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Abstract

Immune adaptor protein like STING/MITA regulate innate immune response and plays a critical role in inflammation in the
tumor microenvironment and regulation of metastasis including breast cancer. Chromosomal instability in highly metastatic
cells releases fragmented chromosomal parts in the cytoplasm, hence the activation of STING via an increased level of cyclic
dinucleotides (cDNs) synthesized by cGMP-AMP synthase (cGAS). Cyclic dinucleotides 2° 3’-cGAMP and it’s analog
can potentially activate STING mediated pathways leading to nuclear translocation of p65 and IRF-3 and transcription of
inflammatory genes. The differential modulation of STING pathway via 2’ 3’-cGAMP and its analog and its implication
in breast tumorigenesis is still not well explored. In the current study, we demonstrated that c-di-AMP can activate type-1
IFN response in ER negative breast cancer cell lines which correlate with STING expression. c-di-AMP binds to STING
and activates downstream IFN pathways in STING positive metastatic MDA-MB-231/MX-1 cells. Prolonged treatment of
c-di-AMP induces cell death in STING positive metastatic MDA-MB-231/MX-1 cells mediated by IRF-3. c-di-AMP induces
IRF-3 translocation to mitochondria and initiates Caspase-9 mediated cell death and inhibits clonogenicity of triple-negative
breast cancer cells. This study suggests that c-di-AMP can activate and modulates STING pathway to induce mitochondrial
mediated apoptosis in estrogen-receptor negative breast cancer cells.

Keywords Stimulator of interferon gene (STING) - Cyclic GMP AMP synthase (cGAS) - Interferon regulatory
factor3 (IRF-3) - Apoptosis - Cyclic dinucleotides (cDNs)

Introduction

The crosstalk between tumor cells, infiltrating immune cells
and stroma in breast cancer tumor microenvironment (TME)
provides an optimal niche for the growth and proliferation
of cancer cells [1]. Hypoxic TME of solid tumors promotes
the clonal evolution of the cancer cells which leads to the
progression of the tumor [2]. Hypoxic TME can also induce
necrotic cell death leading to the release of intrinsic danger-
associated molecular patterns (DAMPs), which can activate
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innate immune response [3]. The activation of the innate
immune system and its regulation during tumorigenesis is
emerging [4] however, its role in the acquisition of tumori-
genic phenotype, its physiological and chemical modifiers
are not well understood.

Our previous reports demonstrated that innate immune
regulators are uniquely positioned at mitochondria which
in turn links the inflammatory pathways and metabolism,
hence playing an important role in the metabolic adaption
of tumor cells [5]. STING (Stimulator of interferon gene)
is also known as MITA, MPYS, TMEM 173 is localized
at the ER/mitochondria contact site and is a major regu-
lator of the type I immune response. Interestingly, STING
is differentially expressed in ER/PR positive and negative
breast cancer patients, therefore can differentially regulate
inflammatory cell death [6]. The implication of increased
level of STING in triple-negative breast cancer cells and
association with metastasis and resistance to cell death is
not well understood.
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The release of nuclear DNA in cytoplasm, either in highly
proliferating cells or stressed solid TME is sensed by cyclic
GMP-AMP synthase (cGAS) which adds phosphate bond
between the 2 and 3 carbons of GMP and AMP nucleotide
[7], hence synthesis of 2’ 3’-cGAMP, a ligand for the innate
immune receptor STING. The binding of 2° 3’-cGAMP to
STING activates downstream signalling and recruits TBK-1
which phosphorylates the inflammatory transcription fac-
tors IRF-3 and p65 [8], leading to increased level of type-I
IFN, and other chemokines [9]. Type-I IFNs are pleiotropic
cytokines and are known for their anti-tumor effects [10].
In the tumor microenvironment (TME), type-I IFN may
stimulate dendritic cells maturation, and activation of cyto-
toxic T-lymphocytes and enhancement of memory T-cell
survival which are characteristics of anti-tumor cytokines
[11]. Breast cancer metastasis and TME are majorly asso-
ciated with type-1 immune response. The lack of type -1
immune response helps tumor cells to escape from the
immune-mediated anti-tumor response [12]. Decreased
infiltration of CD8+ T lymphocyte in TME is associated
with poor prognosis in cancer [13]. Activation of the IFN
pathway in tumor cells recruits CD8+ T lymphocytes and
enhances anti-tumor immunogenic response [14]. Hence
stimulation of the cGAS-STING-IFN pathway has become
a central target for the development of anticancer therapeu-
tics [11]. The cDNs produced by intracellular pathogens can
also activate STING-mediated innate immune and inflam-
matory response [15]. Since cGAMP is an endogenous
molecule hence its level may be altered by several feedback
mechanisms hence its signaling strength may determine its
potential outcome in different pathological conditions [16,
17]. Therefore the potential of other cDNs molecules for
activation of cGAS/STING/IFN pathway should be inves-
tigated further for an anti-tumorigenic response. c-di-AMP
produced by Listeria monocytogenes in host cells activates
type-1 immune response via STING and IRF-3 [18]. Simi-
larly, intracellular infection of Chlamydia synthesizes cyclic
di-AMP (c-di-AMP), which also acts as a ligand for STING
that activates IFN responses during infection [19].

Though cyclic di-nucleotides of prokaryotic origin can
effectively stimulate STING signaling and activate the down-
stream pathway [20], their potential as modulators of tumor
cell survival and death mediated by STING pathway had not
been explored. In the current study, we demonstrate that bac-
terial origin c-di-AMP, the analogue of cGAMP, activates
STING mediated type-1 immune response and cell death in
estrogen- receptor negative breast cancer cells. Moreover,
the c-di-AMP induced cell death directly correlates with
STING expression in breast cancer cells. c-di-AMP treated
cells show caspase activation and PARP cleavage in STING
expressing cell line independent of cGAS expression. Fur-
ther c-di-AMP induces IRF-3 translocation to mitochondria
to induce cell death.
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Materials and methods
Cells line maintenance and culture

MCF-7, T-47D, ZR75, BT-474, MDA-MB-231 purchased
from ATCC. MCF-7 cultured in EMEM media while T-47D,
ZR75 and BT-474 maintained in RPMI medium. MX-1
obtained from CLS, Germany and cultured in F12K media.
MDA-MB-231 was cultured in Leibovitz’s L-15 media
(HI-MEDIA, India). The media used were supplemented
with 10% FBS (Life Technologies, USA) and 1% penicillin,
streptomycin, and neomycin (PSN) antibiotic mixture (Life
Technologies, USA). Cells were incubated at 37 °C, 5% CO,
in specified media. All cell lines were checked for myco-
plasma contamination by Universal Mycoplasam detection
kit ATCC.

Plasmids and reagents

STING cloned in pCMV6 ENTRY plasmid was gift from
Dr. Hong Bing Su (Wuhan University China), p65-shRNA
and control shRNA were received from Dr. Edurne Berra
Ramirez (Gene Silencing Platform, CICbioGUNE, Derio,
Spain). STING-shRNA and IRF-3-shRNA were a gener-
ous gift from Dr. Peter Chumakov (Engelhardt Institute of
Molecular Biology, Russian Academy of Sciences).

Primary antibody against STING was purchased from
Proteintech, USA, cGAS and HRP-conjugated secondary
anti-rabbit and anti-mouse antibodies were purchased from
Thermo Scientific, USA. Antibodies against PARP, Caspase
9, Caspase 3, and, NF-kB p65 were purchased from Cell
signalling, Inc., USA, 2’ 3’-cGAMP and c-di-AMP from
Sigma, Prestoblue™ cell viability reagent from Invitrogen,
USA and Caspase 3/7 luciferase reporter activity kit was
purchased from Promega, USA.

Generation of cGAS-sgRNA clones

cGAS-sgRNA clones were generated using protocol
described by Ran et al. [21]. The guide-RNAs targeting
the first exon of cGAS was designed using GPP sgRNA
Designer tool (Broad institute) [21]. sg-RNA-top and sg-
RNA-bottom strands were synthesized as described earlier
[21]. Synthesized oligos were annealed and cloned into BbsI
-linearized pSpCa9(BB)-2A-Puro (PX459) V2.0 vector.
cGAS-sgRNA clones were transformed into competent Stbl3
E. coli strain and transformants were screened by colony
PCR using U6 sequencing primer and sg-RNA-bottom. Posi-
tive clones were finally confirmed by Sanger sequencing.

cGAS:

5'caccgAGACTCGGTGGGATCCATCG'3.

5'aaacCGATGGATCCCACCGAGTCTc'3.
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Transfection

MCF-7, T-47D, ZR75, BT-474, MX-1 and MDA-MB-231
transfected with X-treamGENE (Sigma, USA) using manu-
facturer’s protocol.

Quantitative analysis of gene expression

Total RNA was isolated using Tri Reagent (Life Technolo-
gies, USA) and was reverse transcribed to synthesize cDNA
using Transcriptor First Strand cDNA synthesis kit (Roche,
Germany) or SuperScript VILO cDNA Synthesis Kit (Life
Technologies, USA) according to the manufacturer’s instruc-
tions. Real-time PCR was performed using SYBR Premix Ex
Taq TM (Takara, Japan) or SYBR mix (Life Technologies,
USA) or Applied Biosystems as per manufacturer’s instruc-
tions. Specific primers of the genes are listed below.

STING: Fwd 5'-CGCCTCATTGCCTACCAG-3';
Rev, 5'-ACATCGTGGAGGTACTGGG-3';
cGAS: Fwd 5'-GGGAGCCCTGCTGTAACACTTCTT
AT-3';
Rev 5'-CCTTTGCATGCTTGGGTACAAGGT-3';
B-Actin:  Fwd 5-TCGTGCGTGACATTAAGGGG-3';
Rev 5'-GTACTTGCGCTCAGGAGGAG-3';
GAPDH: Fwd 5-AGAAGGCTGGGGCTCATTTG-3;

Rev 5’AGGGGCCATCCACAGTCTTC 3.

Western blot

Cells were plated at a density of 4.5 x 10° cells/well in the
six-well plate and transfected with indicated expression
plasmid or shRNAs/sgRNA using X-treamGENE (Sigma,
USA). After 48 h of transfection, the cells were harvested,
washed with ice-cold PBS and lysed in buffer A (150 mM
NaCl, 30 mM Tris—Cl, 10% Triton X-100, 10% Glycerol,
1 X Protease Inhibitor (Roche, Germany). The equal pro-
tein was loaded and resolved on 11% SDS-PAGE. Protein
was electro blotted on PVDF membrane at 110 V for 1 h at
4 °C. The membrane was blocked with 5% blocking buffer
(5% non-fat dried milk and 0.1% Tween-20 in TBS) or 5%
BSA (BSA (Sigma-Aldrich, USA), 0.1% Tween-20 in TBS-
0.02 M Tris—Cl, 0.15 M NaCl) for 1 h at room temperature.
The membrane was incubated overnight with a specific pri-
mary antibody. After incubation, the membrane was washed
three times with TBS-T (TBS containing 0.1% Tween-20)
for 10 min and incubated with a secondary antibody at room
temperature for 1 h. The membrane was washed three times
with TBS-T and the signal was visualized by using EZ-ECL

chemiluminescence detection kit for HRP (Biological Indus-
tries, Israel) by exposing it to UVTEC gel documentation
system.

IFN-B and NF-kB luciferase assay

MCF-7, MX-1, BT-474and MDA MB 231 were seeded at
density of 1x 10° cells in 24 well-plated, next day co-trans-
fected with IFN-p firefly luciferase or NF-kB firely luciferase
using gene X-tream GENE (Sigma) and treated with 200 pM
c-di-AMP for 24 h IFN-f or NF-kb activity measured using
as per manufacturer’s instructions (Promega, USA).

Caspase 3/7 activity assay and Caspase 3/7 green
assay for microscopy

The activity was performed using Caspase-Glo® 3/7 Assay
kit (Promega, USA) or Caspase-Glo® 8 Assay kit (Promega,
USA). Cells were plated at the density of 4 x 10* cells per
well in 96 well in white clear-bottom plates and transfected
with indicated expression plasmids or shRNAs and respec-
tive controls. Caspase-Glo® 3/7 (10 pl) reagent was added
to each well and luminescence was measured with a Centro
LB 960 Luminometer (Berthold Technologies, Germany).
Caspase 3/7 green assay for microscopy performed as per
manufacturer protocol (Thermofisher, USA).

Cell growth inhibition assay and clonogenic assay

All cell lines were seeded at a density of 5000 cells/well in
96 well plates and treated with different concentrations of
c-di-AMP for 4 days. At the end of treatment, cell viability
was measured using Presto blue cell viability reagent (Inv-
itrogen, USA). The colonogenic assay has been performed
as described previously [22].

Molecular docking and cellular thermal shift assay

a) Binding of c-di-AMP with STING was further analysed
by Molecular Docking using Maestro ver11.9, Schrod-
inger Suite. Crystal structure of STING [4KSY (Homo
sapiens)] with a bound ligand having resolution 1.88 A
was retrieved from Protein Data Bank and prepared
using the Protein Preparation Wizard and minimized
using OPLS3e force field. All the heteroatoms and
water molecules were removed except the conserved
water molecules within 5 A and the hydrogen atoms
were added. Each structure was minimized for all-atom
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constrained minimization using Ligprep module with
OPLS3e force field

b) Cellular thermal shift assay MDA-MB 231 cells were
lysed in HBSS via three freeze—thaw cycles in liquid
nitrogen. Total protein was quantified and an equal pro-
tein (Cell lysate) was aliquoted into PCR tubes and incu-
bated with and without 30 pg/ml c-di-AMP for 1 h. After
incubation suspension was transferred into PCR tubes
subjected to specific temperature treatment for 3 min.
Precipitated protein was separated using centrifugation
at 17000xg for 20 min at 4 °C then supernatant of each
sample was collected and analyzed by western blot.

Fluorescent microscopy

MDA-MB-231 cells were seeded in an optical bottom
dish. After overnight incubation, the cells were imaged
using NIKON (Japan) Eclipse Ti2-E inverted fluorescent
microscope.

Results

c-di AMP induces STING mediated IFN pathway
in breast cancer cell lines

We investigated if c-di-AMP can activate the STING path-
way in breast cancer cells and modulate the IFN pathway.
Firstly, we monitored the expression of STING in ER-pos-
itive and negative breast cancer cells. The analysis of tran-
script level of cGAS by RT-qPCR (Fig. 1b) showed ubiqui-
tous expression in both ER-positive (MCF-7, T-47D, ZR75)
as well as negative breast cancer cell lines (MDA- MB- 231,
BT-474 and MX-1). In consonance with RT-qPCR data,
western blotting showed the expression of cGAS protein
in all selected breast cancer cells. Interestingly, we found
that STING mRNA expression was lower in ER- positive
breast cancer cell lines (MCF-7, T-47D, ZR75) compared
to ER- negative breast cancer cell lines (MDA- MB- 231,
BT-474 and MX-1) (Fig. 1a). Gene expression correlation
using TCGA database showed negative correlation between
STING and estrogen receptor. The r value is represented in
different color in different types of breast cancer (Fig. 1c).
In agreement with RNA expression, protein expression of
STING was undetectable in ER-positive breast cancer cell
lines (MCF-7, T-47D and ZR75), whereas, its expression
was high in ER-negative breast cancer cell lines (MDA- MB-
231, BT-474, MX-1) (Fig. 1d).

Further, we analyzed whether the STING-IFN pathway is
intact in breast cancer cell lines. MCF-7 cells (cGAS +ve/
STING —ve) and MDA-MB-231 (cGAS +ve/STING +ve)
were treated with c-di-AMP and monitored the activation
of both NF-kB and IFN pathway using luciferase assay.
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Interestingly c-di-AMP showed no activation of both NF-kB
and IFN pathways in MCF-7 whereas it activated both path-
ways in MDA-MB-231 cells (Fig. le, f). In further experi-
ments, we selected MDA-MB-231 as STING positive cell
line and MCF-7 as STING negative cell line. This further
suggests that the STING pathway is intact in MDA-MB-
231(cGAS +ve/STING +ve) and is inhibited in MCF-7 cells
(cGAS +ve/STING —ve) by downregulation of STING.

c-di-AMP binds to STING

As c-GAMP is known to bind to STING hence we hypoth-
esized its analog c-di-AMP may also bind to STING
expressed in human cells. To understand the binding of c-di-
AMP as compared to other dinucleotides with STING, we
performed docking of c-di-AMP with STING. The pyrimi-
dine ring of purine forms two hydrogen bonds with Arg238
of STING. The amino group on the pyrimidine ring forms
the hydrogen bond with Val239 which is bridged through
the conserved water molecule to Ser241 and the oxygen of
phosphate group forms the hydrogen bond and salt bridge
with Arg238. Further amino group on the pyrimidine ring
of purine forms a hydrogen bond with Tyr 167 and Ser
241. The oxygen of phosphate forms the hydrogen bond
with Arg238. The imidazole ring of purine shows the pi—pi
interaction with Tyr167 and the oxygen atom of phosphate
forms the hydrogen bond with Arg238. Interestingly, the
purine ring of c-di-GMP shows the pi—pi interaction with
Tyr167 and the oxygen atom of phosphate forms the hydro-
gen bond with Ser162. In di-nucleotide, the amino group on
the pyrimidine ring of purine forms a hydrogen bond with
Ser241 same as molecule c-di-AMP. The conserved water
molecule forms the hydrogen bond with Ser241 and Val239
and oxygen atoms of phosphate form two hydrogen bonds
and a salt bridge with Arg238. Apart from these interac-
tions, the molecules also have hydrophobic interactions with
Tyr167, Tyr240, Val239, Tyr163 and Leul59 similar to the
bound ligand (Fig. 2a—d). The docking score of c-di-AMP
and c-di-GMP was found comparable and near to the dock-
ing score of the co-crystal ligand.

Further, we used cellular thermal shift assay which meas-
ures the thermal stability of a target protein and the binding
of a ligand to the protein causes an increase in protein melt-
ing temperature, hence quantitative measure of binding of
a ligand. The natural ligand 2, 3’-cGAMP synthesized by
cGAS binds to STING and stabilizes it as reported previ-
ously [23]. We used a similar method to detect c-di-AMP
binding to STING. We observed that binding of c-di-AMP
stabilized STING protein with increasing temperature
whereas unbound STING denatured fast (Fig. 2f) suggest-
ing the binding of c-di-AMP to STING.
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Fig.1 c-di-AMP induces STING mediated IFN response in breast
cancer cell lines. a Relative expression of STING in ER-positive
(MCEF-7, ZR75, T-47D) and ER-negative breast cancer cell lines
(BT-474, MX-1 MDA-MB-231). b Relative expression of cGAS in
ER-positive (MCF-7, ZR75, T-47D) and ER-negative breast cancer
cell lines (BT-474, MX-1 MDA- MB-231). ¢ Pearson correlation (r)
between TMEM 173 and ESRI using TCGA database. d Western blot

analysis of cGAS and STING proteins in breast cancer cell lines. e, f
MCF-7 [STING (-ve)], MDA-MB-231 [STING (+ve)] breast cancer
cell lines were transfected with IFN-p and NF-kB reporter constructs
and treated with c-di-AMP (200 pM) for 24 h and IFN-f and NF-kB
activity was measured. Data represent mean fold change compared to
control (n=3, mean+SD); *P<0.05, **P<0.01 and ***P<0.001,
based on a Student’s t-test
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«Fig.2 c-di-AMP binds to STING directly. a Protein (PDB: 4KSY).
Protein (STING) is represented in the wire model and ligands (c-di-
AMP) are shown in a ball and stick model where the color represents
atoms (Carbon-green, Nitrogen-blue, Oxygen-red, Hydrogen-white,
Phosphorus-pink). The dotted lines indicate the protein-ligand inter-
actions (Yellow- hydrogen bond, Pink- salt bridge, Blue- pi—pi inter-
action). b—d Shows the ligand interactions of molecule A, B and C
with the protein (PDB: 4KSY) respectively. Protein is represented
in the wire model and ligands are shown in the ball and stick model
where the color represents atoms (carbon-green, nitrogen-blue, oxy-
gen-red, hydrogen-white, phosphorus-pink). The dotted lines indicate
the protein—ligand interactions (yellow- hydrogen bond, Pink- salt
bridge, Blue- pi—pi interaction). e Respective dinucleotide and their
Docking score. f Cellular thermal Shift assay was performed using
MDA-MB-231 lysate incubated with c-di-AMP and western blotting
was performed (Color figure online)

c-di- AMP activates cell death in ER/PR negative
breast cancer cell lines

We and others have previously reported that STING can
act as a tumor suppressor by sensitizing the cells to TNF-a
induced cell death pathway [24]. We assessed whether c-di-
AMP can activate the STING pathway and induce cell death
in breast cancer cells. MCF-7 (ER-positive) breast cancer
cell line, having an undetectable expression of STING,
treated with c-di-AMP showed no effect on cell survival and
caspase 3/7 activity (Fig. 3a). MX-1, BT-474, MDA- MB-
231 (ER-negative), STING positive breast cancer cell lines
showed a significant decrease in cell survival and increased
caspase 3/7 activity (Fig. 3b—d). We analysed if c-di-AMP
can activate the apoptotic cell death in breast cancer cells
by monitoring PARP cleavage by western blotting. The band
of 89 kDa corresponding to the cleaved subunit of PARP
was observed in MDA-MB-231 and MX-1 cells whereas no
band was detected in MCF-7 cells (Fig. 3e). The representa-
tive images of the fourth day after treatment of c-di-AMP
(Fig. 3f) suggest that c-di-AMP inhibits the proliferation of
STING positive tumor cells and induces apoptosis.

STING is essential for c-di-AMP induced cell death

As we observed here that c-di-AMP inhibited cell prolif-
eration, we further characterized the role of STING in the
initiation of the cell death pathway. STING was knockdown
using shRNA in MDA-MB-231 and BT-474. After the
knockdown of STING, cells were treated with c-di-AMP
and monitored cellular viability caspase 3/7 activity. We
observed that c-di-AMP treatment showed a significant
reduction in cell viability in MDA-MB-231 and BT-474
cells, (Fig. 4a, d) which was rescued after STING knock-
down both in MDA-MB-231 and BT-474 cells. Similarly,
the caspase-3/7 activity increased significantly in c-di-AMP
treated MDA-MB-231 cells and BT-474 cells (Fig. 4b, e).
The knockdown of STING in MDA-MB-231 and BT-474

rescued cell proliferation and Caspase-3/7 activity of both
the cell types. The knockdown of STING (Fig. 4c, f) was
confirmed by western blotting. These experiments strongly
suggest that STING is essential for c-di-AMP mediated cell
death in MDA-MB-231 and BT-474 cells.

IRF-3 is indispensable for c-di-AMP induced
apoptosis in ER-negative breast cancer cells

The implication of c-di-AMP regulated NF-kB and IFN
pathway for induction of cell death in breast cancer cells is
not understood hence we explored the implication of these
pathways in cell death. MDA-MB-231 and MX-1 cells were
transfected with p65 and IRF-3 shRNA to inhibit NF-kB
and IFN pathway respectively. cGAS, p65 and IRF-3 were
knocked out using CRISPR/Cas-9 sgRNA/shRNA and its
role in the regulation of cell death was monitored. The
knockdown of cGAS, p65 and IRF-3 was confirmed by west-
ern blotting (Fig. 5a, b). The knockdown of p65 showed no
significant change in cell death both in c-di-AMP treated
MDA-MB-231 and MX-1. Interestingly, the knockdown of
IRF-3 significantly enhanced the cell survival in c-di-AMP
treated MDA-MB-231 and MX-1 cells as observed. Simi-
larly, IRF-3 knockdown also inhibited caspase activity in
c-di-AMP treated MDA-MB-231 and MX-1 cells (Fig. Se, f).
We also analyzed the role of cGAS in the regulation of cell
death, hence we knockdown cGAS and monitored cell death.
The knockdown of cGAS in both cell lines showed no sig-
nificant change in c-di-AMP induced cell death suggesting
that cGAS acts upstream and is dispensable. These results
suggest that IRF-3 is indispensable for c-di-AMP induced
STING-mediated apoptosis in triple-negative breast cancer
cells.

c-di-AMP induces IRF-3 translocation

to mitochondria and induce

the mitochondrial-mediated intrinsic pathway
of apoptosis

The above experiment strongly suggests the indispen-
sable role of IRF-3 in c-di-AMP induced cell death in
STING positive MDA-MB-231 and MX-1 cells. It had
been observed previously that IRF-3 activates mitochon-
drial-mediated apoptosis in viral infected cells [25].
IRF-3 plays a critical role in STING-mediated apopto-
sis via mitochondrial cytochrome c release [26]. We also
monitored the subcellular localization of IRF3-GFP both
in MCF-7 and MDA-MB-231 in the presence/absence
of c-di-AMP. IRF-3-GFP showed diffused cytoplasmic
localization both in MCF-7 and MDA-MB-231. Inter-
estingly c-di-AMP treated cells show distinct puncta of
IRF-3-GFP 3 both in MX-1 and MDA-MB-231 cells. The
increased numbers of IRF-3 puncta in IRF-3-GFP positive
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«Fig.3 c-di-AMP activates cell death in ER-negative breast cancer
cell lines: Breast cancer cell lines treated with c-di-AMP (200 pM)
and cell survival was monitored by cell viability assay and Cas-
pase3/7 activity (n=3, mean+SD). a MCF-7, b MDA-MB-231,
¢ BT-474; d; MX-1 n=3, mean+SD). e MCF-7, MDA-MB-231,
MX-1 treated with c-di-AMP (200 pM) for 24 h and PARP cleavage
was analysed by western blotting. f MCF-7, BT-474, MDA-MB-231
and MX-1 treated with c-di-AMP (200 pM) and analysed by phase
contrast microscopy image captured on the fourth day.*P<0.05,
#*P <0.01,***P<0.001 and ***P <0.0001 based on a Student’s t test

cells were observed in the presence of c-di-AMP as com-
pared to untreated in both MDA-MB-231 cells and MX-1
(Fig. 6a). The co-localization of IRF-3 at mitochondria
was checked by coexpressing IRF-3-GFP and mt-RFP
constructs in MDA-MB-231 cells. Colocalization was
measured by fluorescence microscopy in the presence
and absence of c-di-AMP. We observed that localization
of IRF-3 to mitochondria was significantly increased in
c-di-AMP treatment condition in MDA-MB-231 cells
(Fig. 6b).

