive and HER2-negative breast cancer, 
and triple-negative breast cancer (TNBC, ER-/PR-/HER2-) 
remain at high risk of disease recurrence (4,5). To improve 
precision cancer biology-driven clinical care of an aggres-
sive disease, integrative multi-omics approaches have helped 
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define genome-wide molecular heterogeneity and biomarkers 
of therapy resistance, and prioritize actionable therapeutic 
targets (6-8). Further discoveries of new mechanisms of drug-
sensitivity/resistance and gain-of-function ‘turned’ oncogenic 
dependencies are critical for the development of multi-pronged 
interventions in the management of advanced stage disease.

The forkhead box protein O (FOXO) subfamily of 
transcriptional regulators is associated with breast cancer 
development and progression (2). Depending on the cellular 
context, FOXO proteins exhibit redundant and diverse func-
tions, necessitating the identification of downstream effectors 
as potentially robust predictive biomarkers and targets for 
drug discovery. As a stress sensor and a prominent apoptotic 
transcription factor, FOXO3a (aliases FOXO3, FKHRL1) is 
activated in response to chemotherapeutic drugs and enhances 
chemosensitivity (2,9,10). FOXO3a has been associated with 
improved efficacies of the endocrine and targeted therapies of 
breast cancer (11-14). The downstream effectors and mecha-
nisms by which FOXO3a promotes drug sensitivity in breast 
cancer cells remain to be elucidated.

BLID (alias BRCC2), BH-3 Like motif containing Inducer 
of cell Death, belongs to the category of novel and essential 
de novo protein-coding genes originating via positive selec-
tion  (15). BLID is a strong prognostic factor in invasive 
breast cancer (16,17). Frequent loss of the BLID gene has also 
been reported in early-onset breast cancer (18,19). In addi-
tion, loss of BLID has been correlated with the progression 
of intraductal hyperplasia to ductal carcinoma in situ (20). 
Functionally, BLID has been shown to sequester BCL-XL and 
activate caspase-dependent mitochondrial pathway of apop-
totic cell death (17). Other cytogenetic and in vitro and in vivo 
studies suggest that BLID is a breast tumor suppressor (18-21). 
The mechanism of regulation and the genome-wide influence 
of BLID are unclear. The present study focused on: 1) The 
role of FOXO3a as a novel BLID transcription factor, 2) the 
relationship between BLID expression and the cytotoxicity 
of chemotherapeutic drugs, and 3) multi-omics-guided iden-
tification of BLID effectors in breast cancer cells. The results 
revealed the drug resistance phenotype, the survival and 
proliferation dependencies, and tractable targets in BLID-
deficient breast cancer cells. These data also highlighted 
the potential significance of BLID in drug metabolism and 
interferon-responsive signaling in breast cancer cells.

Materials and methods

Cell lines, antibodies and drugs. Human breast cancer cell 
lines T47D, MDA-MB-231, MDA-MB-468, LCC9, and SKBr3 
were obtained from the Tissue Culture Shared Resource 
(TCSR) of the Georgetown Lombardi Comprehensive Cancer 
Center which also performed the cell line authentication and 
mycoplasma testing. Cells were cultured in DMEM with 
Glutamax, 10% heat inactivated FBS (Invitrogen; Thermo 
Fisher Scientific, Inc.) in a humidified incubator with 5% 
CO2 air. MCF-7 cells (ATCC) were cultured in DMEM 
supplemented with 10% FBS and 2 mmol/l glutamine.

The custom anti-BLID antibody used in the present study 
was developed as previously described (16,17). The c-IAP2 
(58C7) antibody (cat.  no.  3130), c-IAP1 (D5G9) antibody 
(cat. no. 7065) and XIAP (D2Z8W) antibody (cat. no. 14334) 

were obtained from Cell Signaling Technology, Inc. The 
DFNA5-N-terminal antibody (cat. no. ab175614) and DFNA5-
C-terminal antibody (cat. no. ab221843) were obtained from 
Abcam. Drugs were obtained from Sigma-Aldrich and Selleck 
Chemicals. Doxorubicin (DXR), 5-fluorouracil (5-FU), 
cisplatin (Cis), and etoposide (ETO) were reconstituted in 
DMSO, whereas paclitaxel (PTX) and docetaxel (DTX) were 
formulated in 100% ethanol (EtOH) or DMSO.

Drug treatments and reverse transcription-PCR (RT-PCR). 
Cells were seeded in 60 mm plates (1x106 cells/plate) and 
cultured for 24 h, followed by drug treatment in DMEM with 
5% FBS for various lengths of time. Control plates received 
vehicle control for the same period of time. Subsequently, total 
RNA was extracted using RNeasy Mini Kit (Qiagen GmbH). 
Genomic DNA was removed using RNase-free DNase I. 
cDNA was synthesized using M-MLV reverse transcriptase 
and random primers (Invitrogen; Thermo Fisher Scientific, 
Inc.). Each sample was aliquoted, and two to three indepen-
dent PCRs were performed per sample. The primers for PCR 
were: BLID (NM_001001786.2) forward, 5'-TGT​TGC​CTA​
TAG​AGG​GCC​AG-3' and reverse 5'-CTG​AAG​CAC​ATG​TCC​
AGG​AA-3' and GAPDH (NM_002046) forward, 5'-CCA​
GGA​AAT​GAG​CTT​GAC​AAA​GTG-3' and reverse, 5'-AAG​
GTC​ATC​CCT​GAG​CTG​AAC​GGG-3'. The PCR thermocy-
cling conditions were 94˚C for 90 sec followed by 30 cycles of 
94˚C for 3 sec, 55˚C for 3 sec, and 68˚C for 3 sec, with a final 
extension at 72˚C for 7 min. Samples were electrophoresed on 
2% agarose gels with ethidium bromide. Images were captured 
using a FlouroChem Gel Document system at the Genomics 
and Epigenomics Shared Resource (GESR) of Georgetown 
Lombardi Comprehensive Cancer Center, and the data were 
quantified using ImageJ version 1.42q software (National 
Institutes of Health). Data were normalized to GAPDH, and 
fold changes in BLID expression relative to the vehicle control 
were calculated.

