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Chronic inflammation in tumor microenvironment plays an important role at different stages of tumor develop-
ment. The specificmechanisms of the association and its role in providing a survival advantage to the tumor cells
are not well understood. Mitochondria are emerging as a central platform for the assembly of signaling com-
plexes regulating inflammatory pathways, including the activation of type-I IFN and NF-κB. These complexes
in turn may affect metabolic functions of mitochondria and promote tumorigenesis. NLRX1, a mitochondrial
NOD-like receptor protein, regulate inflammatory pathways, however its role in regulation of cross talk of cell
death and metabolism and its implication in tumorigenesis is not well understood. Here we demonstrate that
NLRX1 sensitizes cells to TNF-α induced cell death by activating Caspase-8. In the presence of TNF-α, NLRX1
and active subunits of Caspase-8 are preferentially localized to mitochondria and regulate the mitochondrial
ROS generation. NLRX1 regulates mitochondrial Complex I and Complex III activities to maintain ATP levels in
the presence of TNF-α. The expression of NLRX1 compromises clonogenicity, anchorage-independent growth,
migration of cancer cells in vitro and suppresses tumorigenicity in vivo in nude mice. We conclude that NLRX1
acts as a potential tumor suppressor by regulating the TNF-α induced cell death and metabolism.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Clinical and experimental studies suggest that inflammation is in-
tricately linked with tumorigenesis. In colorectal, hepatic, breast and
several other cancer types, an inflammatory condition may precede
the development of malignancy [1–3]. For example, inflammatory
bowel disease (IBD) is associated with colon cancer and an infection
by Helicobacter pylori progressively leads to gastric carcinoma [3,4].
However, despite the numerous examples of the apparent associa-
tion of chronic inflammatory conditions with higher incidences of
cancer, the molecular mechanisms linking these pathologies are
still not well understood.

Inflammation, irrespective of its origin, promotes cell survival,
proliferation of malignant cells and conditions the tumor microenvi-
ronment for further metastasis. Emerging clinical reports suggest

that the levels of specific cytokines are altered in patients with different
cancer types including breast, gastric, colorectal and hepatocellular car-
cinomas [5]. Increased levels of pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-α), macrophage migration inhibitory
factor (MIF), transforming growth factor beta (TGF-β), interleukins-6,
-8, -10 and -18 (IL-6, IL-8, IL-10 and IL-18) were reported in patients
with advanced-stage pancreatic, colorectal and breast cancers [6–15].
Serum levels of TNF-αwere elevated in eight independent types of can-
cer including breast, colorectal and gastric carcinomas [5,9,13]. In tumor
microenvironment, TNF-α secreted by tumor cells or by inflammatory
cells, promotes tumor cell survival through the stimulation of NF-κB
pathway [16]. The activation of NF-κB up-regulates the expression of
genes stimulating cell cycle progression and promotes epithelial–mes-
enchymal transition [17]. The binding of TNF-α to Type I TNF receptor
(TNFR1) results in a pro-survival stimulation of NF-κB, through the
formation of proximal plasma membrane bound complex I consisting
of TNF receptor-associated protein with death domain (TRADD),
receptor-interacting protein 1 (RIP1) and TNF receptor-associated fac-
tor 2 (TRAF2). During the TNF-α induced apoptosis, the complex-I dis-
sociates from TNFR1 and recruits the Fas-associated death domain
(FADD) and Caspase-8, forming cytosolic complex-II, where Caspase-8
is activated, which further initiates the downstreamproteolytic cascade
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[18,19]. The emerging evidences suggest that Caspase-8 may translo-
cate to different subcellular sites including mitochondria in response
to different stimuli [20–22]. TRADD, TRAF2 and RIP1 subunits of
complex-II together with Pro-caspase-8 have been reported to translo-
cate to mitochondria during the TNF-α induced apoptosis [23]. The
functional relevance of Caspase-8 and other subunits of complex-II
translocation to mitochondria is not clear.

Stimulation of the cells with TNF-α induces reactive oxygen spe-
cies (ROS) generation however the regulatory mechanisms in differ-
ent pathological conditions are still not clear. The mitochondrial
Complex I and Complex III are the major sites of ROS generation
[24]. Impaired Complex I and Complex III activities alter mitochon-
drial integrity by decreasing membrane potential, ATP synthesis
and oxygen consumption [25]. The alteration of mitochondrial func-
tions in response to TNF-α shifts the cancer cell metabolism toward
glycolysis [26] however the mechanisms are not well understood.
Upregulated glycolysis is a characteristic metabolic hallmark of can-
cer cells that is required to meet the bioenergetic demands. Thus,
TNF-α signaling may confer a selective advantage to cancer cells
for survival and proliferation through constitutive activation of NF-
κB and reprogramming of metabolism. However, molecular mecha-
nisms for the TNF-α-mediated regulation of mitochondrial bioener-
getic function remains elusive.

Mitochondria are emerging as a critical signaling platform for the as-
sembly of signallosomes regulating the inflammatory pathways [27].
Mitochondrial antiviral signaling protein (MAVS) localizes on the
outer membrane of mitochondria and serves as an adaptor protein for
RIG1, recognizing dsRNA during viral infections. MAVS is essential for
the type-I IFN and NF-κB activation during viral infections [28]. Recent
studies have suggested that COX5B, a subunit of Cytochrome c Oxidase
(CcO) complex negatively regulates antiviral innate immunity by
inhibiting MAVS signallosomes at the mitochondria [29]. Similarly, me-
diator of IRF3 activation (MITA) is a mitochondria-associated ER mem-
brane (MAM) protein located in the area of close juxtaposition between
mitochondria and ER. MITA is a crucial regulator of IFN and NF-κB
signaling during infection by DNA viruses [30]. The study from our
lab suggests that MITA is also an important regulator of inflamma-
tion acting as a potential tumor suppressor in breast cancer [31].
Similarly, a highly conserved NOD-like receptor with a mitochondria
localization signal, the nucleotide-binding domain (NBD) and
leucine-rich repeat (LRR)-containing family member X1 (NLRX1)
[32] is an important component of TLRmediated inflammatory path-
ways [33]. The role of the NLRX1 in regulating the cross talk of in-
flammation and mitochondrial function and its involvement in
carcinogenesis is not well understood.

In the presentwork, we identify NLRX1 as a crucial regulator of TNF-
α induced cell death and reveal its potential role as a tumor suppressor.
We report here that NLRX1 sensitizes cells to the TNF-α induced apo-
ptosis by potentiating Caspase-8 at the level of complex-II. NLRX1 con-
tributes to the TNF-α induced generation of ROS by regulating the
activities of mitochondrial respiratory Complex I and Complex III.
NLRX1 negatively regulates clonogenic survival of tumor cells in vitro
and tumor growth in vivo by modulating oxidative phosphorylation
and metabolism.

2. Materials and methods

2.1. Cell culture and reagents

HEK293, HeLa, and MCF-7 cells were cultured in Dulbecco's mod-
ified Eagle's media (DMEM, Life Technologies, Carlsbad, CA, USA).
T47D and MDA-MB-231 cells were cultured in RPMI 1640 (Life Tech-
nologies, USA) and Leibovitz's L-15 media (HI-MEDIA, India) respec-
tively. Media were supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Life Technologies), 1% penicillin, streptomycin
and neomycin (PSN) antibiotic mixture (Life Technologies). Full

length NLRX1 (isoform 1) cloned into pcDNA3.1 vector was provided
by Dr. S E Girardin (University of Toronto, Ontario, Canada). Full length
TRIM13 and HA-TRAF2 were kind gifts from Dr. Olle Sangfelt (Depart-
ment of Oncology/Pathology, Cancer Centrum Karolinska, Stockholm,
Sweden) and Dr. S M Srinivasula (IISER, Thiruvananthapuram, Kerala,
India), respectively. The primary antibodies used were NLRX1, β-actin
and c-MYC (Abcam, Cambridge, UK), PARP, Caspase-8 (Cell Signaling
Technology, Inc., USA) and anti-HA peroxidase (Roche Applied Science,
IN, USA). HRP-conjugated anti-mouse and anti-rabbit antibodies (Ther-
mo Scientific, Inc., IL, USA) were used. TNF-α (Tumor Necrosis Factor-
alpha) and Mito-TEMPO were procured from Enzo Life Sciences, Inc.
USA. Cyclohexamide, antimycin, rotenone, H2O2, oligomycin and N-
Acetyl Cysteine (NAC) were purchased from Sigma-Aldrich, USA. z-
VAD-fmk (N-Benzyloxycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl
ketone) (BioVision, Inc., CA, USA), IETD-fmk (Ile-Glu(OMe)-Thr-
Asp(OMe)-fluoromethyl ketone) (Clontech Laboratories, Inc., USA)
were used. CM-H2DCFDA and MitoSOX™ Red were purchased from
Molecular Probes Inc., USA.

2.2. Cell death and proliferation assay

Cell death and proliferationwas quantified by Trypan blue exclusion
assay and MTT assay respectively as previously described [31].

2.3. Generation of stable cell lines

MT-RFP stable cell line in MCF-7 was generated as previously de-
scribed to studymitochondrial localization of NLRX1 [34]. Similarly, sta-
ble knockdown of NLRX1 were generated in HEK293 and HeLa cells.
Cells were transfectedwithNLRX1 shRNA and control shRNA and stable
cloneswere selected andmaintained in puromycin (3 μg/ml) containing
DMEM.

2.4. Immunoprecipitation and Western blotting

For immunoprecipitation, HEK293 cells were plated at a density
of 2 × 106 cells/90 mm2 dish and transfected with indicated con-
structs using a calcium phosphate transfection method. After 24 h
of transfection, the cells were treated with TNF-α/CHX for an indi-
cated time interval, thereafter the cells were washed with cold
DPBS (Life Technologies) and harvested. Cells were lysed in NP40
IP lysis buffer (100 mM NaCl, 50 mM Tris–HCl, 10% Glycerol, 0.1%
Nonidet P-40) containing complete protease inhibitor cocktail
(Roche Applied Science, IN, USA) and incubated on ice for 1 h and
centrifuged at 13,000 rpm for 15 min at 4 °C. Supernatant was col-
lected and incubated overnight with Anti-HA Affinity Matrix on a
roller shaker at 4 °C. The beads were washed three times with
NP40 IP lysis buffer, resuspended in 5 × SDS-PAGE sample buffer, re-
solved on 12% SDS-PAGE and analyzed by Western blotting using
specific antibodies.

For Caspase-8 and Caspase-3 immunoblotting, HEK293 cells were
plated at a density of 5 × 105 cells/well in a 6-well plate and transfected
with indicated constructs using calcium phosphate transfection meth-
od. After 24 h of transfection, the cells were treated with indicated re-
agents for specific time. The cells were harvested in cold PBS and lysed
in RIPA lysis buffer (150 mM NaCl, 50 mM Tris–HCl, 1% Triton X-100,
and complete protease inhibitor cocktail (Roche, Germany), and ana-
lyzed by Western blotting as indicated above. Western blot quantifica-
tion was performed by densitometry using Image J 1.45 software
(NIH, MD, USA).

2.5. Caspase-8 luciferase assay

Caspase-8 activation assay was performed using Caspase-Glo® 8
Assay Systems (Promega, USA) according to manufacturer instructions
as described previously [35].
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2.6. Confocal microscopy

Mitochondrial localization of NLRX1 was monitored by confocal mi-
croscopy. Briefly, MT-RFP-MCF-7 stable cell line were plated on cover
slip at the density of 1.5 × 105 cells/well in a 24-well plate followed by
transfectionwith indicated expression vector. After 24 h of transfection,
the cells were treatedwith TNF-α for four hours andfixedwith 4% para-
formaldehyde. The cells were monitored by Zeiss LSM 710 confocal mi-
croscope (Carl Zeiss, Inc., Germany). Images were captured, pseudo-
colored and analyzed by Zen Black software. Colocalization was quanti-
fied by correlation using Image J 1.45 software (NIH, MD, USA).

2.7. Subcellular fractionation and Western blotting

Mitochondrial localization of NLRX1 and Caspase-8 were analyzed
by Western blotting using isolated mitochondria. HEK293 cells were
plated at the density of 2 × 106 cells/90 mm2 dish and transfected
with indicated constructs using calcium phosphate transfection meth-
od. Cells were treated with TNF-α/CHX for 8 h and washed with cold
PBS, harvested by centrifugation at 600 ×g for 10 min. Cell pellets
were resuspended in mitochondria isolation buffer (200 mMmannitol,
70 mM sucrose, 1 mM EGTA, 10mMHEPES; pH 7.4, 1× protease inhib-
itor cocktail (Sigma-Aldrich, USA) and incubated on ice for 5 min. The
cells were disrupted by passing through a 24G sterile syringe needle
and centrifuged at 600 ×g for 10 min to separate nuclei and cell debris.
The supernatant (cytosolic fraction) was collected and centrifuged
again at 10,000 ×g for 10 min. The pellet (mitochondrial fraction)
were washed twice with isolation buffer and lysed with mitochondria
lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA,
2 mM EGTA, 0.2% Triton X-100, 0.3% NP40 and 1× Protease Inhibitor
Cocktail. The mitochondrial and cytosolic protein concentrations were
assessed using Bradford protein estimation assay. Equal proteins were
loaded and resolved on 12% SDS-PAGE and analyzed by Western blot-
ting using indicated antibodies.

2.8. ROS measurements

Intracellular and mitochondrial ROS production was measured by
CM-H2DCFDA (10 μM) and MitoSOX Red (5 μM) staining respectively.
Briefly, HEK293 and HeLa cells were plated in 24-well plates at the den-
sity of 1.5 × 105 cells/well. After overnight incubation, the cells were
transfected with NLRX1 and NLRX1 shRNA1 using calcium phosphate
transfection protocol. Twenty-four hours post transfection, the cells
were treated with indicated reagents for 4 h and stained with indicated
reagent and monitored under fluorescence microscope (Olympus IX81
microscope; Olympus, Tokyo, Japan). Minimum of 5 images and 80–
100 cells were used for analysis.

Similarly, ROS levels were quantified by fluorometry. Briefly, MCF-7
and HEK293 cells were transfected with indicated constructs. The
cells were treated with indicated reagents for 4 h and stained with
CM-H2DCFDA (12.5 μM) in DPBS for intracellular ROS quantification
and MitoSOX Red (2.5 μM) in DMEM for mitochondrial superoxide
quantification. The cells were washed with DPBS and normalized
to1 × 106 cells/ml. Fluorescence intensity was quantified by fluorom-
eter (Hitachi High-Technologies Corp., Japan) with excitation/emis-
sion at 495/520–540 nm and 510/570–600 nm, respectively.

2.9. Mitochondrial Complex I and Complex III assays

The activities of mitochondrial Complex I and Complex III was ana-
lyzed spectrophotometrically. Briefly, HEK293 cells were seeded at the
density of 5 × 105 cells/well in the 6-well plate. After overnight incuba-
tion, the cells were transfected with indicated construct using calcium
phosphate transfection protocol and treated as indicated. The NLRX1
knockdown stable cell line and the NLRX1 expressing cells were har-
vested and washed with cold DPBS. The cells were subjected to 2–3

freeze–thaw cycles in a freeze–thaw complete solution (0.25M sucrose,
20 mM Tris–HCl (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 with the freeze–thaw solution devoid of digitonin
and resuspended in Complex I assay buffer (35 mM potassium phos-
phate (pH 7.4), 1 mM EDTA. 2.5 mM NaN3,1 mg/ml BSA, 2 μg/ml
antimycin A, 5 mM NADH). The reaction was started by adding 80 μg
of cell lysate to 500 μl of assay buffer in 1 ml quartz cuvette. Complex I
activity was measured for 3 min by monitoring the decrease in absor-
bance at 340 nm after the addition of 2.5 mMacceptor decylubiquinone
indicating the oxidation of NADH.