Hence, we further analyzed if c-di-AMP induces mito-
chondrial-mediated apoptosis by measuring PARP cleav-
age and caspase-9 activation (Fig. 6¢) Treatment of MDA-
MB-231 and MX-1 cells with c-di-AMP cells showed the
band of 89 kDa corresponding to a cleaved subunit of
PARP predominantly in both cells whereas it was not
observed in untreated cells. Further, we monitored the
cleavage of Caspase-3 in similar conditions. The cleaved
subunit of 17 kDa subunit was predominantly observed
in c-di-AMP treated both MDA-MB-231 cells and MX1
cells (Fig. 6d). This was further confirmed by increased
caspase 3/7 green fluorescence activity in both cells
showing enhanced apoptotic cell death (Fig. 6e). Cas-
pase-9 is activated upstream of executioner Caspase-3.
Interestingly the cleaved subunit of 35 and 37 kDawas
observed in c-di-AMP treated both MDA-MB-231 cells
and MX1 cells. To further monitor the effect of c-di-
AMP on the clonogenic ability of both MDA-MB-231
and MX-1 cells we performed a colony-forming assay
in presence of c-di-AMP. The clonogenic ability of both
MDA-MB-231 and MX-1 cells significantly decreased in
presence of c-di-AMP (Fig. 6f). Overall, these results
show that c-di-AMP enhances IRF-3 translocation to
mitochondria and induces mitochondrial-mediated intrin-
sic pathway of apoptosis, inhibiting the clonogenic ability
of STING positive breast cancer cells.

Discussion
Highly proliferating tumor cells show a high level of chro-

mosomal instability which has becomes the hallmark of
cancers of different origins [27]. Previous reports from

our lab and others had shown that ER-positive breast can-
cer cells are STING negative and using TCGA database
we found negative gene expression correlation between
TMEM173 (STING) and ESRI (estrogen receptor) in breast
cancer patients. This strongly suggests that ER expressing
breast cancer cells have low expression of STING [28],
whereas highly proliferative cells ER/PR/Her-2 nega-
tive, MDA-MB-231 and MX1 cells, are STING positive
[24]. It has been observed that chromosomal instability
promotes errors in chromosome segregation which leads
to micronuclei formation and leakage of genomic DNA
into the cytosol [9-14]. This leads to the activation of
the cGAS-STING cytosolic DNA-sensing pathway and
downstream noncanonical NF-xB [29] signaling leading to
proliferation and metastasis. Cyclic dinucleotide, cGAMP,
is an endogenous high-affinity ligand for the adaptor pro-
tein STING [2]. The synthesis of the cGAMP analog like
c-di-AMP in bacteria is an interesting phenomenon and
modulate the STING pathway during infection however its
potential in regulating these pathways and modulation of
cell death in breast cancer cells has not been well studied.

We observed that c-di-AMP can activate NF-xB and
IFN pathways in breast cancer cells depending upon the
presence of STING. It was observed that ER-positive cells
are low STING or negative expressing cells and ER-nega-
tive cells show high STING positivity. The evidence here
suggests that STING is eliminated or down-regulated dur-
ing the early stage of the growth hormone ER/PR positive
cells where some cells retained STING and became growth
hormone-independent [30]. This supports the emerging
hypothesis of clonal evolution of the cells which positively
determines the tumor growth and metastasis by clonal
amplification and retaining the gene expression at the
different stages of cancer. The basal STING activation is
essential for cell proliferation and metastasis by promoting
non-canonical activation of NF-kB [31]. This hypothesis
is in consonance with earlier reports where STING posi-
tive cells showed enhanced proliferation, brain metastasis
cells and chemoresistance in breast cancer cells and lung
cancer cells [32]. Previously it had been observed that
cGAMP can be transferred from the metastatic cells to
brain astrocytes through cellular GAP junctions [29]. The
intactness of the type-I IFN pathway and NF-kB may play
an essential role in tumor cells which can be therapeuti-
cally targeted. STING-NF-kB and/IRF-3 pathway is intact
in triple-negative breast cancer as compared to ER/PR-
positive cells as observed in this study and can be differen-
tially modulated by c-di-AMP. This is an interesting char-
acteristic of aggressive breast cancer cells which can be
further investigated and can be exploited therapeutically.

Interestingly sustained activation of the STING pathway
by c-di-AMP shows the activation of cell death specifically
in ER/PR negative cells and not in ER-positive cells where
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Fig.4 STING is essential for c-di-AMP induced cell death: a, d
BT-474 and MDA-MB-231 were transfected with STING shRNA and
treated with c-di-AMP (200 pM) for 4 days and cell survival was ana-
lysed (n=3, mean=+SD). b, e BT-474 and MDA-MB-231 were trans-
fected with STING shRNA and treated with 200 uM c-di-AMP for

the IRF-3 pathway seems to be essential for the cell death
pathway. Interestingly, c-di-AMP induces translocation of
IRF-3 to mitochondria and activation of mitochondrial path-
way in ER-negative cells, which is in consonance with the
earlier observation of IRF-3 translocation to mitochondria
during viral infection induced apoptosis [25]. This pathway

@ Springer

24 h and Caspase 3/7 activity was measured (n=3, mean+SD). c, f
Western blot was performed to show the level of STING knockdown
in BT-474 and MDA-MB-231 breast cancer cell lines.*P<0.05,
#*P <0.01 and ***P<0.001, based on a Student’s t test

is although independent of the DNA binding ability and is
dependent upon mitochondrial localization [33]. We also
observed that mitochondrial functions are compromised
leading to the activation of Caspase-9 mediated Caspase-3
activation in MDA-MB-231 cells and MX-1 cells. This path-
way is not activated in MCF-7 and other ER-positive cells.
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Fig.5 c-di-AMP induces IRF-3 mediated apoptosis in STING posi-
tive, ER- negative breast cancer cells. cGAS, p65 and IRF-3 were
knockdown MDA-MB-231 (a) and MX-1 (b) breast cell lines. MDA-
MB-231 (c¢) and MX1 (d) with cGAS, p65 and IRF-3 knockdown
were treated with c-di-AMP (200 pM) and cell viability was meas-
ured by presto blue (n=3, mean=+SD), cGAS, p65 and IRF-3 knock-

down MDA-MB-231 and MX-1 were knockdown in breast cell line
and treated with c-di-AMP 200 pM and caspase 3/7 activity measured
(n=3, mean=+SD). e MDA-MB-231, f MX-1 cells were knockdown
with IRF-3 and treated with c-di-AMP (200 pM) after 24 h capse3/7
activity measured *P <0.05, **P <0.01 and ***P <0.001, based on a
Student’s t-test
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«Fig.6 c-di-AMP activates STING mediated mitochondrial apopto-
sis a MDA-MB-231 and MX-1 STING expressing cell lines treated
with c-di-AMP (200 pM) for 24 h and IRF-3 puncta was analysed
using fluorescent microscope. b MDA-MB-231 cells were transfected
with IRF-GFP and mt-RFP constructs and their colocalization was
measured using fluorescent microscopy in presence and absence of
c-di-AMP. ¢, d Western blotting was performed in MDA-MB-231
and MX-1 STING expressing cell lines by treating with c-di-AMP
200 pM after 24 h to measure cleaved PARP, Caspase 9 and cleaved
caspase 3. e STING expressing cell lines MDA-MB-231 and MX-1
were treated with c-di-AMP (200 pM) for 24 h and caspase 3/7 green
activity was measured using microscopy. f MDA-MB-231 and MX-1
cells were treated with c-di-AMP (200 pM) and the colony-forming
assay was performed

pathway [34] specifically in triple-negative breast cancer
cells which are highly proliferative and metastatic and show
high-level chromosomal instability. It had been observed
previously due to chromothripsis and formation of micro
nuclei, there is a release of DNA in cytoplasm leading to
cGAS/cGAMP/STING activation however no type-I IFN
activation [35]. However release of DNA leads to activa-
tion of the non-canonical NF-kB pathway which may be
determined by the strength of cGAMP induced signaling
and which is enzymatically regulated and determine the
outcome. Therefore the sustained activation of this pathway
by cGAMP analog-like c-di-AMP which may induce IRF3
translocation to mitochondria and induce intrisic pathway
of apoptosis is of therapeutic importance for immunogenic
cell death in solid tumors. There is no direct comparison
of cGAMP with cDNs however isolated studies suggest
cGAMP rather than therapeutic beneficial it may further
support growth [36, 37].

This study provides a rationale for screening the bacterial
origin cyclic dinucleotides which may activate the intrinsic
cell death pathway and may activate the immunogenic cell
death pathway. Therefore, the bacterial-derived c-di-AMP
and other analogues should be screened for their potential
as combinatorial therapy with DNA damaging agent for
therapeutic potential in breast cancer cell lines and patient-
derived xenograft model. Previously, the potential of c-di-
GAMP increased the expression levels of maturation mark-
ers CD80/CD86 and MHC-II on DCs isolated from spleens
of 4T1 tumor-bearing mice, which is important for the pres-
entation of tumor-associated antigens (TAAs) and activation
of TAA-specific T cells and can cause tumor regression. The
potential of c-di-AMP and other bacterial-derived nucleotide
and human origin di-nucleotide should be explored for the
potential in antigen presentation and tumor cell-intrinsic cell
death mechanism and should be exploited for therapeutic
potential.
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Abstract

Triple-negative breast cancer is aggressive and metastatic breast cancer type and shows immune evasion, drug resistance,
relapse and poor survival. Anti-cancer therapy like ionizing radiation and chemotherapeutic drug majorly induces DNA dam-
age hence, alteration in DNA damage repair and downstream pathways may contribute to tumor cell survival. DNA damage
during chemotherapy is sensed by cyclic GMP-AMP synthase(cGAS)-stimulator of interferon genes (STING), which deter-
mines the anti-tumor immune response by modulating the expression of programmed cell death ligand-1 (PD-L1), immune
suppressor, in the tumor microenvironment. Triple-negative breast cancer cells are cGAS-STING positive and modulation
of this pathway during DNA damage response for survival and immune escape mechanism is not well understood. Here
we demonstrate that doxorubicin-mediated DNA damage induces STING mediated NF-xB activation in triple-negative as
compared to ER/PR positive breast cancer cells. STING-mediated NF-xB induces the expression of IL-6 in triple-negative
breast cancer cells and activates pSTAT3, which enhances cell survival and PD-L1 expression. Doxorubicin and STAT3
inhibitor act synergistically and inhibit cell survival and clonogenicity in triple-negative breast cancer cells. Knockdown of
STING in triple-negative breast cancer cells enhances CD8 mediated immune cell death of breast cancer cells. The com-
binatorial treatment of triple-negative breast cells with doxorubicin and STAT3 inhibitor reduces PD-L1 expression and
activates immune cell-mediated cancer cell death. Further STING and IL-6 levels show a positive correlation in breast cancer
patients and poor survival outcomes. The study here strongly suggests that STING mediated activation of NF-kB enhances
IL-6 mediated STAT3 in triple-negative breast cancer cells which induces cell survival and immune-suppressive mechanism.

>4 Rajesh Singh Fatema Currim
rajesh.singh-biochem @msubaroda.ac.in; currimfatema53 @gmail.com
singhraj1975 @gmail.com Ratika Srivastava
Hitesh Vasiyani srivastava.ratika@gmail.com
hiteshvasiyani @yahoo.com
1 . . .
Minal Mane Department of Biochemistry, Faculty of Science, The

Maharaja Sayajirao University of Baroda, Vadodara,

meenalmanel4cir@gmail.com Gujarat 390002, India

Eﬁ;ﬁg’;&;ﬁ%ﬁ 2@omail.com 2 Department of Microbiology & Biotechnology Center, The
g : M.S. University of Baroda, Vadodara, Gujarat 390002, India

Anjali Shinde 3

Institute for Cell Engineering, John Hopkins University

anjalishinde4891@gmail.com School of Medicine, 733 North Broadway, MRB 731,

Milton Roy Baltimore, MD 21205, USA

roymilton989@gmail.com 4 Department of Mol and Human Genetics, Banaras Hindu
Jyoti Singh University, Varanasi, UP 221005, India
singhjyoti9315@gmail.com

Dhruv Gohel

dhruvgohilbaroda@gmail.com

Published online: 26 August 2022 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-022-01763-8&domain=pdf

Apoptosis

Graphical abstract

0 0000200000000000000000000 R L

AAAAAAAAA

;77-7777;7/77{//’ : * *
Proinflammatory *-)‘s e

.3
cytokines *

!
DNA Damage Conditions

Autocrine

Immune Escape
Increase PD-L1

H
amummoim%mmi 100008
JAK-2 {

CD8T cell mediated

IL-6 Celldeath

Cell survival
Growth

Cellgrowth inhibition
Y

With STAT3 inhibitor

Keywords STING - IL-6 - STAT3 - PD-L1 - Drug resistance

Introduction

The tumor microenvironment (TME) of solid tumors plays
a significant role in progression and metastasis [1, 2]. The
recruitment of the immune cells in TME of the solid tumor
suggests the role of host immunity either to promote or
inhibit the progression of cancer depending upon the stage
of the tumor [3]. The cells of innate and adaptive immune
response maintain strict surveillance of tumor cells and
eliminate them. Hence immune regulation in the tumor
microenvironment plays a critical role in determining the
outcome of tumor progression [4]. The TME of different
solid tumors shows a distinct pattern of cytokines, which
may play a key role in supporting tumor cell growth and
immune escape mechanisms [5, 6]. Many key cytokines act
in the autocrine and paracrine mechanisms regulating tumor
cell proliferation and growth in hostile TME [7]. High lev-
els of IL-6 in serum and tumor have been associated with
aggressiveness and poor outcome in cancer patients [8, 9].
IL-6 signaling is hyper-activated in many tumors including
breast cancers [10]. Aberrant expression of IL-6 mediated
STAT3 pY705 is seen in tumors having low prognostic value
[11]. The potential of IL-6 as a modulator of anti-cancer
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immune responses during genotoxic stress and tumor pro-
gression is not understood.

Chemotherapeutic agents like 5-fluorouracil and cisplatin
induce DNA damage leading to NF-kB mediated expres-
sion and secretion of IL-6. Hyperactivation of IL-6 medi-
ated downstream pathway leads to cell proliferation and
invasiveness and develops chemoresistance in breast cancer
[12]. During DNA damage conditions, nuclear DNA frag-
ment leaks into the cytoplasm which can be recognized by
cGAS, the cytoplasmic DNA sensor, to activate STING
mediated inflammatory pathway [13]. Highly proliferative
and malignant triple-negative breast cancer cells have high
chromosomal instability which leads to increased micronu-
clei formation. This activates the cGAS-STING pathway
which is associated with cell proliferation, invasiveness and
migration [14]. Moreover, the tumor outcome also depends
upon the activation of the immune evasion mechanism in
the hostile TME by expression of PD-L1 on the tumor cell
surface. Tumor cells engage with the PD-1 receptor of T
cells which arrest the proliferation and inhibit their cytotoxic
activity [15]. Moreover, the STING-mediated activation of
IFN and NF-kB pathway may differentially regulate this
immune checkpoint mechanism in TME. The previous report
from our lab had observed that breast cancer cells show a
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differential level of STING [16], however, their relevance in
tumor survival advantage is still not well understood. It is
important current to understand the molecular mechanisms
by which DNA damage may escape the immune surveillance
and promote tumor progression [17, 18].

Here we demonstrate that triple-negative breast cancer
expressing a high level of STING induces NF-«xB activation
under genotoxic stress conditions and enhances IL-6 levels.
Sustained IL-6 autocrine signaling shows up-regulation of
PD-L1 through the STAT3 pathway in the STING expressing
ER-negative breast cancer cell lines which inhibit immune
cell-mediated cancer cell death. STAT3 inhibitor HIC0152,
with doxorubicin shows synergistic growth inhibition as well
as reduction of PD-L1 expression and immune cell-mediated
cancer cell death.

Materials and method
Cells line and culture

MCEF-7, T47D, ZR75, BT-549, MDA-MB-231 and MDA-
MB-468 were purchased from ATCC, USA. MCF-7 was cul-
tured in EMEM media while T47D, ZR75 and BT-549 were
maintained in RPMI medium. MX-1 was obtained from cell
line service, Germany and cultured in F12K media. MDA-
MB-231 and MDA-MB-468 were cultured in DMEM media
(HI-MEDIA, India). The media were supplemented with
10% FBS (Life Technologies, USA) and 1% penicillin, strep-
tomycin, and neomycin (PSN) antibiotic mixture (Life Tech-
nologies, USA). MDA-MB-231 STING knockdown stable
cell lines generated via puromycin selection (2—4 pg/mL).
Cells were incubated at 37 °C, 5% CO?2 in specified media.
All cell lines were checked for mycoplasma contamination
by the Universal Mycoplasma detection kit (ATCC, USA).

Plasmids and reagents

STING-shRNA and IRF-3-shRNA were a generous gift
from Dr. Peter Chumakov (Engelhardt Institute of Molecular
Biology, Russian Academy of Sciences). STING cloned in
pCMV6 ENTRY plasmid was a gift from Dr. Hong Bing Su
(Wuhan University China), p65-GFP, p65-shRNA and con-
trol sShRNA were received from Dr.Edurne Berra Ramirez
(Gene Silencing Platform, CICbioGUNE, Derio, Spain). Pri-
mary antibody against STING was purchased from Protein-
tech, USA, cGAS and HRP-conjugated secondary anti-rabbit
and anti-mouse antibodies were purchased from Thermo
Scientific, Anti-PD-L1 antibody and secondary Alexa Flour
594 tag antibody purchased from abcam USA. Antibodies
against PARP, pSTAT3Y705, total STAT3, Histone3, NF-xB
p65 and phospho-histone H2A.X were purchased from Cell
signaling USA, Inc. Prestoblue™ cell viability reagent from

Invitrogen, USA and Caspase-Glo® 3/7 Assay kit was pur-
chased from Promega, USA, IL-6 ELISA R&D systems,
USA. STAT3 inhibitor as HIC0152 purchased from sell-
eckem, USA. Doxorubicin was purchased from Sigma,USA.

Generation of cGAS -sgRNA and p65-sgRNA clones

cGAS-sgRNA clones were generated using the protocol
described by Ran et al. 2013. The guide-RNAs targeting
the first exon of cGAS, p65 were designed using the GPP
sgRNA Designer tool (Broad Institute) [19]. sg-RNA-top
and sg-RNA-bottom strands were synthesized as described
earlier [19]. Synthesized oligos were annealed and cloned
into BbsI -linearized pSpCa9(BB)-2A-Puro (PX459) V2.0
vector. cGAS-sgRNA, p65-sgRNA clones were transformed
into competent Stbl3 E. coli strain and transformants were
screened by colony PCR using U6 sequencing primer and
sg-RNA-bottom. Positive clones were confirmed by Sanger
sequencing. Guide RNA sequence of p65 and cGAS are as
following:

cGAS

5S'CACCGAGACTC GGTGGGATCCATCG'3.
5'AAACCGA TGG ATC CCA CCG AGTCTC'3.

p65

5’CACCGTCAATGGCTACACAGGACCA’3
S’AAACTGGTCCTGTGTAGCCATTGAC’3

Transfection

MCF-7, T-47D, ZR75, BT-474, MX-1 and MDA-MB-231
were transfected with sgRNA cGAS, shRNA STING,
STING-flag, p65-GFP, NF-xB Luc, Renilla luc and control
sgRNA, shRNA and Vector control using the manufacturer’s
protocol. X-treamGENE (Sigma, USA).

Western blot

Cells were plated at a density of 4.5 X 10° cells/well in the
six-well plate and transfected with indicated expression plas-
mid or shRNA/sgRNA using X-treamGENE (Sigma, USA).
After 48 h of transfection, cells were harvested, washed
with ice-cold PBS and lysed in buffer A (150 mM NaCl,
30 mM Tris—Cl, 10% Triton X-100, 10% Glycerol. Protease
Inhibitor (Roche, Germany). The equal protein was loaded
and resolved on 11% SDS-PAGE. Protein was electroblot-
ted on the PVDF membrane at 110 V for 1 h at 4 °C. The
membrane was blocked with 5% blocking buffer (5% non-fat
dried milk and 0.1% Tween-20 in TBS) or 5% BSA (BSA
(Sigma-Aldrich, USA), 0.1% Tween-20 in TBS-0.02 M

@ Springer



Apoptosis

Tris-Cl, 0.15 M NaCl) for 1 h at room temperature. The
membrane was incubated overnight with a specific primary
antibody and washed three times with TBS-T (TBS con-
taining 0.1% Tween-20) and incubated with a secondary
antibody at room temperature for 1 h. The membrane was
washed three times with TBS-T and the signal was visu-
alized by using an EZ-ECL chemiluminescence detection
kit for HRP (Biological Industries,Israel) by exposing it to
UVTEC gel documentation system.

NF-kB luciferase assay and IL-6 ELISA

To assess NF-kB activity, MCF-7, MDA-MB-231 and MX-
lcells were plated at a density of 1x 103 cells/well in 24
well plates and treated with doxorubicin and luciferase assay
was performed using Dual-Glo luciferase assay system (Pro-
mega, USA) [20]. IL-6 levels were analyzed using ELISA as
per the manufacturer’s protocol (R&D systems USA).

Caspase3/7 activity

The activity was performed using Caspase-Glo® 3/7 Assay
kit (Promega, USA), Cells were plated at the density of
5% 103 cells per well in 96 well in white clear-bottom plates
and treated with Doxorubicin and HIC0152 and a combina-
tion of both after 24 h Caspase-Glo® 3/7 (50 pl) reagent
was added to each well and luminescence was measured
with a Centro LB 960 Luminometer (Berthold Technolo-
gies, Germany).

Cell growth inhibition assay and clonogenic assay

Cells were seeded at a density of 5000 cells/well in 96 well
plates and treated with different concentrations of Doxoru-
bicin and HIC0152 and a combination of both for 4 days. At
the end of treatment, cell viability was analyzed using Presto
blue cell viability reagent (Invitrogen, USA). The clonogenic
assay has been performed as described previously [21].

Analysis of tumor-induced T cell suppression
and colony formation assay

Human PBMCs were isolated from the blood of healthy
volunteers using the Ficoll gradient centrifugation method.
Briefly, 24-well plates were coated overnight with 5 pg/ml
anti-CD3 (BD Bioscience, USA), then washed twice with
PBS. PBMCs were plated in complete DMEM medium (10%
heat-inactivated fetal bovine serum, penicillin—streptomycin)
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and considered as Effectors cells. MDA-MB-231 control cell
line and MDA-MB-231shSTING stable cell lines plated in
PBMC containing 24- well plates as Targets with target-to-
effectors ratios of 1:0, 1:4, 1:16 in triplicates. Additionally,
to analyze the PD-L1 mediated effect, the PD-L1 blocking
antibody was also used in the same settings. After 4 days
of co-incubation, 24-well plate wells were rinsed with PBS
twice to harvest PBMCs. Further, plate with survived adher-
ent tumor cells were fixed and stained with Giemsa staining
solution. The dried plates were scanned and quantified the
intensity. PBMCs were stained for CD45, CD4 and CD8
first, followed by fixation, permeabilization and intracellular
staining of IFN-y using fluorochrome-conjugated antibodies.
10,000 cells were acquired to assess the expression of IFN-y
by flow cytometer (BD FACS Calibur, Singapore).

Cell surface expression of PD-L1

To assess the expression of cell surface PD-L1, MDA-
MB-231 and MDA-MB-231 STING knockdown stable cells
were incubated with primary antibody (1:100) and washed
with PBS and followed with incubation with secondary
antibody and analyzed by flow cytometer.10,000 cells were
acquired to access the expression of PD-L1 by flow cytom-
eter (BD FACS Calibur, Singapore).

Fluorescent microscopy

MDA-MB-231 and MCF-7 cells were seeded in an optical
bottom dish and transfected with p65-GFP. After overnight
incubation transfected cells were treated with doxorubicin
and imaged using NIKON (Japan) Eclipse Ti2-E inverted
fluorescent microscope.

PARP cleavage

MDA-MB-231 and MX-1 were seeded at density with
1 x 10°cells/well in 24 well plates and treated with doxoru-
bicin and HIC0152 and a combination of both. After treat-
ment of 24 Hrs, cells were collected, lysed and PARP cleav-
age was analyzed using western blotting as described above.

3D spheroid inhibition assay

MDA-MB-231 and shRNA-STING-MDA-MB-231 cells
3D spheroids were generated. 2000 cells were seeded per
well in NunclonSphera plate in 100 pL and the plate was
centrifuged at 290 X g for 3 min and incubated in a complete
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medium containing 3 pg/ml collagen-I. The next day plate
was centrifuged at 100Xg for 3 min and incubated for 24 h
followed by treatment with doxorubicin. After 7 days the
cell viability was measured as per CellTiter-Glo® 3D Cell
Viability AssayPromega, USA.

Subcellular fractionation

MCEF-7, MDA-MB-231 and MDA-MB-468 cells were re-
suspended in buffer A (10 mM HEBES, 0.1 mM EDTA,
10 mM KCL, 0.4%NP40, 0.5 mM DTT and 1 mM PMSF)
and incubated for 20 min on ice. The lysates were centri-
fuged for 5 min at 200x g at 4 °C, and the supernatant
was collected (cytosolic fraction). The nuclear fraction was
resuspended in buffer B (2 mM HEPS,400 mM NaCl,1 mM
EDTA,1 mM DTT,1 mM PMSF) and incubated on ice for
20 min and centrifuged at 15000xg at 4 °C and the superna-
tant was collected and analyzed further by western blotting.

Survival analysis

Breast cancer patients in The Cancer Genome Atlas (TCGA)
database were ranked by chemotherapy (Adjuvant therapy)
These groups were analyzed in a Kaplan—Meier survival plot
to estimate the correlation between the gene’s expression
level and survival of patients. The KM plots for each probe
along with Hazard Ratio (HR) and P value were plotted [22].

TIMER database analysis

Tumor Immune Estimation Resource (TIMER) is a web
server for Comprehensive Analysis of Tumor-Infiltrating
Immune Cells [23]. We used the “Correlation” module
to get the expression scatterplots, Spearman’s correlation
and estimated statistical significance between TMEM 173
STING and CD274(PD-L1) expression, and also for correla-
tion between CD274(PD-L1) and IL6 expression in breast
cancer. Finally, TMEM173(STING) directly correlated with
gene CD274(PD-L1), ESR1(Estrogen receptor) and IL6.
Partial correlation conditioned was adjusted to none.