Reverse transcription-quantitative PCR (RT-qPCR). A total 
of 2 µg RNA was reverse transcribed using random primers 
(Invitrogen; Thermo Fisher Scientific, Inc.). The cDNA was 
diluted 1:3 in nuclease-free water, and 2 µl of the diluted 
sample was analyzed in triplicate by qPCR using Fast-
SYBR Green qPCR Master Mix (Invitrogen; Thermo Fisher 
Scientific, Inc.) with 0.1 µmol/l of both the forward and reverse 
primers. The total volume of the reaction mixture was 20 µl. 
qPCR was performed on an ABI Prism 7900HT (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) in Fast-mode. The 
PCR thermocycling conditions were 95˚C for 2 min, followed 
by 40 cycles of 95˚C for 3 sec, annealing at 55˚C for 30 sec, and 
68˚C for 30 sec. The negative control used was water instead of 
cDNA. The relative gene expression level was normalized to 
a calibrator (basal sample), and the final result was expressed 
as n-fold difference in gene expression relative to GAPDH and 
the calibrator, calculated using the 2-∆∆Cq method (22). The 
sequences of the primers were: AKR1C3 forward, 5'-GGG​
TTC​CGC​CAT​ATA​GAT​TCT​G-3' and reverse, 5'-ACT​CTG​
GTC​GAT​GAA​AAG​TGG-3'; IFIT3 forward, 5'-CCT​ACT​CTC​
CCA​CCC​CTT​TAT​A-3' and reverse, 5'-CAG​GGA​ATT​CTT​
GGT​GAC​CTC-3'; IFNB1 forward, 5'-CTA​ACT​GCA​ACC​
TTT​CGA​AGC-3' and reverse, 5'-CTA​ACT​GCA​ACC​TTT​
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CGA​AGC-3'; XAF1 forward, 5'-GAG​AGC​AGAA​CAT​GGA​
AGG​AG-3' and reverse, 5'-GAG​GGT​GAA​GTT​GGC​AGA-3'; 
PRKX forward, 5'-TTA​AGC​TCA​CGG​ACT​TTG​GG-3' 
and reverse, 5'-CGA​ATA​TCA​GGA​TGC​CGA​GG-3'; CSF1 
forward, 5'-CGC​TTC​AGA​GAT​AAC​ACC​CC-3' and reverse, 
5'-TCA​TAG​AAA​GTT​CGG​ACG​CAG-3'; IFIT2 forward, 
5'-CCT​CAT​CCC​TTC​AGC​ATC​AAG-3' and reverse, 5'-GTC​
CAA​TCT​TTT​GCC​ATA​CCA​G-3'; AKAP12 forward, 5'-GCA​
CAG​TGA​ATC​AGA​TAA​AGC​G-3' and reverse, 5'-TGT​CTT​
CAC​ATT​CTG​GTC​TTC​C-3'; CHRDL1 forward, 5'-AGA​AGT​
ACA​GAG​TGG​GTG​AGA​G-3' and reverse, 5'-CAC​AGG​AGA​
AAG​GCA​ATG​AAC-3'; TP73 forward, 5'-GTT​TAC​AAG​
AAA​GCG​GAG​CAC-3' and reverse, 5'-GTC​ATC​CAC​ATA​
CTG​CGA​GAG-3'; DFNA5 forward, 5'-AAC​TCC​AGA​TCA​
TTC​CCA​CAC-3' and reverse, 5'-CTG​CACA​ATC​CCA​AAC​
CTT​TC-3'; BLID (set 1): forward, 5'-TGA​GGA​TTT​TGG​TGA​
GTA​GCC-3' and reverse, 5'-ATA​AGC​ACG​GTG​TTA​GAT​
GGG-3'; BLID (set 2): forward, 5'-ATG​AAT​AGC​AGGA​GCT​
GGG​A-3' and reverse, 5'-CTG​TGT​TGT​GCA​GCC​TGA​AT-3'; 
and β-Actin forward, 5'-TAC​CTC​ATG​AAG​ATC​CTC​ACC-3' 
and reverse, 5'-TTT​CGT​GGA​TGC​CAC​AGG​AC-3'.

Dual-luciferase reporter assay. Cells were seeded in 24-well 
plates (5x104 cells/well) and incubated overnight. The cells 
were then co-transfected with the BLID reporter (pGL3 
BLID) or pGL3-enhancer (pGL3 Basic) (0.1-0.5 µg/well) and 
Renilla luciferase internal transfection control pRL-TK vector 
(100 ng/well) using FuGENE HD reagent. The following day, 
the medium was replaced with fresh medium containing one 
of the drugs for 24 h. Control cells were treated with vehicle 
for 24 h. Additional controls included untransfected cells and 
plasmid DNA without cells. The cells were then washed twice 
in PBS. Firefly/Renilla luciferase activity in the cells was 
measured using the dual-luciferase reporter assay and normal-
ized against pRL-TK according to the manufacturer's protocol 
(Promega Corporation).

Chromatin immunoprecipitation (ChIP) and ChIP-quantitative 
PCR (ChIP-qPCR). Subconfluent cell cultures were grown in 
100-mm plates, and treated with one of the drugs in DMEM 
supplemented with 5% FBS and 2 mmol/l glutamine. ChIP was 
performed using an EZ-Magna ChIP kit according to the manu-
facturer's protocol (cat. no. 17-409, MilliporeSigma). Briefly, 
cells were cross-linked using 1% formaldehyde for 10 min at 
37˚C, washed in ice-cold PBS and resuspended in cell lysis 
buffer containing 1x protease inhibitor cocktail and incubated 
for 15 min on ice. The cell suspension was spun at 800 x g at 
4˚C for 5 min, and the pellet was resuspended in nuclear lysis 
buffer and incubated on ice for 20 min, followed by sonication to 
obtain 500 bp DNA fragments. Sonication was performed using 
the Misonix Sonicator 3000 (Misonix) with 15 pulses of 10 sec 
each at output level 5. This was followed by centrifugation at 
10,000 x g at 4˚C for 10 min, and the supernatant was used 
directly for immunoprecipitation with 5 µg of anti-FOXO3a, 
anti-FOXO4, or anti-FOXO1 antibody overnight at 4˚C. A sample 
of diluted chromatin before immunoprecipitation was taken as a 
control for input levels. Immune-complexes were incubated with 
20 µl of protein G-magna beads for 1 h at 4˚C. Subsequently, the 
beads were washed five times with 1 ml each of the following 
buffers: Low salt wash buffer (0.1% SDS,1% Triton X-100, 

2 mM EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), high salt 
wash buffer (0.1% SDS,1% Triton X-100, 2 mM EDTA, 20 mM 
Tris- HCl pH 8.1, 500 mM NaCl), LiCl wash buffer (0.25 mM 
LiCl, 1% IGEPAL-CA630, 1% deoxycholic acid, 1 mM EDTA, 
10 mM Tris-pH 8.1) and TE buffer. The immune-complexes 
were eluted with 100 µl of ChIP elution buffer containing 1 µl 
of proteinase K, and the cross-linking reaction was reversed by 
incubation at 62˚C for 2 h. DNA was purified using spin columns. 
Using the transcription factor analysis software (MatInspector, 
Genomatix), several binding sites for FOXO proteins were found 
in the BLID promoter. Two sets of primers were used to detect 
the DNA fragments spanning predicted FOXO binding sites (S1 
and S2). The BLID primer sequences were as follows: Promoter 
site S1 (-2128/-2444) forward, 5'-CCA​ACA​TGG​TAA​AAC​CTT​
GTC​TCT-3' and reverse, 5'-GGC​AAA​GAC​CCA​AAG​ATG​TAT​
AAG-3' and promoter site S2 (-1741/-2129) forward, 5'-CCA​
CCT​TGT​ATG​GTG​CCT​GGT​ATA-3' and reverse, 5'-GGG​
GGA​TTA​ATG​AGG​GAA​GGA​ATA-3'. The ChIP-PCR/qPCR 
controls included chromatin precipitated with either normal 
rabbit IgG (S1 and S2 primers, negative control), or mouse IgG 
and RNA-Pol II antibody (GAPDH primers, positive control; 
MilliporeSigma). Each PCR reaction was performed with 
2 µl of the bound DNA fraction or 1 µl of the input. The PCR 
conditions were as follows: Preincubation at 95˚C for 2 min, 
followed by 30 cycles of denaturation at 95˚C for 30 sec, 30 sec 
of annealing at 55˚C, 30 sec of extension at 68˚C, and 5 min of 
final incubation at 72˚C.