Similarly, for Complex III activity, NLRX1 knockdown stable cells
were seeded at a density of 2.5 × 106 cells/90 mm2 dish. The cells
were harvested and washed with cold DPBS. All the subsequent
steps were performed at 4 °C. The cells were suspended in 0.5 ml of
20 mM hypotonic potassium phosphate buffer (pH 7.5) and lysed
using a 24G sterile syringe and subjected to freeze–thaw cycle. The
cell lysate (80 μg) was added to the 500 μl of Complex III assay buffer
(25 mM potassium phosphate (pH 7.5), 0.025% Tween-20, and
300 μM NaN3, 75 μM Cytochrome c) in cuvette and the baseline ob-
servance was monitored at 550 nm for 2 min. The reaction was
started by the addition of 100 μM decylubiquinol (freshly prepared
2.5 mM stock) monitoring the increase in absorbance at 550 nm for
2 min.

2.10. ATP measurements

The levels of ATP were measured in NLRX1 expressing and NLRX1
KD cells under different conditions by an ATP dependent luciferase
assay using ATP determination kit (Molecular Probes/Life Technologies,
ON, Canada).

2.11. Soft agar assay, colony formation assay and scratch assay

Anchorage-independent potential was assessed by soft agar assay,
clonogenic activity and migration ability of cancer cells were deter-
mined as described previously [31,36].

2.12. Animal experiments

Animal studies were performed according to the rules and protocols
approved by the Bioethical committee of the Engelhardt Institute of
Molecular Biology, Moscow, Russia. A total of 48 nude mice
(5 week old Balb/c nu/nu) were used in the current expeiment.
RKO colon carcinoma cells carrying empty lentiviral vector pLSLP,
NLRX1 shRNA1 (Sigma TRCN0000129459) and over expressing
NLRX1 (lentiviral construct pLCMV-NLRX1-puro) were used. Cells
were trypsinized, washed three times in ice-cold PBS and inoculated
subcutaneously in four locations (left and right hind and shoulders) at
a density of 1 × 106 cells in 0.1 ml per inoculum. Fifteen micrograms
of purified human recombinant TNF-α (gift of Dr. Alexey Sazykin,
Moscow State University) was inoculated intraperitoneally 24 h later,
and control mice were inoculated with PBS. The mice were inspected
every two days and tumor size was measured. Tumor volume was cal-
culated according to the following formula: ellipsoid volume: 1/
6 ∗ pi ∗ a ∗ b ∗ c, where a, b, and c are linear sizes of the tumor in three
dimensions.

Expression levels of NLRX1 transcripts in the cell lines were moni-
tored by real time PCR with EVA-green dye.

The following primers were used:

NLRX1-For: AACGGTGCTGGTGACACA;
NLRX1-Rev: GCTCAGCTCATTGAAGTAGA.

The level of NLRX1 inhibition was 85% in RKO cells. Levels of NLRX1
transcripts in the hyperexpressor cell lines were 8-fold compared to
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controls for RKO cells. Basal levels of NLRX1 transcripts (compared to β-
actin control transcripts) were roughly similar for RKO cells.

2.13. Statistical analysis

Data are expressed asmean± SEM of at least two or three indepen-
dent experiments. Unpaired two-tailed Student's t tests were per-
formed unless otherwise noted and *P b 0.05, **P b 0.01 and
***P b 0.001 were considered to denote significance. GraphPad Prism®
was used to perform all the statistical analyses.

3. Results

3.1. NLRX1 sensitizes TNF-α induced cell death

To study the role of NLRX1 in regulation of cell death and survival
in response to different physiological stress, we transfected HEK293
cells with NLRX1, exposed the cells to different stimuli and monitored
cell death by trypan blue exclusion assay (Fig. 1A). The expression of

NLRX1 had no significant effect on cell survival in the untreated condi-
tions. The expression of NLRX1 showed no effect on cell death in re-
sponse to oxidative stress induced by Rotenone and H2O2. The co-
treatment of NLRX1-expressing cells with TNF-α and the translation in-
hibitor cyclohexamide (CHX) showed significantly increased cell death
(Fig. 1A). Similarly, transfection of HeLa cells with NLRX1 significantly
increased the number of trypan blue positive cells following the TNF-
α/CHX treatment (Fig. S1A). These results suggest that NLRX1 specifi-
cally sensitizes the cells to TNF-α induced death. This conclusion was
further confirmed by downregulating NLRX1 using specific shRNA in
HEK293 cells. Three different shRNAs were checked for the efficient
knockdown of NLRX1. The shRNA1 of NLRX1 showedmaximum down-
regulation hence it was further used in the study (Fig. 1B). The con-
structs expressing NLRX1-specific shRNAs were transfected to HEK293
cells and cell death was monitored by trypan blue exclusion staining.
Knockdown of NLRX1 by all of the shRNAs increased the cell survival
following TNF-α/CHX treatment, although significant increase was
achieved with shRNA1 (Fig. 1C). Similarly, the transfection of NLRX1
shRNA1 inHEK293 showedmaximumcell survival (Fig. S1B). To further

Fig. 1. NLRX1 regulates TNF-α induced cell death. (A) HEK293 cells were transfected with NLRX1 and vector control followed by treatment with Rotenone (50 μM), H2O2 (100 μM) and
TNF-α/CHX (10 ng/25 μM). The cell death wasmonitored by Trypan blue exclusion assay. (B) HEK293 cells were transfected with control shRNA, NLRX1-Flag and three different shRNAs
targeting NLRX1, namely NLRX1 shRNA 1, 2 and 3. Cell lysates were analyzed for NLRX1 expression byWestern blotting. (C) HEK293 cells were transfectedwith control shRNA and three
shRNA targeting NLRX1. Cells were subjected to TNF-α/CHX treatment for 24 h and analyzed cell death by Trypan blue staining. (D) NLRX1 shRNA and control shRNA stable HEK293 cells
were treated with TNF-α/CHX for 6 h. Cell lysates were subjected toWestern blotting with PARP specific antibody. (E) Quantification of PARP cleavage detected byWestern blotting was
performed using densitometry and ratios of cleaved to uncleaved PARP are indicated (results are representative of two independent experiments). Data in (A) and (C) depictmean± SEM
values (n = 3). Asterisk (*) indicates that p value b 0.05, for SEM.
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investigate themechanism of TNF-α induced cell death, PARP immuno-
blottingwas performed after NLRX1 knockdown. PARP is cleaved by ex-
ecutioner caspases during TNF-α induced apoptosis [37]. NLRX1
knockdown HEK293 cells were treated with TNF-α/CHX for 6 h and
PARP cleavage was monitored. Western blotting showed 110 kDa and
89 kDa band corresponding to native and cleaved form of PARP in con-
trol shRNA transfected cells. The knockdown of NLRX1 showed de-
creased levels of 89 kDa bands corresponding to cleaved subunit of
PARP as compared to the control (Fig. 1D, E). To rule out the possibility
of a cell line-specific phenomenon, the expression of NLRX1 in MCF-7
cells also showed increased levels of cleaved PARP subunit as compared
to vector transfected cells (Fig. S1C). Collectively, the results indicate
that NLRX1 is an important regulator of TNF-α induced cell death. The
similar study from Soares et al. [38] also reported a key role of NLRX1
in cell death and cancer susceptibility during the preparation of the
manuscript. Several findings from our study is in consonance with this
study, however, the two studies differ in respect to the response to
TNF-α/CHX treatment. It is highly probable that transformed cell lines
with a variable expression level of NLRX1 may differ in sensitivity to
TNF-α/CHX. The cell death data reported in the current study showed
different levels of cell death in HEK293, MCF-7 breast and HeLa which
had a different expression level of NLRX1.

3.2. Caspase activation is essential for the NLRX1 mediated sensitization of
TNF-α induced cell death

The cleavage of PARP suggests the activation of caspases in the pres-
ence of NLRX1. The activation of caspases plays amajor role in TNF-α in-
duced cell death [18] hence we planned to confirm the role of caspases
in the NLRX1mediated sensitization to TNF-α induced cell death. First-
ly, we analyzed Caspase-8 and Caspase-3 activations at different time
points by Western blotting (Fig. 2A). High levels of 41 kDa and 18 kDa
bands corresponding to cleaved subunits p43 and p18 of Caspase-8
were detected as early as 4 h in the presence of TNF-α/CHX in NLRX1
transfected HEK293 cells, as compared to vector transfected cells
(Fig. 2A). Similarly, a 17 kDa band corresponding to the cleaved subunit
of Caspase-3 was detected 4 h after the TNF-α/CHX treatment (Fig. 2A).
Quantification of Caspase-8 activity was also monitored at different
time points in HEK293 cells transfected with vector control and
NLRX1 in the presence of TNF-α/CHX. The enzymatic activity of
Caspase-8 was high at 4 h and remained elevated till 8 h in NLRX1
transfected cells as compared to vector control (Fig. 2B). Similarly, the
expression of NLRX1 in MCF-7 cells showed increased levels of cleaved
Caspase-8 subunits as compared to vector transfected cells in the pres-
ence of TNF-α/CHX. (Fig. S1C). Conversely, knockdown of NLRX1 in
HEK293 cells showed a significant decrease in the levels of cleaved sub-
units of Caspase-8 (p43 and p18) as compared to control (Fig. 2C).

To confirm the role of NLRX1 in TNF-α induced Caspase-8 activation
and cell death, Caspase-8 activity was monitored upon co-treatment of
the cells with the pan-caspase inhibitor, z-VAD-fmk and TNF-α/CHX at
the 4 h time point. A decrease in Caspase-8 enzymatic activity was ob-
served following inhibition of caspases in NLRX1 transfected cells
(Fig. 2D). This result was confirmed by Western blotting showing re-
duced levels of cleaved Caspase-8 subunits in the presence of z-VAD-
fmk (Fig. 2E). Similarly, HEK293 cells were transfected with NLRX1,
treated with TNF-α or with TNF-α/CHX in the absence or presence of
the pan-caspase inhibitor z-VAD-fmk andmonitored cell death.We ob-
served no significant difference in cell death between NLRX1-
transfected and vector-transfected cells, both in untreated conditions
and in the presence of TNF-α. Treatment with TNF-α/CHX sensitized
NLRX1 expressing cells to TNF-α induced cell death as observed earlier.
The co-treatment of the NLRX1 expressing cells with TNF-α/CHX and z-
VAD-fmk attenuated cell death (Fig. 2F). Interestingly, the co-treatment
of cellswith the Caspase-8 specific inhibitor z-IETD-fmk significantly in-
creased cell survival as assessed by trypan blue staining. All the above

evidences strongly suggest the role of NLRX1 in regulation of TNF-α-
mediated Caspase-8 activation.

3.3. NLRX1 associates with the TNF-α induced complex-II to promote
Caspase-8 activity

The binding of TNF-α to its cell surface receptor and formation of
complex-II initiates cell death program by recruiting Caspase-8 and
other adaptor proteins. The observed stimulation of Caspase-8 activity
by NLRX1 as early as 4 h after TNF-α/CHX treatment suggests that
NLRX1 may act at the level of complex-II formation. Recent studies im-
plicate an essential role of ubiquitin ligases in the assembly and activa-
tion of Caspase-8 [35,39,40]. RING family E3 ligase TRAF2 interacts with
Caspase-8 at complex-II and sets a threshold for Caspase-8 activation
[39]. Similarly, our recent observation has demonstrated the role of
the RING E3 ligase, TRIM13 in regulation of Caspase-8 activation down-
stream of complex-II [35]. We planned to test the association of NLRX1
with TNF-α induced signaling complexes and the role of the E3 ligases
in regulation of NLRX1 mediated activation of Caspase-8. HEK293 cells
were co-transfected NLRX1 with TRAF2 and TRIM13 and were treated
with TNF-α/CHX. In agreement with our earlier report [35], the expres-
sion of TRIM13 increased the levels of 41 kDa and 18 kDa bands corre-
sponding to processed Caspase-8 in the absence/presence of TNF-α/
CHX (Fig. 3A). However, the co-expressions of TRIM13 and NLRX1 de-
creased the activation of Caspase-8 in the presence of TNF-α/CHX. Sim-
ilarly, in agreement with earlier report the expression of TRAF2
attenuated the processing and activation of Caspase-8 to that of control
level. Co-expression of TRAF2 significantly reversed the NLRX1-
mediated increase in levels of processed Caspase-8 in presence of
TNF-α. Taken together, the data supported our hypothesis that NLRX1
affects the activity of Caspase-8 at the level of complex-II formed after
TNF-α stimulation. To test whether NLRX1 may interact with compo-
nents of complex-II, we performed co-immunoprecipitation (IP) analy-
sis. We co-expressed NLRX1 along with HA-TRAF2 and Myc-RIP1 in
HEK293 cells, treated the cells with TNF-α/CHX for 5min and 8 h to an-
alyze Complexes I and -II, respectively. We immunoprecipitated TRAF2,
a subunit of both complexeswithHA-antibodies and analyzed the inter-
actions. ByWestern blotting we identified a 110 kDa band correspond-
ing to NLRX1, a 78 kDa band of RIP1 and Casaspe-8, after eight hours of
TNF-α/CHX treatment. There was no pull down of NLRX1, RIP1 and
Caspase-8, after five minutes of TNF-α/CHX treatment (Fig. 3B). The re-
sult indicates that NLRX1 associates with TNF-α induced signaling
complex-II to promote the activation of Caspase-8.

3.4. NLRX1 localizes tomitochondria and augments the TNF-α induced ROS
production

NLRX1 localizes tomitochondria, although its functional significance
is still not well understood. Similarly, Caspase-8 is also known to be lo-
calized to mitochondria hence, we hypothesized that the crosstalk be-
tween NLRX1 and Caspase-8 may regulate mitochondrial function in
response to TNF-α. We analyzed the cellular localization of NLRX1 in
the absence/presence of TNF-α. We transfected MCF-7-MT-RFP stable
cell linewith NLRX1-GFP andmonitored the cellular localization of pro-
teins by confocal microscopy. We observed that a significant fraction of
NLRX1 co-localizes with mitochondria (Fig. 4A, B) in the presence of
TNF-α. This observation was further confirmed by subcellular fraction-
ation. The mitochondrial and cytoplasmic fractions from the TNF-α/
CHX treated NLRX1-HEK293 cells were analyzed by Western blotting.
The high level of pro-caspase-8 was detected (the 55 kDa band) in the
mitochondrial fraction of untreated cells. The increased levels 43 kDa
and 18 kDa corresponding to the cleaved subunits of Caspase-8 (p43
and p18) were higher in NLRX1 transfected mitochondrial fraction as
compared to vector control in the presence of TNF-α/CHX. NLRX1 was
specifically enriched in the mitochondrial fraction of both untreated
and treated cells (Fig. 4C). The quality of mitochondrial and cytosolic
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fractionswas also analyzed using antibodies toNDUFS2, a subunit ofmi-
tochondrial Complex I, and to RPS9, a component of 40S ribosomal sub-
unit. The NDUFS2 was found exclusively in the mitochondrial fraction
whereas RPS9 was detected only in the cytosol. Together, these results
demonstrate that NLRX1 localizes to mitochondria in the presence of
TNF-α/CHX.