Statistical analysis

The experiments were repeated independently and repre-
sented by Mean + SD. Comparisons between two groups
or multiple groups were performed by Student’s t-test
or one-way ANOVA (Kruskal-Wallis post- hoc Dunn
multiple comparisons), respectively. The experiments

were performed a minimum of two times independently.
Statistically significant differences are indicated as fol-
lows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Statistical details of experiments can be found in the figure
legends.

Results

DNA damage induces NF-kB activation in STING
positive triple-negative breast cancer cells

DNA damaging agents acting on the genome of the rapidly
proliferating cancer cells had been the preferred target for
developing chemotherapeutic anti-tumor drugs. Doxoru-
bicin, a topoisomerase inhibitor, stalls the replication fork
causing toxic DSBs and cell death [24]. Doxorubicin is one
of the most effective agents for the treatment of breast cancer
howeyver, it can not eliminate all the breast cancer cells at
the late stage and may provide a survival advantage Hence,
we used doxorubicin-induced stress to understand its impli-
cation in DNA damage-induced inflammation, immune-
suppressive mechanisms and cell death. We analyzed the
expression of cGAS and STING using western blotting in
breast cancer cells. We used ER-positive: MCF-7, T47D
and ZR75, PR positive: MX-1, HER2 Positive: BT-549,
and triple-negative: MDA-MB-468, MDA-MB-231 breast
cancer cells. The 59 kDa band corresponding to cGAS was
observed in all the breast cancer cell lines (Fig. 1A). West-
ern blotting showed that ER/PR positive cell lines: MCF-7,
T47D, and ZR75 show low or undetectable STING expres-
sion, whereas HER?2 positive: BT-549 and TNBC cell line:
MDA-MB-468, MDA-MB-231 showed higher expression of
STING (Fig. 1B). Double-stranded breaks induced by DNA
damaging agent lead to phosphorylation of Ser-139 resi-
due of the histone variant H2AX, forming YH2AX, which
is observed in different cell types and recruits proteins of
DNA damage repair pathway. The detection of YH2AX has
become an established marker of a double-stranded break
during DNA damage [25]. Hence, we analyzed YH2AX
in doxorubicin-treated breast cancer cells. We observed
doxorubicin-induced upregulation of YH2AX in a time-
dependent manner (Fig. 1C). We further used MCF-7 as
STING negative and MDA-MB-231 as STING expressing
cell line for analysis of STING mediated NF-kB activation
during DNA damage. MDA-MB-231 showed higher acti-
vation of the NF-«B pathway, whereas it remained at basal
level in the MCF-7 cell line. DNA damage-induced NF-«kB
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«Fig.1 DNA damage induces NF-xB activation in STING positive
triple-negative breast cancer cells. Analysis of expression of cGAS
and STING in breast cancer cells: Expression of cGAS and STING
was analyzed by western blotting in MCF-7, T47D, ZR75 ER (+ ve),
MX-1 PR(+ ve), BT549 HER2 (+ve), and MDA-MB-231, MDA-MB
-468 as triple-negative cell lines (A) and for STING (B). Doxoru-
bicin induced activation of phosho-Histone H2A.X in a time-depend-
ent manner: MDA-MB-231 cells were treated with doxorubicin, cell
lysate was collected at different time points and western blot was
performed (C). Analysis of STING mediated NF-kB activation by
luciferase assay: MCF-7 and MDA-MB-231 were transfected with
5X-NF-kB-Luc and treated with doxorubicin for 24 h and luciferase
activity was analyzed using DLR assay, Data represent mean fold
change compared to control (n=3, mean+ SD); *p <0.05, **p<0.01
and ***p<0.001, based on a one-way ANOVA (Kruskal-Wal-
lis post- hoc Dunn multiple comparisons) (D). Effect of cGAS and
STING knockdown on NF-kB activation: Sequentially cGAS and
STING knockdown in MDA-MB-231 and MX-1, cells were trans-
fected with 5X-NF-kB-Luc and treated with doxorubicin for 24 h
and luciferase activity was analyzed using DLR assay, Data rep-
resent mean fold change compared to control (n=3, mean=+SD):
*p<0.05, **p<0.01 and ***p<0.001, based on a Student’s t-test
(E, F). Representative western blot for knockdown of cGAS and
STING in MDA-MB-231 and MX-1 (G, H). Effect of STING over-
expression on NF-xB activation in MCF-7 cells: MCF-7 cells were
co-transfected with STING and 5X-NF-kB-Luc and treated with
doxorubicin for 24 h and luciferase activity was analyzed using DLR
assay, Data represent mean fold change compared to control (n=3,
mean =+ SD);*p <0.05, **p<0.01 and ***p<0.001, based on a Stu-
dent’s t-test (I) and representative western blot image for overexpres-
sion of STING in MCF-7 (J). Analysis of p65 translocation during
DNA damage in breast cancer cells: MCF-7 and MDA-MB-231 were
transfected with p65-GFP and treated with doxorubicin for 6 Hrs and
translocation of p65 was analyzed under a fluorescent microscope
(K). Nuclear translocation of p65 to the nucleus by western blotting:
MCF-7 and MDA-MB-231 and MDA-MB-468 cells were treated
with doxorubicin for 6 Hrs and subcellular fractions were prepared
and analyzed by western blotting using specific antibodies (L, M)

activity was further enhanced in MDA-MB-231 cells as
compared to MCF-7 cells (Fig. 1D). DNA damage-induced
NF-«B activation may be essential for survival during geno-
toxic stress conditions [26], hence, we analyzed the role of
cGAS/STING in NF-xB expression in different cell lines.
The knockdown of cGAS and STING in MDA-MB-231
and MX-1 cell lines, cGAS knockdown showed no effect
on NF-xB activation during DNA damage whereas STING
knockdown inhibits NF-kB activation (Fig. E, F). The knock-
down of cGAS and STING in MDA-MB-231 and MX-1 was
confirmed by western blotting (Fig. 1G, H). Nuclear trans-
location of p65-GFP was observed in doxorubicin treated
MDA-MB-231 (STING + ve cell line), whereas it remained
in cytoplasm both in control and doxorubicin treated, MCF-
7,(STING —ve cell line) (Fig. 1K). We further confirmed
the nucleus translocation of p65 by subcellular fractionation

and western blotting. MDA-MB-231 and MDA-MB-468
show higher levels of p65 in the nucleus as compared to the
MCF-7 STING negative cellline (Fig. 1L, M). To confirm if
STING was essential for NF-kB activation in MCF-7 (ER/
PR + ve breast cancer cells), we overexpressed STING in
MCF-7 and monitored NF-kB activation. The expression
of STING in MCF-7 shows upregulation of NF-xB (Fig. 11,
J). The evidence here suggest STING is highly expressed
in triple-negativebreast cancer cells as compared to ER/PR
positive cells and is essential for NF-kB activation during
DNA damage conditions.

STING mediated NF-kB activation induces IL-6
expression in triple-negative breast cancer cells
in DNA damage conditions

The activation of NF-xB in breast cancer cells in the tumor
microenvironment leads to expression of several cytokines
which may amplify survival signals and leads to resistance to
cell death during stress conditions [27]. Hence, we analyzed
the possible role of STING mediated differential NF-kB acti-
vation modulating the expression of IL-6, a key cytokine
that is essential for survival and drug resistance in breast
cancer cells [28]. Different sub-types of breast cancer cells
were treated with doxorubicin and analyzed for IL-6 secre-
tion by ELISA. Interestingly, MCF-7, T47D, and ZR75 (ER/
PR positive cells) show basal IL-6 levels whereas MX-1,
BT549, MDA-MB-231, and MDA-MB-468 (Triple-nega-
tive cells) showed significant elevated IL-6 levels (Fig. 2A).
The expression and secretion of IL-6 increased with time in
presence of doxorubicin in MDA-MB-231(STING + ve cell
line) as compared to T47D (STING —ve cell line) suggesting
that STING is essential for the expression of IL-6 (Fig. 2B).
IL-6 binds to its cognate receptor complex IL6R/gp130 and
activates downstream Janus kinases (JAKSs), which activate
downstream STAT3 through phosphorylation of Tyrosine
705 [29]. We investigated if IL-6 differentially activates a
downstream pathway in the STING high/low breast cancer
cells. We treated the cells with doxorubicin and monitored
pSTAT3Y705 phosphorylation by western blotting using
a phospo-STAT3 specific antibody. The phosphorylation
of STAT3 was significantly enhanced in MDA -MB-231,
STING positive cells whereas was not detected in T47D
as STING negative cell line (Fig. 2C). Previous reports
suggested that DNA damage-induced IL-6 may activate
downstream JAK-STAT pathway STAT3 via an autocrine
mechanism [30]. STING was knockdown both in MDA-
MB-231 and MX-1 and monitored pSTAT3 Y705 using a
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«Fig.2 STING mediated NF-kB activation induces IL-6 expres-
sion in triple-negative breast cancer cells in DNA damage condi-
tions. Analysis of IL-6 during DNA damage: Breast cancer cell lines
treated with doxorubicin and IL-6 levels were analyzed in media
by ELISA, Data represent mean change compared to control (n=3,
mean=+ SD): *p<0.05, **p<0.01 and ***p<0.001, based on a Stu-
dent’s t-test (A). Analysis of IL-6 levels during DNA damage at dif-
ferent time points: T47D and MDA-MB-231 cell lines were treated
with doxorubicin and IL-6 was analyzed by ELISA at the different
time points (B). Analysis of pSTAT3Y705 during DNA damage:
T47D and MDA-MB-231 cell lines were treated with doxorubicin
for 24 h and pSTAT3Y705 levels were analyzed via western blotting
(C). Effect of STING knockdown on level pSTAT3Y705 during DNA
damage: MDA-MB-231 and MX-1 were transfected with shRNA of
STING and treated with doxorubicin for 24 and 48 h and levels of
pSTAT3Y705 were analyzed by western blotting (D, E).Analysis of
STING knockdown: Western blot was performed to show the level of
STING knockdown in MDA-MB-231 (F) and MX-1 (G) breast can-
cer cell lines.

specific antibody. Interestingly, pSTAT3 Y705 levels were
elevated in MDA-MB-231 and MX-1 control cells and were
undetectable in STING knockdown conditions (Fig. 2D, E).
The knockdown of STING expression was also confirmed
in both cell lines (Fig. 2F, G). The evidence here suggests
DNA damage induces STING mediated IL-6 expression
and autocrine activation of downstream STAT3 pathway in
triple-negative breast cancer cells.

The knockdown of STING sensitizes breast cancer
cells to genotoxic stress and inhibits clonogenicity

The activation of the IL-6/STAT3/NF-xB pro-inflammatory
circuit in tumor cells, other cell types in TME, and cancer-
associated fibroblasts isolated from breast cancer patients
play a critical role in tumor progression [27]. We investi-
gated if STING-mediated NF-xB/IL-6/STAT?3 activation
is important for the resistance to genotoxic drugs in breast
cancer cells. We knockdown STING in MDA-MB-231
and MX-1 and treated them with doxorubicin and moni-
tored cell viability. Knockdown of STING sensitized both
MDA-MB-231 and MX-1 cells to doxorubicin (Fig. 3A,
C). IC, of doxorubicin shifted 0.126 pM to 0.066 pM in
STING knockdown in MDA-MB-231, a similar ICs shift
was also observed in MX-1 with 0.07 pM to 0.03 pM in
STING knockdown conditions (Fig. 3B, D). We generated
a stable knockdown of STING in MDA-MB-231(shSTING)
and monitored its ability to generate a 3D spheroid. Further
MDA-MB-231 form a strong and dense spheroid whereas
MDA-MB-231(shSTING) formed dispersed spheroid and
showed inhibition of spheroid formation in the presence of
doxorubicin (Fig. 3E). We also analyzed the sensitivity of the
MDA-MB-231(shSTING) to doxorubicin by analyzing the

cell viability and observed that MDA-MB-231(shSTING)
cells were more sensitive and showed decreased viability
as compared to control MDA-MB-231 cells (Fig. 3F). We
also analyzed the clonogenic abilities of both MDA-MB-231
cells and BT-549 cells in STING knockdown cells. Interest-
ingly reduced STING levels reduce the clonogenic abilities
of both MDA- MB-231 (Fig. 3G) and BT-549 cells(Fig. 3H).

STING mediated IL-6 induction enhances PD-L1
expression during DNA damage in triple-negative
breast cancer cells

Genotoxic stress may induce the release of nuclear DNA in
the cytosol and the formation of micronuclei which activate
the STING mediated NF-xB pathway further modulating
the survival pathway and immune suppression mechanism
by regulating PD-L1 [31, 31]. We analyzed if STING modu-
lates the immune suppressive mechanisms in breast cancer
cells in the presence of doxorubicin. Interestingly, MDA-
MB-231 cells treated with doxorubicin showed an enhanced
level of 45 kDa band corresponding to PD-L1 (Fig. 4A).
As we observed above doxorubicin-induced IL-6 expres-
sion and release hence we hypothesized that STING regu-
lated IL-6-STAT3 pathway may regulate the expression of
PD-L1. Hence, we treated MDA-MB-231 cells with IL-6
and monitored the expression of PD-L1 by western blot-
ting. The western blotting showed that PD-L1 expression
was directly proportional to the dosage of IL-6 (Fig. 4B).
To confirm if the expression of PD-L1 is mediated through
STING/IL-6/STAT3 pathway, STING was knockdown
in MDA-MB-231 and monitored PD-L1 expression. The
knockdown of STING in MDA-MB-231 cells decreased
PD-L1 expression (Fig. 4C). We used HIC0152, an Anti-
helminthic drug that inhibits STAT3 phosphorylation and
hence inhibits the STAT3 pathway [33]. MDA-MB-231
cells treated with HICO152 and showed a decreased level
of PD-L1 (Fig. 4D). Flow cytometry analysis also showed
decreased surface expression of PD-L1 in STING knock-
down MDA-MB-231 (Fig. 4E), as monitored by mean flu-
orescence Intensity (Fig. 4F). These experiments suggest
that STING-mediated IL-6 production during DNA damage
conditions induces PD-L1 expression which may be one of
the immune escape and suppression mechanisms in breast
cancer cells during DNA damage. Overexpression of PD-L1
on cancer cells helps to escape the cell-mediated immune
response, hence we tested further inhibiting PD-L1/PD1
interaction using an anti-PD-L1 antibody. MDA-MB-231
(control) and MDA-MB-231(shRNA STING) knockdown
cells were incubated with PD-L1 antibody and activated
lymphocytes. The activated lymphocytes were able to
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«Fig.3 The knockdown of STING sensitizes breast cancer cells to
genotoxic stress and inhibits clonogenicity. Effect of STING knock-
down on cell survival in presence of doxorubicin: MDA-MB-231 and
MX-1 were transfected with STING shRNA and treated with differ-
ent concentrations of doxorubicin for 4 days and % viability was ana-
lyzed. Data represent mean treated change compared to control (n=3,
mean +SD): *p<0.05, ¥**p<0.01 and ***p <0.001, based on a Stu-
dent’s t-test (A) and (C). Effect of knockdown of STING on growth
in presence of doxorubicin and ICs, was calculated (B) and (D) Effect
of doxorubicin on 3D spheroid condition: MDA-MB-231 and MDA-
MB-231 (shSTING) cells were seeded to form spheroid as described
in the method section, spheroid generation at different concentrations
of doxorubicin was analyzed after 7 days (E). Cell viability is plotted
as Bar plot. Data represent mean treated change compared to control
(n=3, mean+SD): *p<0.05, **p<0.01 and ***p<0.001, based on
a Student’s t-test (F) Effect of STING knockdown on clonogenicity:
MDA-MB-231 and BT-549 were transfected with STING shRNA and
colony formation assay was performed (G, H).

induce immune cell death in anti-PD-L1 treated cells. Inter-
estingly MDA-MB-231(shRNA STING) cells with lym-
phocytes show a similar level of activated PBMCs medi-
ated cell death. This further supports our hypothesis that
STING expression in triple-negative breast cancer provides
an immune escape mechanism during DNA damage condi-
tions. The stable cell line MDA-MB-231(STING shRNA)
line showed decreased expression of PD-L1 as compared
to the control MDA-MB-231(WT) parent cell line. Down-
regulation of PD-L1 show enhanced T cell activity in CD4
and CD8 T cells reflected by higher cell death of target cells.
Giemsa stained surface area plotted using ImagelJ (Fig. 4G)
and representative image of geimsa stain. (Fig. 4H) was
plotted. Significantly higher amount of IFN-y production
by both CD8 and CD4 T cells was observed in response to
sh STING target cells as compared to WT target cells at 1:16
target: effector ratio as assessed by intracellular staining and
flow cytometry (Fig. 41, J). Atezolizumab, FDA-approved
PD-L1 inhibitor antibody was used as a positive control for
the suppressive effect.

STAT3 inhibitor, HJC0152and doxorubicin act
synergistically in breast cancer cells to inhibit cell
death

STATS3, a transcription factor, is hyper-activated in
many tumor cells including breast cancer [34], and its
inhibition has been proposed as a possible drug tar-
get in breast cancer [30, 35]. Hence, we analyzed the
combinatorial cytotoxic potential of HIC0152, STAT3
inhibitor and doxorubicin against MDA-MB-231 and
MX-1 cell lines. Interestingly combination of both
the drug shows a synergistic effect in growth inhibi-

tion (Fig. SA, B), Microscopic analysis also showed
enhanced cell death in presence of combinatorial
treatment of doxorubicin and HIC0152 (Fig. S5E).
Caspase3/7 activity also increased in MDA-MB-231
and MX-1, STING +ve cell lines, in presence of both
HJCO0152 and doxorubicin as compared to individual
treatments (Fig. 5C, D). We also checked the PARP
cleavage as a marker of apoptosis in these conditions
via western blotting. The band of 86 kDa correspond-
ing to cleaved PARP cleavage increased significantly
in combinatorial treatment conditions as compared to
individual treatments (Fig. 5F, G)

STING expression positively correlates with IL6
and PD-L1 expression and high STING expression
in chemotherapy shows poor survival

Tumor Immune Estimation Resource (TIMER) is a data-
base of more than 32 cancer and is a web-based server
to analyze the correlation between gene expression and
immune cell infiltration. It also provides the gene expres-
sion and its correlation with breast cancer type and progres-
sion of the tumor [36]. We used the TIMER database to
compare the mRNA expression of different genes such as
STING and IL6 and PD-L1genes in different breast can-
cer subtypes [23]. Interestingly, the expression of STING
(TMEM173) positively correlates with CD274(PD-L1)
and IL6 positively correlates with CD274 (PD-L1) levels
in invasive carcinoma, Basal, luminal, HER2 type breast
cancer (Fig. 6A). We also analyzed the correlation of the
STING (TMEM173) gene with the expression of three genes
as PD-L1, ESR1(Estrogen receptor) and IL6 in breast can-
cer.’ TMEM173 (STING) positively correlated for PD-L1,
and IL6. Further TMEM173(STING) negatively correlated
with ESR1 (Estrogen receptor)in invasive carcinoma, Basal,
luminal, HER2 type breast cancer(Fig. 6B).This data in con-
sonance with our in-vitro data higher expression of STING
in ER-negative cell lines.

We analyzed the Kaplan- Meier survival curves of patients
having STING expression using a web-based curator [22].
Patients having a higher expression of STING show poor
outcomes in terms of survival as {HR =1.54(0.93-2.53) log
Rank p=0.089} during chemotherapy. Similarly, in the sec-
ond database, TMEM173 (STING) expression worsens sur-
vival as the{HR =1.41(0.92-2.49) log Rank p=0.1}. Dur-
ing chemotherapy, low expression of STING (TMEM173)
(represented by black line) showed better survival where as
higher expression of STING(TMEM173) (represented by
red line) (Fig. 6C, D) worsened the survival.
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«Fig.4 STING mediated IL-6 induction enhances PD-L1 expression
during DNA damage in triple-negative breast cancer cells. DNA
damage induces PD-L1 expression: MDA-MB-231 was treated with
doxorubicin for 24 h and 48 h and western blotting was performed
for the expression of PD-L1 (A). IL-6 induces PD-L1 expres-
sion: MDA-MB-231 was treated with different concentrations of
IL-6 for 24 h and PD-L1 expression was analyzed by western blot-
ting (B). Effect of STING knockdown on PD-L1 expression: MDA-
MB-231 was transfected with shRNA of STING and the expression
of PD-L1 was analyzed via western blotting (C). Effect of HIC0152
on the expression of pSTAT3 and PD-L1: MDA-MB-231 cells were
treated with HIC0152 (STAT3 Inhibitor) for 24 h and expression of
total STAT3,pSTAT3 Y705 and expression of PD-L1 was analyzed
via western blotting (D). Surface PD-L1 expression in STING knock-
down condition: PD-L1 levels in MDA-MB-231, sh RNA STING
and MDA-MB-231 (wt) cell lines were analyzed by flow cytom-
etry Data represent mean treated change compared to control (n=3,
mean=+SD): *p<0.05, **p<0.01 and ***p<0.001,based on a Stu-
dent’s t-test (E, F) T cell-mediated tumor cell death assay: MDA-
MB-231 and MDA-MB-231-shRNA-STING cells were co-cultured
with PBMCs (targeted cells: effectors cells=1:4, 1:16) in 24-well
plates for 4 days and colonies were visualized by Giemsa staining
surface area (G). and representative image (H). Interferon y produc-
tion by T cells: Both CD4 and CD8 T cells Interferon y measured via
flow cytometry, Data represent mean fold change compared to control
(n=2, mean+SD); *p<0.05, **p<0.01 and ***p<0.001, based on
a one-way ANOVA (Kruskal-Wallis post- hoc Dunn multiple com-
parisons) (I) and (J).

Discussion

The tumor microenvironment of solid tumors is complex and
the constant interaction of tumor cells with immune cells
determines the progression of tumors. The tumor cells are
the major focus of such interactions which evolve and retain
the expression of the key genes required for the immune
evasion and cell survival pathway during stress conditions
favoring tumor cell survival [37]. Similarly Triple-negative
breast cancer cells are highly proliferative and show a high
level of chromosomal instability [38], and retain the expres-
sion of key proteins of innate immune pathways: cytoplas-
mic sensors like cGAS and STING, which sense DNA and
can reprogram signaling pathways in stress conditions for
tumor cell survival [14]. In the current study, we demon-
strate that STING activates IL-6 mediated STAT3 pathway
during genotoxic stress and evade immune suppression via
enhancing PD-L1 in malignant triple-negative breast cancer
cells.

The activation of cGAS and STING pathways in tumor
cells and immune cells recruited in the tumor microenviron-
ment had been of major interest as it may help to modulate
tumor intrinsic cell survival and death pathways [39]. Inter-
estingly, STING was expressed at a higher level in TNBC
and ER-negative breast cancer cells (MDA-MB-231, MX-1,
BT-549, MDA-MB-468) and is low or undetectable in ER-
positive cell lines like MCF-7, T47D, and ZR75. As we

observed here that different breast cancer cell lines show
a similar expression level of cGAS whereas STING is only
retained in triple-negative breast cancer cells which may
provide a survival advantage specifically to triple-negative
breast cancer cells. This agrees with the previous obser-
vation from our lab and others [14, 14]. Interestingly we
observed that genotoxic stress conditions cGAS was dispen-
sable for NF-xB activation whereas STING was indispen-
sable for NF-kB activation in triple-negative breast cancer
cells. The implication of the NF-kB pathway in the survival
pathway during genotoxic stress conditions can be either pro
and anti-apoptotic depending upon the breast cancer cells
subtypes and growth stage. Previously we demonstrated that
enforced STING expression in ER/PR positive cells shows
activation of caspase-8 mediated cell death [16]. Hence this
probably explains the loss of STING in early phase triple-
positive breast cancer cells. The response to NF-xB during
genotoxic stress conditions may be dependent upon the dos-
age and duration of stress induction in cells.

In breast cancer there is limited targeted therapy available
for TNBC and chemotherapy is widely used for the treatment
of TNBC [41]. The evidence, here suggests that doxoru-
bicin which induces genotoxic stress conditions in highly
proliferative cancer cells shows activation of STING medi-
ated NF-kB pathway and induces expression of IL-6 and
STAT3 pathway in triple-negative breast cancer cells. This
corroborates with earlier observation where highly prolifera-
tive breast cancer cells show high CIN leading to the forma-
tion of micronuclei sensed by cGAS/STING which activates
the non-canonical STING pathway that induces NF-kB and
cell survival [14]. In the current study, we observed that
DNA damage-induced alternate STING pathway of NF-xB
activation in triple-negative breast cancer cells where cGAS
showed no major role. This is in agreement with previous
observation where DNA damage-induced alternate path-
way of NF-kB activation rather than IFN pathway where
STING binds to DNA binding protein IFI16 along with
DNA damage response factors ATM and PARP-1 which
forms an alternative STING signaling complex that includes
the tumor suppressor p53 and TRAF6, E3 ubiquitin ligase
[32]. It will be also interesting to investigate the assembly of
alternate signaling complex and downstream co-operativity
of p53 and p65 during DNA damage and their role in tumor
progression. The evidence here suggests the DNA damage
activates STING mediated alternate NF-xB activation and
further role of this pathway in cell survival, immune evasion
and immune cell death was explored.