For qPCR, immunoprecipitated DNA was amplified 
using specific primers, and Fast-SYBR Green qPCR Master 
Mix (Invitrogen; Thermo Fisher Scientific, Inc.) on an ABI 
Prism 7900HT (Applied Biosystems) in Fast-mode as detailed 
earlier (23).

BLID short hairpin RNA (shRNA) lentivirus transduction. 
BLID shRNA lentiviral particles were generated using 
pLKO.1-TRC containing a BLID shRNA. A set of five BLID 
specific shRNA clones was obtained from MilliporeSigma 
(Sigma-Aldrich). The BLID shRNA constructs used were as 
follows: Construct 1, shRNA TRCN0000265539 (RefSeq-
NM_001001786.1-656s21c1) forward sequence, 5'-CCG​GGG​
ACA​GAT​TTC​GCC​CAT​TAT​TCT​CGA​GAA​TAA​TGG​GCG​
AAA​TCT​GTC​CTT​TTT​G-3' and reverse sequence, 5'-AAT 
​TCA​AAA​AGG​ACA​GAT​TTC​GC​CCA​TTA​TTC​TCG​AGA​
ATA​ATG​GGC​GAA​ATC​TGT​CC-3'; construct 2, shRNA 
TRCN0000254449 (NM_001001786.1-516s21c1) forward 
sequence, 5'-CCG​GTC​TGC​CAT​GAA​GCG​GAA​TGT​TCT​
CGA​GAA​CAT​TCC​GCT​TCA​TGG​CAG​ATT​TTT​G-3' and 
reverse sequence, 5'-AAT​TCA​AAA​ATC​TGC​CAT​GAA 
​GCG​GAA​TGT​TCT​CGA​GAA​CAT​TCC​GCT​TCA​TGG​
CAG​A-3'; construct 3, shRNA TRCN0000254448 (RefSeq- 
NM_001001786.1-566s21c1) forward sequence, 5'-CCG​GTT​
TAA​CCA​GGA​TAC​AAG​TTA​CCT​CGA​GGT​AAC​TTG​TAT​
CCT​GGT​TAA​ATT​TTT​G-3' and reverse sequence, 5'-AAT​
TCA​AAA​ATT​TAA​CCA​GGA​TAC​AAG​TTA​CCT​CGA​
GGT​AAC​TTG​TAT​CCT​GGT​TAA​A-3'; construct 4, shRNA 
TRCN0000254447 (RefSeq-NM_001001786.1-387s21c1) 
forward sequence,5'-CCG​GGC​CTC​TGG​CAG​TTC​CAT​TTA​ 
TCT​CGA​GAT​AAA​TGG​AAC​TGC​CAG​AGG​CTT​TTT​G-3'  
and reverse sequence, 5'-AAT​TCA​AAA​AGC​CTC​TGG​CAG 
​TTC​CAT​TTA​TCT​CGA​GATA​AAT​GGA​ACT​GCC​AGA​

https://www.spandidos-publications.com/10.3892/ol.2025.15155


YADAVALLI et al:  BLID DEPLETION ENHANCES CHEMORESISTANCE IN BREAST CANCER4

GGC-3'; and construct 5, shRNA TRCN0000254446 (RefSeq- 
NM_001001786.1-449s21c1) forward sequence, 5'-CCG​GTT​
CCA​ACA​AAG​AAC​CTA​TGT​TCT​CGA​GAA​CAT​AGG​TTC​
TTT​GTT​GGA​ATT​TTT​G-3' and reverse sequence, 5'-AAT​
TCA​AAA​ATT​CCA​ACA​AAG​AAC​CTA​TGT​TCT​CGA​GAA​
CAT​AGG​TTC​TTT​GTT​GGA​A-3'.

pLKO.1-puro scramble shRNA (Addgene: scramble shRNA 
Sequences; Addgene plasmid# 1864 RRID:Addgene_1864; 
http://n2t.net/addgene:1864) was used as the negative control.

All five shRNA clones were packaged for viral production 
and infection and tested for target knockdown. The BLID 
shRNA lentiviral plasmids and the scramble control lentiviral 
plasmid (Addgene cat. no. 1864) were transfected along with 
the packaging plasmid psPAX2 (Addgene cat.  no.  12260) 
and the envelop expressing plasmid pMD2.G (Addgene 
cat. no. 12259) into 293T cells using FuGENE HD transfection 
reagent (Promega Corporations). Virus-containing superna-
tants were collected at 48 h after transfection and used for 
transduction of breast cancer cells. Briefly, 200 µl of lentiviral 
particles (<10 multiplicity of infection) were used for transfec-
tion of 1x106 cells seeded the day before into 60 mm tissue 
culture plates, followed by selection using 2 µg/ml puromycin 
for 10 days. The stably transfected cells were pooled from two 
60 mm plates. The pooled stable clones were tested for BLID 
knockdown by western blotting. The TRCN0000254447 
BLID shRNA construct (sh47) was used for further studies. 
In addition, BLID Mission shRNA lentiviral clone (SHCLNV, 
TRCN0000254447) and control shRNA transduction particles 
(SHC202V, Mission@TRC2 pLKO.5-puro) were obtained 
from MilliporeSigma (Sigma-Aldrich).

siRNA treatments. Two validated stealth siRNAs targeting 
FOXO3a (RefSeq NM001455.3/RefSeq NM201559.2), 
FOXO3a (siRNA #1) (cat.  no.  VHS41092) and FOXO3a 
(siRNA #2) (cat. no. VHS41096) were obtained from Thermo 
Fisher Scientific, Inc. (Invitrogen). FOXO3a target sequences 
provided by the supplier are as follows. FOXO3a (siRNA 
#1), sense: 5'-GCC​TAA​CCA​GGG​AAG​TTT​GGT​CAA​T-3' 
and antisense: 5'-ATT​GAC​CAA​ACT​TCC​CTG​GTT​AGG​
C-3'; FOXO3a (siRNA #2), sense: 5'-CCA​TGC​AGA​CCA​TCC​
AAG​AGA​ACA​A-3' and antisense: 5'-TTG​TTC​TCT​TGG​
ATG​GTC​TGC​ATG​G-3'. In addition, Stealth siRNA nega-
tive control (scramble) with the same supplier's proprietary 
sequence designed to minimize sequence homology to any 
known vertebrate transcript (cat. no. 12935300, Thermo Fisher 
Scientific, Inc; Invitrogen) was used. For FOXO3a knockdown, 
1x105 breast cancer cells were seeded into six-well plates and 
subconfluent cultures were transfected with 100 nM of one of 
the FOXO3a siRNAs or scramble siRNA (Scr) in 2 ml of culture 
medium. The siRNA was diluted in 500 µl of Opti-MEM 
without antibiotic. After 10 min, Lipofectamine 2000 was 
added, and the mixture was incubated at room temperature 

for 20 min. Subsequently, the siRNA-Lipofectamine 2000 
complex was added to cells and incubation continued at 37˚C 
for 24 h or 48 h.