Emerging evidences suggest that caspases may cleave subunits of
the ETC and regulate ROS during different stress conditions [41]. The
role of the crosstalk between NLRX1 and Caspase-8 in regulation of
ROS and activity of mitochondrial complexes of ETC is not well under-
stood. To test whether NLRX1 may regulate TNF-α induced ROS gener-
ation, the NLRX1 knockdown HeLa cells were treated with TNF-α/CHX
and stained with the oxidant-sensitive dye, CM-H2DCFDA. As expected,
the TNF-α/CHX treatment increased ROS levels in control cells. Interest-
ingly, the knockdown of NLRX1 substantially attenuated the TNF-α/

CHX stimulated generation of ROS (Fig. 5A). To confirm this, intracellu-
lar ROS formation in HEK293 cells was quantified in the presence of
TNF-α/CHX alone or in combination with N-Acetyl Cysteine (NAC), an
antioxidant. ROS generation was significantly decreased in NLRX1
knockdown (KD) HEK293 cells while co-treatment with NAC further
suppressed ROS level in NLRX1 KD HEK293 cells in the presence of
TNF-α/CHX (Fig. 5B). Based on these results, we concluded that
NLRX1 localizes to mitochondria and participates in the TNF-α induced
ROS generation.

Mitochondria is one of the major sites of ROS under different stress
conditions. We hypothesized that a cross talk between NLRX1 and
Caspase-8 may regulate mitochondrial function, including the genera-
tion of ROS. To test this possibility,mitochondrial superoxide generation
in NLRX1 and vector transfectedMCF-7 cells was quantified in the pres-
ence of TNF-α/CHX alone or in combination with Mito-TEMPO, a

Fig. 2.NLRX1 regulates Caspase-8 activity during TNF-α induced cell death. (A)HEK293 cellswere transfectedwith NLRX1 and treatedwith TNF-α/CHX for indicated time. The cell lysates
were analyzed by Western blotting using Caspase-8 and Caspase-3 specific antibodies. (B) HEK293 cells were transfected and treated as indicated in (A) and Caspase-8 activity was an-
alyzed at different time points by Caspase-8 Glo luciferase assay system (n= 2).(C) NLRX1 shRNA and control shRNA stable HEK293 cells were treated with TNF-α/CHX for 4 h and Cas-
pase-8 activationwas analyzed byWestern blotting. (D and E) HEK293 cells were transfectedwith NLRX1 and vector and treatedwith TNF-α/CHX or TNF-α/CHX and z-VAD-fmk (20 μM)
for indicated time. The Caspase-8 activation was analyzed by Caspase-8 Glo luciferase assay system (n= 2) (D) andWestern blotting (E). (F) HEK293 cells were transfected with NLRX1
and vector control followed by treatment with TNF-α/CHX, z-VAD-fmk (20 μM) and z-IETD-fmk (10 μM). After 24 h of treatment, cell deathwasmeasured by trypan blue exclusion assay
(n = 3). Asterisk (*) indicates that p value b 0.05, for SEM.
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mitochondrial superoxide scavenger. The expression of NLRX1 signifi-
cantly induced mitochondrial ROS in the presence of TNF-α/CHX
while co-treatment with Mito-TEMPO suppressed superoxide forma-
tion as compared to vector control (Fig. 5C). Similarly, we treated
NLRX1 transfected HEK293 cells with TNF-α/CHX and mitochondrial
ROS level was analyzed by staining cells with MitoSOX Red and visual-
ized under fluorescence microscope. NLRX1 expression alone stimulat-
ed mitochondrial superoxide formation in untreated condition which
further increased significantly in the presence of TNF-α/CHX as com-
pared to vector control (Fig. S2A).

To determine the role of Caspase-8 in amplification of TNF-α in-
duced ROS generation, HeLa cells expressing NLRX1 were pretreated
with z-IETD-fmk, then treated with TNF-α/CHX and the intracellular
ROS was assessed by CM-H2DCFDA staining. ROS levels were signifi-
cantly increased in NLRX1 transfected cells as compared to vector
transfected cells in the presence of TNF-α/CHX. The inhibition of
Caspase-8 with z-IETD-fmk decreased the level of ROS in NLRX1
transfected cells treated with TNF-α/CHX (Fig. 5D). ROS quantification
in MCF-7 cells transfected with NLRX1 and vector control yielded simi-
lar results both in the presence of TNF-α/CHX and co-treatment with z-
IETD-fmk (Fig. 5E). We also tested whether blocking ROS generation
may rescue TNF-α/CHX induced death of NLRX1 expressing MCF-7
and HEK293 cells. As observed earlier, expression of NLRX1 had no sig-
nificant effect on cell survival in the untreated conditions and in the
presence of Rotenone and H2O2. Treatment with TNF-α/CHX sensitized
NLRX1 expressing cells to TNF-α induced cell death, in contrast, co-
treatment with NAC significantly increased cell survival of NLRX1
transfected cells as compared to vector transfected cells (Fig. S2B).

Similar results were obtained in HEK293 cells transfected with NLRX1
and treated with TNF-α/CHX along with Mito-TEMPO (Fig. S2C). All to-
gether, these data suggested that NLRX1 regulates Caspase-8 activity to
modulate mitochondrial ROS and cell death during TNF-α induced
apoptosis.

3.5. NLRX1 regulates mitochondrial respiratory Complex I and Complex III
to maintain ATP levels in the presence of TNF-α

As Complex I and Complex III of the mitochondrial electron trans-
port chain are the major sites for ROS generation [42], hence we tested
if NLRX1 expression may regulate their activity. The expression of
NLRX1 in HEK293 cells decreased Complex I activity in the presence of
TNF-α, but not after co-treatment with TNF-α and CHX. Interestingly,
inhibition of Caspase-8 by z-IETD-fmk significantly increased
Complex-I activity in the presence of TNF-α/CHX (Fig. 6A). Similarly,
the treatment of cells with pan-caspase inhibitor z-VAD-fmk enhanced
Complex I activity to the same level in both NLRX1 expressing and con-
trol cells. Conversely, the activity of respiratory Complex I increased,
both in the absence/presence of TNF-α in shNLRX1 transfected cells
(Fig. 6B). Similarly, the knockdown of NLRX1 in HEK293 cells increased
Complex III activity, as compared to control cells, both in the absence
and presence of TNF-α (Fig. 6C).

The above experiments suggest that NLRX1 regulates the activity of
mitochondrial complexes which is the major source of ATP generation
in the cell. Therefore, we investigated whether the expression of
NLRX1 might regulate total cellular and mitochondrial ATP levels in
the presence of TNF-α. The expression of NLRX1 in HEK293 cells de-
creased total cellular steady-state ATP level in the presence of TNF-α
whereas the decrease was less evident when the cells were co-treated
with TNF-α and CHX (Fig. 6D). The ATP levels were measured after
16 h of treatment with TNF-α/CHX, hence, the activated caspases may
have cleaved the subunits of ETC complexes as observed earlier [23]
and the decrease may not be evident. Importantly, the inhibition of
Caspase-8 by z-IETD-fmk during TNF-α/CHX induced apoptosis signifi-
cantly enhanced the ATP levels in NLRX1 expressing cells, while addi-
tion of z-VAD-fmk showed no significant effect on the levels of ATP.
The inhibitionmay not be observed as z-VAD-fmk is not a potent inhib-
itor of the initiator caspases [43] further suggesting that activated
caspase-8 may directly act on complexes of ETC in the presence of
NLRX1. Total ATP levels in the NLRX1 KDHEK293 cells were significant-
ly higher in both TNF-α and TNF-α/CHX treated cells (Fig. 6E). The mi-
tochondrial ATP levels in NLRX1 KD HEK293 cells increased both in the
absence/presence of TNF-α (Fig. S2D). Similar results were observed in
MCF-7 breast carcinoma cells where NLRX1 expression showed a signif-
icant decrease in total ATP level both in the absence/presence of TNF-α
(Fig. S2E). These results strongly suggest that NLRX1 regulates activity
of mitochondrial complexes and maintenance of intracellular levels of
ATP.

3.6. NLRX1 expression suppresses clonogenic ability, anchorage-independent
growth and migration of cancer cells in vitro

The NLRX1 mediated decrease in mitochondrial respiratory com-
plex activity suggests its important role in cancer cell metabolism.
Extracellular acidification of tumor microenvironment is a common
feature of tumor tissue. The acidic pH is attributed to a switch from
mitochondrial respiration to aerobic glycolysis, which is a character-
istic hallmark of cancer cells [30]. Interestingly, we observed that
knockdown of NLRX1 in HeLa cells reversed the acidification of the
culture medium (Fig. S2F), suggesting that NLRX1 may contribute
to the metabolic switch toward glycolysis in tumor cells.

As we observed above that NLRX1 canmodifymitochondrialmetab-
olism and promote aerobic glycolysis, it may have an implication in reg-
ulating the clonogenic and tumorigenic potentials of tumor cells. We
analyzed the NLRX1 expression in different cancer types available in

Fig. 3.NLRX1 interacts with complex-II during TNF-α induced cell death. (A) HEK293 cells
were cotransfected with NLRX1 in combination with TRAF2 and TRIM13. The cells were
treatedwith TNF-α/CHX for 4 h. Cell lysates were analyzed byWestern blotting with Cas-
pase-8 antibody. (B) HEK293 cells were transfected with NLRX1-Flag, HA-TRAF2, Myc-
RIP1 followed by co-treatment with TNF-α/CHX for 5 min and 8 h. Immunoprecipitation
with anti-HA antibodywas performed and interacting proteinswere analyzed byWestern
blotting with indicated antibodies.
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gene expression databases. NLRX1mRNA levels were downregulated in
breast and cervical cancers (Gene Expression across Normal and Tumor
tissues (GENT), Fig. S3A, (http://medicalgenome.kribb.re.kr/GENT)).
Similarly, protein expression levels of NLRX1 were lower in breast tis-
sues as compared to normal breast tissues (Fig. S3B) (http://www.
proteinatlas.org/). Therefore, we examined NLRX1 expression pattern
in different breast cancer cell lines using Western blotting. NLRX1 pro-
tein levels were low inMCF-7 and T47D (ER positive) cells as compared
toMDA-MB-231 andHBL-100 (ER negative) cells that demonstrated el-
evated levels of NLRX1 (Fig. 7A). We investigated whether NLRX1 ex-
pression in MCF-7 affected cancer phenotype using clonogenic assay
and soft agar tumorigenesis assay. The clonogenic ability of NLRX1 ex-
pressing MCF-7 cells was monitored in the presence and absence of
TNF-α. The expression of NLRX1 significantly decreased the clonogenic
ability of MCF-7 cells in the presence of TNF-α (Fig. 7B) also shown as
plating efficiency (Fig. 7B′). The soft agar assay was performed to
study the role of NLRX1 in anchorage-independent cell growth. Control
MCF-7 cells were able to grow in soft agar and formed large colonies in
the presence of TNF-α. The NLRX1 expressingMCF-7 cells were not able
to grow in soft agar and formed small colonies in the presence of TNF-α,
as compared to untreated cells (Fig. 7C) plotted as colony area (Fig. C′).
We further checked whether NLRX1 expression may inhibit cell migra-
tion. MCF-7 cells were transfected with NLRX1, treated with TNF-α
treatment and the migration ability was analyzed by scratch assay.
The NLRX1 expressing MCF-7 cells displayed a significant increase in

open wound area in the presence of TNF-α, as compared to vector
transfected cells (Fig. 7D). The low level of expression of NLRX1 in
MCF-7 may still regulate the cellular functions hence we further down-
regulated the expression by shRNA transfection. TheNLRX1 knockdown
in MCF-7 cells displayed an increased ability to form colonies
(tumorispheres) in soft agar, as compared to control cells. The size of
colonies was also increased significantly in the presence of TNF-α
(Fig. S4A and S4B). Collectively, these results suggest that NLRX1 nega-
tively regulates tumorigenic potential andmigration ability in untreated
condition as well as in the presence of TNF-α.

3.7. NLRX1 suppresses tumorigenicity in nude mice

To extend the cellular finding to in vivo models, we used RKO
colon carcinoma cells to perform xenograft tumor formation assays
in nude mice. RKO cells expressing NLRX1 shRNA1 or ectopic full
length NLRX1 mRNA were injected into nude mice and the growths
of subcutaneous tumors were examined every two days. In agree-
ment with our in vitro studies, NLRX1 hyper expression negatively
affected the tumorigenic potential of RKO in nude mice. In contrast,
NLRX1 knockdown substantially increased the tumorigenic potential
of RKO cells in the nude mice xenograft assay (Fig. 8A). Downregula-
tion of NLRX1 significantly increased tumor volume, as well as the
increased efficiency of tumor initiation. Similarly, hyper expression
of NLRX1 resulted in smaller tumor volume. The effects were

Fig. 4.NLRX1 translocates tomitochondria and regulates Caspase-8 activity at themitochondria in the presence of TNF-α. (A)MCF-7-MT-RFP stable cell linewas transfectedwith NLRX1-
GFP and GFP control. After 24 h of transfection, cells were treated with TNF-α, fixed with 4% paraformaldehyde and visualized by confocal microscopy. Scale bar in the upper and lower
panel represents 10 μm and 5 μm, respectively. (B) Colocalization quantification of confocal images by Pearson's correlation coefficient (Rr) was performed using Image J 1.45 software
(NIH, MD, USA). (C) HEK293 cells were transfected with NLRX1 and control vector followed by treatment with TNF-α/CHX for 4 h. Cells were subjected to subcellular fractionation. Mi-
tochondrial and cytoplasmic fractions from untreated and treated cells were analyzed by Western blotting with indicated antibodies. Asterisk (*) indicates that p value b 0.05, for SEM.
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significantly altered if mice received intraperitoneal injections of
TNF-α, after a subcutaneous inoculation of RKO cells. The TNF-α
treatment decreased the tumorigenic potential in all three RKO sub-
lines producing the smallest average tumor volume in NLRX1 ex-
pressing cancer cells (Fig. 8B, C). In vivo data from nude mice with
NLRX1 hyper expression and NLRX1 knockdown in RKO cells

correlate with in vitro data from MCF-7 cell line both in untreated
and TNF-α treated condition. However, data with control mice in
TNF-α treated condition does not comply with the in vitro study.
This could be due to the difference in cell lines used for the in vivo
study as both the cells differ in origin and have different tumorigenic
capability [44]. Similar results were observed in other transformed

Fig. 5.NLRX1 regulated Caspase-8 activity modulates the TNF-α inducedmitochondrial ROS. (A) NLRX1 shRNA and control shRNA stable HeLa cells were treatedwith TNF-α/CHX for 4 h.
ROSproductionwasmonitoredby staining the cellswith CM-H2DCFDAfluorescent probe and visualizedunderfluorescencemicroscope. Scale bar represents 10 μm(n=2).NLRX1knock-
downwas confirmed byWesternblotting using anti-NLRX1 antibody. (B) ROS levelswere analyzed in control shRNA andNLRX1 shRNA stableHEK293 cells treatedwith TNF-α/CHX in the
absence/presence of NAC (5mM) using CM-H2DCFDA (n=3). (C)Mitochondrial superoxide levelswere quantified in NLRX1 and vector transfectedMCF-7 cells treatedwith TNF-α/CHX
in the absence/presence of Mito-TEMPO (10 μM) as described in the Materials and methods section (n= 3). (D) HeLa cells were transfected with NLRX1 and control vector followed by
treatmentwith TNF-α/CHX alone or in combinationwith z-IETD-fmk for 4 h. The cellswere stainedwith CM-H2DCFDA and observed ROS production under fluorescencemicroscope (n=
2). (E) Intracellular ROS levels were quantified in NLRX1 and vector transfected MCF-7 cells following treatment with TNF-α/CHX and z-IETD-fmk either alone or in combination. H2O2

treatment (50 μM) was used as a positive control (n = 3). Data in (A)–(E) depict mean ± SEM values. Asterisk (*) indicates that p value b 0.05, for SEM.
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cells expressing NLRX1 and NLRX1 shRNA1 both in the presence and
absence of TNF-α (data not shown). These observations suggest that
NLRX1 may act as a potential tumor suppressor that abrogates the
tumorigenic capability of cancer cells.