During DNA damage, STING induced the expression of
IL-6, which binds to its cognate receptor leading to activa-
tion of phosphorylation of tyrosine (705) residue of STAT3
[30], suggesting the activation of the STING mediated IL-6/
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«Fig.5 STAT3 inhibitor, HICO152 and doxorubicin act synergisti-
cally in breast cancer cells to inhibit cell death. Effect of combina-
torial treatment of STAT3 inhibitor and doxorubicin on cell viabil-
ity: MDA-MB-231 and MX-1 inhibition: MDA-MB-231 and MX-1
treated with doxorubicin, HIC0152 and combinations of both and %
cell viability was analyzed, Data represent mean change compared to
control (n=3, mean+SD); *p<0.05, **p<0.01 and ***p<0.001,
based on a one-way ANOVA (Kruskal-Wallis post- hoc Dunn mul-
tiple comparisons) (A) and (B). Effect of combinatorial treatment
of STAT3 inhibitor and doxorubicin on capase3/7 activity: MDA-
MB-231 and MX-1 treated with 1 uM doxorubicin, 3 uM of HIC0152
and combinations of both drugs and Caspase3/7 activity, Data repre-
sent mean change compared to control (n=3, mean=+ SD); *p<0.05,
**p<0.01 and ***p<0.001, based on a one-way ANOVA (Kruskal—
Wallis post- hoc Dunn multiple comparisons) (C) and (D).Effect of
combinatorial treatment of STAT3 inhibitor and doxorubicin on
growth: MDA-MB-231 and MX-1 were treated with 1 uM doxoru-
bicin, 3 uM of HIC0152 and combinations and cells were analyzed
using a microscope (E). Effect of combinatorial treatment of STAT3
inhibitor and doxorubicin on PARP cleavage: Cells were treated with
1 uM doxorubicin, 3 uM of HIC0152 and combinations of both for
24 h and cleaved PARP measured using western blotting (F, G)

STAT3 pathway in triple-negative breast cancer cells dur-
ing genotoxic stress conditions. It is known that IL6/STAT3
signaling plays a critical role in tumor progression in many
solid tumor types by inducing epithelial-to-mesenchymal
transition (EMT) and angiogenesis [42]. Therefore IL6/
STAT3 pathway is an attractive drug target in different
solid tumors including breast cancer. Several approaches to
target this pathway in different cancer are being pursued
at different clinical stages. This includes the upstream tar-
geting of JAKSs, direct targeting of STAT3 phosphorylation
and activation [35]. We investigated if inhibition of STAT3
pathway under genotoxic stress conditions sensitizes the
ER-negative breast cancer cells to cell death. Niclosamide,
a potent STAT3 inhibitor, suppresses STAT3 phosphoryla-
tion at Tyr705 and inhibit cell proliferation in adrenocortical
carcinoma and prostate cancer [30]. HIC0152 is an improved
derivative of niclosamide and a potent inhibitor of STAT3
activation was used in further study [43]. The evidence
here suggests the combinatorial treatment of HIC0152 and
doxorubicin sensitizes the breast cancer cells and shows

synergistic growth inhibition of MDA-MB-231 and MX-1,
STING expressing cell line. Hence it may be further interest-
ing to explore the potential of the combinatorial therapeutic
regimen of STAT3 inhibitors and genotoxic drugs which
may work at a low dosage and hence may avoid side effects.

DNA damage or high chromosomal instability as
observed in highly malignant breast cancer cells show
immune evasion suggesting the important role of DNA
damage-induced activation of the STING pathway. Here
we demonstrated DNA damage induces PD-L.1 expression
in STING positive triple-negative breast cancer cells. This
is also in consonance with a previous report where DNA
damage is known to induce PD-L1 where TBK1 had been
shown to enhance the PD-L1 in tumor cells [44, 44]. The
STAT?3 pathway is closely associated with PD-L1, a major
blocker for T cell-mediated immune suppression mechanism
in the tumor [45, 45]. Our experiment clearly shows that
down-regulation of STING sensitizes MDA-MB-231 cells to
immune cell death mediated by activated lymphocytes. This
suggest STING as central regulator of resistance to immune
cell death in triple-negative metastatic breast cancer cells
during DNA damage conditions. Hence, we also analyzed
different TCGA and other databases which strongly show
that STING positively correlated with IL-6 and show poor
survival outcomes. Moreover, during chemotherapy, STING
expression show poor survival outcome which should be
also considered while deciding on the therapeutic regimen.
Further, it is also important to screen further different types
of chemotherapeutic agents and their survival outcomes in
different subgroups of breast cancer.Further, we suggest that
combination therapy of DNA damaging agent and STAT3
inhibitor may act synergistically in the clinical condition
to induce immune cell death in STING expressing metas-
tasis tumor cells. This needs further study to develop this
combinatorial regimen and its possible analysis in a different
model system for exploiting the STING pathway for clinical
therapy in metastatic triple-negative breast cancer.
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«Fig.6 STING expression positively correlates with IL6 and PD-L1
expression and high STING expression in chemotherapy shows poor
survival. Gene expression correlation: Correlation of expression
between STING and PD-L1(CD247) and IL-6 and PL-1(CD247) in
Invasive Carcinoma, Basal Type, Luminal Type, HER2 type of Breast
cancer was analyzed using TIMER database (A). Gene expression
correlation: correlation in subtypes of breast cancer for CD274, ESR1
and IL6 using TIMER database (B) Kaplan Meier survival analysis:
Plot for TMEM173 in breast cancer patients’ survival with chemo-
therapy (C) and (D).
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Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive loss of dopaminergic neurons in the
substantia nigra (SN) pars compacta region of the brain. The main pathological hallmark involves cytoplasmic inclusions of -
synuclein and mitochondrial dysfunction, which is observed in other part of the central nervous system other than SN suggesting
the spread of pathogenesis to bystander neurons. The inter-neuronal communication through exosomes may play an important
role in the spread of the disease; however, the mechanisms are not well elucidated. Mitochondria and its role in inter-organellar
crosstalk with multivesicular body (MVB) and lysosome and its role in modulation of exosome release in PD is not well
understood. In the current study, we investigated the mitochondria-lysosome crosstalk modulating the exosome release in
neuronal and glial cells. We observed that PD stress showed enhanced release of exosomes in dopaminergic neurons and glial
cells. The PD stress condition in these cells showed fragmented network and mitochondrial dysfunction which further leads to
functional deficit of lysosomes and hence inhibition of autophagy flux. Neuronal and glial cells treated with rapamycin showed
enhanced autophagy and inhibited the exosomal release. The results here suggest that maintenance of mitochondrial function is

important for the lysosomal function and hence exosomal release which is important for the pathogenesis of PD.

Keywords Mitochondrial dysfunctions - Mitochondria-lysosome crosstalk - Exosome release - Parkinson’s disease

Introduction

Parkinson’s disease (PD) is a chronic, progressive, neurode-
generative movement disorder including motor as well as non-
motor symptoms. It affects 1% of the population of over
60 years of age and 3% of people over 80 years of age, and
an estimated seven to ten million people are affected world-
wide [1, 2]. Neuronal loss in the substantia nigra leads to a
decrease in the dopamine levels in the corpus striatum, which
leads to the motor symptoms, namely, tremor, rigidity and
bradykinesia. The cellular hallmark of PD is the presence of
the intracytoplasmic Lewy bodies and Lewy neurites, com-
posed of protein aggregates, fats and polysaccharides. The
protein aggregates contain «-synuclein, neurofilaments,
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ubiquitin, Parkin and Synphilin [3]. There are emerging evi-
dences which show that misfolded proteins spread through the
brain along anatomically connected networks to other neuro-
nal regions thereby promoting progressive decline [4]. PD
occurs sporadically as well as in a familial form. Mutations
in genes like SNCA, LRRK2 and VPS35 are related to auto-
somal dominant forms of PD, while PARKIN, PINK1 and
DIJ1 are associated with autosomal recessive form of PD [5].
The key molecular pathways regulated by these genes in-
volved in PD are emerging; however, their role in progression
to different brain regions is not well understood.

The dopaminergic neurons are specifically vulnerable in
PD; however, «-synuclein aggregation and neuronal degener-
ation are observed in non-dopaminergic parts of the brain as
well, like neocortex, brain stem and olfactory bulb [6], sug-
gesting that the pathology spreads to other types of brain cells
including microglia and astrocytes and other parts of the brain.
Emerging studies suggest that exosomes play a major role in
inter-neuronal and neuron-glia communication in the brain
[7]. Exosomes are a class of extracellular vesicles ranging in
the size approximately 30—150 nm, which are released from
almost all cell types including neuron, glial and astrocytes [8].
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The exosomes are generated within multivesicular bodies
(MVBs) that contain intra-luminal vesicles (ILVs) in the
endosomal system. A variety of mRNAs, small non-coding
RNAs, DNA and proteins, are selectively enriched into the
ILVs of the MVBs, when the MVB fuses with the plasma
membrane, ILVs in the form of exosomes are relased [9]. In
PD-insulted neurons, «-synuclein is predominantly
enriched in exosomes, transferred to nearby neurons lead-
ing to neuronal dysfunction [10]. Further exosomes loaded
with a-synuclein along with other components like
miRNA, mRNA and DNA are uptaken by the glial cells
and induce inflammation [11]. Overall, these evidences
suggest that exosomes play a major role in inter-neuronal
and neuronal-glial communication; however, the intracel-
lular pathway regulating the exosomal release in neuronal
and glial cells in the PD stress conditions are unclear.

Mitochondria is a dynamic organelle which has been im-
plicated in various cellular functions including maintenance
of bioenergetics by oxidative phosphorylation (OXPHOS),
calcium homeostasis, apoptosis and inflammation [12].
Given its vital role in the cellular homeostasis and neuronal
survival, mitochondrial dysfunction plays a central role in
PD and other neurodegenerative diseases. The dysfunction
is mainly characterized by a decrease in the complex I ac-
tivity of the OXPHOS complex, generation of ROS (reac-
tive oxygen species), ATP depletion and apoptosis. The
turnover of dysfunctional mitochondria through selective
process of autophagy called as mitophagy is important in
neuronal survival including dopaminergic neurons [13].
Interestingly, genes involved in familial PD like PINK1
and PARKIN play essential role in turnover of mitochon-
dria through mitophagy; hence, mutations in these genes
lead to accumulation of damaged mitochondria [14, 15].
The effective turnover of dysfunctional mitochondria and
alpha-syn aggregates requires efficient autophagy flux and
in turn functional lysosomes. There are emerging studies
which show that the autophagy-lysosome pathway is altered
in PD [16]. Mutations in genes like ATP13A2/PARKDY,
cause of familial PD, also show impairment of lysosomal
functions and accumulation of autophagosomes [17, 18].
LRRK2-mutant PD patient neurons (iPSCs) show altered
macro autophagy and increased levels of «-synuclein in
the cell [19, 20]. These evidences suggest that autophagy
is important for neuronal homeostasis; however, its role in
exosome release and inter-neuronal communication is not
understood.

Multivesicular body is known to play critical role in
exosome biogenesis and recruitment of the misfolded protein
and its degradation through the endo-lysosomal pathway [21].
MVBs fuse with the lysosome where their content is degraded
and recycled back [22] and may also fuse with the plasma
membrane, releasing the ILV content in the form of exosomes
[23]. The mitochondria-lysosomal crosstalk is important for
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the process of autophagy and cellular homeostasis which in
turn plays a role in exosomal release [24]. This crosstalk be-
tween mitochondria, lysosome and exosome in neuronal cells
are yet to be investigated systematically in PD stress condi-
tions. In this study, we analysed the mitochondrial-lysosome
crosstalk in PD stress conditions and its role in exosome re-
lease from the neuronal cell in PD stress conditions.

Materials and Methods
Cell Culture and Reagents

SH-SYS5Y, human neuroblastoma cells were grown at 37 °C,
5% CO, in Ham’s F-12 Kaighn’s Modification (F-12K,
HyClone, GE Lifesciences) supplemented with 10% (v/v)
heat-inactivated foetal bovine serum (FBS) (Gibco,
Invitrogen) and 1% (v/v) penicillin, streptomycin and neomy-
cin (PSN) antibiotic mixture (Gibco, Invitrogen). U-87 MG
and SK-N-SH cells were grown at 37 °C, 5% CO, in MEM/
EBSS (HyClone, GE Lifesciences) accompanied with 10%
(v/v) heat-inactivated FBS, 1% (v/v) PSN and 1 mM sodium
pyruvate (HyClone, GE Lifesciences). One-shot exosome-de-
pleted FBS was obtained from Gibco, Invitrogen. All three
cell lines were obtained from National Centre for Cell
Sciences, Pune, India. mCherry-GFP-LC3 was provided by
Dr. Terje Johansen (Dept. of Biochemistry, Institute of
Medical Biology, University of Tromse). The primary anti-
bodies used were anti-LC3 (Sigma-Aldrich, USA), anti-p62
(Cell Signalling, USA), anti-NDP52 (Cell Signalling, USA),
anti-CD63 (Santa Cruz, USA), anti-actin (GenScript, USA),
and anti-calnexin (Cell Signalling, USA). Secondary antibod-
ies HRP-conjugated anti-rabbit and anti-mouse antibodies
(Jackson ImmunoResearch, USA) were used. Rotenone, 6-
OHDA, Bafilomycin Al, rapamycin and wortmannin were
all purchased from Sigma-Aldrich, USA. For transfection,
Lipofectamine® 3000 (Invitrogen, USA) was used. SH-
SY5Y dopaminergic neuronal cells and U-87 MG glial cells
were treated with 75 uM 6-OHDA and 0.01 uM Rotenone,
whereas SK-N-SH dopaminergic neuronal cells were treated
with 5 uM 6-OHDA and 0.1 uM Rotenone.

Exosome Isolation

Cells were seeded at a density of 4.5 x 10° cells per well in 6-well
plate and were treated with pre-conditioned media containing
exosome-depleted serum. The exosomes were isolated using an
affinity purification-based method. The pre-conditioned media
was collected and centrifuged at 2000 g for 30 min to settle down
the cell debris. The supernatant was collected and Total Exosome
Isolation reagent (Thermo Fisher Scientific, Invitrogen, USA)
was added in 2:1 ratio volume. The mixture was incubated at
4 °C overnight. Following incubation, the mixture
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was centrifuged at 10,000 g for 1 h at4 °C to obtain the exosome
pellet. The exosome pellet was then used for either NTA or
western blotting for further characterization.

Nanoparticle Tracking Analysis

Cells were seeded at a density of 2.5 x 10° cells per well in 12-
well plate and were treated with the given chemicals along
with the pre-conditioned media. The pre-conditioned media
was collected, and exosomes were isolated by the method
described above. Exosome pellet was resuspended in 1 ml of
DPBS solution and was analysed by the NanoSight NS300
(Malvern Panalytical, UK), which shows both the particle size
as well as concentration.

Western Blotting

Cells were seeded at a density of 4.5 x 10° cells per well in
6-well plate and were treated with the given chemicals for
the particular time period. After treatment, cells were har-
vested, washed with ice cold PBS and lysed in NP40 lysis
buffer (150 mM NaCl, 50 mM Tris—Cl, 5 mM EDTA, 1%
NP40, 1% glycerol and 1x protease inhibitor cocktail
(Sigma-Aldrich, USA). Protein concentration was deter-
mined by Bradford assay (Bio-Rad Protein Assay Dye
Reagent Concentrate, Bio-Rad, USA), and equal amount
of proteins were resolved on 12.5% SDS-PAGE. Proteins
were electro-blotted on PVDF membrane (Immun-Blot®
PVDF Membrane, Bio-Rad, USA) at 110 V for 1 h at
4 °C. Following the transfer, the membrane was blocked
with 5% blocking buffer (5% non-fat dried milk and 0.1%
Tween-20 in TBS) for 1 h at room temperature. The mem-
brane was incubated overnight with specific primary anti-
body. After incubation the membrane was washed three
times with TBS-T (TBS containing 0.1% Tween-20) and
incubated with a secondary antibody at room temperature
for 1 h. The membrane was washed three times with TBS-
T and signal visualized by using (Bio-Rad, USA) by ex-
posing to X-ray film. The band intensity was quantified
using ImagelJ software and relative quantification was
shown as compared to control samples.

Lysosomal Acid Phosphatase Assay

Cells were seeded at a density of 2.5 x 10° cells per well in 12-
well plate and treated with the given chemicals. After treat-
ment, cells were collected and lysed with Passive Lysis Buffer
(25 mM Tris-HCI, pH 7.8, 2 mM DTT, 2 mM EDTA, 10%
glycerol, 1% Triton X-100) for 30 min on ice. Protein concen-
tration was determined by Bradford assay. Acid phosphatase
activity was measured as a colorimetric assay. Ten micro-
grams of lysate was incubated with 5 mM pNPP in 100 pl
of citrate buffer (90 mM, pH 4.8) in 96-well plate for 30 min at

37 °C. The reaction was stopped with 100 mM NaOH solu-
tion, and absorbance was measured at 405 nm in a microplate
reader (Thermo Fisher Scientific, USA).

Fluorescence Microscopy

Cells were seeded at a density of 1.5 x 10° cells per well in 24-
well plate and transfected with mCherry-GFP-LC3 construct
and subsequently treated with given chemicals, 24 h post
transfection. Fluorescence microscopy was performed using
Eclipse Ti2-E inverted fluorescence microscope (Nikon,
Japan) and analysed by ImageJ. Detectors gain, offset levels
and laser power were calibrated at identical levels and remain
unchanged for a set of experiment. Numbers and types (yel-
low or red) of puncta per cell were counted in minimum 30
cells manually and graph plotted for the average number of
LC3 puncta per cell.

Confocal Microscopy

For analysis of mitochondrial morphology, MT-RFP was
transfected in cells and subsequently treated with the given
chemicals, 24 h post transfection, and images were acquired
using confocal microscope. All images were acquired with
LSM 710 inverted confocal microscope (Carl Zeiss,
Germany), and detectors gain, offset levels and laser power
were calibrated at identical levels and remain unchanged for a
set of experiment.

Similarly, cells were treated with the given chemicals for
24 h and stained with LysoTracker Blue (Invitrogen) post-
treatment, and images were obtained using LSM 710 inverted
confocal microscope, and detectors gain, offset levels and la-
ser power were calibrated at identical levels and remain un-
changed for a set of experiment. The number of lysosomes per
cell was counted using the ITCN plugin in ImageJ software.

ATP Assay

The cellular ATP level was measured using ATP determina-
tion kit (Molecular Probes/Life Technologies, Canada) by
using 1:10 diluted cell lysate in ATP determination master
mix (25 mM Tricine buffer, pH 7.8, 5 mM MgSQO,, 0.5 mM
D-luciferin, 1.25 pg/ml firefly luciferase, 100 uM EDTA and
1 mM DTT). The luminescence intensity was measured using
TriStar’ LB 942 Multimode Microplate Reader, Berthold
Technologies, Germany. The protein content was determined
by Bradford assay and normalized with obtained intensity.

Spectrophotometric Analysis of Mitochondrial
Complex | Assay

The activity of mitochondrial complex I was analysed spec-
trophotometrically. Cells were seeded at the density of 9 x 10°

@ Springer



1822

Mol Neurobiol (2021) 58:1819-1833

cells in 60-mm dish. After treatment, cells were subjected to
2-3 freeze—thaw cycles in a freeze—thaw complete solution
(0.25 M sucrose, 20 mM Tris-HCI (pH 7.4), 40 mM KCl,
2 mM EDTA supplemented with 1 mg/ml fatty acid-free
BSA, 0.01% digitonin and 10% Percoll). The cells were
washed again thrice with the freeze—thaw solution devoid
of digitonin and resuspended in complex I assay buffer
(35 mM potassium phosphate (pH 7.4), 1 mM EDTA,
2.5 mM NaNj3,1 mg/ml BSA, 2 pug/ml antimycin A, 5 mM
NADH). The reaction was started by adding 80 pg of cell
lysate to 500 ul of assay buffer in 1-ml quartz cuvette.
Complex I activity was measured for 2 min by monitoring
the decrease in absorbance at 340 nm after the addition of
2.5 mM acceptor decylubiquinone indicating the oxidation
of NADH.

Statistical Analysis

Data are shown as mean = SEM for number of times the
experiment was repeated. Comparisons between two groups
were performed using Student’s ¢ test for repeated measure-
ments to determine the levels of significance for each group.
The experiments were performed minimum two times inde-
pendently and p < 0.05 was considered as statistically signifi-
cant. GraphPad Prism (version 5) software was used to per-
form all the statistical analysis.

Results

Exosome Release Is Enhanced in Parkinson’s Disease
Stress Conditions

The release of exosomes and its modulation in PD stress con-
ditions in different neuronal cell types in brain is not well
understood. Hence, we first isolated the exosomes from three
different cell lines, including U-87 MG (glial cell origin), SH-
SY5Y and SK-N-SH (neuronal cell line; expresses high levels
of dopamine 3 hydroxylase) (Fig. 1a) and subsequently char-
acterized the exosomes by Nanoparticle Tracking Analysis
(NTA) and western blotting. The NTA analysis showed the
particle size ranging from 80 to 150 nm which is the size range
of exosomes (Fig. 1b (1)) in U-87 MG. Recent evidences show
that the exosome population is rather heterogeneous in nature,
based on which the exosomes are categorized into subpopu-
lations of large exosome vesicles, Exo-L, 90-120 nm; small
exosome vesicles, Exo-S, 60—-80 nm; and exomeres, ~35 nm
[25]. In line with these reports, the nanoparticle plots of all cell
lines in PD stress conditions also showed varying concentra-
tions and population of different sizes, even including the
microvesicles population (Supplementary Fig. S1). Western
blot analysis shows bands of the size 30-60 KDa correspond-
ing to CD-63, a well-characterized exosome marker in SK-N-

@ Springer

Fig. 1 Exosome release is enhanced in Parkinson’s disease stress P
conditions: a Schematic flowchart of the exosome isolation. b
Characterization of exosomes by (i) Nanoparticle Tracking Analysis—
U-87 MG exosomes were suspended in DPBS and analysed by NTA. The
exosome size was found to be in a range of 80-150 nm. (ii) Western
Blotting—Exosomes were isolated from SK-N-SH cells, and western
blotting was performed and blotted against antibodies as indicated. ¢
Exosomes were isolated from (i) SH-SY3Y, (ii) SK-N-SH and (iii) U-
87 MG cells treated with 6-OHDA and Rotenone, and exosome concen-
tration was monitored by acetylcholine esterase activity. Asterisk (*) and
(**) indicates units statistically significant from control; p value <0.05
and <0.01 (respectively), SEM of two independent experiments. d
Exosomes were isolated from (i) SH-SYSY, (ii) SK-N-SH and (iii) U-
87 MG cells treated with 6-OHDA and Rotenone and subjected to NTA
analysis. Asterisk (*) and (¥**) indicates levels statistically significant
from control; p value <0.05 and <0.001 (respectively), SEM of three
independent experiments. e Exosomes were isolated from (i)(a) SH-
SYS5Y, (ii)(a) SK-N-SH and (iii)(a) U-87 MG cells treated with 6-
OHDA and Rotenone and were subjected to western blot analysis using
the indicated antibodies. Relative quantification of CD63 as compared to
untreated samples in (i)(b) SH-SYSY, (ii)(b) SK-N-SH and (iii)(b) U-87
MG exosome lysates of cells treated with 6-OHDA and Rotenone.
Asterisk (*), (**) and (***) indicates units statistically significant from
control; p value < 0.05, <0.01 and <0.001 (respectively), SEM of three
independent experiments

SH dopaminergic neuronal cells. Calnexin (ER-resident
protein) was used as a negative control for the exosome lysate.
The absence of calnexin in the exosomal fraction further con-
firmed its purity (Fig. 1b (ii)). 6-OHDA and Rotenone are
widely used to generate experimental models of PD in vitro
[26, 27]. We further analysed the release of exosomes from
these cell lines in PD stress conditions like 6-OHDA and
Rotenone. Acetylcholine esterase has been previously de-
scribed to be enriched in exosomes [28] and so has been
used as marker for exosomes. Hence, we analysed acetyl-
choline esterase activity of the isolated exosomes in SH-
SYS5Y and SK-N-SH dopaminergic neuronal cells and U-
87 MG glial cells in different PD stress conditions, 6-
OHDA and Rotenone, to analyse the quantitative release
of exosomes. We observed enhanced level of acetylcholine
esterase activity in exosomal fraction isolated from all cells
in presence of 6-OHDA and Rotenone as compared to un-
treated (Fig. 1c). We also used NTA analysis to quantify the
release of the exosomes. Exosomes from cells treated with
6-OHDA and Rotenone subjected to NTA analysis showed
increased concentration of exosomes in PD stress condi-
tions in all the cell lines (Fig. 1d). Further, we analysed
the levels of CD63 (a well-characterized exosome marker)
in exosomes by western blotting in 6-OHDA and Rotenone
conditions. Interestingly, increased level of exosomal
CD63 was observed in 6-OHDA and Rotenone treated cells
compared to control in all the cell lines (Fig. 1e). All the
evidences provided here strongly suggest enhanced
exosomal release in both neurons and glial cells in vitro in
PD stress conditions.
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Parkinson'’s Disease Stress Conditions Lead to
Mitochondrial Dysfunctions

Mitochondrial dysfunctions affect a number of cellular path-
ways leading to cell death; hence, we monitored mitochondri-
al functions in PD stress conditions. We assessed the mito-
chondrial morphology in PD stress conditions in U-87
MG glial cells by confocal microscopy. The untreated
cells show an extensive mitochondrial network, as com-
pared to the cells treated with 6-OHDA and Rotenone,
which show a fragmented mitochondrial network
(Fig. 2a). Mitochondrial respiratory chain is the most im-
portant sites for ROS production, and alteration in com-
plex I activity is one of the major ROS source as there
are many electron transfer centres and possibilities of
leakage of electron [29]. Hence, we analysed the complex
I activity in PD stress conditions by spectrophotometric
method in SH-SYS5Y and SK-N-SH dopaminergic neuro-
nal cells. Both SH-SY5Y and SK-N-SH showed a con-
siderable decrease in the complex I activity in PD stress
conditions (Fig. 2b). Complex I is the entry point of
electrons from NADH in ETC (electron transport chain)
in mitochondria and, hence, determines the level of ATP
and ROS levels in cells. Therefore, we analysed the ATP
levels in SH-SYS5Y, SK-N-SH dopaminergic neuronal
cells and U-87 MG glial cells. All the cell lines show a
decrease in the ATP levels in the presence of 6-OHDA
and Rotenone (Fig. 2c). These evidences clearly suggest
that mitochondrial functions are altered in PD stress
conditions.

Lysosomal Functions Are Altered in Parkinson’s
Disease Stress Conditions

The emerging evidences suggest that defect in OXPHOS ac-
tivity leads to altered NADH/NAD ratio which also leads to
lysosomal dysfunction [30]. This suggests that mitochondrial
and lysosomal functions are linked [31]; however, this
crosstalk between the lysosome and mitochondria is not well
understood in PD; hence, we analysed the lysosomal functions
in PD stress conditions. We assessed the lysosomes with
LysoTracker Blue by confocal microscopy in the presence
and absence of 6-OHDA and Rotenone in SH-SY5Y, SK-N-
SH dopaminergic neuronal cells and U-87 MG glial cells. We
observed significant decrease in the number of lysosomes, in
all the three cell lines when treated with 6-OHDA and
Rotenone (Fig. 3a).