For BLID siRNA knockdown, we used SMARTpool: 
ON-TARGETplus BLID siRNA (cat. no. L-032329-02-0005) 
and control siRNA #1 (cat. no. D-001810-01-05) according 
to the supplier's instructions (Dharmacon, Inc; Horizon). 
Sequences of BLID siRNAs and control siRNA provided by 

the supplier were as follows: ON-TARGETplus human BLID 
(414899) siRNA-SMARTpool (cat. no. L-032329-02-0005) 
consisting of siRNA J-032329-17, 5'-CCA​UUU​AUC​CAG​AGG​
CAA​A-3', siRNA J-032329-18, 5'-GC​AGC​AAG​AUA​UUA​
GGA​CA-3', siRNA J-032329-19, 5'-GCU​CUA​CAC​AGG​AUG​
GAU​A-3' and siRNA J-032329-20, 5'-CAU​UAU​UCA​GGC​
UGC​ACA​A-3'; and control ON-TARGETplus non-targeting 
siRNA #1, 5'-UGG​UUU​ACA​UGU​CGA​CUAA-3'.

Drug dose-response and time-course analysis of BLID knock-
down cells. Cell viability assay was performed to determine the 
effects of BLID knockdown on the chemosensitivity of breast 
cancer cells as detailed previously (24). Briefly, cells were 
seeded in DMEM complete medium supplemented with 10% 
FBS at a density of 1,000 cells/100 µl/well (6 wells per condi-
tion) in a 96-well plate for approximately 16 h. The following 
day, the medium was replaced with 100 µl complete medium 
with 5% FBS containing desired drug concentration and cells 
were further incubated for various lengths of time. Activated 
XTT reagent (2,3-Bis-(2-Methoxy4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide) was added to each well 
(25 µl/well), and incubations continued for an additional 4 h. 
Subsequently, the absorbance was measured at 450 nm on a 
Victor  III spectrophotometer plate reader (Perkin Elmer). 
Data were normalized to untreated cells. The experiment was 
repeated at least two to three times.

scLBLID transfection and drug response studies. The BLID 
cDNA plasmid expression vector containing an enhanced 
CMV promoter and the scL immunoliposomes were used to 
formulate the BLID cDNA nanocomplex (scLBLID). A total 
of 4x103 cells/well were seeded into 96-well plates. After 24 h, 
the cells were transfected with the desired dose of the scLBLID 
nanocomplex, vector, scL (Lip treatment only), or were left 
untransfected. A total of 2 days after transfection, one of the 
drugs was added at increasing concentrations (in triplicate) for 
48 h. The XTT cell viability assay was performed at 48 h after 
incubation of the cells with the drug and the IC50 value was 
calculated.

Immunoblotting. Whole-cell extracts were prepared by lysing 
cells in NP40 lysis buffer [1% NP40, 100  mmol/l NaCl, 
20  mmol/l Tris-HCl (pH 7.4), 10  mmol/l NaF, 1  mmol/l 
sodium orthovanadate, 30 mmol/l sodium glycerophosphate, 
and complete protease inhibitor cocktail (Roche)] on ice for 
15 min. The cell suspension was cleared by centrifugation at 
14,000 x g for 30 min at 4˚C. The supernatant was analyzed 
by NuPAGE 4-12% gel electrophoresis and proteins were 
transferred to PVDF membrane. The membrane was incu-
bated at 4˚C overnight with a primary antibody followed by 
the secondary horseradish peroxidase-conjugated anti-mouse 
or anti-rabbit antibodies as appropriate. Signals were visual-
ized using an enhanced chemiluminescence detection system 
(Thermo Fisher Scientific, Inc.). Densitometry analysis was 
performed using ImageJ (National Institutes of Health).

RNA arrays and microRNA arrays. The Affymetrix GeneChip 
Human U133 Plus 2.0 arrays were used for transcrip-
tomics analysis of the BLID knockdown models of MCF-7, 
MDA-MB-231 and LCC9 cell lines. Data were obtained from 
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four RNA arrays per treatment group (BLID shRNA knock-
down vs. isogenic scramble shRNA control). For miRNA array 
studies of MCF-7, MDA-MB-231 and LCC9 cells, Affymetrix 
GeneChip miRNA 3.0 arrays were used. For each treatment 
group (BLID shRNA knockdown  vs.  isogenic scramble 
shRNA control), three miR arrays were used. The RNA arrays 
and microRNA arrays data were generated, processed and 
analyzed at GESR as described previously (24).

Antibody microarrays. The antibody microarrays (Antibody 
Microarray 507; Clontech, Takara Bio, Inc.) were used for 
proteomics studies of the BLID knockdown MCF-7, MDA-MB-
231 and MDA-MB-468 cells as detailed in earlier (25,26). 
Data were obtained from three antibody microarrays per treat-
ment group (BLID shRNA knockdown vs. isogenic scramble 
shRNA control). The antibody microarray data were gener-
ated, processed and analyzed according to the manufacturer's 
instructions (Antibody Microarray 507, Clontech, Takara 
Bio, Inc.) as described previously (25). Briefly, samples were 
labeled with Cy3, and applied on the microarray together 
with a mixture of cell proteins labeled with Cy5 as the 
‘gold-standard’. Each sample was incubated with a 507 feature 
antibody microarray, washed, and the bound proteins were 
assayed on a sensitive fluorescence reader. Data from four 
independent technical replicates of each sample was used to 
perform statistical tests to evaluate the statistical significance 
of the results. Both sample and ‘gold-standard’ intensities 
were normalized to the respective median for each array. 
Protein intensities were corrected for spot variations by using 
the Cy5-labeled ‘gold-standard’ intensity on the same spot. 
Since the exact same ‘gold-standard’ was used for all samples 
the ratio of Cy3 to Cy5 intensities gave the ratio of sample 
to ‘gold-standard’ for each individual spot. These corrected 
values were used to calculate the ratios as well as the P-values 
for the significance of the difference between the experimental 
and isogenic control groups for each protein on the array.

Ingenuity Pathway Analyses of the RNA arrays and antibody 
microarrays datasets were performed to identify significant 
functional categories, canonical pathways, and connectivity 
maps affected in BLID knockdown breast cancer cells.

Kaplan-Meier and receiver operating characteristic (ROC) 
analyses. The Kaplan-Meier plotter analysis was performed 
to assess the association between BLID expression and overall 
survival of patients with breast cancer and other types of 
cancers. Kaplan-Meier plotter (Kaplan-Meier plotter) is a 
publicly available, online survival analysis tool to test the asso-
ciation between the expression of 30,000 genes and survival 
in samples from 21 tumor types (27-31). An Auto best cut-off 
option was used to compute all possible cut-off values to get 
the best performing threshold in survival analysis. The BLID 
gene name was entered and the best cut-off point was selected, 
the comparison result between the high and low BLID expres-
sion groups was displayed with a 95% confidence interval, risk 
ratio and log-rank P-value.