4. Discussion

Chronic inflammation is intricately associated with promotion of
tumor initiation and progression. The high levels of pro-inflammatory
cytokines reprogram metabolic pathways and provide survival advan-
tage to tumor cells [45]. Increased levels of TNF-α have been consistent-
ly observed in different tumor types including breast, colorectal and

gastric cancers [5]. The role of mitochondria in regulation of inflamma-
tory pathways is emerging. Themitochondria localized NLRX1 has been
reported to regulate both IFN and NF-κB pathways [32,33,46]. The role
of NLRX1 in controlling inflammation, cell death and metabolism, as
well as its participation in cancer initiation and progression is not well
understood. In the current study,we demonstrate that NLRX1 sensitizes
cells to TNF-α induced death by activating Caspase-8. The crosstalk be-
tweenNLRX1 and Caspase-8 is important for regulation ofmitochondri-
al ROS and metabolism in tumor cells.

The results obtained in the current study demonstrate that NLRX1
specifically sensitizes the cells to TNF-α induced death but does not af-
fect responses to other stress conditions. TNF-α binds to its cognate

Fig. 6. NLRX1 regulates Complex I and Complex III activity to maintain ATP levels in the presence of TNF-α. (A) HEK293 cells were transfectedwith NLRX1 and vector control followed by
treatmentwith TNF-α, TNF-α/CHX, z-VAD-fmk and z-IETD-fmk either alone or in combination. (B) and (C) NLRX1 shRNA and control shRNA stable HEK293 cells were treatedwith TNF-α
and TNF-α/CHX. Complex I (B) (n = 3) and Complex III (C) (n = 2) activity were measured spectrophotometrically. (D) HEK293 cells were transfected with NLRX1 and vector control
followed by treatmentwith TNF-α, TNF-α/CHX, z-VAD-fmk and z-IETD-fmk either alone or in combination (n=3). (E)NLRX1 shRNA and control shRNA stableHEK293 cellswere treated
with TNF-α and CHX either alone or in combination. ATP levels were measured by ATP-dependent luciferase activity (n= 3). (F) Cell lysates of NLRX1 shRNA stable HeLa cells were an-
alyzed by Western blotting to check NLRX1 expression levels. Data in (A)–(E) depict mean ± SEM values. Asterisk (*) indicates that p value b 0.05, for SEM.
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receptor TNFR1, predominantly expressed on plasma membranes of
many different cell types. Following the binding of TNF-α, a proximal
membrane bound complex-I is assembled by the recruitment of
TRADD adaptor protein, TRAF2, RIP1 and cIAPs. The complex-I is
known to activate NF-κB and promotes cell survival. During TNF-α in-
duced apoptosis, complex-I is internalized and recruits Caspase-8 and
FADD adaptor protein thereby forming a pro-apoptotic complex-II in

the cytoplasm [18]. The exact composition and regulation of the assem-
bly of complex-II during the TNF-α induced apoptosis is not well under-
stood. The results in the current study obtained bymeasuring cell death
and immunoprecipitation demonstrate the association of NLRX1 with
Caspase-8 and TRAF2, subunits of complex-II, in the presence of TNF-
α. The recruitment of different Ub E3 ligases [35,39,40] at this step
may ubiquitinate NLRX1 [33] and may regulate the assembly of the

Fig. 7.NLRX1 expression inMCF-7 cells decreases tumorigenic and cell migration property. (A) The expression of NLRX1was analyzed byWestern blotting inMCF-7, T47D, HBL-100 and
MDA-MB-231. (B and B’) MCF-7 cells were transfected with NLRX1 and control vector followed by treatment with TNF-α and clonogenic activity was assessed by counting number of
colony forming units and plotted as plating efficiency (n = 2). (C and C’) MCF-7 cells were transfected with NLRX1 and vector constructs and treated with TNF-α. The soft agar assay
was performed and colonies in soft agar were observed under DIC mode in fluorescence microscope after 25 days. The colonies areas were measured using Image J 1.45 software
(n=2). (D)MCF-7 cells, transfectedwithNLRX1and control vectorwere subjected to TNF-α treatment and scratch assaywasperformedas indicated in theMaterials andmethods section
(n = 2). Data in (B)–(D) depict mean ± SEM. Asterisk (*) indicates that p value b 0.05, for SEM.
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complex and Caspase-8 activation, hence sensitizing the cells to the
TNF-α induced cell death.

Caspase-8 is a multifunctional protease and translocates to differ-
ent subcellular locations during stress conditions. During ischemia
conditions, Caspase-8 translocates to the nucleus and cleaves
PARP2 [20]. Previous reports also describe the translocation of Cas-
pase-8, TRAF2 and RIP1 to mitochondria during the TNF-α induced
apoptosis. Evidences obtained in the current study suggest that
NLRX1 may regulate the association of active subunits of Caspase-8
with mitochondria in the presence of TNF-α. NLRX1 may regulate

the formation of pro-apoptotic complex-II and mediate activation
of Caspase-8 at the mitochondria to control metabolic functions in
the presence of TNF-α. This observation is in consonance with earlier
report showing that Caspase-8 may form a native macromolecular
complex with Bid at the mitochondria [47], although the functional
significance of the association was not understood. Our results sug-
gest that NLRX1 and Caspase-8 crosstalk is important for the regula-
tion of mitochondrial ROS, as the inhibition of Caspase-8 and
knockdown of NLRX1 attenuate the TNF-α induced mitochondrial
ROS. The dysregulation of redox balance in response to TNF-α or cer-
tain pathological conditions result in leakage of electrons from Com-
plex I and Complex III to molecular oxygen, thus serving as a primary
source of superoxide anion radical. The observed mitochondria-
localized association of NLRX1 with activated Caspase-8 suggests
that the activity of Caspase-8 may inhibit the mitochondrial ETC
Complex I and Complex III. A previous report also suggests that
NDUFS1, a 75 kDa protein of mitochondrial Complex I subunit is a
substrate of Caspase-3 during apoptosis and is critical event of mito-
chondrial dysfunction during apoptosis, [41] suggesting caspase me-
diated regulation of ETC during stress conditions. Similarly, a recent
report suggests that Caspase-8 is an important bioenergetic determi-
nant and a key regulator of cellular ATP levels [48]. The results ob-
tained here also allow to hypothesize that NLRX1 may regulate the
Caspase-8 activity onmitochondria in the presence of TNF-α. The ac-
tivated Caspase-8 associated with mitochondria may cleave subunit
of mitochondrial respiratory Complex I or Complex III. The associa-
tion of NLRX1 with UQCRC2, an integral member of the Complex III
also known as the mitochondrial cytochrome bc1 complex, is consis-
tent with the hypothesis [49]. The observed TNF-α mediated de-
crease in the activity of Complex III along with the increase in
mitochondria-generated ROS in the NLRX1 expressing cells suggest
that activated Caspase-8 may target components of respiratory Com-
plex III. The additional studies are required to understand the associ-
ation of NLRX1 and Caspase-8 with mitochondrial ETC complexes
and its role in metabolism.

Cancer cells are often endowed with high intrinsic ROS generation
and constitutive NF-κB activation. Increased ROS generation coincides
with upregulated glucose metabolism under hypoxic conditions, a phe-
nomenon characteristic of fast proliferating cancer cells [50,51]. The in-
creased activities of mitochondrial Complex I and Complex III and
elevated ATP levels observed in the NLRX1 knockdown cells treated
with TNF-α suggest an increase in mitochondrial metabolic activity
and energy production. This assumption is supported by a previous re-
port showing that TNF-α regulates the expression of key metabolic
enzymes, such as glycogen phosphorylase (PYGL) and glutamate dehy-
drogenase 1 (GLUD1). PYGL increases the flux of glucose from glycogen
reserveswhereas GLUD1 activity provides the substrates for anaplerotic
metabolism [52]. The current study demonstrates that NLRX1 expres-
sion inhibits the activity of mitochondrial respiratory chain, generates
ROS and sensitizes cells to TNF-α induced death. Altogether, these re-
sults implicate that NLRX1 has a tumor suppressor activity. In breast
carcinoma cells, MCF-7 and T47D, the expression of NLRX1 is compro-
mised. We show that the ectopic expression of NLRX1 in MCF-7 cells
compromised the clonogenic ability in vitro. In other human carcinoma
cell lines RKO, we observed that expression of NLRX1 also decreases
clonogenic ability in vitro and tumor formation in a nudemice xenograft
assay in vivo. Increased levels of TNF-α observed in tumor microenvi-
ronment and loss of NLRX1 expression may facilitate the metabolic
reprogramming to meet the anaplerotic demands of tumor cells. The
higher expression of NLRX1 was observed in MDA-MB-231, a highly
metastatic cell line and HBL-100, a SV40 mediated immortalized cell
line. The observations in the current study are supported by thefindings
of Soares et al. [38]. The authors analyzed WT versus KO cells, rather
than scramble versus knockdown cells and found a phenotype be-
tweenWT and KO cells only in transformed cells that already express
very low levels of NLRX1 inWT, rather than inWT versus KO primary

Fig. 8.NLRX1 expression decreases tumorigenic potential of transformed cells in vivo. RKO
colon carcinoma cells with stable hyper expression and knockdown of NLRX1 gene were
used to study xenograft tumor formation in nude mice. (A) and (B) kinetics of tumor
growth in nude mice after injection of RKO cells with hyper expression and stable knock-
down of NLRX1 with or without treatment of TNF-α (15 μg/ml) 24 h after administration
of cancer cell line. (C) Tumor volume from untreated and TNF-α treated mice was mea-
sured every two days. Average tumor volume at day 22wasmeasured and plotted against
each RKO sublines. Data in (A)–(C) depict mean± SEM of values (n= 3). Asterisk (*) in-
dicates that p value b 0.05, for SEM.
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cells that have higher levels of NLRX1 in WTs. It is possible that low
expression of NLRX1 in KD cells changes the overall outcome of the
sensitivity to TNF-α/CHX.

This strongly suggests that NLRX1may have a different role in the
altered tumor microenvironment. Recent evidence suggests that
aggressive and metastatic properties of MDA-MB-231 cells are at-
tributed to autophagy-dependence. These cells are addicted to au-
tophagy for survival even in nutrient rich conditions [53]. Similarly,
previous reports suggest that NLRX1 acts as a positive regulator of
autophagy during antiviral signaling [54]. Altogether, these evi-
dences raise the possibility that the up-regulated expression of
NLRX1 may synergistically regulate metabolism and autophagy for
highly invasive growth of the autophagy addicted MDA-MB-231
breast cancer cells. Therefore, the tumor suppressor role of NLRX1
may be cell type dependent and will be highly specific to tumor mi-
croenvironment. The heterogeneity observed in the breast cancer
cells in tumor microenvironment further strengthens the hypothe-
sis [55]. The responsiveness of these cell lines to TNF-α induced
cell death as well as metabolic reprogramming in different cancer
types need additional studies.

5. Conclusion

The results obtained in the present study suggest the role of NLRX1
in regulating the cross talk of inflammation, metabolism and tumori-
genesis. The proteins discovered at the interface of mitochondria and
ER, such as MAVS, MITA and NLRX1, had recently been shown to play
important roles in innate immune responses. A previous report from
our lab as well as the current study suggest that proteins regulating
NF-κB and IFN pathways may be critically linked to metabolism and
cell death [56]. The evidences presented here suggest that loss of
NLRX1 may confer dual advantage for the cells in the tumor microenvi-
ronment, as they acquire resistance to TNF-α induced cell death, while
theirmetabolic pathways are being reprogrammed tomeet the high en-
ergy and anaplerotic demands. Further studies in this direction would
help to understand the intimate connection between inflammation,me-
tabolism and tumor progression.
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A B S T R A C T

The role of mitochondria is emerging in regulation of innate immunity, inflammation and cell death beyond its
primary role in energy metabolism. Mitochondria act as molecular platform for immune adaptor protein com-
plexes, which participate in innate immune signaling. The mitochondrial localized immune adaptors are widely
expressed in non-immune cells, however their role in regulation of mitochondrial function and metabolic
adaption is not well understood. NLRX1, a member of NOD family receptor proteins, localizes to mitochondria
and is a negative regulator of anti-viral signaling. However, the submitochondrial localization of NLRX1 and its
implication in regulation of mitochondrial functions remains elusive. Here, we confirm that NLRX1 translocates
to mitochondrial matrix and associates with mitochondrial FASTKD5 (Fas-activated serine-threonine kinase
family protein-5), a bonafide component of mitochondrial RNA granules (MRGs). The association of NLRX1 with
FASTKD5 negatively regulates the processing of mitochondrial genome encoded transcripts for key components
of complex-I and complex-IV, to modulate its activity and supercomplexes formation. The evidences, here,
suggest an important role of NLRX1 in regulating the post-transcriptional processing of mitochondrial RNA,
which may have an important implication in bioenergetic adaptation during metabolic stress, oncogenic
transformation and innate immunity.

1. Introduction

ATP generation through oxidative phosphorylation (OxPhos) is one
of the major function of mitochondria, besides its additional important
roles in numerous biosynthetic reactions, maintaining intracellular ion
homeostasis, apoptosis and innate immune signaling [1]. Mitochondrial
outer membrane and mitochondrial contact sites serve as molecular
platform for the assembly of dynamic signaling complexes that forms
during viral infection [2]. Mitochondrial outer membrane proteins
namely, MAVS and STING act as adaptors for the downstream activa-
tion of anti-viral signaling [3, 4]. NLRX1 (Nod-Like Receptor (NLR)
protein family member) negatively regulates innate immune responses
during viral infections. Recent reports from our lab and others have
shown that mitochondrial immune signaling proteins are widely ex-
pressed in non-immune cells and their levels are altered during tumor
progression [5, 6]. Similarly, the role of NLRX1 in controlling mi-
tochondrial metabolic functions and apoptosis during inflammatory

condition and tissue injury is emerging [7, 8]. However, its sub-mi-
tochondrial localization and molecular mechanism(s) of regulating
mitochondrial function is not well understood.