The function of lysosomes is critical for autophagy and
hence degradation of «-syn aggregates and turnover of mito-
chondria; hence, we monitored the acid phosphatase activity
of both neuronal and glial cells. We observed significant de-
crease in lysosomal acid phosphatase activity in 6-OHDA-
and Rotenone-treated cells in all the cell lines. U-87 MG glial
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cells showed decreased lysosomal acid phosphatase activity in
the PD stress conditions as compared to SK-N-SH and SH-
SYSY dopaminergic neuronal cells (Fig. 3b).

TFEB is a transcription factor and a master regulator of
lysosome biogenesis and autophagy, and nuclear translocation
of TFEB is essential for activating transcriptional programmes
related to lysosomal biogenesis [32]; therefore, we assessed
the nuclear localization of TFEB in PD stress conditions using
western blotting. SH-SYSY dopaminergic neuronal cells and
U-87 MG glial cells were treated with Rotenone and 6-
OHDA, and nuclear fractions were prepared, and the levels
of TFEB were monitored using TFEB-specific antibody.
Western blot analysis of the nuclear fractions showed de-
creased nuclear localization of TFEB in 6-OHDA conditions
in both SH-SYS5Y and U-87 MG cells (Fig. 3¢ (i)(a) and
(i1)(a)), while no change could be observed in Rotenone-
treated conditions. Relative quantification of the western blots
confirm that the TFEB/Lamin ratio decreases in 6-OHDA
treatment as compared to untreated, and no significant change
is observed under Rotenone conditions (Fig. 3¢ (i)(b) and

(ii)(b)).

Altered Autophagic Flux Modulates Exosome Release
in PD Stress Conditions

Autophagy is a degradative mechanism used by all cell types to
maintain protein homeostasis in the cells. Deficiency of basal
autophagy results in neurodegeneration characterized by the ac-
cumulation of ubiquitinated-protein aggregates [33]. Above re-
sults strongly suggest the lysosomal dysfunction in PD stress
conditions, which can lead to autophagy defect; hence, autopha-
gy was monitored in neuronal and glial cells in PD stress condi-
tions. We observed that 6-OHDA modulates the autophagy flux
using tandem-mcherry-GFP-LC3 construct. The yellow puncta
(red and green merge) indicate autophagosomes whereas red
puncta indicate autophagosomes fused with lysosomes also
called as autophagolysosomes [34]. All the cell lines were
transfected with mCherry-GFP-LC3 and subsequently treated
with 6-OHDA and Rotenone, and red/yellow puncta were mon-
itored. In all the three cell lines, the number of red puncta de-
creased in 6-OHDA as well as Rotenone-treated cells as com-
pared to untreated. Similarly, the yellow-coloured puncta in-
creased per neurons in the 6-OHDA and Rotenone condition,
indicating the reduced autophagic flux (Fig. 4a). We also exam-
ined autophagy using LC3 western blotting in cell lines treated
with 6-OHDA and Rotenone. LC3, the cytosolic form of which
(LC3-I) is conjugated to phosphatidylethanolamine to form LC3-
phosphatidylethanolamine conjugate (LC3-II), is recruited to
autophagosomal membranes [35]; hence, LC3 is an established
marker of autophagy. In SH-SY5Y dopaminergic neuronal cells,
enhanced conversion of LC3-1 to LC3-II is observed in 6-
OHDA -treated cells, and further accumulation is observed when
the autophagy pathway is blocked by Bafilomycin (100 nM)
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Fig. 2 Parkinson’s disease stress conditions lead to mitochondrial
dysfunctions: a MT-RFP transfected U-87 MG cells were treated with
6-OHDA and Rotenone and analysed by confocal microscopy. b (i) SH-
SYS5Y and (ii) SK-N-SH cells were treated with 6-OHDA and Rotenone,
and complex [ activity was measured by spectrophotometric method.
Asterisk (*) indicates levels statistically significant from control; p value

(Fig. 4b (i)(a)) which is also evident by the LC3II/LC3I ratio
(Fig. 4b (i)(b)). Similar results are obtained in SK-N-SH dopa-
minergic neuronal cells (Fig. 4b (ii)). However, a decrease in
LC3-1II levels are observed in U-87 MG glial cells, but LC3
accumulates when co-treated with Bafilomycin Al (Fig. 4b
(iii)(a) and (iii)(b)). These results indicate alteration of autophagic
flux in all the cell lines under PD stress conditions. The

<0.05, SEM of three independent experiments. ¢ (i) SH-SYSY, (ii) SK-
N-SH and (iii) U-87 MG cells were treated with 6-OHDA and Rotenone,
and ATP levels were determined by luminescence method. Asterisk (**)
and (*¥**) indicates levels statistically significant from control; p value <
0.01 and <0.001 (respectively), SEM of three independent experiments

autophagic flux was also monitored using wortmannin, which
is a widely used autophagy inhibitor. LC3-IT accumulates in cells
co-treated with 6-OHDA and wortmannin which indicates defect
in autophagic flux in SH-SY5Y dopaminergic neuronal cells
(Supplementary Fig. S2 (a)(i) and (a)(ii)). There are emerging
evidences to show a molecular and functional crosstalk between
autophagy pathways and exosome release [36]. Exosome release
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<« Fig. 3 Lysosomal functions are altered in Parkinson’s disease stress
conditions: a (i) SH-SY5Y, (ii) SK-N-SH and (iii) U-87 MG cells were
treated with 6-OHDA and Rotenone for 24 h. After treatment cells were
stained with LysoTracker Blue as described in method section and were
visualized by confocal microscopy and average number of lysosomes per
cell was quantified using ImageJ software. Asterisk (***) indicates num-
ber of puncta statistically significant from control; p value < 0.001, SEM
of three independent experiments. b (i) SH-SY5Y, (ii) SK-N-SH and (iii)
U-87 MG cells were treated with 6-OHDA and Rotenone for 24 h. After
treatment, acid phosphatase activity was determined as described in the
“Materials and methods” section. Asterisk (*) and (***) indicates acid
phosphatase levels statistically significant from control; p value <0.05
and < 0.001 (respectively), SEM of four independent experiments. ¢ (i)(a)
SH-SY5Y and (ii)(a) U-87 MG cells were treated with 6-OHDA and
Rotenone, and nuclear fractionation was performed and subjected to
western blot analysis using the indicated antibodies. Relative quantifica-
tion of TFEB protein levels in (i)(b) SH-SYSY and (ii)(b) U-87 MG cells
treated with 6-OHDA and Rotenone. Asterisk (*) and (**) indicates units
statistically significant from control; p value <0.05 and <0.01 (respec-
tively), SEM of two independent experiments

may serve as a cellular mechanism to partially bypass the autoph-
agic defect that occurs during pathological situations. To eluci-
date the crosstalk of the autophagy and exosome release path-
ways under PD stress conditions, SH-SY5Y and SK-N-SH do-
paminergic neuronal cells and U-87 MG glial cells were treated
with 6-OHDA and Rotenone, and autophagy pathway was
blocked using Bafilomycin, and subsequent exosome release
was monitored by western blotting. In all the cell lines, enhanced
exosome release was observed when autophagy pathway is
blocked by Bafilomycin and even more enhanced when the PD
stress conditions are co-treated with Bafilomycin (Fig. 4c (i)(a),
(i))(a) and (iii)(a)). Relative quantification of the CD63 levels as
compared to control confirms that there is a significant increase
in the co-treated conditions (Fig. 4c (i)(b), (ii)(b) and (iii)(b)).
Similarly, subsequent exosome release was checked in all the
cell lines under PD stress conditions co-treated with wortmannin.
The cells treated with wortmannin did not significantly alter the
exosome release in the cells whereas decreased in cells co-treated
with 6-OHDA and Rotenone with wortmannin (Supplementary
Fig. S2 (d), (e), and (f)).

Enhancement of Autophagy Flux by Rapamycin
Decreases the Release of Exosomes in PD Stress
Conditions

The experiments here showed that mitochondrial and lysosomal
dysfunction can modulate the autophagic flux and hence also
modulate the exosomal release in PD stress conditions. We hy-
pothesized that enhancing the basal autophagic flux may de-
crease the exosomal release. Rapamycin is an allosteric inhibitor
of mammalian target of rapamycin (mTOR), and inhibition of
mTOR activity enhances autophagy, which in turn plays a role in
maintaining metabolic homeostasis [37]; however, its implica-
tion in exosomal release in neuronal cells is not well understood.

Hence, we treated the cells with PD stress conditions in presence
and absence of rapamycin and checked the exosome release.
Firstly, we analysed if rapamycin can modulate the autoph-
agy flux in both neurons and glial cells. SH-SYS5Y dopami-
nergic neuronal cells treated with 6-OHDA showed en-
hanced level of LC3-II form which decreased when cells
were co-treated with rapamycin (Fig. 5a (i)). Similarly, en-
hanced degradation of accumulated LC3-II forms was ob-
served in U-87 MG glial cells (Fig. 5a (i1)). These evidences
suggest that rapamycin enhances the autophagy flux both in
neuronal and glial cells in the presence of PD stress condi-
tions. As enhanced autophagy flux may modulate the re-
lease of exosomes, hence, we analysed the exosomal re-
lease in presence of PD stress conditions and rapamycin.
In SH-SY5Y dopaminergic neuronal cells and U-87 MG
glial cells, the level of CD63 marking the exosome release
is enhanced in the presence of 6-OHDA and Rotenone and
PD stress conditions. Interestingly, the level of CD63 is
decreased in cells co-treated with 6-OHDA and Rotenone
with rapamycin both in SH-SY5Y and U-87 MG cells (Fig.
5b (i) and (ii)). These experiments suggest that enhancing
the autophagy through rapamycin decreased the release of
exosome both in neuronal and glial cells.

Discussion

Parkinson’s disease is typically characterized by the death of
dopaminergic neurons in the substantia nigra part of the brain;
however, it has been well established that visual impairments
occur commonly in PD, along with loss of DA-producing retinal
amacrine cells in the inner nuclear and ganglion cell layers and
secondary depletion of the dopaminergic fiber plexus of the inner
plexiform layer. Similarly, neuronal loss and Lewy body pathol-
ogy has been observed in the anterior olfactory nucleus as well as
the olfactory bulb [38]. The spread of the pathology to different
cell types suggest the importance of inter-neuronal communica-
tion through exosomes. The exosomal release is a complex
crosstalk of mitochondria, lysosome and MVBs to counter the
cellular stress and cell may release the damaged organelle/
proteins along with other cargo to protect the cells. In the current
study, we studied the mitochondria-lysosomal crosstalk in the
release of exosome in PD stress conditions.

We used neuronal and glial cell lines for the study since it is
now well established that glial cells play a role in PD. Glial
reaction occurs as a result of the neuronal cell death in neuro-
degenerative diseases, and it has been found that even after the
initial insult to the neuron has disappeared, the glial reaction
initiated further propagates the neuronal degeneration [39,
40]. Moreover, it is now known that the density of microglial
cells is remarkably higher in the substantia nigra as compared
to the other regions of the brain-like hippocampus and the
midbrain regions, which also suggest that the substantia nigra
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<« Fig. 4 Altered autophagic flux modulates exosome release in PD stress
conditions: a Quantification of red and green puncta in mCherry-GFP-
LC3 transfected cells in the presence and absence of 6-OHDA and
Rotenone. The numbers of LC3 puncta per cell were counted, and graph
was plotted for numbers of mCherry-LC3 puncta per cell in (i) SH-SY5Y,
(i) SK-N-SH and (iii) U-87 MG. Asterisk (*), (**) and (***) indicates
number of LC3 puncta statistically significant from control; p value <
0.05,<0.01 and < 0.001 (respectively), SEM of three independent exper-
iments. b (i)(a) SH-SYS5Y, (ii)(a) SK-N-SH and (iii)(a) U-87 MG cells
were treated with Rotenone and 6-OHDA and western blot analysis of
autophagy marker, LC3 was performed in presence and absence of
Bafilomycin Al. Relative quantification of LC3 II/ LC3 I ratio in (i)(b)
SH-SY5Y, (ii)(b) SK-N-SH and (iii)(b) U-87 MG cells treated with 6-
OHDA and Rotenone in the presence and absence of Bafilomycin Al.
Asterisk (¥) and (**) indicates levels statistically significant from control;
p value <0.05 and <0.01 (respectively), SEM of three independent ex-
periments. ¢ (i)(a) SH-SYSY, (ii)(a) SK-N-SH and (iii)(a) U-87 MG cells
were treated with Rotenone and 6-OHDA, and subsequent exosome re-
lease was monitored in the presence and absence of Bafilomycin Al by
performing western blot against the exosome marker, CD63. Relative
quantification of CD63 as compared to untreated samples in (i)(b) SH-
SYSY, (ii)(b) SK-N-SH and (iii)(b) U-87 MG exosome lysates of cells
treated with 6-OHDA and Rotenone in the presence and absence of
Bafilomycin Al. Asterisk (*), (**) and (***) indicates levels statistically
significant from control; p value <0.05, <0.01 and <0.001 (respective-
ly), SEM of three independent experiments

neurons are more susceptible to microglial-mediated injuries,
supporting the implication of gliosis in PD pathogenesis [41].

We first isolated and characterized the exosomes released
from both cell types. Isolation of exosomes was performed by
an affinity purification-based method. The exosomes were
subsequently characterized by Nanoparticle Tracking
Analysis and western blotting against the well-characterized
exosomal marker, CD63. We also checked the exosome re-
lease in the presence of 6-OHDA and Rotenone, which are the
two chemicals used to mimic the Parkinson’s disease condi-
tions. All the evidences here strongly suggest the enhanced
exosomal release in PD stress conditions in dopaminergic
neuronal cells (SH-SY5Y and SK-N-SH) and glial cells
(U-87 MQG).

Previous reports have shown that mitochondria in the neu-
rons are more susceptible to oxidative stress as compared to
other cell types [42]. Fragmented mitochondria are usually
followed by a decrease in respiration and eventual cell death
and is observed in PD models [43]. In our study, we show that
mitochondrial fragmentation occurs in the U-87 MG glial cells
on treatment with 6-OHDA and Rotenone. Furthermore, con-
sistent with previous reports [44—46], we showed that SH-
SYS5Y and SK-N-SH dopaminergic neuronal cells treated with
6-OHDA and Rotenone show impaired mitochondrial com-
plex I activity and ATP level decline and oxidative stress
which is the hallmark in PD pathogenesis [47, 48]. An asso-
ciation between PD and hindered complex I activity in the
brain was reported by several groups [49, 50]. Chemicals
and environmental toxins including Rotenone, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat and

nitric oxide are all shown to inhibit mitochondrial functions
which show Parkinson-type symptoms [51]. This impaired
mitochondrial respiration leads to reduction of ATP levels
[46] and is one of the major causes of neurodegeneration,
including PD [52].

Mitochondrial OXPHOS activity is known to maintain
NADH/NAD ratio which is also important for the main-
tenance of the lysosomal functions [30]. The crosstalk is
further established by recent report where lysosomal dys-
function can lead to generation of a LIPL-4, a lipid sig-
nalling messenger which adjust the mitochondrial ETC
activity and mitochondrial B-oxidation to reduce lipid
storage and promote longevity in Caenorhabditis elegans
[53]. Therefore, the evidence here and emerging reports
strongly suggest the mitochondria and lysosomal crosstalk
in regulation of neuronal homeostasis; however, its impli-
cation of this signalling in PD pathogenesis needs to be
further understood.

Lysosome is now becoming one of the important organ-
elles in cellular homeostasis. The dysfunction in lysosomes
may lead to alteration of several pathways leading to cell death
and progression of several chronic diseases. The dysfunction
leads to decrease in autophagy flux and hence accumulation of
autophagosomes. We showed the dysfunction in lysosomes in
neuronal as well as glial cell lines by using LysoTracker Blue
dye and counting average number of lysosomes per cell
through confocal microscopy. Acid phosphatase activity was
also hampered in all the three cell lines in PD stress condi-
tions. TFEB is a major regulator in coordinating autophagy
induction along with lysosomal biogenesis, and its activation
has ameliorated various neurodegenerative disorders in mouse
models [54]. By nuclear fractionation of the cells and western
blot analysis, we showed that the nuclear translocation of
TFEB is perturbed in 6-OHDA conditions, indicating defec-
tive lysosomal biogenesis and autophagy flux. This was fur-
ther confirmed by monitoring the autophagy flux in all three
cell lines in 6-OHDA and Rotenone conditions using the tan-
dem construct mCherry-GFP-LC3. The number of yellow
puncta considerably increased in 6-OHDA and Rotenone con-
ditions indicating the reduced autophagic flux and impaired
autophagy.

How the impairment of autophagy in PD stress conditions
affects the exosome release is not well understood. Hence, we
assessed the exosome release under the same conditions. The
blocking of autophagy pathway by Bafilomycin Al greatly
enhances the exosome release in the dopaminergic neuronal
and glial cells.

The class III PI3Ks are known to play a role in recruitment
of specific effector proteins to promote endocytosis, endo-
some fusion, and maturation, as well as cargo sorting to lyso-
somes, and moreover are essential for the ILV formation [55].
We observed here that inhibition of class III PI3Ks with the
help of wortmannin resulted in decreased release of exosomes
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<« Fig. 5 Enhancement of autophagy flux by rapamycin decreases the
release of exosomes in PD stress conditions: a (i)(a) SH-SY5Y and
(i1)(a) U-87 MG cells were treated with Rotenone and 6-OHDA, and
western blot analysis of autophagy markers was performed in the pres-
ence and absence of rapamycin. Relative quantification of LC3 II/ LC3 1
ratio in (i)(b) SH-SY5Y and (ii)(b) U-87 MG cells treated with 6-OHDA
and Rotenone in the presence and absence of rapamycin, SEM of three
independent experiments. b (i)(a) SH-SY5Y and (ii)(a) U-87 MG cells
were treated with Rotenone and 6-OHDA, and subsequent exosome re-
lease was monitored in the presence and absence of rapamycin by
performing western blot against the exosome marker, CD63. Relative
quantification of CD63 as compared to untreated samples in (i)(b) SH-
SYSY and (ii)(b) U-87 MG exosome lysates of cells treated with 6-
OHDA and Rotenone in the presence and absence of rapamycin.
Asterisk (*), (**) and (***) indicates levels statistically significant from
control; p value <0.05, <0.01 and <0.001 (respectively), SEM of three
independent experiments

in PD stress conditions. This indicates that the regulation of
exosome release is largely dependent on the inhibition of the
autophagy process at the terminal step of fusion of the
autophagosome with the lysosome. The results here suggest
that wortmannin, which blocks autophagy at the initiation
stage, also may affect a number of other different pathways
because of their broad-spectrum action, and hence the en-
hanced exosome release is not observed in these cases.

The enhancement of autophagy by rapamycin in PD stress
conditions in both SH-SY5Y dopaminergic neuronal cells and
U-87 MG glial cells showed a decrease in the release of
exosomes. This is in consonance with previous reports where
it has been observed that rapamycin plays a protective role
against cell death in in vitro and in vivo models of PD [37],
and this may be because of preventing the exosomal release by
enhancing the autophagy flux. This suggests that enhance-
ment of autophagy pathway by Rapamycin could lower the
exosome release content by the cells in PD stress conditions,
which could provide a therapeutic possibility to stop the
spread of the pathogenesis of the disease through exosomes.

Conclusion

In conclusion, the study here demonstrates that inter-
organellar crosstalk between mitochondria, lysosomes and
MVB is now emerging important in PD pathogenesis. The
mutation in several proteins regulating mitochondrial dys-
function may in turn inhibit the lysosomal function leading
to decreased autophagy flux; hence, increased exosomal re-
lease is observed, containing several pathogenic cargo com-
ponents which may intensify the pathogenesis of PD. The
evidences here suggest that the understanding of the inter-
organellar crosstalk may provide unique opportunity to mod-
ulate the combinatorial strategy to enhance the autophagy flux
and prevent exosomal release hereby reducing the spread of
PD and helping ameliorate the disease.
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TNF-a differentially modulates subunit ®
levels of respiratory electron transport
complexes of ER/PR +ve/—ve breast cancer
cells to regulate mitochondrial complex
activity and tumorigenic potential
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Abstract

Background: Tumor necrosis factor-a (TNF-a) is an immunostimulatory cytokine that is consistently high in the
breast tumor microenvironment (TME); however, its differential role in mitochondrial functions and cell survival in
ER/PR +ve and ER/PR —ve breast cancer cells is not well understood.

Methods: In the current study, we investigated TNF-a modulated mitochondrial proteome using high-resolution
mass spectrometry and identified the differentially expressed proteins in two different breast cancer cell lines, ER/PR
positive cell line; luminal, MCF-7 and ER/PR negative cell line; basal-like, MDA-MB-231 and explored its implication in
regulating the tumorigenic potential of breast cancer cells. We also compared the activity of mitochondrial
complexes, ATP, and ROS levels between MCF-7 and MDA-MB-231 in the presence of TNF-a. We used Tumor
Immune Estimation Resource (TIMER) webserver to analyze the correlation between TNF-a and mitochondrial
proteins in basal and luminal breast cancer patients. Kaplan-Meier method was used to analyze the correlation
between mitochondrial protein expression and survival of breast cancer patients.
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Results: The proteome analysis revealed that TNF-a differentially altered the level of critical proteins of
mitochondrial respiratory chain complexes both in MCF-7 and MDA-MB-231, which correlated with differential
assembly and activity of mitochondrial ETC complexes. The inhibition of the glycolytic pathway in the presence of
TNF-a showed that glycolysis is indispensable for the proliferation and clonogenic ability of MDA-MB-231 cells (ER/
PR —ve) as compared to MCF-7 cells (ER/PR +ve). The TIMER database showed a negative correlation between the
expressions of TNF-a and key regulators of mitochondrial OXPHOS complexes in basal breast vs lobular carcinoma.
Conversely, patient survival analysis showed an improved relapse-free survival with increased expression of
identified proteins of ETC complexes and survival of the breast cancer patients.

Conclusion: The evidence presented in our study convincingly demonstrates that TNF-a regulates the survival and
proliferation of aggressive tumor cells by modulating the levels of critical assembly factors and subunits involved in
mitochondrial respiratory chain supercomplexes organization and function. This favors the rewiring of
mitochondrial metabolism towards anaplerosis to support the survival and proliferation of breast cancer cells.
Collectively, the results strongly suggest that TNF-a differentially regulates metabolic adaptation in ER/PR +ve (MCF-
7) and ER/PR —ve (MDA-MB-231) cells by modulating the mitochondrial supercomplex assembly and activity.

Keywords: Breast cancer heterogeneity, TNF-a, Mitochondria, Metabolism, Inflammation

Introduction

Breast cancer is still a leading cause of death in women
worldwide [1], hence it requires a further understanding
of metabolic adaptations of different breast cancer sub-
types, for the identification of alternative or novel drug
targets. Broadly, breast cancer has been categorized as
hormone-responsive ER/PR +ve representing an early
benign tumor condition, whereas ER/PR —ve as aggres-
sive and metastasis at a late stage. The tumor micro-
environment (TME) of a solid tumor is complex and
constitutes many different cell types including the re-
cruitment of circulating monocytes and its differenti-
ation to tumor-associated macrophage (TAM) [2]. The
interaction of TAMs and breast cancer cells lead to an
inflammatory milieu in TME which reprograms the gen-
etic expression landscape of tumor cells leading to im-
mune evasion and tumor progression. The mechanisms
regulating these processes are emerging, however not
well understood.

Inflammation in TME enhances tumor growth and
metastasis in cancers of different origin like pancreatic,
lung, and gastric [3—6] including breast cancer. Inflamma-
tion affects all phases of malignancy, including proliferation
at the early stage, angiogenesis, progression, and tumor
metastasis [7, 8]. The increased levels of several pro-
inflammatory cytokines like TNF-a, IL-8, IL-10, and growth
factors like TGF-P have been observed in the tumor micro-
environment [8—10]. Despite the close association between
inflammation and tumorigenesis, the mechanisms under-
lying the cytokine-mediated metabolic adaption and its
impact on regulating the tumorigenic potential of breast
cancer cells is not well understood.

TNE-a is a pleiotropic cytokine and acts as pro- or
anti-tumorigenic depending on the type and stage of
specific cancer. TNF-a level is high in tumors of

different origin including breast cancer. Moreover, stud-
ies in the last decade had shown that mitochondria are
emerging as a platform for assembly of the complexes
regulating the NF-kB and IFN pathways, hence innate
immunity during viral infections. Previously, we have re-
ported that adaptor proteins like STING and NLRX1
localize to mitochondria and its contact site, which be-
yond their role in innate immunity, can act as tumor
suppressor and modulate mitochondrial functions in the
presence of TNF-a [11, 12]. This evidences suggest that
mitochondria act as a signaling hub for integrating in-
flammatory and metabolic cues; however, their role in
maintaining cancer cell metabolism and regulating the
overall tumor growth within the altered cytokine milieu
of a TME, needs to be further investigated. In the
current study, we systematically investigated the TNF-a
modulated mitochondrial proteome by employing quan-
titative mass spectrometry. We observed that TNF-a
differentially modulate the subunits of oxidative phos-
phorylation (OXPHOS) complexes and mitochondrial
functions to regulate the clonogenic and migration abil-
ities of the breast cancer cells.

Materials and methods

Cell Lines used and the reagents

MCEF-7 and MDA-MB-231 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies, Carls-
bad, CA, USA) media were supplemented with 10% v/v
heat-inactivated fetal bovine serum (Life Technologies) 1%
penicillin, streptomycin, and neomycin (PSN) antibiotic mix-
ture (Life Technologies). Human TNF-a (premium grade)
was purchased from MiltenylBiotec GmbH, Germany.2-de-
oxy-glucose, NAC (N-Acetyl Cysteine) were purchased from
Sigma-Aldrich, USA. CM-H,DCFDA and MitoSOX™ Red
were purchased from Molecular Probes Inc., USA.
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Mitochondria isolation and quality control

Cells were seeded at 3 x 10° density and after overnight
incubation cells were treated as indicated. The cells were
collected and passed through 24-G x 1" syringe 50—60
times using Sucrose-Tris mitochondria isolation buffer
(0.25 M Sucrose, 10 mM Tris HCl, and 1X protease in-
hibitor). After centrifugation at 600xg for 10 min, the
supernatant was collected and centrifuged at 8000xg.
The obtained pellet (mitochondrial fraction) was washed
thrice with the isolation buffer and lysed in RIPA lysis
buffer. Purity of mitochondrial fraction was checked by
western blotting using antibodies against Actin, Tom20,
SDHA, and UQCRC2.