The correlation of BLID expression and treatment 
response was evaluated based on the ROC curve, calculating 
the area under the curve (AUC) using the ROC-plotter tool 
(https://rocplot.com/). The ROC plotter is an online tran-
scriptome-level tool for predicting biomarkers of treatment 

outcome (32,33). In addition to a P-value and an AUC value, 
the strongest cutoff is available for best discrimination 
between responder and non-responder patients. True positive 
rate (TPR) informs how well a model identifies true posi-
tive cases while true negative rate (TNR) shows how well it 
identifies true negative cases. The JetSet tool was selected 
to identify the optimal microarray probe set to represent 
BLID. The BLID gene was entered and ROC analysis was 
performed to determine the complete pathological response of 
patients with breast cancer to treatment with anthracyclines. 
Furthermore, the correlation between BLID expression and 
melanoma response to any immune checkpoint inhibitor 
therapy was interrogated.

Statistical analysis. The GraphPad Prism software (Dotmatics) 
was used to perform the tests for statistical significance. For 
comparison between two groups, statistically significant 
differences were determined using a 2-tailed, unpaired 
Student's t-test. For comparison between more than two 
groups, one-way ANOVA with Tukey's multiple-comparison 
test was used. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Chemotherapeutic drugs stimulate BLID expression. First, 
the effects of several drugs on endogenous BLID mRNA 
expression levels in breast cancer cells were assessed. The 
time-course and dose-response analyses revealed prolonged 
induction of BLID mRNA expression, albeit to varying extents, 
in MCF-7 and T47D breast cancer cells treated with DXR, 
DTX or 5-FU (Figs. 1, S1 and S2). Overall, a 2-3-fold maximal 
induction of BLID expression was observed with all three 
drugs in both cell lines. Similar observations were made in 
MCF-7 cells treated with PTX (Fig. S2). The BLID luciferase 
reporter activity was also increased 2-6-fold following DXR, 
PTX, DTX or Cis treatment (Figs. S3-S5). Collectively, these 
results demonstrate that BLID expression was significantly 
induced in breast cancer cells in response to a wide range of 
chemotherapeutic drugs (P<0.05).

BLID is a target of pro-apoptotic transcription factor 
FOXO3a. The binding sites for FOXO proteins, including 
FOXO3a, in the BLID promoter are shown in Fig. S3A. Next, 
whether BLID was a downstream effector of FOXO3a was 
evaluated. As shown in both the ChIP-PCR and ChIP-qPCR 
assays, treatment of MCF-7 cells with DXR or PTX increased 
the binding of FOXO proteins to the BLID promoter (Fig. 2). 
Furthermore, knockdown of FOXO3a was associated with 
reduced BLID mRNA and protein expression, and a ~ 3-fold 
decrease in DXR-induced BLID luciferase reporter activity 
(Fig. S6). These data support the notion that BLID is a drug-
inducible target downstream of FOXO3a.

BLID knockdown is associated with reduced cytotoxicity 
following treatment with chemotherapeutic drugs. MCF-7 
and MDA-MB-231 cells were transfected with one of the five 
different BLID shRNA lentiviral clones or scramble shRNA 
(Scr) (pLKO.1-TRC) and BLID knockdown was determined 
by western blot. As shown in Fig. 3A and B, transfection with 
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BLID shRNA clone 47 (sh47) resulted in ~90% knockdown of 
BLID expression compared with scramble shRNA in both cell 
lines. Furthermore, BLID knockdown resulted in increased 
cell viability in cells treated with DXR in a dose-dependent 
manner in both cell lines (Fig. 3C). Similar observations were 
made in BLID knockdown MCF-7 cells exposed to 5-FU, PTX 
or ETO (Fig. 3D).

A tumor-targeting immunoliposomal nanocomplex delivery 
system (<300 nm) consisting of anti-transferrin receptor single 
chain (TfRscFv) antibody fragment and cationic liposome (the 
scL delivery system) has been successfully used to deliver func-
tional P53 cDNA (scLP53) in vitro and in vivo to tumor cells and 
tumor tissues (34,35). The scL immunoliposomes were used to 
formulate the BLID cDNA nanocomplex (scLBLID). In vitro 
chemosensitization against DTX and DXR was observed in 
two hormone refractory breast cancer cell lines SKBr3 and 
MDA-MB-231 (Table SI). To further show the role of BLID 
as a potent chemosensitizer, the chemosensitization effect of 
scLBLID was compared with scLP53 in MDA-MB-231 cells. 
Remarkably, BLID-induced chemosensitization effect in 
MDA-MB-231 breast cancer cells exceeded that from P53 (DTX: 
scLBLID vs. scLP53, ~1.6-fold; DXR: scLBLID vs. scLP53, 
~3.6-fold) (Table SII). These results show that BLID is a 
prominent determinant of breast cancer sensitivity to several 
mainstream chemotherapeutic drugs.

Multi-omics analysis of BLID-mediated effectors and biofunc-
tions in breast cancer cells. To understand the effect of BLID 
deficiency on the molecular mechanisms underlying breast 
cancer survival and response to therapy, we investigated the 
‘omics’ profiles of four breast cancer cell lines. Specifically, 
the RNA array profiles and miRNA array profiles of BLID 
knockdown and isogenic control were compared in MCF-7, 
LCC9 and MDA-MB-231 cell lines, and the antibody array 
profiling was performed using BLID knockdown and isogenic 
control MCF-7, MDA-MB-231 and MDA-MB-468 cells.

Tables SIII and SIV show the BLID-regulated mRNAs 
and Tables  SV-SVII show the BLID-regulated proteins. 
Additionally, potential networks in which these effectors are 
implicated were established. Representative networks are shown 
in Figs. S7 and S8. The top-ranked events (mRNAs/proteins) 
consistently associated with BLID knockdown in two or 
more cell lines were curated as shown in Tables SVIII-SXII. 
Furthermore, upregulation of seven miRs (hsa-miR-27a, hsa-
miR-4649-5p, hsa-miR-3187-3p, hsa-miR-3141, hsa-miR-3196, 
hsa-miR-4466, hsa-miR-4497), and downregulation of one 
miR (has-let-7g) was observed in two or more BLID knock-
down breast cancer cell lines (Table SXIII). Collectively, 
these data point to three functionally distinct classes of effec-
tors that are predominantly influenced in BLID knockdown 
cells compared with the isogenic control cells: 1) Genes and 

Figure 1. Effect of chemotherapeutic drugs on BLID expression. Treatment with chemotherapeutics increased BLID mRNA expression in (A) MCF-7 and 
(B) T47D breast cancer cells. Data were normalized to GAPDH, and the fold change in BLID expression was calculated relative to normalized vehicle control. 
Data are presented as the mean ± SD of two to three replicates with two to three experimental repeats per treatment group. All y-axes denote BLID mRNA 
expression (fold change vs. vehicle). *P<0.05 (vs. vehicle treatment at the time corresponding to the corresponding experimental treatment time period). DXR, 
doxorubicin; DTX, docetaxel; 5-FU, 5-fluorouracil; BLID, BH-3 like motif containing inducer of cell death.
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proteins associated with cell death and survival, cellular 
movement and proliferation (for example BIRC3/cIAP2, 
PIK3CA/p110α, DFNA5/GSDME, AKAP12, CHRDL1, 
CSF1, TP73, THBS1 and miR-27a), 2) members of the aldo-
ketoreductase family 1 associated with drug metabolism (for 
example AKR1C1, AKR1C2 and AKR1C3), and 3) effectors of 
interferon signaling and inflammatory responses (for example 
IFNB1/IFNβ1, IFNL2, IFIT1, IFIT2, IFIT3, IFI44L, IFI6, 
XAF1, RSAD2 and PRKX).