The OxPhos system, embedded in inner mitochondrial membrane, is
composed of five multiprotein complexes forming the mitochondrial
respiratory chain (MRC). The MRC complexes are assembled from
nearly 100 protein subunits, of which approximately 90 subunits are
encoded by nuclear genes and imported into mitochondria. The re-
maining 13 subunits are encoded by mitochondrial DNA (mtDNA) [9].
In addition, mitochondrial genome encodes 22 tRNAs and 12S and 16S
mt-rRNAs that are essential for the synthesis of mitochondria-encoded
proteins. As all protein factors involved in the expression of mi-
tochondrial genome are nuclear encoded, a strict coordination between
nuclear and mitochondrial gene expression programs is necessary,
especially during physiological responses requiring changes in energy
demands, such as conditions of altered carbon sources [10]. The reg-
ulatory mechanisms of mitochondrial gene expression and its
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modulation through nuclear-encoded factors in different patho-phy-
siological stimuli are not well understood.

mtDNA-encoded subunits of respiratory chain complex are tran-
scribed on both strands to form three continuous polycistronic tran-
scripts [11]. These precursor transcripts are usually punctuated by
tRNAs that are further excised by RNase P at the 5′ and by RNase Z at
the 3′ ends of the tRNAs [12, 13]. The post-transcriptional processing of
mt-mRNAs and mitoribosome assembly is spatially organized within
distinct foci termed as mitochondrial RNA granules (MRGs) [14–16].
These are dynamic mitochondrial sub-domains to which mt-RNAs
processing enzymes such as RNase P, RNase Z, GRSF1, RNA methyl
transferases and other unidentified proteins are recruited [17, 18].
MRGs interactome capture studies have identified novel class of nuclear
encoded RNA binding proteins that translocate to mitochondria and
lack the canonical RNA binding domain, however, interacts with mt-
mRNAs in human cells [14, 19, 20]. Mutations in genes encoding these
proteins have been associated with a range of heritable disorders with
overlapping phenotypes, as observed in mitochondrial monogenic dis-
eases [21, 22].

Human Fas-activated serine/threonine kinase (FASTK) family, an
emerging class of RNA-binding proteins, acts as a central regulator of
mitochondrial post-transcriptional RNA processing [23]. The family
comprises of six structurally related proteins named FASTK and its
homologs FASTKD1-5. All members share an N-terminal mitochondrial
targeting signal and a putative RNA-binding module, RAP domain
(RNA-binding domain abundant in Apicomplexans) [24]. FASTKD1,
FASTKD2 and FASTKD5 have been shown to localize within MRGs,
which differentially regulate the processing of mitochondrial RNAs [14,
25, 26]. Distinct role of FASTK family proteins and recruitment of other
RNA-binding proteins to regulate processing and maturation of mi-
tochondrial RNA during patho-physiological condition is still lacking.

A recent study suggested that NLRX1 may directly associate with
ssRNA through its C-terminal LRR (leucine-rich repeat) motif, which
may be connected to its role in anti-viral immunity [27]. Therefore, we
hypothesized that NLRX1 may associate with mitochondrial RNA and
form a part of MRGs. We, therefore, tested whether NLRX1 can interact
with FASTKD5 and regulate maturation of mitochondrial precursor
transcripts. We show that NLRX1 specifically interacts with FASTKD5, a
bonafide component of MRGs, and colocalizes with MRGs. Ectopic ex-
pression of NLRX1 inhibits the processing of mtDNA encoded mRNAs
and results in alterations in the assembly of OxPhos system.

2. Material and methods

2.1. Cell culture, transfection and reagents

HEK293, MCF-7, T47D and HeLa cell lines were cultured in
Dulbecco's modified Eagle's media (DMEM, Thermo Fisher Scientific
Inc., USA). Media were supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Thermo Fisher Scientific Inc.), 1% penicillin,
streptomycin and neomycin (PSN) antibiotic mixture (Thermo Fisher
Scientific Inc.). Full length NLRX1 (isoform 1, 975 amino acids), NLRX1
ΔN-ter (amino acids 156–975) and LRR (amino acids 564–975) cloned
into pcDNA3.1 vector were provided by Dr. Stephen. Girardin
(University of Toronto, Ontario, Canada). NLRX1-ΔLRR (amino acids 1-
680) was generated by PCR using forward primer 5′-CTTGGTACCATG
AGGTGGGGCCACCAT-3′ and reverse primer 5′-AGACTCGAGGAAGAG
GTGGTCAAGGAG-3′ and sub-cloned into pcDNA3.1 vector in frame at
the KpnI and XhoI cut sites. NLRX1-GFP was cloned into pLCMV-
tagGFP2-Puro vector. Lentiviral construct expressing NLRX1-specific
shRNA was purchased from Sigma-Aldrich Inc., USA (Sigma
TRCN0000129459). pDsRed2-mito vector (hereafter mtRFP) was pur-
chased from Takara-Bio, Japan. pSpCas9(BB)-2A-Puro (PX459) V2.0
was a gift from Dr. Feng Zhang (Addgene plasmid #62988). FASTKD5-
Flag-HA, FASTKD5-myc and FASTKD5-RFP were kind gifts from Dr.
María Simarro (Edificio de Ciencias de la Salud, Valladolid, Spain).

pECFP-Mito (hereafter mtCFP) construct was gifted by Dr. Jean-Claude
Martinou (University of Geneva, Switzerland). Details of the antibodies
used in current studies along with their sources are given in
Supplementary Table S1.

Proteinase K, puromycin, sodium azide, rotenone, antimycin A,
uridine, 5-bromouridine, digitonin, cytochrome c, NADH, sodium suc-
cinate, 2,6-Dichlorophenolindophenol sodium salt hydrate (DCPIP),
EZview™ Red Anti-Flag M2 Affinity Gel and EZview™ Red Anti-HA
Affinity Gel were purchased from Sigma-Aldrich, USA. Tetramethyl
rhodamine methyl ester (TMRM), G418, Opti-MEM, Yeast tRNA,
MicroAmp Fast Optical 96-Well Reaction Plate, MicroAmp Optical
Adhesive Film and Pierce Protein A/G Agarose were procured from
Thermo Fisher Scientific Inc., USA. SYBR green and complementary
DNA (cDNA) isolation kits were purchased from Takara Bio Inc., Japan.
Nitrotetrazolium Blue chloride (NTB) and diaminobenzidine (DAB)
were purchased from Sisco Research Laboratories (SRL), India.

HEK293 and HeLa cells were transfected using standard calcium
phosphate transfection method and Lipofectamine 2000 reagent
(Thermo Fisher Scientific Inc., USA). MCF-7 and T47D cells were
transfected using Biotool DNA transfection reagent and X-tremeGENE™
9 DNA transfection reagent (Roche GmbH, Germany) respectively, as
per manufacturer's protocol.

2.2. Isolation of mitochondria, mitoplasts, integral proteins of the inner
mitochondrial membrane, and proteinase K protection assay

Mitochondria were isolated from HeLa cells or transfected HEK293
cells. HeLa cells or HEK293 cells were resuspended in mitochondria
isolation buffer (0.25M sucrose, 10 mM Tris/HCl, pH 7.4, 1× protease
inhibitor cocktail (Sigma-Aldrich, USA) and incubated on ice for 5min.
The cells were disrupted by passing through a 24G sterile syringe
needle and centrifuged at 600g for 15min to separate nuclei and cell
debris. The supernatant (cytosolic fraction) was collected and cen-
trifuged again at 8000g for 10min. The pellet (mitochondrial fraction)
were washed twice and resuspended in isolation buffer. Mitoplast was
isolated by incubating mitochondria to a final concentration of 1mg/ml
in PBS with 2.7 mg/ml digitonin for 20min on ice. The sample was
further centrifuged at 10,000g for 10min and the final pellet containing
mitoplasts was washed twice with PBS. For alkaline carbonate extrac-
tion, mitoplasts were incubated in 100mM Na2CO3 (final solution
pH 11.5) for 60min on ice. Separation of the pellet (integral protein of
the inner membrane) and supernatant (soluble and matrix proteins)
was achieved by centrifugation at 47,000 rpm for 2 h at 4 °C in an ul-
tracentrifuge (SW60 Ti rotor, Beckman Coulter Instruments).

Mitochondrial or mitoplasts pellet from HeLa cells were re-
suspended in digestion buffer (25mM Tris/HCl, pH 7.5, 125mM su-
crose, 1 mM CaCl2). The samples were incubated with proteinase K
(50 μg/ml) with or without 0.1% (v/v) Triton X-100 for indicated time.
Proteinase K activity was quenched with 2mM phenylmethylsulphonyl
fluoride (PMSF) for 10min on ice. After centrifugation, the pellet and
the supernatant were collected and analyzed by western blotting.

2.3. Confocal live cell microscopy and image quantitation

To study the subcellular localization of different proteins MCF-7,
HeLa, SH-SY5Y and mtRFP-HEK293 cells were seeded at density of
2–4×105 cells into 35mm glass bottom dishes and transfected with
NLRX1-GFP. After transfection, MCF-7, HeLa and SH-SY5Y cells were
loaded with 100 nM TMRM for 15min for mitochondrial staining.
Images of live cells expressing NLRX1-GFP were acquired with inverted
Leica TCS SP8 confocal microscope system (Leica Microsystems GmbH,
Germany) equipped with an air-cooled argon laser at 488 nm and
561 nm and a HC PL APO CS2 63×/1.40 differential interference
contrast objective including a HyD detector, PMT and a PMT Trans
detector. Images were collected for each channel sequentially at
1024×1024 pixels, 8-bit depth, 1 AU pinhole and 3× magnification.
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Detectors gain, offset levels and laser power were calibrated at identical
levels and remain unchanged for a set of experiment. All figure images
were processed, pseudo colored and analyzed for intensity profile using
Application Suite X (LASX v2.0.2). For imaging quantitation and ana-
lysis, percent correlation values were calculated using JACoP plugin in
ImageJ v1.45 (NIH, MD, USA) and represented as mean colocalization
and error, SD. Sample size n≥ 5 NLRX1-GFP positive cells.

2.4. 3D-SIM super-resolution microscopy

MCF-7 cells were co-transfected with NLRX1-GFP and FASTKD5-
RFP. Twenty-four hours post transfection, cells were washed twice with
DPBS and fixed with 4% paraformaldehyde solution. Imaging was
performed at room temperature using a CFI Apochromat TIRF 100×/
1.49 NA oil immersion objective lens on an N-SIM microscope (Nikon
Instruments, Inc.) equipped with a Andor iXon3 DU-897E EMCCD
camera, PFS and SIM Illuminator using 488 nm and 561 nm lasers. Raw
images were acquired and reconstructed using NIS-Elements software.
The exposure time was set to 100ms for each raw data capture. The
image stacks were acquired in 200 nm intervals for 8–12 Z planes over a
range of 3 μm. In each plane 9 images were acquired with a rotating
illumination pattern (3 phases, 3 angles) in two color channels (488 nm
and 561 nm) independently. SIM images were analyzed with NIS-
Elements and ImageJ.

2.5. Mitochondrial respiratory complexes enzyme activities

Mitochondrial complex I activity was determined as described
previously [7]. Mitochondrial complex II and complex IV enzyme ac-
tivity were monitored using NanoPhotometer® P-300 (Implen GmbH,
Germany). The following extinction coefficients were used to calculate
relative enzyme activities from absorption values: 2,6-dichlorphenol-
indophenol (DCPIP): ε610nm=22.0 mM−1 cm−1 and cytochrome c:
ε550nm= 19.0mM−1 cm−1. Briefly, MCF-7 cells were seeded at density
of 1× 106 cells in 60mm dishes. After overnight incubation, cells were
transfected and treated as indicated. The cells were washed with cold
DPBS and resuspended in 0.4ml of 20mM hypotonic potassium phos-
phate buffer (pH 7.5) and incubated on ice for 10min. Cells were dis-
rupted with 24G sterile syringe needle and lysates were subjected to
2–3 freeze–thaw cycles. For complex II activity, lysates were pre-
incubated with sodium succinate (200mM) at 37 °C for 15min and
further incubated in complex II assay buffer (0.1 M potassium phos-
phate buffer, pH 7.5, 50 mg/ml fatty acid-free BSA, 100mM NaN3 and
0.015% (wt/v) DCPIP). The reaction was initiated by adding 12.5 mM
decylubiquinone (DUB) and decrease in absorbance at 600 nm was
monitored.

To assay complex IV activity, samples were processed as indicated
above and resuspended in complex IV assay buffer (50mM potassium
phosphate buffer, pH 7.0 and 1mM reduced cytochrome c).
Cytochrome c was freshly reduced as described earlier [28]. The reac-
tion was initiated by adding 80 μg of lysate to the assay buffer and
baseline activity was monitored at 550 nm for 2min. Complex IV ac-
tivity was measured by monitoring the decrease in absorbance at
550 nm. Specificity of complex IV activity was recorded by addition of
100mM NaN3 to the reaction mixture.

2.6. BN-PAGE, in-gel assays and immunoblotting

BN-PAGE was performed on Native PAGE Novex 3%–12% Bis-Tris
Protein Gels (Thermo Fisher Scientific Inc., USA) with minor mod-
ification. Briefly, mitochondria from MCF-7 cells were isolated in Tris-
Sucrose buffer as described above and 50 μg pellets were solubilized as
per manufacturer's protocol (Thermo Fisher Scientific Inc., USA) and
run at room temperature. In-gel enzyme activity of different OXPHOS
complexes were carried on gradient Bis-Tris gels as previously de-
scribed [29]. For immunoblotting, proteins were transferred on PVDF

membrane at 50 V, 4–7 °C and probed with an antibody cocktail com-
prising anti-NDUFS2, anti-huATPase6 and anti-holoCOX.

2.7. Co-immunoprecipitation and western blotting

For protein interaction study, immunoprecipitation experiments
were performed as reported earlier [29]. Briefly, HEK293 and MCF-7
cells were plated at density of 2× 106 per 90mm dish and co-trans-
fected with indicated constructs. After 24 h of transfection, cells were
washed with ice-cold DPBS (Thermo Fisher Scientific Inc., USA), and
resuspended in NP40 lysis buffer (100mM NaCl, 50mM Tris/HCl, 10%
Glycerol, 0.1% Nonidet P-40) containing complete protease inhibitor
cocktail and incubated on ice for 1 h with occasional vortexing, and
centrifuged at 13,000 rpm for 15min at 4 °C. Cell lysates were collected
and incubated overnight with anti-Flag affinity gel on a roller shaker at
4 °C. For immunoprecipitation of FASTKD5, HeLa cell lysates were
precleared with Protein A/G Agarose beads for 2 h at 4 °C. After pre-
clearing, the cell lysates were incubated overnight with anti-FASTKD5
antibody (1:200 dilution) on a roller shaker at 4 °C. After overnight
incubation, the precipitate was mixed with blocked Protein A/G
Agarose beads for 2 h at 4 °C. Finally, anti-Flag and agarose beads were
washed three times with NP40 IP lysis buffer, resuspended in 5× SDS-
PAGE sample buffer, resolved on 12% SDS-PAGE and analyzed by
western blotting using specific antibodies.