Sample preparation and digestion

Isolated mitochondrial fractions were lysed in RIPA lysis
buffer (Thermo Scientific, Rockford, IL, USA) with
protease inhibitor (Roche Diagnostics, Mannheim,
Germany) and phosphatase inhibitor cocktail (Roche
Diagnostics), followed by a brief sonication on ice. The
cells were sonicated and centrifuged for 15 min at 24,
000xg at 4 °C and the supernatant was transferred to a
new tube. Protein concentration was determined using
BCA assay kit (Thermo Scientific). Protein samples were
fractionated on 4—12% Bis-Tris Gels (Invitrogen, Carlsbad,
CA, USA) and stained with Coomassie Brilliant Blue
(Sigma-Aldrich, St. Louis, MO, USA). Each gel lane was
cut into ten pieces and subjected to in-gel tryptic digestion
following the general protocol [13]. Briefly, protein bands
were excised, destained, washed, and further reduced with
20 mM DTT and alkylated with 55 mM iodoacetamide.
After dehydration, the proteins were digested with 13 ng/
ml sequencing-grade modified porcine trypsin (Promega,
Madison, WI, USA) in 50 mM ammonium bicarbonate
overnight at 37 °C. Peptides were extracted from the gel
slices in 50% (v/v) ACN and 5% (v/v) formic acid and
dried under vacuum.

Mass spectrometry analysis

Peptides were resuspended in 25 pL Solvent A (0.1% for-
mic acid in water, pH 2.0) and 5 pL sample was loaded
onto an analytic column (PepMap, 75 pm ID x 50 cm 3
um, ES803, Thermo Fisher Scientific, San Jose, CA,
USA) interfaced with a nano-ultra-HPLC system
(EasynLC, Thermo Fisher Scientific) and separated with
a linear gradient of 5-32% Solvent B (0.1% formic acid
in ACN), time (B%) 0~12 min (5% solvent B), 97 (40%),
105 (70%), 117 (70%), and 120 (2%), for 120 min at a
flow rate 300 nL/min. MS spectra were recorded on a
Q-Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific). The standard mass spectrometric condition
of the spray voltage was set to 2.2 kV and the
temperature of the heated capillary was set to 250 °C.
The full MS scans were acquired in the mass analyzer at

Page 3 of 15

400-1400 m/z with a resolution of 70,000 and the MS/
MS scans were obtained with a resolution of 17,500 by
normalized collision energy of 27 eV for high-energy
collisional dissociation fragmentation. The automatic
gain control target was 1 x 10°, the maximum injection
time was 120 ms, and the isolation window was set to
2.0 m/z. The Q-Exactive was operated in a data-
dependent mode with one survey MS scan followed by
ten MS/MS scans, and the duration time of dynamic
exclusion was 20 s.

Database search

Collected MS/MS data were searched against the decoy
UniProt human database (version 3.83, 186 578 entries)
by Proteome Discoverer 2.2 (PD 2.2, Thermo Scientific)
software. Precursor and fragment ion tolerance were set
to 10 ppm and 0.5 Da, respectively. Trypsin was chosen
as the enzyme with a maximum allowance of up to two
missed cleavages. Carbamidomethyl (+ 57.02) of cysteine
was considered as the fixed modification, while the vari-
able modification was set for methionine oxidation (+
15.99). The result filtration parameters of PD 2.2 were
set as follows: peptide and protein identifications were
accepted if they could be established at greater than 95%
and 99% probability, respectively, as specified by the
Peptide and Protein Prophet algorithm and if the protein
identification contained at least two identified peptides
with a false discovery rate < 0.1%.

Relative protein quantification and bioinformatics analysis
Relative protein quantitation was accomplished using
spectral counting. The MS/MS data were normalized to
compare the abundances of proteins between samples
using PD 2.2 software. The normalized spectral counts
from triplicate analyses of the MCF-7 and MDA-MB-
231 cells treated or untreated with TNF-a were com-
pared using the R program [14] with power-law global
error model (PLGEM; version 1.50.0) software used to
determine signal-to-noise ratio and P-value [15, 16]. We
filtered statistically significant differentially expressed
proteins (DEPs) using 0.01 as a p-value threshold. Then
we refined spectral count readouts for the proteins
within the range of 0.01< p-value <0.05 using the
Moment Adjusted Imputation (MAI) equation [17] to
identify DEPs with statistical significance with more sen-
sitivity. After the MAI refinements, we have determined
the p-value with PLGEM and filtered statistically
significant DEPs using 0.01 as a p-value threshold. The
subcellular localization and functional annotation of the
identified proteins were classified using Ingenuity Path-
way Analysis (IPA, QIAGEN Inc., Valencia, CA, US) and
Protein Analysis through Evolutionary Relationships
Classification System (PANTHER, version 7.2,) [18].
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Kaplan-Meier survival analysis was used to estimate
the association of the gene’s expression with survival of
patients.

BN-PAGE

MCF7 and MDA-MB231 cells were seeded at density 3
x 10°/100 mm dish. After overnight incubation cells
were treated as required. Mitochondria from MCF-7 and
MDA-MB231 cells were isolated in Tris-Sucrose buffer
as described above and 50 pg pellets were solubilized as
per manufacturer’s protocol (Thermo Fisher Scientific)
and BN-PAGE was performed on Native PAGE Novex3%—
12% Bis-Tris Protein Gels (ThermoFisher Scientific). In-gel
enzyme activity of different OXPHOS complexes was
analyzed on gradient Bis-Tris gel.

Substrate: for complex I, 1 mg NADH and 25 mg NTB
was prepared in 2 mM Tris-HCI (pH 7.4), and for com-
plex IV, 5 mg DAB and 10 mg cytochrome C in 50 mM
potassium phosphate buffer (pH 7.4) was used for in-gel
activity. For complex III and complex IV combined, 10
mg 3,3’ diaminobenzidine tetrachloride (DAB) and 25
mg cytochrome C in 25 ml of 50 mM sodium phosphate
buffer (pH 7.2) was used.

Spectrophotometric analysis of mitochondrial complex |
and complex Il assays

MCE-7 and MDA-MB-231 cells were seeded at the dens-
ity of 5 x 10° cells/well in the 6-well plate. The cells were
treated as indicated, harvested, and washed with cold
DPBS. The cells were subjected to 23 freeze-thaw cycles
in a freeze-thaw complete solution (0.25 M sucrose, 20
mM Tris-HCI (pH 7.4), 40 mM KCl, 2 mM EDTA supple-
mented with 1 mg/ml fatty acid-free BSA, 0.01% Digitonin
and 10% Percoll). The cells were washed again with the
freeze-thaw solution devoid of digitonin and resuspended
in complex I assay buffer (35 mM potassium phosphate
(pH 74), 1 mM EDTA. 2.5 mM NaNj3,1 mg/ml BSA, 2
pg/ml antimycin A, 5 mM NADH). Complex I activity
was measured by monitoring the decrease in absorbance
at 340 nm after the addition of 2.5 mM acceptor decylubi-
quinone indicating the oxidation of NADH.

Similarly, for complex II activity, cells were seeded at a
density of 15 x 10°/60 mm dish. The cells were
harvested and washed with cold DPBS. The cells were
suspended in 0.5 ml of 20 mM hypotonic potassium
phosphate buffer (pH 7.5) and lysed using a 24-G sterile
syringe and subjected to freeze-thaw cycle. The cell lys-
ate (80 pg) was added to the 1 ml of complex II assay
buffer (0.1 M potassium phosphate (pH 7.5), 50 mg/ml
BSA, 100 mM NaNj3, 200 mM succinate) and incubated
at 37 °C. Complex II activity was measured for 6 min by
monitoring the decrease in absorbance at 600 nm after
the addition of 2.5 mM acceptor decylubiquinone and
DCPIP.
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ATP assay

MCE-7 and MDA-MB-231 cells were seeded in a density
of 5 x 10* in 24 well plates. ATP levels were measured
in control and treatment conditions by an ATP
dependent luciferase assay using an ATP determination
kit (Molecular Probes/Life Technologies, ON, Canada).

Assay of intracellular and mitochondrial ROS

ROS levels and mitochondrial ROS were measured by
CM-H,DCFDA (10 pM) and MitoSOX™ Red (5 pM)
staining, respectively. Briefly, MCF-7 and MDA-MB-231
cells were plated at the density of 1.5 x 10° cells/well in
24-well plates. The cells were treated and stained with
indicated reagent and monitored under a fluorescence
microscope (Olympus IX81 microscope; Olympus,
Tokyo, Japan). A minimum of 5 images and 80-100 cells
were used for analysis.

ROS levels were also quantified by fluorometry. Briefly,
MCE-7 and MDA-MB231 cells were treated and stained
with CM-H,DCFDA (12.5 pM) in DPBS for intracellular
ROS quantification and MitoSOX Red (2.5 uM) in DMEM
for mitochondrial ROS quantification. The cells were
washed with DPBS and normalized tol x 10° cells/ml.
Fluorescence intensity was quantified by a fluorometer
(Hitachi High-Technologies Corp., Japan) with excitation/
emission at 495/520-540 nm and 510/570-600 nm,
respectively.

MTT assay

MCEF-7 and MDA-MB-231 cells were seeded (5000 cells/
well) in 96-well plate. The cells were treated as indicated
and cell viability was determined using the standard
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
liumbromideassay. The purple formazan crystals were
dissolved in DMSO, transferred in a 96-well plate (100
pL/well) and the absorbance was recorded on a micro-
plate reader at a wavelength of 570 nm.

Clonogenic assay

MCEF-7 and MDA-MB-231 cells (2000 cells/well) were
seeded in 6 well plates and treated as per requirements.
Cells were incubated till single clones were visible and
later were fixed using methanol and stained using 0.2%
crystal violet as described earlier [19].

Survival analysis

BRCA patients in The Cancer Genome Atlas (TCGA)
database were ranked by the level of NDUFB1, SDHA,
and COX7C expression and divided into two groups:
top quarter and low quarter in expression level. These
groups were analyzed in Kaplan-Meier survival plot to
estimate the correlation between the gene’s expression
level and survival of patients using OncoLnc [20].
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Scratch assay

Scratch assay was performed in MCF-7 and MDA-MB-
231 cells. Cells were seeded at a density of 2.5 x 10° cells
per well in 12 well plates. After overnight incubation
cells were treated and a vertical wound was created
using a sterile P200 micropipette tip. At zero time point,
images of each scratch were taken using Nikon Ti-2
eclipse inverted fluorescent microscope at x 10 and were
analyzed after 24 h of treatment. Migration rate was
measured using Image] software which measures open
area at a different time interval. The percentage of open
area in each condition was plotted.

Statistical analysis
Data are expressed as mean + SEM of two or three in-
dependent experiments. Unpaired two-tailed Student’s
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t-test was performed. GraphPad Prism was used to per-
form all statistical analyses.

Results

TNF-a differentially modulates mitochondrial proteome in
ER/PR +ve (MCF-7) and ER/PR —ve (MDA-MB-231) breast
cancer cells

To identify TNF-a modulated differentially expressed
mitochondrial proteins in MCF-7 (ER/PR +ve) and
MDA-MB-231 (ER/PR -ve) cells, we performed quanti-
tative proteomic analysis of mitochondrial proteins of
both cell lines in the absence and presence of TNEF-a.
Mitochondrial fractions were prepared from MCF-7 and
MDA-MB-231 cells and the purity was assessed by
western blotting using selected mitochondrial marker
proteins (Tom20, UQCRC2, and SDHA) including
nuclei (PARP), cytosol (B-actin) (Fig. 1a). The mitochondrial

~
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Fig. 1 Quantitative proteomic analysis of TNF-a regulated mitochondrial proteins in breast cancer cells. a Immunoblot analysis of isolated
mitochondria. b Molecular functions of DEPs by IPA tool. The x-axis indicates the number of proteins, red bar as upregulated, and orange bar as
downregulated proteins. ¢ Volcano plots of DEPs displayed in the p-value (—log10) versus signal-to-noise ratio (STN). The p-value and STN were
determined by power law global error model (PLGEM) statistical analysis for label-free quantification
J

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Shinde et al. Cancer & Metabolism (2021) 9:19

fraction of both MCF-7 and MDA-MB-231 showed a
high level of mitochondrial proteins of TOM?20,
UQCRC2, and SDHA, whereas PARP, a marker of
nuclei, was not detected. LC-MS/MS data of MCEF-7
+/- TNF-a and MDA-MB-231 +/- TNF-a were
searched against the decoy UniProt human database
and identified 1077 and 1150 mitochondrial proteins
(peptide probability > 95%; protein probability > 99%)
for MCF-7 and MDA-MB-231 cells, respectively. The
list of identified mitochondrial proteins were further
compared with mitochondrial protein databases; Mito-
Carta [21] and Gene Ontology [22]. It was observed
that 57.5% of proteins overlapped between MDA-MB-
231 and MCEF-7 cells (Fig. 1c).

The quantitative statistical analysis by integrated PLGE
M-STNMAI proteomics of triplicate LC-MS/MS data
with the p-value threshold 0.01, identified 108 (62
upregulated and 49 downregulated proteins) and 111 (81
upregulated and 27 downregulated proteins) differen-
tially expressed proteins (DEPs) in MCF-7 and MDA-
MB-231, respectively (Fig. 1c), in the presence of TNF-a.
Ingenuity pathway analysis (IPA) indicated that DEPs
were involved in mitochondrial function (20%), Sirtuin
Signaling Pathway (18%), oxidative phosphorylation
(12%), protein ubiquitination (12%), and NRF2-mediated
oxidative stress (10%) in MCEF-7 cells. Interestingly, IPA
analysis of DEPs in MDA-MB-231, ER/PR (-ve) cell line
showed that proteins involved in mitochondrial dysfunc-
tion, oxidative phosphorylation, sirtuin signaling, and
fatty acid B-oxidation were enriched in the presence of
TNF-a as compared to MCF-7 cell lines (Fig. 1b).

The functional annotation of the DEPs of MCF-7 and
MDA-MB-231 cell lines using IPA and hierarchical clus-
tering analysis (Mev software) (Supplementary Figure 1A)
showed a distinct cluster of genes regulating specific
pathways were modulated in the presence of TNF-a.
Cluster 1 shows DEPs between MCF-7 and MDA-MB-
231 cells in the presence of TNF-qa, associated with
PPARa/RXRa activation, pyrimidine deoxyribonucleotides
de novo biosynthesis, and salvage pathways of pyrimidine
ribonucleotides. Cluster 2 shows that proteins downregu-
lated in MCF-7 and upregulated in MDA-MB-231 cells in
the presence of TNF-q, are associated with mitochondrial
function, sirtuin signaling pathway, oxidative phosphoryl-
ation, oxidative ethanol degradation, fatty acid a-oxidation,
TCA cycle, and glutamate biosynthesis. The results here
suggest that the TNF-a differentially modulates mitochon-
drial proteome in both ER/PR +ve (MCF-7) and ER/PR
-ve (MDA-MB-231) cells.

TNF-a differentially regulates the level of critical proteins
involved in mitochondrial ETC complex assembly

The remodeling of electron transport chain complexes
assembly and/or activity is important for the bioenergetic
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adaptation in cancer cells; hence, we focused specifically
on the individual protein constituents of each respiratory
complex. All the known subunits of electron transport
chain (ETC) complexes including complex I, II, III, and IV
were analyzed both in MCF-7 and MDA-MB-231 in the
presence of TNF-a. The levels of NDUFS3 (a N module
component) and NDUFB1 (the component of ND4
module) significantly decreased in MCE-7 cells in the
presence of TNF-a and, however, increased in MDA-MB-
231(Fig. 2a). The levels of NDUFA11, the matrix-facing
subunit of CI increased several folds in MDA-MB-231
cells and decreased in MCF-7 in the presence of TNF-a.
This suggests that the levels of mitochondrial complex I
proteins are differentially altered in ER/PR +ve(MCEF-7)
and ER/PR -ve(MDA-MB-231) cells in the presence of
TNF-a.

Complex II is the smallest mitochondrial complex and
unique as it forms a part of the TCA cycle as well as a
part of ETC hence directly linking metabolism and oxi-
dative phosphorylation; we, therefore, analyzed the levels
of complex II subunits in MCF-7 and MDA-MB-231
cells in the presence of TNF-a. MCF-7 showed increased
levels of SDHD subunit whereas other subunits SDHA
and the assembly factor, SDHAF1, decreased in the pres-
ence of TNF-a (Fig. 2b). MDA-MB-231 cells treated
with TNF-a showed no change in SDHD level whereas
the level of SDHA and SDHB increased in mitochondria.
The level of SDHAF1 was significantly high in mito-
chondria of TNF-a treated MDA-MB-231 cells as com-
pared to MCF-7.

Mitochondrial complex III is an important complex as
it accepts electrons both from complex I and complex II
via the acceptor, ubiquinone. The alteration of complex
III may lead to oxidative stress and accumulation of
oncometabolite leading to increased cell proliferation
[23]. We further analyzed the level of complex III sub-
units from the mitochondrial proteome of both MCEF-7
and MDA-MB-231 cells in the presence of TNF-a.
Levels of most subunits of complex III remained same
both in MCF-7 and MDA-MB-231 in the presence of
TNE-a. Interestingly, LYRM7, a protein having the LYR
(Leucine, Tyrosine, Arginine) consensus sequence binds
to HSC20 and facilitate incorporation of Fe-S cluster
into UQCREFS1 in complex III [24, 25] during assembly
of the respiratory chain showed altered levels in both
cell lines. The level of LYRM7 significantly increased in
MCE-7 in the presence of TNF-a as compared to MDA-
MB-231 (Fig. 2c). To confirm this, the expression levels
of LYRM?7 levels were also analyzed by western blotting.
LYRM?7 protein levels also increased in mitochondrial
fraction of TNF-a treated MCF-7 cells whereas de-
creased in MDA-MB-231 cells (Fig. 2e). UQCRC2, a
complex III subunit also decreased in TNF-a treated
MDA-MB-231 mitochondrial fraction and correlated
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MDA-MB-231

with proteomics data (Fig. 2e). Similarly, BCS1L, a 419-
amino-acid chaperone protein, is a member of the family
called AAA; is localized in the inner membrane of the
mitochondria; and is presumed to facilitate the insertion
of Rieske Fe/S protein into precursors to complex III
[26]. We also analyzed the level BCS1L in mitochondrial
proteome and observed increased levels in mitochondria

of MDA-MB-231 cells in the presence of TNF-a
whereas remained unchanged in MCF-7 cells.

Complex IV subunit levels were also analyzed in mito-
chondrial fraction of both MCF-7 and MDA-MB-231.
We did not observe any significant changes in the levels
of different cytochrome-c oxidase (COX) complex
subunits. However, interestingly the assembly factors
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required for the complex IV biogenesis were differen-
tially regulated in the presence of TNF-« in the breast
cancer cells. COX14 assembly factor plays an important
role in the translation of the COX1, the main constituent
of complex IV [27]. Its abundance decreased significantly
in the mitochondria of MDA-MB-231 as compared to
MCE-7 in the presence of TNF-a (Fig. 2d). Similarly,
another assembly factor, COX16, was downregulated in
MCE-7 cells as compared to MDA-MB-231. Altogether,
the above evidence from quantitative mitochondrial prote-
omics and immunoblotting suggests that protein levels of
specific subunits of mitochondrial ETC complexes are dif-
ferentially regulated (Supplementary figure 2) which may,
in turn, modulate the assembly and/or activity in the pres-
ence of TNF-a.

TNF-a differentially regulates mitochondrial
supercomplex assembly and activity in ER/PR +ve (MCF-7)
and ER/PR —ve (MDA-MB-231) breast cancer cells

To understand the implication of TNF-a modulated
subunits of mitochondrial ETC complexes, we analyzed
the organization and activity of ETC complexes from
both MCF-7 and MDA-MB-231 cells in the presence/
absence of TNF-a using Blue native-PAGE. We observed
that TNF-a decreased the levels, as well as the activity of
supercomplex (SC) containing complex I and complex
IV in both the cell line; however, this decrease was sig-
nificantly higher in MDA-MB-231 cells in the presence
of TNF-a (Fig. 3a). A significant decrease in individual
complex III activity was observed in MDA-MB-231 in
the presence of TNF-a compared to MCF-7 (Fig. 3b).To
further quantify the enzyme kinetics of individual ETC
complexes, we monitored the specific activity of complex
I and complex II using the spectrophotometric assay in
MCEF-7 and MDA-MB-231 cells in the presence of TNF-
a either alone or combination with 2-deoxyglucose (2-
D@). 2-DG, the glucose analog, inhibits glycolysis and
decreases the growth of tumor cells, which are primarily
dependent on the glycolytic pathway. Complex I activity
significantly decreased in the presence of TNF-a in
MDA-MB-231 as compared to MCF-7 cells. The inhib-
ition of glycolysis with either 2DG alone or in combin-
ation with TNF-a increased complex I activity in MCF-7
cells. On the other hand, the activity of complex I de-
creased significantly upon inhibition of glycolysis by 2-
DG in MDA-MB-231 but remained unchanged in the
presence of both 2-DG and TNF-« (Fig. 3b). These re-
sults suggest that TNF-a negatively regulates complex I
activity in MDA-MB-231 cells which depends on gly-
colysis to maintain its activity in contrast to MCF-7.

The measurement of complex II activity revealed no
significant changes either in MCF-7 or MDA-MB-231 in
the presence of TNF-a. However, treatment with 2-DG
alone or in combination with TNF-a significantly
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increased complex II activity in MDA-MB-231 suggest-
ing a compensatory response by complex II to maintain
the overall ETC function during glycolytic inhibition.
Altogether, these results indicate that TNF-a modulates
the levels of critical components of complex I, complex
III, and complex IV, hence differentially regulate the
organization and activity of ETC complexes in MDA-
MB-231 cells (ER/PR -ve) and MCF-7 cells (ER/PR +ve)
in the presence of TNF-a.

TNF-a downregulates ATP levels and enhances ROS
generation in triple-negative MDA-MB-231 cells

To investigate the effect of TNF-a regulated ETC
complexes assembly/activity on the mitochondrial bio-
energetic status of both the cells, we analyzed the level
of ATP and ROS in the presence/absence of TNF-a. In
accordance with the above results, TNF-a treatment sig-
nificantly decreased both total cellular and mitochon-
drial ATP level in MDA-MB-231 cells but not in MCF-7
cells. MCEF-7 cells cultured in the presence of 2-DG in
the presence/absence of TNF-a showed a significant de-
crease in total ATP levels; however, the mitochondrial
ATP levels increased significantly under all treatment
conditions suggesting an upregulated ETC function
(Fig. 4a, b). In contrast, MDA-MB-231 cells displayed in-
creased sensitivity to a decrease in both mitochondrial
and total cellular ATP levels in the presence of TNF-a
with or without 2-DG (Fig. 4a, b). This result suggested
that MDA-MB-231 cells are strongly dependent on the
glucose-pyruvate axis for substrate oxidation and ATP
generation by OXPHOS, which is altered in the presence
of TNF-a. Similarly, both intracellular and mitochondrial
ROS levels significantly increased in both cell lines how-
ever MDA-MB-231 cells displayed an enhanced ROS
generation in the presence of TNF-a (Fig. 4c) as com-
pared to MCF-7. Altogether, these results strongly sug-
gest that TNF-a alters the mitochondrial bioenergetic
status of MDA-MB-231 cells by negatively regulating the
ETC complexes activity leading to a decrease in ATP
levels and increased ROS generation.

TNF-a modulated mitochondrial functions differentially
regulate migration and clonogenic ability of breast
cancer cells

To further investigate the role of TNF-a modulated
mitochondrial OXPHOS complex activity in regulating
tumorigenic potential of ER/PR +ve: MCF-7 and ER/PR-
ve: MDA-MB-231 cells, we analyzed the clonogenic abil-
ity in the presence/absence of TNF-a. Interestingly,
TNEF-a inhibits the clonogenic ability of MCF-7 cells
whereas enhances clonogenicity of MDA-MB-231 cells
(Fig. 5b). The addition of 2DG in the presence of TNF-«
further reduced clonogenic ability of the MDA-MB-231
cells suggesting the glycolysis is essential for MDA-MB-
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231 cells. The rescue of clonogenicity was observed in
the presence of NAC (N-Acetyl cysteine), a ROS scaven-
ger in MDA-MB-231 cells, whereas it was not observed
in the MCF-7 cells. Previously, it had been observed that
electron acceptors are limited to drive ETC and other
anaplerotic reactions in cancer cells (TCA in cancer);
hence, we monitored the clonogenic ability in the pres-
ence of pyruvate. The presence of pyruvate can rescue
clonogenic ability in the presence of TNF-a in MCE-7
(Fig. 5c). Interestingly, there was no major change in
pyruvate stimulated clonogenic ability of MDA-MB-231
cells in the presence of TNF-a. We also checked the mi-
gration ability of both cells in the presence of TNF-a

and observed that TNF-a enhanced the migration ability
of MDA-MB-231 cells as compared to MCF-7 (Fig. 5a).
This is further supported by the increase in the number
of colony-forming units in culture medium supple-
mented with pyruvate. This suggests that it is not ROS
but electron acceptor ability that maintains the ratio of
NAD/NADH in the cell to drive the TCA cycle and gly-
colysis in MCF-7, whereas pyruvate, the electron ac-
ceptor, is not the limiting factor [28, 29].

Hemin is known to degrade BTB and CNC homologyl
(BACH1), a haem binding transcription factor that is in-
creased in TNBC tumors and enhance mitochondrial re-
spiratory activity[30]. To further confirm the reliance of
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MDA-MB-231 on OXPHOS activity, we checked for cell
viability of MDA-MB-231 in the presence of TNF-« in
combination with Hemin. We observed that the cell via-
bility of MDA-MB-231 cells significantly decreased in
the presence of TNF-a and Hemin (Fig. 5d). This sug-
gests that enhancing the mitochondrial proteins and
functions in MDA-MB-231 cells in the presence of

TNF-a can inhibit the triple-negative breast cancer cell
survival.