A subset of 13 effectors, shown in Tables I and 
II, was selected for further validation. The upregula-
tion of cIAP2/BIRC3, PIK3CA/p110α, CSF1, AKR1C3, 
IFNB1/IFNβ1, IFIT2, IFIT3 and XAF1, and downregulation 
of DFNA5/GSDME, AKAP12, CHRDL1, TP73 and PRKX 
was confirmed by RT-qPCR and/or western blotting in one or 
more breast cancer cell lines (Figs. 4, 5 and S9). Upregulation 
of cIAP2/BIRC3, initially observed in the RNA array studies 
of MDA-MB-231 cells (Table I), was verified in these cells by 

Figure 2. Chemotherapeutics induce binding of FOXO proteins to the BLID promoter in MCF-7 cells. Cells were treated with (A) DXR or (B) PTX (+) or a 
vehicle control (-) as shown, and ChIP-PCR was subsequently performed as shown in the middle panels in (A and B). The left panels in (A and B) show input 
PCR. The ChIP-PCR assay controls tested were chromatin immunoprecipitated with RNA-Pol II antibody, mouse IgG or rabbit IgG, and using GAPDH or 
BLID/S1 primers as shown in the right panels in (A and B). (C) ChIP-qPCR. A total of 50 ng of the bound DNA fraction or input DNA was used for qPCR. 
qPCR data were normalized to input DNA. Data are presented as the mean ± SD of two to three replicates with two to three experimental repeats per treatment 
group. *P<0.05 (compared with vehicle treatment at the time corresponding to the corresponding experimental treatment time period). DXR, doxorubicin; 
PTX, paclitaxel; IP, immunoprecipitation; ChIP-PCR, chromatin immunoprecipitation-PCR; qPCR, quantitative PCR; RNA Pol-II, RNA polymerase II; 
prom., promoter; IgG, immunoglobulin G; BLID, BH-3 like motif containing inducer of cell death.
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western blotting. Treatment with birinapant, a SMAC-mimetic, 
reduced cIAP1 expression in both the control and BLID knock-
down cells. In contrast, cIAP2/BIRC3 expression was seen in 
BLID knockdown cells and was increased (>2-fold) in the 
presence of birinapant (Fig. 5B). Similarly, downregulation of 
DFNA5/GSDME expression in BLID knockdown MDA-MB-
231 cells was validated using RT-qPCR and western blotting 
(Figs.  4B and  5B). Increased expression of AKR1C3 and 
PIK3CA/p110α was verified in BLID knockdown models 
of MCF-7 (Figs. 4 and 5) and LCC9 cell lines (Fig. S9). In 
addition, the upregulation of IFIT2 and CSF1, and downregu-
lation of AKAP12 and TP73 mRNAs was confirmed in the 
BLID knockdown MDA-MB-231 and LCC9 cells (Figs. 4B 

and S9). Interestingly, cIAP2/BIRC3 was also noted as one of 
the proteins in the STRING-generated BLID protein-protein 
interaction network (Fig. S10).

Cell death and survival, cellular movement, and cellular 
growth and proliferation emerged as the topmost biofunc-
tions in both the BLID-mediated RNA array and antibody 
microarray datasets from MCF-7 and MDA-MB-231 cell lines 
(Tables  III, SXIV and SXV). Cell death and survival was 
also identified as a significant BLID-regulated process in the 
LCC9 RNA array (Table SXIV) and MDA-MB-468 antibody 
microarray datasets (Table SXV). Incidentally, BLID mRNA 
is expressed in most normal human tissues and absent in 
several human cancer cell lines (Fig. S11). miR-27a expression, 

Figure 3. BLID knockdown in breast cancer cells decreases the sensitivity to chemotherapeutic drugs. (A) Knockdown of BLID expression was confirmed 
using western blotting. Cells were transfected with the indicated BLID shRNA lentiviral clone or Scr and the cell lysates were analyzed by western blotting 
using anti-BLID antibody (dilution, 1:10,000). The same blot was also probed with anti-α-Tubulin (dilution, 1:1,000). Data were semi-quantified as shown in 
the right panel. (B) Knockdown of BLID expression using the sh47 lentiviral clone was further validated using western blotting. The same blot was also probed 
with anti-GAPDH antibody (dilution, 1:500). (C) Drug dose response. Following BLID knockdown, cells were treated with DXR or vehicle (DMSO) for 24 h 
and cell viability was assessed using an XTT cell viability assay. The x-axis title of the top graph is identical to that of the bottom graph. Data are presented 
as the mean ± SD from two to three independent experiments with each data point representing six wells. (D) Left panel: Drug response of MCF-7 cells stably 
expressing BLID shRNA (sh47) or control scrambled shRNA. Cells were treated with 10 µM 5-FU, 50 nM PTX or 5 nM ETO for 24 h and cell viability was 
measured. Solid bars, BLID shRNA; empty bars, control scrambled shRNA. Right panel: Reverse transcription-quantitative PCR analysis showing BLID 
knockdown in BLID shRNA (sh47) vs. scrambled control shRNA-transfected MCF-7 cells. β-Actin served as the housekeeping gene. *P<0.05, **P<0.01, n=3. 
shRNA/sh, short hairpin RNA; Scr, scrambled control shRNA; Ctl, control; DXR, doxorubicin; 5-FU, 5-fluorouracil; PTX, paclitaxel; ETO, etoposide; BLID, 
BH-3 like motif containing inducer of cell death.
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Table I. RNA array analysis-based identification of a subset of genes modulated in BLID shRNA- vs. scrambled control shRNA-
transduced breast cancer cells.