2.8. Bromouridine (BrU) staining, immunocytochemistry and imaging
quantitation

For visualizing nascent mitochondrial transcript, BrU pulse was
performed using 2.5mM 5-bromouridine for 60min in transfected
mtCFP-HEK293 stable cells. Cells were washed twice with DPBS and
fixed with 4% paraformaldehyde solution. Immunocytochemistry was
performed in PBS containing 5% BSA, 0.1% Triton X-100, and 0.1%
Tween-20. The permeabilized cells were incubated with primary anti-
body for 3 h at room temperature. After incubation cells were washed
five times with PBST and incubated with secondary antibody for 1 h at
the room temperature. BrU-labeled RNA was detected using anti-BrdU
antibody. DyLight™ 594-conjugated anti-rabbit secondary antibody was
used at a dilution of 1:500. Fixed cell images were acquired with Leica
TCS SP8 confocal microscope equipped with air-cooled argon laser at
458 nm, 488 nm, DPSS laser at 561 nm, HeNe laser at 594 nm and a HC
PL APO CS2 63 X/1.40 objective using a HyD detector with narrow and
wide band pass filters. The image acquisition settings were kept same as
described above except that four-channel sequential line scanning was
used to avoid bleach through and crosstalk between the fluorophores.
All figure images were processed and analyzed as mentioned above. To
quantify BrU-NLRX1-FASTKD5 foci-foci colocalization approximately
15 foci in> 5 cells per experiment (> 75 foci in total) were analyzed
by intensity correlation analysis and Coloc2 plugin in ImageJ. The
frequency of overlap with BrU foci were calculated as mean colocali-
zation. The colocalization values were calculated and plotted as mean
colocalization, error, SD.

2.9. RNA isolation and expression analysis

RNA from total cell was isolated using RNAiso Plus reagent (Takara
Bio Inc., Japan). cDNA was transcribed with Primescript™ First Strand
cDNA synthesis kit (Takara Bio Inc., Japan) using random 6-mer pri-
mers in two steps. The initial primer annealing was performed at 65 °C
for 5min followed by addition of reverse transcriptase and incubation
at 37 °C for 60min in the second step. qRT-PCR was performed with
cDNA as template and specific primers using SYBR Premix Ex Taq™
(Takara Bio Inc., Japan) as per the manufacturer's instructions. Three
biological replicates were performed per experiment. The relative levels
of mitochondrial DNA encoded transcripts were determined by the
2−ΔΔCT method. GAPDH was taken as endogenous control. The reaction
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conditions were 95 °C for 2min followed by 35 cycles of 95 °C for 5 s
and 60 °C for 34 s (the data was acquired at this step). The generation of
specific PCR products was confirmed by melt-curve analysis and re-
lative expression with standard error was plotted. The details of primer
are listed in Table S2.

2.10. Mitochondrial DNA quantification

Mitochondrial DNA copy number was determined by analyzing the
relative quantity of mitochondrial genome with respect to nuclear
genome. Briefly, MCF-7 and HEK293 cells were collected post trans-
fection. Genomic DNA was isolated from cells by phenol-choloroform
purification method. The relative quantity of mitochondrial genome to
nuclear genome was analyzed using RNaseP specific primer as nuclear
genome marker (Fwd: CCCCGTTCTCTGGGAACTC and Rev.: TGTATG
AGACCACTCTTTCCCATA) and a hypervariable region (HVR) specific
primer in the D-loop of mitochondrial DNA (Fwd: CACTTTCCACACA
GACATCA and Rev.: TGGTTAGGCTGGTGTTAGGG).

2.11. Analysis of mitochondrial RNA processing

The processing of mitochondrial transcripts and maturation defects
were analyzed by PCR amplification of mitochondrial mRNA regions.
MCF-7 cells were transfected and treated as indicated. After treatment,
RNA was isolated and cDNA synthesized as mentioned above. The re-
gions flanking adjacent mitochondrial genes were amplified from cDNA
using 2× Emerald GT PCR Master mix (Takara Bio Inc., Japan) at 95 °C,
5min; 35 cycles of 95 °C for 20 s, 56 °C for 20 s and 72 °C for 40 s; 72 °C
for 5min and accumulation of unprocessed transcripts and inter-
mediates was visualized on 1% agarose gel. The details of primer
combinations are listed in Table S3.

2.12. RNA immunoprecipitation

To identify the mitochondrial RNA species bound, NLRX1, NLRX1-
ΔLRR and FASTKD5 was immunoprecipitated from mitochondria of
HEK293 cells and coimmunoprecipitated RNA was isolated and ana-
lyzed. Briefly, HEK293 cells were transfected with NLRX1, NLRX1-
ΔLRR and FASTKD5 and mitochondria was isolated post transfection
from HEK293 cells or from control sgRNA and FASTKD5 knockdown
HeLa cells. Mitochondria (200 μg) were resuspended in 200 μl of ex-
traction buffer (50mM Tris/HCl, pH 7.5, 150mM NaCl, 1 mM MgCl2,
100 U/ml RNase inhibitor, 1% NP-40, and 1× complete protease in-
hibitors without EDTA) on ice for 40min, with occasional vortexing.
The extract was centrifuged at 20,000g at 4 °C for 45min and super-
natant collected. The anti-FLAG M2 affinity beads (for IP of NLRX1 and
NLRX1-ΔLRR) or EZview™ Red Anti-HA Affinity Gel (for IP of
FASTKD5) (Sigma-Aldrich, USA) were washed thrice in extraction
buffer and blocked with 1% BSA and 100 μg/ml yeast tRNA for 2 h at
room temperature. After blocking, beads were washed and were in-
cubated with supernatant on a roller shaker at 4 °C for 4 h. For en-
dogenous IP, the mitochondrial lysate from HeLa cells were precleared
with Protein A/G Agarose beads for 1 h and incubated overnight with
indicated antibodies (1: 100 dilution) on a roller shaker at 4 °C. After
incubation, the precipitates were mixed with blocked Protein A/G
Agarose beads for 2 h at 4 °C. To isolate RNA following im-
munoprecipitation, beads were washed five times with extraction buffer
and supplemented with EDTA (5mM) and yeast tRNA (1 μg). Further,
RNA was isolated, cDNA was synthesized, qRT-PCR was performed and
relative association of mitochondrial RNA transcripts with respect to
input with standard error was calculated and plotted as mentioned
above.

2.13. Analysis of translation of mtDNA-encoded genes by Click-iT® assay

Nascent mtDNA-encoded protein synthesis was evaluated in intact

cells using the Click-iT AHA protein labeling kit (Thermo Fisher
Scientific Inc., USA). Briefly, transfected MCF-7 and HeLa cells were
incubated with methionine-free RPMI for 10min at 37 °C and cotreated
with 100 μg/ml cycloheximide to inhibit cytosolic translation for
30min. After incubation, 100 μM L-azidohomoalanine (AHA, a me-
thionine analog) was added and incubated further for 3 h. AHA-labeled
cells were harvested and lysed in 20mM Tris-HCl pH 8.0, 1% SDS and
250 U/ml benzonase nuclease (Sigma-Aldrich, USA) and protein con-
centration was estimated by Bradford assay. The cycloaddition of
biotin-tagged alkyne molecule to AHA-labeled proteins was carried out
according to the manufacturer's protocol. Equal proteins were loaded
and resolved on 12% SDS-PAGE and analyzed by western blotting using
anti-biotin antibody.

2.14. Generation of stable cell lines

HEK293-MTRFP and HEK293-MTCFP stable cell line was generated
to study mitochondrial localization of proteins as previously described
[30].

2.15. Generation of knockout lines using CRISPR/Cas9 gene editing

To generate NLRX1 or FASTKD5 knockout cell line, CRISPR/Cas9
guide RNAs were designed using CRISPRko sgRNA design tool [31].
The sgRNA targeting fourth exon with pick order score of 1 was selected
and synthesized. Synthesized oligos were annealed and cloned into BbsI
-linearized pSpCas9(BB)-2A-Puro (PX459) vector essentially as de-
scribed earlier [32]. NLRX1 and FASTKD5 sgRNA clone was trans-
formed into competent Stbl3 E. coli strain and the transformants were
screened by colony PCR, using U6 sequencing primer and antisense
sgRNA. Positive clones were finally confirmed by Sanger DNA se-
quencing. NLRX1 and FASTKD5 sgRNA constructs were transfected into
HEK293 cells using lipofectamine 2000. After 48 h of transfection,
transfected cells were selected with 2 μg/ml puromycin. The pur-
omycin-supplemented medium was replaced every 24 h until single
colonies were visible. The colonies were harvested and transferred to
96-well plate to obtain single clone using serial dilution method. Each
single clone was further grown and transferred to 12 well plate and
maintained in puromycin medium. Positive stable clones were identi-
fied by a western blot screening for the loss of NLRX1 or FASTKD5 gene
product. The NLRX1 and FASKD5-specific sgRNA sequence and colony
PCR primers are listed in Supplementary Table S4.

2.16. Cell proliferation assay

Cell proliferation assay was performed to study the growth rate of
NLRX1 transfected T47D and MCF-7 cells and NLRX1 KO cell line in
customized substrate selective media. Briefly, cells growing in log phase
were transfected and incubated overnight. After 24 h of transfection,
MCF-7 and T47D cells were seeded in 48-well plate at 20000 cells/well
whereas NLRX1 KO cells were plated at 10000 cells/well. Cells were
washed twice with DPBS and customized glycolytic and oxidative
media was added in the presence and absence of antimycin (100 nM).
The customized media was prepared by using base DMEM solution that
lacks glucose, pyruvate, and glutamine (Thermo Fisher Scientific Inc.,
catalog #A14430) and supplemented with 10% FBS, 10mM glucose,
4 mM glutamine, and 1% PSN (Glycolytic medium). Galactose-con-
taining (oxidative) media were generated by DMEM supplemented with
10% FBS, 10mM galactose, 4 mM glutamine, and 1% PSN. Cells were
trypsinized after 24 h cycle and cell number was counted and growth
curve generated. For all conditions, the seeding densities used allowed
exponential proliferation for four days and final cell counts were
measured four days after treatment. The experiment was replicated two
times per condition. Proliferation rate was determined using the fol-
lowing formula:
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=

Proliferation Rate (Doublings per day)

log (Final cell count (D5)/Initial cell count(D1))/D4.2

2.17. Statistical analysis

Data are shown as either mean ± SEM or mean ± SD for n ob-
servations. The data sets were normalized considering the values of
controls as 100%. The comparisons between data sets were performed
by unpaired two-tailed Student's t-test to determine the levels of sig-
nificance for each data set GraphPad Prism® 5. The experiments were
repeated minimum of two to three times independently, probability
values of p < 0.05 were considered as statistically significant. All
figure images were prepared with Adobe Photoshop©8 CS.

3. Results

3.1. NLRX1 is a mitochondrial matrix protein

Human NLRX1 is a ubiquitously expressed highly conserved multi-
domain protein of 975 amino acids [33] having N-terminal mitochon-
dria-targeting sequence (MTS), a central nucleotide-binding and oli-
gomerization domain (NOD) and a C-terminal putative ligand-binding
and regulatory leucine-rich repeat (LRR) domain (Fig. S1A). NLRX1 is
known to translocate to mitochondria [34], however its sub-mi-
tochondrial localization is not well established. The expression analysis
showed high levels of NLRX1 in some cancer cell lines, such as MDA-
MB-231, SHSY-5Y, HepG2 and HeLa, whereas its levels were low in
HEK293 and MCF-7 and absent in T47D cells (Fig.1A and B).

We expressed full length (FL) NLRX1 (1–975 aa), NLRX1 ΔN-ter
(160–975 aa) and LRR (564–975 aa) constructs in HEK293 cells and
analyzed its subcellular localization by western blotting. Full length
NLRX1 localized predominantly to mitochondrial fraction although low
levels of NLRX1 were also detected in the cytosol (Fig. 1C). N-terminal
deletion (NLRX1 ΔN-ter) and LRR domain variants of NLRX1 were
found exclusively in cytosolic fraction confirming that the N-terminal
domain of NLRX1 is essential for its translocation to mitochondria.

To further examine the submitochondrial localization of NLRX1,
mitoplasts from HeLa cells were prepared by selective disruption of the
mitochondrial outer membrane with digitonin and analyzed by western
blotting. A band of 110 kDa corresponding to NLRX1 was detected in
mitoplast fraction. Similarly, 45 kDa and 25 kDa bands corresponding
to Citrate Synthase (CS, mitochondrial matrix protein), and ATPase6
(inner mitochondrial membrane protein), respectively, (Fig. 1D) were
detected in mitoplast fraction. As expected, the outer membrane protein
Tom20, the intermembrane protein AIF and the cytosolic protein RPS9
were not observed in mitoplasts fraction. Similar to CS and ATPase6
proteins, NLRX1 remained intact when mitoplast pellet was digested in
the Proteinase K protection assay (Fig. 1E) but acquired a full sensitivity
to Proteinase K after permeabilization with Triton X-100. In contrast,
Tom20 was sensitive to digestion even in the absence of Triton X-100.
The alkaline carbonate extraction of isolated mitoplast demonstrated
that NLRX1 is not an intrinsic inner membrane protein but was ex-
tractable alongside soluble protein CS (Fig. 1F). Altogether, these re-
sults suggested that NLRX1 is a soluble mitochondrial matrix protein.

We also analyzed the subcellular localization of NLRX1 by live-cell
imaging. MCF-7 cells were transfected with NLRX1-GFP and mi-
tochondria were visualized by staining cells with TMRM, a cell-per-
meant cationic fluorescent dye which accumulates in mitochondria. We
observed a partial but distinct overlap of the GFP signal with the TMRM
positive mitochondrial network (up to 60%) (Fig. 1G). The intensity
profile analysis revealed a near-complete overlay of NLRX1-GFP and
TMRM fluorescence, suggesting that NLRX1 exclusively localizes to
mitochondria. Recently, by diffraction-unlimited stimulated emission
depletion (STED) imaging revealed that TMRM was found

preferentially at the inner mitochondrial membrane, rather than in the
matrix [35]. We transiently expressed a mitochondrial matrix-targeted
red fluorescent protein (mtRFP) in HeLa cells and observed a punctate
distribution of NLRX1 (shown in grayscale) colocalizing with mi-
tochondria (Fig. 1H). The colocalization analysis revealed>70%
overlap of distinct green puncta of NLRX1-GFP with positive red signals
from mtRFP. These evidences strongly suggest the predominant loca-
lization of NLRX1 to mitochondrial matrix in cells of different origin.

3.2. NLRX1 interacts with FASTKD5 and colocalizes with mitochondrial
RNA granules

The functional significance of localization of NLRX1 to mitochon-
drial matrix is not understood. In a high throughput proteome study of
the human innate immunity network, the interaction of NLRX1 with
FASTKD5 was predicted [36] hence this was further analyzed. NLRX1
and FASTKD5 were co-transfected and co-immunoprecipitation ex-
periments were performed. The immunoprecipitation of FASTKD5 re-
vealed a band of 110 kDa corresponding to NLRX1 suggesting their
interaction in normal cellular condition (Fig. 2A). This interaction ap-
pears to be specific as another mitochondrial RNA granule protein
LRPPRC (leucine-rich pentatricopeptide repeat containing protein) and
translation elongation factor, EF-Tu were not detected in the FASTKD5
immunoprecipitates. Similarly, we immunoprecipitated NLRX1 and
detected a band of 87 kDa corresponding to FASTKD5, as an NLRX1
interacting protein both in HEK293 and MCF-7 cells (Fig. 2B).