Subunit of mitochondrial complexes negatively correlates
with survival of the breast cancer patients

The TIMER database is a web resource used for sys-
temic analysis and evaluation of clinical impacts of
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different immune factors in diverse cancer types hence
we analyzed the correlation between TNF-a and the ex-
pression level of identified DEPs. The TIMER data
showed that increased expression of TNF-a in basal
breast cancer patients is associated with decreased gene
expression of subunits of mitochondrial complex I. This
negative correlation between TNF-a and complex I sub-
units is significantly higher in basal breast cancer patients
(Fig. 6a) and no significant correlation in luminal breast
cancer patients was observed. CIII subunits like UQCR10,
UQCRB, and UQCRQ expression were also altered in
basal breast cancer patients which showed a significant
negative correlation with TNF-a expression as compared
to luminal breasts cancer patients (Fig. 6b).

We also checked the survivability of breast cancer pa-
tients using the Kaplan-Meier survival plot analysis. The
high expression of subunits of mitochondrial complexes
like NDUFBI (p = 0.052), SDHA (p = 0.011), and COX7B

(p = 0.064) showed an increased percentage of survival
and an increased number of survival days (Fig. 6¢).

These evidence strongly suggest that TNF-a differen-
tially regulates the mitochondrial subunits in luminal
and basal breast cancer patients and determine the sur-
vival rate and span of the breast cancer patients.

Discussion

Increased level of cytokines in TME of solid tumors may
modulate mitochondrial function for metabolic adapta-
tion; however, its systemic role in the regulation of mito-
chondrial proteome and OXPHOS assembly is not well
understood. The regulation of TNF-a mediated mito-
chondrial complex assembly and its role in the regula-
tion of tumorigenic potential of different breast cancer
cell types had not been systemically investigated. To
understand the differential regulation, we here
systemically characterized mitochondrial proteome of
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two different cell types MCF-7: ER/PR +ve, responsive
representing early tumor conditions, and MDA-MB-231
cells: ER/PR -ve representing aggressive and metastatic
conditions tumor cell types. There is no systemic study
monitoring the mitochondrial proteome in different
breast cancer cells which determines differential metabolic
adaptations in TME. There are some previous reports
where TRAIL, a member of the TNF-a family, modulated
total cellular proteome had been analyzed [31]; however,
total cellular proteome truly does not reflect mitochon-
drial proteins [32]. Hence, it is important to understand
the TNF-a modulated mitochondrial proteome to under-
stand the differential mitochondrial role in driving the
tumor characteristic and heterogeneity.

The high-resolution proteomics clearly showed that
TNEF-a differentially modulates mitochondrial proteome
of MDA-MB-231 and MCEF-7 cells leading to differential
mitochondrial function and OXPHOS capacity. Other
pathways that are differentially regulated in the presence
of TNF-a like sirtuin pathways and iron homeostasis in
MCE-7 and MDA-MB-231 cells also regulate mitochon-
drial functions; however, this can be a topic of further
investigation. The study further focused on the assembly
of mitochondrial respiratory chain complexes which are
differentially regulated in MCF-7 and MDA-MB-231
cells. The level of mitochondrial DNA encoded tran-
scripts specifically ND2 and ND3 which form part of the
core unit of the complex I, increased in MCF-7, whereas
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remaining unaltered in MDA-MB-231 cells. The levels
of NDUFS3 ( N module component) and NDUFB1 (the
component of ND4 module) were significantly decreased
in MCF-7 cells in the presence of TNF-« but, however,
increased in MDA-MB-231 suggesting that TNF-a can
differentially modulate the complex I activity which is in
consonance with in-gel activity and super complex
assembly.

Similarly, mitochondrial complex III, which can accept
electrons from both complex I and complex II through
ubiquinone is critical for mitochondrial function. The
study here showed a decrease in complex III activity
which correlates with mitochondrial proteomics data.
The level of assembly factor LYRM7 decreased in MDA-
MB-231 cells compared to MCEF-7 cells. Emerging
reports suggest that binding of HSC20 (co-chaperone) to
the LYR motif of LYRM?7 in a pre-assembled UQCRFS1-
LYRM?7 intermediate in the mitochondrial matrix facili-
tates Fe-S cluster transfer to UQCREFSI, hence assembly
of complex III (Chaperon CI-III). This decrease in
LYRM?7 in mitochondria of MDA-MB-231 cells strongly
suggests that incorporation of Fe-S complexes in mito-
chondrial electron transport chain may be modulated in
mitochondrial complex III. Hence, TNF-a modulates
flux of NADH which will shift the TCA cycle intermedi-
ates towards anaplerotic reactions in aggressive breast
tumor cells (MDA-MB-231). This is further supported
by the analysis of clonogenic abilities of the cells in the
presence of TNF-a. Interestingly, we observed that TNF-
a inhibited the clonogenic ability of MCEF-7 cells which
is rescued in the presence of pyruvate suggesting that
electron acceptors are limiting factor. Pyruvate level can
be differentially regulated in MCF-7/MDA-MB-231 cells,
which is known to act as an electron acceptor and can
determine the cell proliferation. Interestingly, in MDA-
MB-231, highly metastatic cells, pyruvate is not a
limiting factor as TNF-a reprogrammed the activity of
OXPHOS for anaplerotic reaction, as we observed pyru-
vate supplementation showed no major effect on cell
proliferation or clonogenic abilities of the cells. This ob-
servation further supported as we observed a high level
of pyruvate in MDA-MB-231 cells as compared to MCEF-
7 cells (unpublished observation).

The decrease in complex I/III activity may increase the
level of ROS in triple-negative aggressive breast cancer
cells which may act as mitohormetic response rather
than cell death. This observation is in consonance with a
recent report where it had been observed that an in-
creased level of ROS in selected aggressive breast cancer
cells from TNBC patients can induce mitohormetic
response in modulating nuclear genes which help to
survive in the hostile tumor microenvironment.

The overall decrease in the mitochondrial proteins and
complex activity in MDA-MB-231 is supported by a
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recent study where BTB and CNC homologyl (BACH1),
a haem binding transcription factor increased in tumors
from patients with TNBC which negatively regulates
transcription of electron transport chain (ETC) genes
[30]. It was observed that enhancing the reliance of
breast cancer cells to mitochondrial functions by modu-
lating the transcription factor BACH1 using hemin
which initiates degradation of BACHI, sensitizes the
cancer cells to metformin. In our study, the TIMER
webserver showed a negative correlation of CI and CIII
subunits with TNF-a in basal breast cancer patients.
This correlates with the decrease in complex assembly
and activity in MDA-MB-231 in the presence of TNF-a.
Further, the survivability of breast cancer patients
also correlates with the expression of mitochondrial
complexes.

Conclusion

In conclusion, the subcellular proteomics identifies the
differential behavior of the ER/PR +ve and ER/PR -ve
breast cancer cells in response to TNF-a. The evidences
here clearly suggest that TNF-a modulates metabolism
differentially in ER/PR +ve and ER/PR -ve breast cancer
cells by modulating the levels of critical assembly factors
and subunits involved in mitochondrial respiratory chain
supercomplexes. TNF-a modulated metabolic reprogram-
ming favors survival and proliferation of more aggressive
ER/PR -ve breast cancer cells. This study identified novel
assembly factors as possible therapeutic target to prevent
the progression of aggressive breast cancer cells hence the
survival of the breast cancer patients.
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sample. The up-regulated proteins are in red and down-regulated proteins
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TNF-a-induced E3 ligase, TRIM15 inhibits TNF-a-regulated NF-kB pathway @&
by promoting turnover of K63 linked ubiquitination of TAK1
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ARTICLE INFO ABSTRACT

Keywords: Ubiquitin E3-ligases are recruited at different steps of TNF-a-induced NF-kB activation; however, their role in
TNF-o temporal regulation of the pathway remains elusive. The study systematically identified TRIMs as potential
NE-1B feedback regulators of the TNF-a-induced NF-kB pathway. We further observed that TRIM15 is “late” response
;gx;s TNF-a-induced gene and inhibits the TNF-a-induced NF-kB pathway in several human cell lines. TRIM15 pro-
Ubiquitination motes turnover of K63-linked ubiquitin chains in a PRY/SPRY domain-dependent manner. TRIM15 interacts with

Functional antagonism

TAK1 and inhibits its K63-linked ubiquitination, thus NF-kB activity. Further, TRIM15 interacts with TRIM8 and

inhibits cytosolic translocation to antagonize TRIM8 modualted NF-kB. TRIM8 and TRIM15 also show func-
tionally inverse correlation in psoriasis condition. In conclusion, TRIM15 is TNF-a-induced late response gene
and inhibits TNF-a induced NF-kB pathway hence a feedback modulator to keep the proinflammatory NF-«kB

pathway under control.

1. Introduction

The NF-xB family of transcription factors are activated by a range of
pathophysiological stimuli including viral and bacterial factors (LPS,
dsRNA), antigen receptors, DNA damage, reactive oxygen species (ROS),
and cytokines (TNF-a, IL-1), [1-3]. Activated NF-xB promotes tran-
scription of a several target genes that include growth factors, chemo-
kines, cytokines, immune modulators, regulators of apoptosis, acute
response genes, cell adhesion molecules [1,3]. NF-kB pathway is tightly
regulated by post-transcriptional and post-translational regulatory
mechanisms, however, its dysregulation leads to prolonged activation of
NF-xB and chronic inflammatory conditions hence critical for organ-
ismal survival and fitness [4].

Pleiotropic cytokine TNF-a is an activator of the NF-kB pathway and
inflammation [1,5]. The increased level of TNF-a and persistent acti-
vation of proinflammatory NF-kB is observed in many pathological
conditions including cancer [6-9]. TNF-a activated NF-kB target genes
have been classified in ‘early’ ‘mid’ and ‘late’ response genes based on
their temporal expression pattern [10]. Some of the early response genes

like NFKBIA (IxkBa) and TNFIP3 (A20) act as negative feedback regula-
tors of the pathway and dynamics of gene expression by controlling NF-
kB oscillations [10-12]. The modulation of the NF-xB pathway by late
responsive genes and its implication in feedback regulation to restrict
inflammation had not yet been explored.

Ubiquitination plays a critical role in the regulation of TNF-o medi-
ated NF-xB pathway. cIAP1/2 mediated Lys-63-linked poly-
ubiquitination of RIP1, recruits TAK1 [5,13]. After recruiting TAK1 to
the complex, TAK1 is K(Lysine)-63-linked polyubiquitinated and acti-
vated to recruit IkB kinase (IKK) complex. Dual phosphorylation of IxBa
by IKK complex leads its K48-linked polyubiquitination by SCFPT™CP
ubiquitin ligase complex [5,13] which is degraded through ubiquitin
proteasome system (UPS). Removal of K63-linked ubiquitin chains by
deubiquitinase (DUB) like A20 and CYLD negatively regulates NF-
kBactivation and plays a pivotal role in modulating NF-kB pathway
[4,5,13]. TNF-a stimulation also promotes the expression of several E3
ligases including various TRAFs, cIAPs, and XIAP and most of these
modifiers positively regulate the pathway [1]. Surprisingly to date, no
TNF-a-induced E3 ligase had been shown regulating the pathway in a

Abbreviations: TNF-a, Tumor necrosis facotr-alpha; TRIMs, Tripartite motif containing proteins; CCLE, Cancer Cell Line Encyclopedia; TRIM8, Tripartite motif
containing protein 8; TRIM15, Tripartite motif containing protein 15; Baf-Al, Bafilomycin-Al; UPS, Ubiquitin proteasome system; GEO, Gene Expression Omnibus.
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negative feedback mechanism.

Ubiquitin E3 ligases identify unique substrates and promote their
ubiquitination and topology of the ubiquitin chain assembled on the
substrate determines their fate.Tripartite Motif containing (TRIM) pro-
teins are RING E3 ligases characterized by the signature motif composed
of RING, B-Box, and Coiled-coil domain. They are further subclassified
based on the presence of the variable C-terminal domain [14,15]. The
roles of these proteins are emerging in innate immune regulation, viral
restriction, and autophagy [16,17]. The reports from our group and
others had shown that TRIM8 and TRIM38 acts as positive and negative
(respectively) regulators of the TNF-a and IL1f activated NF-xB pathway
[18-20]. Besides, TRIMs have also been identified as regulators of NF-xB
in response to diverse stimuli, however, TRIM mediated negative feed-
back modulation of TNF-a regulated-«B is not well understood [16,17].

In this study, we systemically identified potential feedback regula-
tors of the TNF-a-induced NF-kB pathway and further characterized the

Cellular Signalling 91 (2022) 110210
2. Results

2.1. Late response TNF-a induced TRIM15, inhibits TNF-a-induced NF-
kB pathway

TNF-a-induced temporal expression of NF-kB target genes are crucial
for optimal inflammatory response and resolution of inflammation. We
performed a two-step screening strategy to identify possible feedback
regulators of the TNF-a-induced NF-kB pathway. Firstly, we analyzed
expression of TRIMs in TNF-a treated HEK293 at 10 h to identify late
expressing genes. The mRNA expression of several TRIMs (TRIM1, 2, 3,
8,9,15,16,21, 31, 37, 38, 39, 41, 44, 46, 47 and 55) increased >2 folds
in TNF-a treated cells (Supplementary Fig. 1A). We reconfirmed the
expression of TRIM1, 2, 15, and 16 using a different set of primers in
HEK293 cells (Supplementary Fig. 1B).

The early response genes TNFAIP3 and IkBa are the only NF-«kB

activated genes known to negatively regulate NF-xB [3,4]. We hypoth-
esized that TRIMs transcribed during ’Late’ response may regulate NF-
kBn pathway in feedback manner. Therefore, we analyzed the role of

role of TRIM15 in negative regulation of TNF-a-induced NF-kB pathway.
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Fig. 1. TRIMI15 is a late response TNF-a induced gene and inhibits TNF-a-induced NF-kB activation. TNF-a induces expression of TRIM15. (A) HEK293 &(C) MCF-7
cells were treated with TNF-«a for indicated time and mRNA expression of TRIM15 was analyzed using qRT-PCR. (B) HEK293, (D) MCF-7, and (E) MDA-MB-231 cells
were treated as indicated and western blotting was performed to check TRIM15 protein levels. (F) TRIM15 inhibits TNF-a-induced NF-xB activation. HEK293 cells
were co-transfected with control vector or TRIM15 and NF-kB reporter constructs. After 24 h of transfection, cells were treated with TNF-« for 10 h, and NF-xB
activity was measured by Dual glow luciferase reporter assay. (G) Control siRNA or TRIM15-siRNA was co-transfected with NF-kB reporter constructs and 24 h post-
transfection, cells were treated with TNF-a for 10 h and NF-kB activity was measured. (H) Control siRNA or TRIM15-siRNA was transfected in HEK293 and mRNA
expression of TRIM15 was analyzed using qRT-PCR.Asterisk (*), (**), and (***) indicates fold change or NF-kB activity statistically significant from control; p-value
<0.05, <0.01 and < 0.001(respectively), SEM of minimum three independent experiments.
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TNF-a-induced TRIMs in the regulation of NF-kB pathway. In the second
step, we knocked down TNF-a upregulated TRIMs using siRNA and
monitored NF-kB reporter activity in the presence/absence of TNF-a.
The knockdown of TRIM1, 2, 15, 46, 47, 48, and 55 enhanced TNF-
a-induced NF-xB activation, whereas TRIM37 knockdown reduced the
activity (Supplementary Fig. 1C). These results indicate that TNF-
a-induced late response TRIMs act as negative regulators of the TNF-
a-induced NF-xB pathway.

A previous study exploring DNA methylation patterns associated
with gastric cancer had identified TRIM15 as a hyper-methylated gene
[21], hence we analyzed its methylation pattern and its correlation with
expression. Firstly, we checked the expression and methylation of
TRIM15 in various cancer cell lines using Cancer Cell Line Encyclopedia
(CCLE) database [22]. Interestingly, the TRIM15 promoter region was
highly methylated in most cancer cell lines except colorectal, pancreatic,
and stomach cancer cell lines (Supplementary Fig. 2A, B, C & D). In
consonance, TRIM15 mRNA expression was only observed in the colo-
rectal, pancreatic, and stomach cancer cell lines (Supplementary Fig. 2A,
B & C). Therefore, we reanalyzed the expression of TRIM15 during the
“Mid” (4 h) and “Late” (10h) response using qRT-PCR in HEK293
(Fig. 1A) and MCF-7 (Fig. 1C) cells. TRIM15 mRNA transcript levels
increased 6-fold after 10 h of TNF-a treatment in both the cell lines
(Fig. 1A & C). Besides, while exploring GEO datasets, we also found that
cultured aortic smooth muscle cells (SMCs) stimulated with TNF-a show
increased expression of TRIM15 at 2 h, and the highest expression was
observed at 6 h (Supplementary Fig. 2E) [23]. These results suggest that
TRIM15 is primarily a late response TNF-a-induced gene.

Next, we checked protein levels of TRIM15 in TNF-« treated cells. We
observed a temporal increase in TRIM15 protein levels in HEK293
(Fig. 1B). In MCF7 cells (Fig. 1D) TNF-a induced TRIM15 at 24 h which
reduced at 48 h, whereas MDA-MB-231 (Fig. 1E) cells treated with TNF-
a increased TRIM15 protein levels at both 24 and 48 h. Besides TNF-«
treatment, we observed increased TRIM15 protein levels in MCF-7 and
MDA-MB-231 cells in presence of Interferon-a (IFNa) (Fig. 1D & E).

Further, we validated the role of TRIM15 on NF-kB activation by
Dual Glow Luciferase Reporter assay. The expression of TRIM15
decreased TNF-a-induced NF-xB activation as compared to control
(Fig. 1F), whereas its knockdown by siRNA increased TNF-a-induced
NF-kB activation (Fig. 1G & H). We also analyzed its effect on NF-xkB
inhibition at different time points and found that ectopic expression of
TRIM15 inhibited TNF-a-induced NF-kB activity at both 4 h and 24 h
(Supplementary Fig. 2F).

2.2. TRIM15 form foci in the cytoplasm and nucleus and stabilizes in the
presence of TNF-a

TRIMs are known to dynamically localize in different subcellular
compartments [15,19,24]. Therefore, we monitored the subcellular
localization of TRIM15. Western blotting showed the presence of
TRIM15 in both cytosolic and nuclear fractions Ttreated with TNF-a,
MG132 (Proteasome inhibitor), and Bafilomycin-Al (Baf-Al; Autophagy
inhibitor) (Fig. 2A). The level of 50 kDa band corresponding to TRIM15
was higher in nuclear fraction compared to the untreated cells in TNF-a
treated condition. Additionally, TRIM15 levels in cyctosolic fraction
increased in MG132 (Proteasome inhibitor), Baf-Al and co-treated cells
(Fig. 2A). Further, we monitored subcellular localization using YFP
tagged TRIM15. Confocal microscopy showed TRIM15 is present as
discrete foci as well as large protein aggregates distributed in the cytosol
(Fig. 2B). We also observed the presence of TRIM15 foci in the nucleus
(Fig. 2C, Supplementary Fig. 3B).

TRIMs are known to dynamically localize to different subcellular
compartments under specific stimuli [15,24]. Therefore, we checked the
effect of TNF-a on dynamic localization of TRIM15. Interestingly, we
observed that both mean fluorescence intensity (MFI) and binary area of
TRIM15-YFP increased in TNF-a treated cells compared to control
(Fig. 2D, E & F). We further monitored the TRIM15 foci in TNF-a,
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MG132 and Baf-Al treated cells. Interestingly, the puncta size of
TRIM15-YFP having >10 pM increased in TNF-a, MG132 and Baf-Al
treated cells compared to untreated control (Supplementary Fig. 3C).
We also observed a corresponding decrease in puncta size ranging up to
<2 pM in TNF-a, MG132, and Baf-Al treated cells compared to control
(Supplementary Fig. 3C). The increase in TRIM15 puncta size in pres-
ence of MG132 and Baf-Al suggests its possible turnover through pro-
teasome and autophagy pathway, whereas its increase in TNF-a
treatment is possibly due to enhanced transcription of TRIM15 or sta-
bilization at protein levels and formation of higher-order structure.

2.3. TRIM15 acts downstream of TRAF2 and inhibits IxkBa
phosphorylation

TNF-a-induced NF-«kB pathway is broadly regulated at three major
levels; TRADD-TRAF2 complex at TNF receptor, TAB-TAK complex, and
IKK complex respectively [3,5]. To further investigate the mechanism of
TRIM15 mediated inhibition of NF-kB activity we analyzed the step
regulated by TRIM15. We co-transfected TRAF2 with TRIM15 in
HEK293 cells and analyzed NF-kB activation in the presence/absence of
TNF-a. The expression of TRAF2 was sufficient to enhance NF-xB acti-
vation (Fig. 3A) and TRIM15 co-transfection significantly reduced the
activity in untreated cells (Fig. 3A). Similar inhibition of TRAF2 induced
NF-xB activation was observed in TRIM15 co-transfected cells treated
with TNF-a (Fig. 3A).

Further, we monitored the effect of TRIM15 on the TAK1 induced
NF-xB pathway. TAK1 expression did not affect NF-kB activity in un-
treated cells but enhanced NF-kB activity in TNF-a treated cells
compared to vector (Fig. 3B). We also observed that co-transfection of
TRIM15 with TAK1 inhibited NF-kB activity (Fig. 3B) in presence of
TNF-o. The co-expression of TRIM15 with TAK1 reduced the levels of p-
IxkBa in both untreated and TNF-a treated cells compared to vector co-
transfected cells (data not shown). Many regulators of TNF-a-induced
NF-xB pathway act on the NF-«xB heterodimers to regulate the activation
of the pathway [3-5]. Therefore, we further checked the effect of
TRIM15 on p65 induced NF-kB activation. We observed that p65
expression increased NF-kB activity in untreated cells and co-
transfection of TRIM15 failed to inhibit NF-xB activation (Fig. 3C).
These results confirm that TRIM15 acts upstream of p65 and down-
stream of the TRADD-TRAF complex.

Phosphorylated (p) IkBa is ubiquitinated and degraded by the
Ubiquitin-Proteasome System (UPS) [2,3,5]. We argued that TRIM15
may affect IxkBa phosphorylation, therefore, we analyzed p-IkBa levels
by western blotting. Cells were transfected with indicated TRIMs and
cells were treated with a combination of TNF-a and MG132. Western
blotting showed the 40 kDa band corresponding to p-IxBa was signifi-
cantly reduced in TRIM15 transfected cells compared to control, sug-
gesting inhibition of IkBa phosphorylation (Fig. 3D). Similarly, we also
analyzed the p-IxBa levels in MCF-7 cells transfected with control vector
or TRIM15 and treated with TNF-a, MG132, Baf-A1 (Inhibitor of auto-
phagy) or in combination. Western blotting showed a significant
reduction in the level of 40 kDa band corresponding to p-IkBa in TRIM15
transfected cells compared to control, TNF-a, MG132, Baf-A1, and TNF-
a-Baf-Al co-treated cells (Fig. 3E). Interestingly, we did not observe any
significant difference in p-IkBa levels between TRIM15-YFP and control
transfected cells co-treated with TNF-o« and MG132. These results clearly
show that TRIM15 inhibits the NF-kB pathway by inhibiting IkBa
phosphorylation.

2.4. TRIM15 enhances turnover of TNF-a-induced K63-linked ubiquitin
chains

Recruitment of different ubiquitin ligases brings stringency and
specificity to the pathway by identifing specific substrates and the
addition of ubiquitin in specific topologies [25]. Therefore, we analyzed
the effect of TRIM15 on various ubiquitin chain topologies to further
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transfected with TRIM15-YFP and 24 h post-transfection cells were stained with Hoechst nuclear stain and monitored under a confocal microscope. (D) TRIM15-YFP
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DAPI and YFP fluorescence. (E&F) The binary area and mean fluorescence intensity of TRIM15-YFP was measured from the captured images using the automated
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understand its E3 ligase function. We co-transfected HEK293 cells with
HA-Ub-K6, K11, K27, K29, K48, K63, and either vector control or
TRIM15 and treated them with TNF-a. Interestingly we found that
TRIM15 co-transfection significantly reduced K6, K11, K27, K29, K48,
and K63 linked polyubiquitination of proteins and reflected the most
pronounced effect on K6 and K63 linked polyubiquitination (Fig. 4A).

Therefore, we further checked the effect of TRIM15 on cellular
ubiquitination by co-transfecting vector or TRIM15 with HA-Ub-K63
and monitored K63 linked ubiquitination. We observed higher molec-
ular weight adducts of HA-Ub-K63 linked proteins were increased in
presence of TNF-a in vector-transfected cells (Fig. 4B). TRIM15 co-
transfection significantly reduced the level of K63 linked ubiquitina-
tion in TNF-a treated cells (Fig. 4B). Interestingly, we found that levels of
HA-Ub-K63 linked protein adducts increased in TRIM15 transfected
cells in presence of MG132 as compared to untreated and TNF-a
(Fig. 4B). Further, we monitored total cellular ubiquitination in the same
blot using a ubiquitin-specific antibody, however, no difference was
observed in ubiquitination between control or TRIM15 transfected cells
in different treatment conditions (Fig. 4B).

To reconfirm, we co-transfected HA-Ub-K63 with control or TRIM15-
siRNA and monitored the levels of K63-linked ubiquitination of proteins
using HA-specific antibody. We observed a significant increase in levels
of higher molecular weight K63-linked protein adducts in TRIM15-
siRNA transfected cells compared to control transfected cells both in
the absence and presence of TNF-« (Fig. 4C). We also observed an in-
crease in total cellular ubiquitination in TRIM15-siRNA transfected cells
both in the absence and presence of TNF-a as compared to control
(Fig. 4C). Interestingly, a similar increase in K63-linked ubiquitination

was also observed in TRIM15 knockdown cells treated with MG132 and
in combined treatment of TNF-a and MG132 (Fig. 4C), whereas we
observed no difference in total ubiquitination in these conditions, sug-
gesting decreased turnover of K63 linked proteins in absence of TRIM15.