A, MCF-7 cells

	 Fold change
	 (BLID shRNA vs.
Gene symbol (Gene name; RefSeq accession number)	 scrambled shRNA)	 P-value

IFIT2 (interferon-induced protein with tetratricopeptide repeats 2; NM_001547)	 +17.0637	 1.70x10-9

IFIT3 (interferon-induced protein with tetratricopeptide repeats 3; NM_001031683)	 +16.6726	 2.05x10-9

AKR1C3 (aldo-keto reductase family 1; NM_001253908)	 +12.5724	 1.86x10-7

IFNB1 (interferon, β1; NM_002176)	 +10.0024	 1.08x10-11

XAF1 (XIAP associated factor 1; NM_017523)	 +5.8702	 4.50x10-9

PRKX (Protein kinase, X-linked; NM_005044)	 -2.1364	 6.92x10-9

B, MDA-MB-231 cells

	 Fold change
	 (BLID shRNA vs.
Gene symbol (Gene name; RefSeq accession number)	 scrambled shRNA)	 P-value

cIAP2 (cellular inhibitor of apoptosis 2; BIRC3, Baculoviral IAP repeat	 +4.3664	 3.46x10-10

containing 3; NM_001165)
CSF1 (colony stimulating factor 1; NM_000757)	 +3.6480	 1.03x10-10

AKAP12 [a kinase (PRKA) anchor protein 12; NM_005100]	 -5.4342	 2.79x10-8

DFNA5 (deafness, autosomal dominant 5; GSDME, gasdermin E; NM_001127453)	 -3.8540	 1.01x10-10

CHRDL1 (chordin-like 1; NM_001143981) 	 -3.4327	 8.40x10-13

PRKX (protein kinase, X-linked; NM_005044)	 -2.2756	 1.99x10-9

The subset of genes above shows genes for which modulation of expression in BLID shRNA knockdown cells was subsequently verified by 
reverse transcription-quantitative PCR/immunoblotting in one or more breast cancer cell lines (Figs. 4, 5 and S9). Significant upregulation 
of IFIT2, IFIT3 and XAF1, and downregulation of PRKX was also detected in RNA array analysis of BLID shRNA knockdown LCC9 
cells vs. scrambled control cells (Table SIX). P<0.05 was considered to indicate a statistically significant difference. shRNA, short hairpin 
RNA; RefSeq, Reference Sequence database; BLID, BH-3 like motif containing inducer of cell death; +, upregulated; -, downregulated.

Table II. Antibody array analysis-based identification of a subset of proteins modulated in BLID shRNA- vs. scrambled control 
shRNA-transduced breast cancer cells.

A, MCF-7 cells

Encoding gene symbol, Swiss-Prot ID (encoding gene name)	 Fold change (BLID shRNA vs. scrambled shRNA)

PIK3CA, P42336 (phosphoinositide-3-kinase, catalytic, α polypeptide)	 +2.7±0.5

B, MDA-MB-231 cells

Encoding gene symbol, Swiss-Prot ID (encoding gene name)	 Fold change (BLID shRNA vs. scrambled shRNA)

TP73, O15350 (tumor protein p73)	 -2.5±0.3

The subset of genes above reflects encoding genes for which modulation of expression in BLID shRNA knockdown cells was subsequently 
verified by immunoblotting/reverse transcription-quantitative PCR in one or more breast cancer cell lines (Figs. 5 and S9). PIK3CA upregula-
tion was also detected in antibody array analysis of BLID shRNA knockdown MDA-MB-468 cells vs. scrambled control cells (Table SVII). 
shRNA, short hairpin RNA; Swiss-Prot ID, Swiss-Prot protein database identification; BLID, BH-3 like motif containing inducer of cell death; +, 
upregulated; -, downregulated.
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Figure 4. RT-qPCR validation of changes in expression of a subset of genes following BLID knockdown. RT-qPCR analysis of several genes in (A) MCF-7 
and (B) MDA-MB-231 cells. β-Actin served as the internal control. (A) The y-axis title of the middle graph is identical to the y-axis title of the left graph. 
(B) The y-axis title of the middle-left graph is identical to the y-axis title of the far-left graph. *P<0.05 and **P<0.01 (BLID shRNA vs. the corresponding Scr 
shRNA group), n=3. shRNA, short hairpin RNA; Scr, scramble control; Ctl, control; RT-qPCR, reverse transcription-quantitative PCR; BLID, BH-3 like motif 
containing inducer of cell death.

Figure 5. Validation of changes in the expression of a subset of genes in BLID-knockdown breast cancer cells. (A) PI3K-p110α protein expression was increased 
in BLID shRNA knockdown MCF-7 cells. (B) Left panel: cIAP2/BIRC3 protein expression was increased and DFNA5 expression was decreased in the BLID 
knockdown MDA-MB-231 cells in the absence or presence of Biri (50 µM; 6 h). Right panel: Reverse transcription-quantitative PCR analysis of BLID expres-
sion in MDA-MB-231 cells treated with BLID siRNA or Ctl siRNA. Gene expression was normalized to β-actin as an internal control. **P<0.01 vs. Ctl siRNA, 
n=3. shRNA, short hairpin RNA; siRNA, small interfering RNA; Ctl, control; Biri, birinapant; BLID, BH-3 like motif containing inducer of cell death; cIAP, 
cellular inhibitor of apoptosis protein; XIAP, X-linked inhibitor of apoptosis protein.
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previously shown to be associated with poor prognosis and 
chemoresistance in TNBC (36), was found to be upregulated 
in BLID knockdown MDA-MB-231, MCF-7 and LCC9 cells 
(Table SXV).

The genome and proteome-wide effects of BLID defi-
ciency observed in multiple breast cancer models, albeit in 
a cellular context-dependent manner, may have far reaching 
implications since the publicly available RNA-seq and mRNA 
datasets show that downregulated expression of BLID is 
significantly correlated with lower survival probability not 
only in breast cancer but also in liver, kidney and lung cancers 
(all P<0.05) (Figs. 6 and 7). The computed median survival 
was as follows: Breast Cancer, not available; hepatocellular 
carcinoma, low BLID expression cohort 27.9 months and high 
BLID expression cohort 82.87 months; renal clear cell carci-
noma, low BLID expression cohort 57.47 months and high 
BLID expression cohort 120.5 months; and lung cancer, low 
BLID expression cohort 52 months and high BLID expression 

cohort 95 months. Consistent with the role of BLID in breast 
cancer cell chemosensitivity, BLID appeared to be a predictive 
biomarker of breast cancer response to anthracyclines. In this 
context, BLID gene expression was increased ~1.5 fold in the 
anthracycline responder cohort (Fig. 8). BLID expression was 
also indicative of melanoma response to immune checkpoint 
inhibitor therapy (Fig. S12).

Discussion

This study is the first to report that BLID is a drug-inducible 
downstream effector of pro-apoptotic transcription factor 
FOXO3a, and BLID-deficient breast cancer cells exhibit 
decreased cytotoxicity of chemotherapeutic drugs. Accordingly, 
we propose that a dysfunctional drug/FOXO3a/BLID axis 
imparts drug resistance in invasive breast cancer. BLID 
knockdown was found to influence prominent effectors of cell 
death and survival, as well as drug metabolism. Of particular 

Figure 6. BLID is a significant prognostic biomarker in breast and liver cancer as shown by Kaplan-Meier plotter analysis. BLID, BH-3 like motif containing 
inducer of cell death; RNA-seq, RNA sequencing; FDR, false discovery rate; HR, hazard ratio.

Table III. Summary of top biofunctions in which BH-3 like motif containing inducer of cell death (BLID)-centric mRNAs and 
proteins are implicated in breast cancer cells.