We further investigated the co-localization of NLRX1-GFP and
FASTKD5-RFP in HEK293 cells that stably express a cyan fluorescent
protein targeted to mitochondrial matrix (mtCFP) by confocal micro-
scopy. Analysis of the fluorescence profiles showed almost complete
overlap in the distribution pattern of NLRX1-GFP and FASTKD5-RFP
(Fig. 2C). The triple color composite image revealed distinct co-locali-
zation (up to 80%) of NLRX1-GFP and FASTKD5-RFP. Both NLRX1-GFP
and FASTKD5-RFP appeared as distinct puncta across the tubular dis-
tribution of mtCFP positive signal. To characterize the size and dis-
tribution of distinct punctate morphology exhibited by NLRX1 and
FASTKD5, we performed dual-color 3D-SIM (three-dimensional struc-
tured illumination microscopy) super-resolution imaging of MCF-7 cells
ectopically expressing NLRX1-GFP and FASTKD5-RFP (Fig. 2D). Both
NLRX1 and FASTKD5 were concentrated in discrete foci and overlapped
by 60%. The colocalization of NLRX1 and FASTKD5 was also observed
in XZ-plane with size of focal structures varying between 50 and
100 nm in the axial direction. The intensity profile showed complete
overlap of NLRX1-GFP and FASTKD5-RFP with size of colocalizing foci
ranging from 30 to 100 nm.

The emerging evidence suggests that FASTKD5 is an integral com-
ponent of the mitochondrial RNA granules (MRGs) [14]. The colocali-
zation of FASTKD5 and NLRX1 suggest their direct recruitment to the
site of MRGs in mitochondrial matrix. To test this hypothesis, we per-
formed an indirect immunofluorescence staining with antibodies
against BrU-labeled nascent mt-mRNAs and analyzed the degree of
colocalization with NLRX1-GFP and FASTKD5-RFP. We observed dis-
crete MRGs foci along with a tubular mitochondrial network of mi-
tochondria, where NLRX1-GFP and FASTKD5-RFP colocalized (65.2%
and 62.7% respectively) (Figs. 2E and S2A). The fluorescence intensity
profile showed the punctate structure of NLRX1 (in gray scale) over-
lapping with BrU-labeled nascent mt-mRNAs. A cross-correlation ana-
lysis of composite images revealed a gaussian distribution profile with
Pearson's coefficient of PNLRX1-BrU= 0.961 and PFASTKD5-BrU= 0.935 at
the ΔX values approaching zero suggesting that both NLRX1 and
FASTKD5, the bonafide RNA granule protein, co-localize to MRGs (Fig.
S2B and C). The co-localization of NLRX1 and FASTKD5 within the
MRGs suggest their possible role in regulating post-transcriptional
processing of mt-mRNAs.

We further co-imaged the NLRX1-GFP and FASTKD5-RFP with the
BrU-labeled MRGs in the mtCFP-expressing HEK293 cells. As observed
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earlier, both FASTKD5-RFP and NLRX1-GFP appeared as punctate
substructures within mitochondria (shown in grayscale, Fig. 2F). More
than 50% of FASTKD5-RFP and NLRX1-GFP positive structures co-

localized with BrU-labeled foci suggesting that both FASTKD5 and
NLRX1 associates with nascent mRNAs in mitochondria (Fig. 2G). The
analysis of fluorescence intensity profiles revealed a major overlap of

Fig. 1. NLRX1 localizes to mitochondrial matrix. (A) Endogenous level of NLRX1 in different cell lines was detected by western blotting using anti-NLRX1 antibody.
(B) Schematic representation of the deletion constructs of NLRX1 used in the study. (C) Subcellular distribution of NLRX1, HEK293 cells were transfected with
indicated constructs, heavy membrane (mitochondria) and light membrane (cytosol) fractions were isolated and analyzed by western blotting using indicated
antibodies. (D) Mitochondrial and cytosolic fractions were isolated from HeLa cells mitoplasts were digested with Proteinase K as described in Materials and methods
and analyzed by western blotting using indicated antibodies. (E) Mitoplast fraction (pellet) from HeLa cells were treated with Proteinase K in the presence of Triton X-
100 treatment and analyzed by western blotting. (F) Mitoplasts pellet was subjected to alkaline extraction and ultra-centrifugation to allow the separation of soluble
matrix protein (S) and integral protein of inner membrane (P). (G and H) Live cell imaging was performed to visualize mitochondrial localization of NLRX1. MCF-7
cells were transfected with NLRX1-GFP and mitochondria were stained with TMRM and analyzed by confocal microscopy. Scale bar, 7.5 μm (Merge and inset image).
Pixel intensity distribution profile depicts colocalization of NLRX1 and TMRM fluorescence. HeLa cells were co-transfected with mtRFP and NLRX1-GFP and observed
under confocal microscope. Scale bar, 10 μm (Merge image) and 5 μm (inset image). Pearson's correlation coefficients for NLRX1-GFP/TMRM and NLRX1-GFP/
mtRFP are represented as percent mean ± SD value from n≥ 5 NLRX1-GFP positive cells.

K. Singh et al. BBA - Molecular Cell Research 1865 (2018) 1260–1276

1265



(caption on next page)

K. Singh et al. BBA - Molecular Cell Research 1865 (2018) 1260–1276

1266



NLRXI-GFP and FASTKD5-RFP fluorescence with the BrU signal across
CFP-labeled mitochondria (Fig. 2H). To examine the effect of NLRX1 on
RNA granule stability, we knocked down NLRX1 in HeLa cells and vi-
sualized for the BrU positive foci. The relative number and distribution
of the BrU positive foci remained unaltered in the NLRX1 KD HeLa cells
indicating that NLRX1 is not essential for the formation of MRGs (Fig.
S2D, E and F). These results suggest that NLRX1 is a novel protein
component of the mitochondrial RNA granules where it interacts with
FASTKD5 and co-localizes with nascent mitochondrial RNAs.

3.3. NLRX1 regulates post-transcriptional processing of non-canonical
precursor transcripts

The interaction of NLRX1 with FASTKD5 and its localization to
MRGs suggests its potential involvement in the post-transcriptional
processing of mitochondrial mRNAs. Therefore, we measured steady-
state levels of mature mt-RNAs by qPCR upon NLRX1 knockdown.
Depletion of NLRX1 in HeLa cells upregulated the levels of COX I, COX
II, ATP8, ATP6, COX III, ND5 and cyt b mRNAs (Figs. 3A, S3A and B).
We observed a marked increase in the levels of ATP8, ATP6, COX III,
ND5 and cyt b genes which are products of non-canonical mt-mRNAs
processing. Conversely, NLRX1 expression in HEK293 cells decreased
the levels of 16S rRNA and all mature mt-mRNAs except those for ND2,
ND4, ND4L, ND3 and ND6 genes. Transfection of NLRX1 ΔN-ter showed
no significant alterations in the steady-state levels of mt-mRNAs and
16SrRNA as compared to vector control (Figs. 3B and S3C). We further
investigated the alteration in relative copy number of mtDNA in NLRX1
transfected cells. NLRX1 expression did not showed significant changes
in level of mtDNA content, thus, ruling out the possibility of mtDNA
depletion as a mechanism for the observed decrease in steady-state
levels of mitochondrial transcripts in NLRX1 transfected cells (Fig.
S3D). The results indicate that NLRX1 may participate in a selective
regulation of steady-state levels of a subset of mt-mRNAs.

We further tested the possibility that NLRX1 may regulate the post-
transcriptional processing of precursor mt-mRNAs downstream of
mtDNA replication. The precursor mRNA regions corresponding to
pairs of adjacent genes were selectively amplified by PCR as described
previously [37]. In cells, transfected with NLRX1, we detected an in-
creased accumulation of 1523-bp and 1015-bp PCR products corre-
sponding to the processing intermediates of ATP8+COX III and
ND5+ cyt b non-junctional heavy strand transcripts (Figs. 3C and S3E).
The levels of the remaining pairs of adjacent genes, such as 16S rRNA-
ND1, ND1-ND2 and ND2-COX I, remained unaffected. Depletion of
FASTKD5 in HEK293 cells showed a similar processing defect resulting
in accumulation of ATP8/6+COX III and ND5+ cyt b heavy-strand
transcripts (Fig. S3F and G) as previously reported [14]. We confirmed
this observation using a qPCR approach to quantify the levels of pro-
cessing intermediates of fused transcripts in a non-strand specific
manner in T47D cells. It was observed that unprocessed form of ATP8/
6+COX III and ND5 transcript were two and three-fold higher

respectively in NLRX1 transfected cells (Figs. 3D and S3H). However,
the COX I+COX II transcript punctuated by tRNASer and tRNAAsp as
well as ND6 and cyt b transcript punctuated by tRNAGlu. was processed
normally. Taken together, these data demonstrate that NLRX1 may
regulate the post-transcriptional processing of non-canonical heavy
strand transcript of ATP8/6+COX III and ND5+ cyt b mRNAs.

3.4. The binding of mitochondrial RNA transcripts to FASTKD5 is regulated
by NLRX1

To further explain the apparent decrease in the steady state levels of
heavy strand transcripts caused by NLRX1, we co-transfected HEK293
cells with FASTKD5 and NLRX1 either alone or in combination and
analyzed the enrichment of target transcripts bound by FASTKD5 or
NLRX1 using RNA-IP. The analysis of FASTKD5 immunoprecipitate
revealed more than twenty-fold enrichment of almost all long-lived
COX I, COX II, COX III mRNAs and 16S rRNA except for ATP8 and ATP6
(Figs. 4A and S4A). We also observed a low but significant enrichment
of short-lived ND5 and cyt b mRNAs with the exception of ATP6 (long-
lived). In contrast, the analysis of NLRX1 immunoprecipitate revealed
more than five-fold enrichment of ND5 and cyt b mRNAs but bound
weakly to COX I, COX II, ATP8 mRNAs and 16S rRNA. Interestingly, the
analysis of FASTKD5 immunoprecipitate from cells co-transfected with
both NLRX1 and FASTKD5, revealed a loss in the enrichment of all
FASTKD5-target RNAs. These results indicate that NLRX1 inhibits the
binding of mitochondrial transcripts to FASTKD5.

To further confirm if association of NLRX1 with FASTKD5 mod-
ulates its mitochondrial transcript binding under endogenous condi-
tions, we performed RNA-IP of endogenous NLRX1 and FASTKD5 from
mitochondrial lysates of control and FASTKD5 knockdown HeLa cells.
As a control, we also immunoprecipitated LRPPRC alongside NLRX1
and FASTKD5. The analysis of protein fractions by western blotting
confirmed the knockdown of FASTKD5 (Fig. 4B). The pulldown of both
NLRX1 and FASTKD5 was observed in respective immunoprecipitates
of control cells while none of them co-immunoprecipitated with
LRPPRC as observed in Fig. 2A. As previously reported, the analysis of
bound RNA from LRPPRC immunoprecipitate indicated a strong asso-
ciation with COX I, COX II and COX III mRNAs and knockdown of
FASTKD5 did not altered this association, further validating LRPPRC as
mtRNA-binding protein (Fig. S4B and C) in addition to our experi-
mental approach. Importantly, the analysis of endogenous FASTKD5
immunoprecipitate from control cells showed a similar enrichment of
16S rRNA, COX I, ATP8, ATP6 and COX III mRNAs in agreement with
the pulldown by ectopically expressed FASTKD5 except ND5 and cyt b.
This enrichment was drastically reduced in FASTKD5 knockdown cells
(Fig. 4C and D). The analysis of endogenous NLRX1 immunoprecipitate
showed a weaker but significant enrichment of all five target RNAs of
FASTKD5 in control cells. In contrast, analysis of NLRX1 im-
munoprecipitate from FASTKD5 knockdown cells, revealed a strong and
significant enrichment of ATP8, ATP6, COX III, ND5 and cyt b mRNAs.

Fig. 2. NLRX1 associates with FASTKD5 and localizes to mitochondrial RNA granules. (A) Co-immunoprecipitation of FASTKD5 was performed using control IgG or
anti-FASTKD5 antibody and interacting proteins were analyzed by western blotting using indicated antibodies. Asterisk (*) indicate a non-specific band. (B)
FASTKD5 co-immunoprecipitate with NLRX1 in a reciprocal IP. HEK293 cells were co-transfected with NLRX1-Flag and FASTKD5-myc and co-IP was performed
using anti-Flag antibody and analyzed by western blotting using indicated antibodies. WCL represents expression of proteins in whole-cell lysates. (C) mtCFP-HEK293
stable cells were co-transfected with NLRX1-GFP and FASTKD5-RFP, fixed with 4% paraformaldehyde and visualized by confocal microscope (n=3). Fluorescence
intensity distribution profile demonstrates colocalization of NLRX1 and FASTKD5 with mitochondria. Scale bar, 7.5 μm (Merge image) and 2.5 μm (inset image).
Quantification of NLRX1 overlap with FASTKD5 from ≥3cells is shown as mean ± SD alongside intensity profile. (D) Dual-color 3D-SIM image analysis of MCF-7
cells co-transfected with NLRX1-GFP and FASTKD5-RFP. Enlarged view of boxed region in (D) is shown on right with Pearson's correlation coefficients for NLRX1-
GFP/FASTKD5-RFP represented as percent mean ± SD value. Line scan shows the pixel intensity profile of each fluorescence signal along a line of 3 μm.
Colocalization of NLRX1-GFP/FASTKD5-RFP foci along the line scan is shown in a 200 nm thick XZ plane. Scale bar, 5 μm (Merge image) and 2.5 μm (inset image).
(E) NLRX1 accumulates in mitochondrial RNA granules. HeLa cells were transfected with either NLRX1-GFP or immunofluorescence was performed using anti-BrdU
antibody. Quantification of NLRX1 overlap with BrU from ≥4 cells is shown as mean ± SD. Fluorescence intensity distribution profile demonstrates the overlap of
NLRX1-GFP signal with BrU. Scale bar, 10 μm (Merge image) and 2.5 μm (inset image). (F) mtCFP-HEK293 stable cells were co-transfected with NLRX1-GFP and
FASTKD5-RFP and immunofluorescence was performed using anti-BrdU antibody and observed under confocal microscope. Scale bar, 5 μm. (G) Quantification of BrU
foci with mtCFP, NLRX1 and FASTKD5 signal (arrowheads) for inset image of (F). Data are shown as mean ± SEM (N≥ 5 cells with≥15 foci per cell; in total 75 foci
were analyzed). (H) Intensity profiles demonstrate the spatial overlap of NLRX1 and FASTKD5 with BrU signal along the line scan.
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Fig. 3. NLRX1 affects the processing of mitochondrial RNA regulated by FASTKD5. (A) HeLa cells were transfected with Control shRNA and NLRX1 shRNA and levels
of mature mitochondrial genome-encoded transcripts were determined by qPCR. Data are shown as mean ± SD (n=3). (B) HEK293 cells were transfected with
control vector, full length NLRX1 and N-terminal deletion mutant of NLRX1 (NLRX1 ΔN-ter) and levels of mature mitochondrial genome-encoded transcripts were
determined by qPCR. Data are shown as mean ± SD (n= 3). (C) Linear representation of the mitochondrial genome. Green, rRNA; red, mRNA; blue, tRNA. HSP,
heavy-strand promoter. LSP, light-strand promoter. Color-coded and half-headed arrow pair represents the PCR amplifying RNA regions. Black, 16S rRNA-ND1;
green, ND1-ND2; pink, ND1-COX I; blue, ATP8-COX III and purple, ND5+ cyt b. HEK293 cells were transfected with NLRX1 and the levels of processing inter-
mediates indicated on linear mitochondrial genome map were analyzed as described in materials and methods. GAPDH was included as nuclear control. (D) Strategy
for PCR- quantification of junction-less transcripts: I- COX I+COX II indicated primer sets generating amplification product only when tRNASer and tRNAAsp are
unprocessed. II-ATP6+COX III indicate primer pair for the fragment when the adjacent COXIII and ATPase6 transcripts are unprocessed. III-ND5+ND6 and
ND6+ cyt b indicate primer sets generating product when their respective antisense strands are unprocessed. T47D cells were transfected with vector control and
quantitation of expression using these primer pairs (Table S3) relative to nuclear control (GAPDH) was performed. Data are representative of three independent
experiments, and the results are expressed as mean ± SD. Asterisk (*) denotes significant differences with p < 0.05.