As observed earlier that TRIM15 is present in both cytosol and nu-
cleus (Fig. 2A, B & C), we monitored its effect on nuclear and cytosolic
protein ubiquitination levels. We co-transfected HA-Ub-K63 either with
control or TRIM15-YFP in HEK293 cells and treated with TNF-a or
MG132. Western blotting of cytosolic and nuclear fractions showed that
TRIM15 significantly reduced K63-linked ubiquitination in the cytosol
and nucleus of both untreated and TNF-a treated cells (Fig. 4D),
whereas, its effect on total ubiquitination was less pronounced (Fig. 4D).
Consistent with the previous blot (Fig. 4B) we observed increased K63-
linked ubiquitination in TRIM15 transfected cells treated with MG132 as
compared to untreated and TNF-a treated cells (Fig. 4D). These results
suggest that E3 ligase TRIM15 enhances UPS mediated turnover of K63-
linked ubiquitination in both nucleus and cytoplasm.

2.5. PRY/SPRY domain deletion of TRIM15 rescues inhibiton of TNF-
a-induced K63-linked ubiquitination and NF-xB activity

We further analyzed the effect of TRIM15-mediated inhibition of
K63-linked ubiquitination on NF-kB activation. Different domain dele-
tion constructs of TRIM15 were co-transfected with HA-Ub-K63 and K63
linked ubiquitination and NF-kB activation was monitored. Surprisingly,
transfection of TRIM15 with RING and RING-B-Box deletion showed less
rescue of K63-linked ubiquitinated adducts as compared to full-length
TRIM15 (Fig. 5A), and strongly inhibited TNF-a-induced NF-xB
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activity (Fig. 5B). Interestingly, we observed that deletion of SPRY and
PRY/SRPY domain of TRIM15 rescued K63-linked ubiquitination and
TNF-a-induced NF-kB activity (Fig. 5C). Additionally, transfection of CC
domain deleted TRIM15 and CC domain mutant (T15Cm) showed less
rescue of K63 linked ubiquitination compared to PRY/SPRY domain
deleted TRIM15 (Fig. 5C) and NF-kB activity (Fig. 5D). These results
suggest that the PRY/SPRY domain of TRIM15 is essential for the
turnover of K63-linked ubiquitination and TNF-a-induced NF-xB activ-
ity. Interestingly, these results also confirmed that a significant corre-
lation exists between cellular TRIM15-mediated K63-linked
ubiquitination and NF-kB activity.

2.6. TRIM15 inhibits NF-xB activation by turnover of K63-linked
ubiquitination of TAK1

TAK1 is modified by K63-linked ubiquitin chains in presence of TNF-
a and IL-1f [20] and we observed that TRIM15 enhances turnover of
K63-linked ubiquitin adducts (Fig. 5C). Therefore, we analyzed whether
TRIM15 had any effect on the K63-linked ubiquitination of TAK1. We
co-transfected cells with Flag-TAK1 and control vector, TRIM15-YFP or
tagless-TRIM15, and treated them with MG132 and TNF-a. TAK1 was
pulled down using anti-Flag affinity beads and immunoprecipitation (IP)
showed that 75 kDa band corresponding to TRIM15-YFP appeared in the
Flag-TAK1 pull-down confirming interaction of TRIM15 and TAK1
(Fig. 6A). Blotting with ubiquitin antibody showed increased higher
molecular weight adducts of polyubiquitinated proteins in Flag-TAK1
pull-down, whereas it was reduced in TRIM15 co-transfected cells
(Fig. 6A). A similar reduction of TAK1 ubiquitination was observed in
Flag-TAK1 co-transfected with tag-less TRIM15 (Fig. 6A).

TRIM15 had been identified as an E3 ligase [26] and it showed

interaction with TAK1, therefore we analyzed if TRIM15 affects the
turnover of TAK1. To address this, we co-transfected Flag-tagged TAK1
with a control vector or TRIM15 and treated the cells with TNF-a,
MG132, or in combination. We observed that the 50 kDa band corre-
sponding to TAK1 remained unchanged in control and TRIM15 trans-
fected cells (Fig. 6B) and no significant difference was observed in the
TAK1 levels in control and treated conditions (Fig. 6B).

K63-linked ubiquitination of TAK1 at Lysine 158 is required for TNF-
o induced NF-kB activation [2,20,27] and TRIM15 showed reduced
levels of K63-linked ubiquitination. Therefore, we checked whether
TRIM15 modulates the K63-linked ubiquitination of TAK1. Flag-TAK1
and HA-Ub-K63 were co-transfected with TRIM15 and treated with
TNF-a and IP were performed using anti-Flag affinity beads. Western
blotting reconfirmed the interaction of TRIM15 and TAK1 and reduction
of TAK1 ubiquitination in presence of TRIM15 (Fig. 6C). Detection of
K63-linked ubiquitination using HA-specific antibody showed that TNF-
a treatment promotes K63-linked ubiquitination of TAK1 whereas
TRIM15 co-transfection completely diminished K63-linked ubiquitina-
tion of TAK1 (Fig. 6C). Besides, we performed a similar IP and pulled
down K63-linked ubiquitin chains using HA-affinity beads. Increased
level of ubiquitinated TAK1 was observed in the presence of TNF-q,
whereas the transfection of TRIM15 enhanced the turnover of K63-
linked TAK1 in presence of TNF-a (Fig. 6D). Together these results
suggest that TRIM15 interacts with ubiquitinated K63-linked TAK1 and
reduced its level by enhancing the turnover through UPS.

2.7. TRIM15 interacts with TRIMS, inhibits its cytoplasmic translocation
and TNF-a-induced NF-xB activity

The previous report from our group had shown that nucleo-
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cytoplasmic translocation of TRIMS is required for TNF-a-induced NF-kB
activation [19], additionally TRIM8 promotes K63-linked poly-
ubiquitination of TAK1 in cytoplasm to induce NF-kB activation [20].
TRIMs are known to homo and heterodimerize for target identification
and assembly of signalosomes [28,29]. While exploring interaction
partners of TRIM15, the literature survey showed possible interaction
between TRIM8 and TRIM15 [30] therefore, we performed co-
immunoprecipitation (Co-IP) to confirm their interaction. HA-tagged
TRIMS8 was transfected with either vector or TRIM15-YFP and treated
with TNF-a and MG132 or MG132 alone. TRIM8 was pulled down using
anti-HA affinity beads and western blotting showed that the 75 kDa

band corresponding to TRIM15-YFP was observed in TRIM15 and HA-
TRIMS co-transfected cells co-treated TNF-o and MG132 (Fig. 7A).
TRIMS8’s nucleo-cytoplasmic translocation in TNF-a is required for
activation of NF-xkB [19], therefore we further analyzed the effect of
TRIM15 on TRIM8 dynamics. We transfected HA-tagged TRIM8 with
TRIM15-YFP or vector control in HEK293 cells and treated with TNF-a
and monitored TRIM8 and TRIM15 in nucleo-cytoplasmic fractions. The
level of 75 kDa band corresponding to TRIM15-YFP was higher in nu-
clear fraction as compared to the cytosol, whereas its cytosolic levels
increased in presence of TNF-a (Fig. 7B). The 62 kDa band corre-
sponding to HA-TRIM8 was high in nuclear fraction compared to the
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(respectively), SEM of minimum three independent experiments.

cytosol (Fig. 7B) and interestingly, the level of TRIMS8 was higher in the
nuclear fraction of TRIM8-TRIM15 co-transfected cells (Fig. 7B). We also
observed a corresponding decrease in TRIMS levels in the cytoplasm in
TRIM15 co-transfected cells (Fig. 7B).

To further check the functional effect of TRIM15 on TRIMS-
enhanced TNF-a-induced NF-kB activity we checked the effect of
TRIM15 on TRIMS8-regulated TNF-a-induced NF-xB activity. We
observed ectopic expression of TRIM8 enhanced NF-kB activity
compared to vector-transfected TNF-a treated cells (Fig. 7C) as observed
previously [19,20]. Interestingly, we observed that co-expression of
TRIM15 with TRIM8 significantly reduced TRIMS8-regulated NF-xB
activation (Fig. 7C). Since we observed functional antagonism between
these proteins in the regulation of the NF-xB pathway, we further
explored their physiological significance in inflammatory conditions.
We analyzed the GEO databases for disease progression related to in-
flammatory conditions, specifically Psoriasis. Interestingly gene
expression analysis of microarray dataset comparing expression

between normal, non-lesional, and lesional psoriasis tissue showed a
marked increase in TRIM15 mRNA expression in lesional psoriasis tissue
compared to normal control and non-lesional (psoriasis) tissue (Sup-
plementary Fig. 4A, B & C). We also observed that TRIM8 expression
was decreased in lesional psoriasis tissue compared to normal control
and non-lesional (Supplementary Fig. 4D, & E). Together these results
confirm functional and physiological antagonism between TRIM8 and
TRIM15 and indicate its implication in the regulation of inflammation
and chronic inflammatory condition like psoriasis.

3. Discussion

Increased levels of TNF-o; a prototypic activator of the pro-
inflammatory NF-xB pathway, had been observed in several patho-
physiological conditions [6-9]. This pathway had been intensively
studied, however, the resolution TNF-a-induced inflammatory pathway
is is still not well understood in pathophysiological conditions. Majority
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of the studies focused on early response genes however dysregulation of
physiological equilibrium in chronic disease conditions is not well un-
derstood. The selective ubiquitination of proteins implicated in presence
of TNF-a either leads to its degradation or its recruitment to assemble
signaling complexes defining the unique outcome of the TNF-a-patho-
physiological responses. In this study, we systematically identified late
response TNF-a activated E3 ligases and their role in the regulation of
TNF-a-induced NF-kB activation and further characterized TRIM15 in
negative feedback regulator of TNF-a-induced NF-xB pathway.

We and others have have previously observed that turnover of TRIMs
is high and stabilized during specific pathophysiological conditions
[31,32]. Cells keep inflammatory pathways under stringent control and
hence it can be inferred that late response genes may have important
regulatory functions, hence, we systematically planned to identify late
response TNF-a induced TRIMs regulating the NF-kB pathway. In this
study we performed screening and identified several TRIM genes
(TRIM1, 2, 3, 8,9, 15, 16,21, 31, 37, 38, 39, 41, 44, 46, 47 and 55) which
are late response TNF-u activated genes. Interestingly, most of the late
response TRIMs: TRIM1, 2, 15, 46, 47, 48, and 55 inhibit TNF-a-induced
NF-kB pathway, suggesting that TRIMs may act as feedback regulator of
the TNF-a-induced NF-kB pathway. These results further warrant a more

focused investigation of late response genes and their role in feedback
regulation of TNF-a induced NF-kB pathway in different pathophysio-
logical conditions.

Isolated reports from different groups including our group had
shown that TRIMs, a family of RING E3 ligases regulates cellular path-
ways by identification and modification of their target substrates
[16-18,20,33,34]. Stimuli-specific expression of TRIMs brings precision
and specificity to the pathways and determines the physiological
outcome [24,31,35,36]. Previously upregualtion of TRIM15 was
observed in in THP1-derived macrophages stimulated with ligands of
TLR3 and TLR4 [37] but its expression was found unaffected by type-I
IFNs in various immune cells [35]. In this study, we suggest that
TRIM15 is a TNF-a-induced late response gene and strongly inhibits NF-
kB activation in different cell types. TRIM15 has restricted tissue
expression and data from cancer cell line encyclopedia (CCLE) suggest
that DNA methylation of TRIM15 promoter regions restricts its mRNA
expression. Our observation of TRIM15 gene expression in response to
TNF-a is supported by recent reports suggesting that infection [38] and
TNF-a promotes [39] DNA demethylation of genes and promote their
transcription. This also suggests that hypermethylated genes may also
contribute to the regulation of cellular pathways in response to specific
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stimuli [38,39]. Previous studies from our lab and others have demon-
strated that TRIMs have high turnover and stabilizes only specified
pathophysiological conditions [16,24,31,32]. Interestingly, unlike other
TRIMs, TRIM15 protein is stable and turnover is not high as it had been
observed to play an essential role in focal adhesion involved in cell
migration, an essential cellular process [26]. TNF-o induced expression
of highly methylated gene TRIM15 indicates existence of an additional
layer regulation of NF-kB, which is via demethylation of their regulatory
genes, however, this concept requires further validation.

Ubiquitin E3 ligases are known to modify substrates by adding spe-
cific ubiquitin chains and regulate regulate their stability and degrada-
tion. Several NF-kB target genes are E3 ligases and found to regulate the
pathway positively by modifying specific targets and regulating their
turnover [3,5,40-42]. Surprisingly we observed that TRIM15 enhances
turnover of K63-linked ubiquitin chains and further characterization
revealed the involvement of the PRY/SPRY domain for turnover of K63-
linked ubiquitination and inhibition of TNF-a-induced NF-kB activity.
K63-linked ubiquitination had been suggested to promote the stability of
proteins and function generally independent of UPS, however, emerging
evidence suggests that some targets modified by K63-linked ubiquitin
chains are degraded by UPS [43]. Further, it had been found that K63-
linked chains act as seeds for the formation of K48/K63 branched
chains and associates with the proteasome [44]. Furthermore, assembly
of K48/K63 branched ubiquitin chains assembled on TRAF6 by E3 ligase

HUWE1 protects deubiquitination of K63-linked chains of TRFA6 to
positively regulate IL-13 mediated NF-xB pathway [45]. Therefore, it
will be interesting to explore if TRIM15 mediated degradation of K63-
linked ubiquitination requires the similar deployment of K48/K63-
linked branched ubiquitin chains to enhance the turnover of K63-
linked substrate to negatively regulate the NF-xB pathway.

Previous studies have shown thatactivation of the TAB-TAK complex
is critical for activation of the TNF-a-induced NF-kB pathway and K63
linked ubiquitination of TAKI1 is critical for activation [3-5,46]. Our
study shows that TRIM15 interacts with TAK1 and strongly inhibits NF-
kB activation by enhancing the turonover of K63-linked ubiquitin chain
[3-5,20,27]. This is one of the first reports elucidating the role of TNF-
a-induced late response genes in negative regulation of the NF-«kB
pathway.

Homo/heteromeric interactions of TRIM proteins had been previ-
ously observed [15,30] however their physiological implication had not
yet been studied. Cooperation between TRIMs has been observed and
reports show antgonostic effect on the same substrate or pathway.
Previous reports from our group and others have shown that TRIMS8’s
nucleo-cytoplasmic trafficking is important for NF-xB activation by
promoting TAK1 ubiquitination [19,20]. Here we observed that TRIM15
mediated restriction of cytosolic translocation of TRIM8 which may
further inhibit TRIM8 mediated K63 linked cytosolic ubiquitination of
TAK]1 as reported previously. More interestingly the observed functional
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antagonism between these proteins is also relevant in the chronic in-
flammatory condition, Psoriasis. Besides its role in regulation of TNF-
a-induced NF-xB pathway and virus-induced IFN response [47] TRIMS8 is
also known to regulate different aspects of cancer signaling including
estrogen signaling [48], genotoxic stress induced cell death [32] and
chromosome stability [32]. Therefore, it will be interesting to check the
relevance of TRIM8-TRIM15 functional antagonism in cancers.

In summary, the current study identified TRIMs as novel regulators
of the TNF-a-induced NF-kB pathway and further report TRIM15‘s role
in negatively regulating TNF-a-induced NF-kB activity. Interestingly,
TNF-o may induce the expression of several TRIMs which may be
selectively stabilized in different subcellular compartments hence
different TRIMs may be recruited at the different regulatory steps of
TNF-a-induced NF-kB activation. These proteins are developing modu-
lators of inflammatory pathways and chronic pathological conditions
and further study may provide a novel way of targeting specific TRIMs
for therapeutic intervention in given pathophysiological conditions.

4. Materials & methods
4.1. Cells and reagent

HEK293, MCF-7 and MDA-MB-231 cells were grown at 37 °C, 5%
CO4 in Dulbecco’s Modified Eagle’s Medium (DMEM, Cyclone, GE, USA)
and Minimal Essential Media (MEM, HyClone, GE, USA) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (Gibco, Thermo
Fisher Scientific, USA) and 1% penicillin, streptomycin, and neomycin
(PSN) antibiotic mixture (Gibco, Thermo Fisher Scientific, USA).
TRIM15 in pCDNA-3 and all TRIM15-YFP constructs in pZsYellow1-N1
was provided by Dr. Walther H. Mothes and Dr. Pradeep Uchil (Sec-
tion of Microbial Pathogenesis, Yale School of Medicine, USA) [26]. HA-
TRIMS8 in pCGN-HA was gifted by Dr. S. Hatakeyama (Department of
Biochemistry, Hokkaido University Graduate School of Medicine) [34].
Flag-TAK1 was provided by Dr. Yan-Yi Wang [49]. Control and TRIM15-
siRNA were purchased from Qiagen.

Primary antibodies Anti-HA-HRP, Anti-FLAG-HRP were purchased
from Sigma, USA. Mouse polyclonal against 8-Actin and Ubiquitin was
from SantaCruz, USA, Rabbit polyclonal against GFP from Abclonal
(Woburn, MA, United States) and p-IkBa was from Cell signaling tech-
nology, USA. TRIM15 was purchased from St John’s Laboratory (United
Kingdom). HRP-conjugated secondary antibodies; anti-rabbit and anti-
mouse were purchased from Jackson ImmunoResearch, USA. Recom-
binant Human TNF-a was purchased from Milteny Biotech, Germany,
and PeproTech, USA. MG132, Bafilomycin Al, EZview™ Red Anti-HA
Affinity Gel, and M2 FLAG-Affinity Gel were purchased from Sigma-
Aldrich, USA. Lipofectamine® 3000 (Invitrogen, USA) was used for
siRNA transfection. Dual Glow Luciferase Reporter Kits were purchased
from Promega, USA.

4.2. Gene expression analysis of TRIM family proteins

HEK293 cells were treated with TNF-a (10 ng/ml) for 10 h and
collected in RNA ISO plus reagent (Takara, Japan). Total RNA was iso-
lated using RNAiso Plus Reagent and was reverse transcribed to syn-
thesize cDNA using PrimeScript 1st strand cDNA Synthesis Kit (Takara,
Japan) according to the manufacturer’s protocol. The expression of
TRIMs were analyzed by quantitative Real-Time PCR using TagMan
probes specific for the indicated TRIM gene (Applied Biosystems, Inc.,
USA). Data were processed using DataAssist v3.01 (Applied Biosystems,
Inc., USA). 18S rRNA was used as endogenous control and fold change
values (222 were plotted.

Similarly, mRNA expression of various TRIMs was reconfirmed using
Real-time PCR by SYBR Premix Ex Taq II (Tli RNase H Plus) (Takara,
Japan) as per the manufacturer’s instruction. p-Actin and GAPDH genes
were used as multiple endogenous control and expression of indicated
genes were calculated using QuantStudio 3 and 5 system’s Design and
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Analysis Software v1.5.1. fold change values (222 of a minimum of
three independent biological replicates were plotted.
Specific primers for the genes are listed in Supplementary Table 1.

4.3. NF-kB luciferase reporter assay

Dual-Glo luciferase assay system was used for detecting NF-xB ac-
tivity (Promega, USA) as described previously [19]. HEK293 cells were
seeded at a density of 2.5 x 10° cells per well in 12 well plates. siRNA
targeting specific TRIMs or indicated vectors were co-transfected with
NF-kB firefly and Renilla luciferase reporter constructs. siRNA and
vector co-transfection was done using Lipofectamine 3000 following the
manufacturer’s protocol. Transfected cells were treated with TNF-o for
10 h or indicated time points and Firefly/Renilla activity was measured
by following the manufacturer’s protocol using BioTek Synergy HTX
multimode plate reader. The Firefly/Renilla ratio was plotted to show
the activation of the NF-xB pathway.

4.4. Fluorescence/confocal microscopy

HEK293 cells were seeded at a density of 1.5 x 10° cells on coverslips
in 24 well plates. Cells were transfected with TRIM15-YFP or TRIM15-
RFP. After 24 h of transfection, cells were treated with indicated
chemicals and fixed with 4% Paraformaldehyde (PFA). Coverslips were
removed from 24 well plates and slides were prepared using SlowFade™
Gold Antifade Mountant (Thermo, USA). Images were acquired using
Nikon Eclipse Ti2 Inverted Microscope and processes using NIS-
Elements Advanced Research software (Nikon, Japan). Similarly,
slides were prepared, and images were acquired using Nikon Confocal
Microscope A1R HD25 (Nikon, Japan).

Automated image analysis was performed using NIS-Elements
Advanced Research software. For measurement of mean fluorescent
intensity (MFI) and binary area “field measurement” feature of the
“Automated image analysis” tool was used. Acquisition and measure-
ment parameters for all YFP images were kept the same for all the im-
ages. Similarly, the “object count” feature of the “Automated image
analysis” tool was used for counting the YFP puncta of TRIM15.

4.5. Nuclear-cytoplasmic fractionation

The nuclear and cytosolic fractions were prepared as described
previously [19] with minor modifications. HEK293 cells were plated at a
density of 1 x 10° in a 60-mm? dish and transfected with indicated
vectors. After 24 h of transfection, the cells were treated with indicated
chemicals. Cells were washed with DPBS (Hyclone, GE, USA) and
resuspended in 300 pl of buffer-A (10 mM HEPES buffer, pH 7.9, 0.1 mM
EDTA, 10 mM KCl, 0.4% (v/v) NP40, 0.5 mM dithiothreitol (DTT), and
1x protease inhibitor cocktail (Roche, Germany) and incubated on ice
for 30 min and lysed. Lysates were centrifuged at 15,000g for 15 min at
4 °C and the supernatant was collected as the cytosolic fraction. Pellets
were washed three times with buffer-A and resuspended in 70 pl of ice-
cold buffer-B (20 mM HEPES buffer, pH 7.9, 400 mM NaCl, 1 mM EDTA,
1 mM DTT, and 1x protease inhibitor cocktail). The resuspended pellet
was subjected to a high-speed vortex twice at an interval of 30 min. The
nuclear lysate was centrifuged at 15000g for 15 min at 4 °C and the
supernatant was collected as the nuclear fraction. Protein concentration
was measured by Bradford assay (Bio-Rad Protein Assay Dye Reagent
Concentrate, Bio-Rad, USA) and an equal amount of proteins (for both
cytosol and nuclear fraction) were resolved on 10.5% SDS-PAGE. Pro-
tein expressions in nuclear and cytosolic fractions were analyzed by
western blotting using specified antibodies.

4.6. Western blotting

To detect the levels of HA/FLAG/GFP tagged proteins, p-IkBa, and
ubiquitin western blotting was performed. HEK293 and MCF-7 cells
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were seeded at a density of 2.5x 10° per well in 12 well plates and
indicated vectors were transfected using the standard calcium phos-
phate transfection method [50]. After 24 h of transfection cells were
treated as indicated and harvested in ice-cold PBS. Cells were lysed in
lysis buffer (100 mM NaCl, 50 mM Tris-HCl, 1% Triton-X 100, and 1 x
protease inhibitor cocktail). Protein concentration was determined by
Bradford assay (Bio-Rad Protein Assay Dye Reagent Concentrate, Bio-
Rad, USA) and an equal amount of proteins were resolved on 10.5%
SDS-PAGE. Proteins were electro-blotted on PVDF membrane (Immun-
Blot® PVDF Membrane, Bio-Rad, USA) at 110 V for 1 h at 4 °C. The
membrane was blocked with 5% blocking buffer (5% non-fat dried milk
and 0.1% Tween-20 in TBS) for 1 h at room temperature and incubated
with primary antibody overnight at 4 °C. After incubation membrane
was washed three times with TBS-T (TBS containing 0.1% Tween-20)
and incubated with a secondary antibody at room temperature for 1 h
and proteins were detected by using Clarity Western ECL Substrates
(Bio-Rad, USA) and exposing to X-ray film or using ChemiDoc MP Im-
aging System (Bio-Rad, USA).

4.7. Co-immunoprecipitation

To study the protein interaction and ubiquitin conjugation of Flag-
tagged proteins, co-immunoprecipitation experiments were performed.
HEK293 cells were plated at a density of 2 x 10° per 90-mm-diameter
dish and transfected with Flag-TAK1 or HA-TRIMS8 in combination
with indicated vectors using the calcium phosphate transfection method
[50]. After 36 h of transfection, cells were treated with specified
chemicals and incubated for 10 h. After treatment, cells were harvested,
washed with ice-cold PBS (Hyclone, GE, USA), and lysed in immuno-
precipitation buffer (100 mM NaCl, 50 mM Tris-HCl, 1% Triton-X 100,
and 1 x protease inhibitor cocktail). The cell lysates were incubated with
HA or FLAG-Affinity Gel (Sigma, USA) on a roller shaker overnight at 4
°C. The gel beads were washed four times with IP buffer, resuspended in
5x SDS-PAGE sample buffers and separated on 10.5% SDS-PAGE, and
analyzed by western blotting using specific antibodies.

4.8. Gene expression analysis from GEO datasets, CCLE database, and
Methylation profile of cancer cell lines

We explored the Gene Expression Omnibus dataset (GEO) GDS3809
for TRIM15 expression (probe set: 1451916 s_at). The microarray
expression values of TRIM15 were plotted as mRNA expression for
indicated time points [23]. Similarly, we explored the GDS4062 dataset
for expression of TRIM15 (probe set: 36742 at, 210885_at, and
210177_at) and TRIMS8 in normal, psoriasis lesional, and non-lesional
dataset. Microarray transformed counts were plotted for mRNA
expression for each probe set separately. We retrieved mRNA expression
data of TRIM15 (both microarray and RNAseq) across various cancer
cell lines from the CCLE database [22]. The expression data scatter plots
were retrieved for methylation status (X-axis) vs mRNA expression (Y-
axis).

The methylation status of TRIM15 as bubble plots for breast cancer
cell lines was retrieved using the “CpG Methylation Viewer” module of
the CCLE database and presented as it is.

4.9. Statistical analysis

Data are shown as mean + SEM for n observations. Comparisons of
groups were performed using one-way ANOVA (Newman-Keuls post-
test) to determine the levels of significance for each group. The exper-
iments have been repeated a minimum of three times independently and
probability values of p < 0.05 were considered as statistically signifi-
cant. The data were normalized as the maximum value was considered
as 100% and 0 as 0% for all data set.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cellsig.2021.110210.
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