	 RNA array analysis P-value (range)	 Antibody array analysis P-value (range)
	 -----------------------------------------------------------------------------------------	 ------------------------------------------------------------------------------------------
Disease/biofunction	 MCF-7 cells	 MDA-MB-231 cells	 MCF-7 cells	 MDA-MB-231 cells

Cell death and survival	 4.70x10-3-1.17x10-9	 1.14x10-2-1.14x10-6	 2.98x10-3-3.32x10-10	 3.85x10-3-1.77x10-10

Cellular movement	 4.81x10-3-1.37x10-8	 1.18x10-2-5.92x10-13	 2.98x10-3-4.40x10-8	 3.85x10-3-3.31x10-5

Cellular growth and	 4.63x10-3-2.34x10-6	 1.09x10-2-4.19x10-9	 3.03x10-3-3.78x10-6	 3.85x10-3-9.28x10-6

proliferation

Similar observations were made in RNA array analysis of LCC9 cells (Table SXIV) and antibody array analysis of MDA-MB-468 cells 
(Table SXV). P<0.05 was considered to indicate a statistically significant difference.
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note, several of the transcriptomics and proteomics effects of 
BLID-deficiency were consistently seen and further validated 
in two or more models of breast cancer cells. These include 
upregulation of PIK3CA/p110α, AKR1C3, IFIT2 and CSF1, 
and downregulation of AKAP12 and TP73. Additionally, cell 
death and survival emerged as a highly significant BLID-
mediated biofunction in all four breast cancer cell lines tested 
(MCF-7, MDA-MB-231, LCC9 and MDA-MB-468).

Focusing on cI A P2/ BI RC3,  DF NA5/GSDME, 
PIK3CA/p110α and AKR1C3, four of the downstream effectors 
of BLID revealed in this study, we posit below new fundamen-
tals of breast cancer biology and treatment response. Genotoxic 
stress is known to induce the release of SMAC from mito-
chondria and SMAC in-turn promotes apoptosis by binding to 
cIAP1 and cIAP2/BIRC3, enhancing their autoubiquitination 
and degradation (37). Overexpression of cIAP2/BIRC3 has 

Figure 7. Kaplan-Meier analysis of the relationship between BLID expression and overall survival probability in patients with kidney and lung cancer. BLID, 
BH-3 like motif containing inducer of cell death; RNA-seq, RNA sequencing; FDR, false discovery rate; HR, hazard ratio.

Figure 8. ROC plotter analysis of the predictive response of breast cancer to anthracyclines. ROC P=1.8x10-5. ROC, receiver operating characteristic; AUC, 
area under the curve; TPR, true positive rate; TNR, true negative rate; BLID, BH-3 like motif containing inducer of cell death.
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been associated with chemoresistance (38,39). The results of 
the present study showing high expression of cIAP2/BIRC3 in 
BLID knockdown cells in the absence or presence of a SMAC 
mimetic point to a link between loss of BLID, increased stabili-
zation of cIAP2/BIRC3 protein and chemoresistance. Notably, 
enhanced expression of cIAP2/BIRC3 has been identified as 
an anti-apoptotic defense mechanism, limiting the efficacy 
of α-PD1 therapy in TNBC (40). It remains to be determined 
whether cIAP2/BIRC3 antagonist improves the effectiveness 
of immunotherapy in patients with BLID-negative subset of 
TNBC.

DFNA5/GSDME, a member of the pore-forming 
Gasdermin family, plays a critical role in programmed 
secondary necrosis or pyroptosis  (41,42). Relatively high 
expression of DFNA5/GSDME seems to bypass apoptosis, and 
chemotherapeutics are known to induce pyroptosis (43,44). 
The decrease in DFNA5/GSDME expression observed in 
BLID knockdown MDA-MB-231 cells suggests that apoptosis-
resistant and BLID-positive TNBC are more likely to succumb 
to DFNA5-mediated pyroptosis.

Hyperactivation of the PI3K pathway abrogates hormone 
dependence in ER+ breast cancer (45). In the present study, 
upregulated p110α expression was observed in BLID knock-
down MCF-7, LCC9 and MDA-MB-468 cells. Thus, we 
hypothesize that increased expression of p110α in BLID nega-
tive breast cancer may serve as a potential therapeutic target or 
as a predictive biomarker for patient stratification, ultimately 
resulting in an improved response to a growing number of 
p110α-targeted drugs (46).

The data presented here suggest that BLID is an impor-
tant player in the regulation of aldo-keto reductases and drug 
metabolism. The aldo-keto reductase isoform AKR1C3 is a 
well-known druggable target because of its role in detoxification 
of chemotherapeutic drugs (47-49). The increased expression 
of AKR1C3 observed in BLID knockdown cells highlights 
AKR1C3 as a viable target in BLID-deficient breast cancer 
cells.

BLID was found to be associated with interferon-
responsive signals. Specifically, high expression of IFNβ1 and 
IFN-induced proteins with tetratricopeptide repeats (IFIT1, 
IFIT2, IFIT3) was observed in BLID knockdown MCF-7 
and LCC9 cells. IFNβ signaling is correlated with improved 
survival and inversely correlated with a cancer stem cell gene 
signature in patients with TNBC, but not in patients with 
luminal breast cancers (luminal A and B) (50-52). While IFITs 
are primarily implicated in innate immunity, antiviral immune 
response, and inflammatory response (53), recent studies have 
revealed drug resistance activity of IFIT3 (54). Other reports 
suggest that high levels of immune checkpoint PD-L1 promote 
sustained expression of IFNβ in cancer cells (55). Furthermore, 
a combination of an immune checkpoint inhibitor and chemo-
therapy is the first-line therapy recommended for patients with 
triple-negative, PD-L1-positive breast cancer (56). ROC plotter 
analysis of BLID showed a correlation between BLID expres-
sion and melanoma response to immune checkpoint inhibitor 
therapy. Future investigations are required to discern whether 
PD-L1 is a suitable target in IFNβ positive, IFIT1/IFIT3 
expressing BLID-negative breast cancer.

Finally, upregulation of miR-27a was observed in the three 
BLID knockdown breast cancer cells tested (MDA-MB-231, 

MCF-7 and LCC9). It has been previously reported that miR-27a 
expression is associated with poor prognosis and chemore-
sistance in TNBC, and miR-27a targets FOXO3a  (36,57). 
Whether the FOXO3a/BLID axis also functions as a positive 
feedback regulatory mechanism in sustained activation of 
FOXO3a via downregulation of miR-27a remains unknown. 
Downregulation of let-7g miRNA was observed in MCF-7 and 
LCC9 models of BLID knockdown breast cancer cells, and 
reduced expression of let-7g is correlated with breast cancer 
invasion and metastasis (58).

In summary, we have demonstrated that BLID is a novel 
drug-inducible target of FOXO3a, and BLID knockdown 
breast cancer cells are resistant to chemotherapeutic drugs. 
The unbiased multi-omics profiling studies have revealed 
targetable BLID-centric effectors associated with breast 
cancer cell death, survival, proliferation, drug metabolism, or 
inflammatory processes, albeit in a cellular context-dependent 
manner. The lack of validation of the mechanisms regulating 
multiple effectors downstream of BLID including cIAP2 and 
miR-27a is a limitation of this study and an area for future 
study. Further research is also necessary to determine the 
functions of BLID in clinically-relevant models of various 
subtypes of breast cancer. In the long-term, these studies may 
facilitate disease prognosis and patient stratification toward 
the goal of improved treatment strategies for a subset of 
invasive breast cancer.
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