Fig. 4. Association of NLRX1 with FASTKD5 negatively regulates mitochondrial transcript binding. (A) HEK293 cells were transfected with NLRX1 and FASTKD5
either alone or in combination and RNA-IP was performed as described in Materials and methods. The enrichment of 16S rRNA and mt-mRNAs were quantified by
qPCR and relative expression levels were represented by Heat map, (n=4). Blue and white represents strong and weak enrichment respectively. (B) Mitochondrial
lysates from FASTKD5 knockdown HeLa cells (Clone D, Fig. S3E) and control sgRNA cells were immunoprecipitated for endogenous FASTKD5, NLRX1 and LRPPRC
and their pull down and input levels in IP, IgG control and mitochondrial lysate, were determined by western blotting using indicated antibody. (C) and (D) Analysis
of immunoprecipitated proteins in Fig. B from control sgRNA and FASTKD5 knockdown cells for bound RNA was performed as described in Materials and methods.
The enrichment of mitochondrial transcripts was quantified by qPCR. Data are shown as mean ± SD (n=3). Asterisk (*) denotes significant differences with
p < 0.05.
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These results suggested that NLRX1 preferentially associates with
ATP8/6+COX III and ND5+ cyt b transcripts with high affinity and
negatively regulates FASTKD5-mediated processing.

3.5. The LRR domain of NLRX1 is required for its association with
FASTKD5 and mitochondrial RNA

Among the conserved domain of NOD family receptors, LRR domain
has been reported to sense and bind to its cognate ligands. The c-
terminal LRR domain of NLRX1 has been shown to bind RNA ex situ
[27]. Therefore, to validate our hypothesis, we generated a NLRX1
mutant lacking LRR domain (NLRX1-ΔLRR-Flag) and probed its loca-
lization in HEK293 cells by anti-flag antibody (Fig. 5A and B). Sub-
cellular fractionation revealed that both NLRX1 and NLRX1-ΔLRR were
exclusively localized to mitochondria. Finally, we immunoprecipitated
NLRX1 and NLRX1-ΔLRR from mitochondrial lysates of HEK293 cells
and assessed the mtRNA enrichment in respective immunoprepitates.
As a control, we immunoprecipitated FASTKD5 alongside NLRX1 and
NLRX1-ΔLRR. The analysis of protein fractions by western blotting
confirmed the immunoprecipitation of both NLRX1 and NLRX1-ΔLRR
in the IP fraction (Fig. 5C). Importantly, FASTKD5 co-precipitated only
with full length NLRX1, suggesting that LRR domain is essential for
their interaction.

The analysis of bound RNA in NLRX1 immunoprecipitate showed a
similar enrichment of 16S rRNA, COX I, ATP8, ATP6, COX III, ND5 and
cyt b mRNAs indistinguishable from FASTKD5 immunoprecipitates
(Figs. 5D and S5A). In contrast, deletion of LRR domain showed a
significant decrease in enrichment of all mRNAs of heavy strand

transcripts in NLRX1-ΔLRR immunoprecipitates. These results sug-
gested that NLRX1 binds to mtRNA through the LRR domain. We fur-
ther investigated if LRR domain of NLRX1 essential for its interaction
with FASTKD5 could also affect FASTKD5-RNA binding. Therefore, we
immunoprecipitated FASTKD5 from cells with or without co-expressed
NLRX1-ΔLRR and analyzed the enrichment of target transcripts
(Fig. 5E). We did not observe any significant decrease in enrichment of
the heavy strand transcripts by FASTKD5 immunoprecipitates from
cells transfected with FASTKD5 alone or in combination with NLRX1-
ΔLRR in contrast to Fig. 4A where co-expression of full length NLRX1
significantly decreases the enrichment by FASTKD5. The above results
suggest that NLRX1 recognizes and associates with the non-junctional
heavy strand transcripts specifically ND5 and cyt b mRNAs through LRR
domain and negatively regulates the levels of 16S rRNA, COX I, ATP8,
ATP6 and COX III mRNAs via its interaction with FASTKD5.

3.6. NLRX1 regulates translation of mtDNA-encoded proteins and assembly
of respiratory supercomplexes

To reveal the functional consequences of NLRX1-mediated control
of mt-RNA processing we studied the assembly and activity of MRC
complexes. By Click azide/alkyne reaction, we monitored the changes
in the levels of mtDNA-encoded nascent protein subunits in NLRX1
expressing MCF-7 cells. A global decline in the levels of mitochondrial
translation products was observed in NLRX1 transfected cells which is
consistent with the decrease in steady state levels of mt-mRNAs and 16S
rRNA (Fig. 6A). However, the decrease in the levels of mitochondrial
protein subunits was not uniform. Levels of non-canonical ATP8+COX

Fig. 5. NLRX1 binds to mitochondrial RNA and associates with FASTKD5 through the LRR domain. (A) Schematic representation of the LRR domain deleted construct
of C-terminal Flag tag-NLRX1 generated for further study. (B) HEK293 cells were transfected with NLRX1-Flag and NLRX1-ΔLRR-Flag constructs and their subcellular
localization was determined by cellular fractionation and western blotting as described in Materials and methods using indicated antibodies. (C) Co-im-
munoprecipitation of NLRX1, NLRX1-ΔLRR by anti-Flag beads and FASTKD5 by anti-HA beads were performed from mitochondrial lysates of HEK293 cells lysate
transfected with these constructs and analyzed by western blotting using indicated antibodies. (D) and (E) IP Beads from Fig. C were further analyzed by RNA-IP as
described in Materials and methods. The enrichment of mitochondrial RNA was quantified using qPCR. Data are shown as mean ± SD, (n=3). Asterisk (*) denotes
significant differences with p < 0.05.
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III and ND5+ cyt b precursor products, ND5, cyt b and COXIII subunits
were substantially decreased (Fig. 6B). Similarly, levels of ND1, ND3
and COX1 were decreased, whereas levels of the remaining protein
subunits were not significantly altered. Conversely, depletion of NLRX1

in HeLa cells increased the levels of mtDNA encoded proteins subunits
(Fig. 6C).

mtDNA-encoded protein subunits are indispensable for the assembly
of functional individual MRCs, as well as their supercomplexes [38, 39].

Fig. 6. NLRX1 decreases the levels of mtDNA-encoded protein subunits, OxPhos activity and assembly. (A) MCF-7 cells were transfected with control vector and
NLRX1 and the levels of nascent mitochondrial protein subunits were determined after AHA (Methionine homologue) incorporation followed by analysis using Click-
iT® AHA chemistry and immunoblotting with anti-biotin antibody. Normal methionine incorporated (without AHA) cells were used as positive control (B)
Quantification of band intensity of (A) detected by western blotting was performed by densitometric analysis using ImageJ v1.45 (NIH, MD, USA) software. (C) HeLa
cells were transfected with control sgRNA and NLRX1 sgRNA and were labeled and processed as described in (A). PVDF membranes were stained with Ponceau S to
assess equal protein loading. (D) MCF-7 cells were transfected with control vector and NLRX1 and levels of respirasomes (I+ III2+ IVn) and supercomplex of CIII and
CIV as well as individual levels were detected by BN-PAGE followed by immunoblotting with indicated antibodies. Citrate Synthase was used as loading control. (E)
Assembly and activity of CI containing supercomplexes and individual CI were determined by BN-PAGE followed by in-gel activity staining specific for CI. (F)
Assembly and activity of CIII and CIV containing supercomplexes and individual CIII and CIV were determined by BN-PAGE followed by in-gel activity staining
specific for CIII+CIV. (G) and (H) Hela cells were transfected with control sgRNA, NLRX1 sgRNA or FASTKD5 sgRNA and enzyme activity of CI and CIV were
quantified using spectrophotometer. (I) Confirmation of the NLRX1 and FASTKD5 knockdown in HeLa cells was assessed by western blotting using indicated
antibodies. Data in (B), (G) and (H) are shown as mean ± SEM (n≥ 3). Asterisk (*) denotes significant differences with p < 0.05.
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The individual CI, CIII, and CIV associate to form intermediate supra-
molecular assemblies known as supercomplexes (SCs) or respirasomes.
We tested levels and organization of respirasomes in NLRX1 transfected
MCF-7 cells by western blots probed for NDUFS2, a nuclear encoded
subunit of CI. The level of SCs composed of CI+CIII2+CIVn and
CIII2+CIV decreased in the NLRX1 expressing cells (Fig. 6D) as com-
pared to vector transfected cells. Levels of free CI and dimeric CIII and
CIV also decreased, whereas levels of monomeric CIV remained un-
altered.

We further analyzed the functional levels of supercomplexes by BN-
PAGE and in-gel activity staining for CI and CIII+CIV. The in-gel ac-
tivity assay for CI in control MCF-7 cells revealed NADH dehydrogenase
activity in all bands, corresponding to supercomplexes (bands n1 to n5),
and to the individual CI (band n6). The expression of NLRX1 decreased
the activity of free CI and the supercomplexes (Fig. 6E). Similarly, the
in-gel staining for CIII+CIV was present in all bands of SCs (n1 to n5
and n6), whereas the maximum signal was detected for the monomeric
CIV in control MCF-7 cells (Fig. 6F). In contrast, the activity of SCs
(band n1 to n5), CIII dimers and monomeric CIV decreased in NLRX1-
expressing cells. The enzyme activity of CI and CIV in NLRX1 expressing
MCF-7 cells also decreased (Fig. S6A and B). However, the expression of
NLRX1 in MCF-7 cells did not affect the enzyme activity of CII (Fig. S6C
and D). Conversely, CRISPR-Cas9 mediated knockdown of NLRX1 in
HeLa cells increased the enzyme activity of CI and CIV while knock-
down of FASTKD5 significantly downregulated this activity (Fig. 6G, H
and I). Collectively, these results demonstrate that NLRX1 modulates
the organization of functional mitochondrial supercomplexes.

3.7. NLRX1 regulates OxPhos-dependent cell proliferation

To understand the physiological implications of NLRX1-regulated
function in mitochondria, we analyzed growth rates of the NLRX1 ex-
pressing T47D and MCF-7 breast cancer cells and HEK293 cells in a
medium containing alternative nutrient carbon sources, namely glucose
or galactose. In high-glucose medium, the growth rate of the NLRX1
transfected T47D, MCF-7 and HEK293cells showed no change, up to
day five (Fig. S7A, B and C). Supposedly, the energy deficit due to the
impaired OxPhos inNLRX1 expressing cells could be compensated by an
increased glycolysis in the high glucose medium. This is consistent with
the observation that NLRX1 was able to increase cellular proliferation
by activating the glycolytic metabolism [40].

The growth rate of control cells in the galactose-containing medium
was lower, as compared to the high glucose medium (Figs. 7A, C and
S7D). Apparently, the NADH consuming and energetically less efficient
conversion of galactose to glucose-1-phosphate fails to provide the high
energy demands of proliferating cells making the cells more dependent
on mitochondrial respiration [41]. In agreement, we observed an
overall decrease in growth rate of the NLRX1 expressing T47D, MCF-7
and HEK293 cells in the galactose medium. The cells demonstrated an
unchanged proliferation rate during the initial 48 h, thereafter rate
gradually declined and stopped proliferating after day 5 suggesting a
compromised OxPhos activity.

We further monitored the role of NLRX1 in growth kinetics of MCF-
7 and T47D cells in presence of glucose or galactose containing medium
(Fig. 7B and D). The vector-transfected control cells showed similar
proliferation rates in both medium, but NLRX1 transfected cells ex-
hibited a retarded proliferation in the galactose medium. Furthermore,
after treatment with antimycin A, the CIII inhibitor, there was a severe
decrease in proliferation rate of cells growing in the galactose medium,
but the cells growing in high glucose medium proliferated normally.
Therefore, the NLRX1-expressing cells with dysfunctional mitochon-
drial respiratory function are unable to proliferate in the galactose
medium. Similarly, the CRISPR-Cas9 mediated loss of NLRX1 could
reverse the growth limitation of HEK293 cells in the galactose medium
(Figs. 7E and E’, S7E and F). These results confirmed that NLRX1 at-
tenuates mitochondrial respiration making cell proliferation more

dependent on the glycolysis.

4. Discussion

The submitochondrial localization of NLRX1 and its role in regula-
tion of mitochondrial function is not only critical for understanding the
metabolic reprogramming during innate immune activation but also for
the homeostasis of cellular bioenergetics. In the present study, we de-
monstrated that association of NLRX1 and FASTKD5 negatively reg-
ulates the mitochondrial RNA processing and metabolic adaptation.

Here, we systematically characterized the sub-mitochondrial loca-
lization of NLRX1. We show that NLRX1 is predominantly present in
mitochondrial fraction, specifically in mitochondrial matrix. This con-
clusion is in agreement with Arnoult et al. suggesting that NLRX1 is
targeted to mitochondrial matrix [34]. Our live-cell imaging data fur-
ther confirmed the mitochondrial matrix localization of NLRX1 in dif-
ferent cell lines. The lower levels of cytoplasmic NLRX1 detected in our
study potentially explains the discrepancy in the localization and
function of NLRX1 reported by other groups [42, 43]. It is possible that
the cytoplasmic pool of NLRX1 may interact and initiate the degrada-
tion of MAVS at the mitochondrial outer membrane, thereby negatively
regulate type-I IFN and NF-κB activation during antiviral signaling
[44]. Additional studies are needed to investigate whether the mi-
tochondrial localization of NLRX1 is important for innate immune
signaling, or the cytoplasmic NLRX1 is alone sufficient.

Effector functions and potential ligands of NLRX1 within mi-
tochondria is still unknown. Mitochondria maintain mt-mRNAs at dis-
tinct steady-state levels that vary in their abundance across different
tissues to ensure proper OxPhos complex stoichiometry [45, 46]. The
polycistronic mRNAs encoded by mtDNA are processed within MRGs to
generate mature mitochondrial mRNAs [18]. In the current study, we
confirmed the interaction of NLRX1 with FASKD5 in mitochondria by
co-immunoprecipitation experiments. By confocal and super-resolution
imaging, we confirmed the colocalization of NLRX1 and FASTKD5 with
MRGs and analyzed its size and punctate distribution within mi-
tochondria. Our results strongly indicate that NLRX1 is a novel com-
ponent of MRGs where it dynamically associates with FASTKD5. The
analysis of mature mitochondrial transcripts revealed a significant re-
duction in the steady-state levels of non-canonical mt-mRNAs, such as
COX I, ATP8/6, COX III, ND5, cyt b in NLRX1 expressing cells. A de-
letion of the N-terminal mitochondria targeting sequence prevented the
accumulation of NLRX1 to mitochondria leaving levels of mature mt-
mRNAs unchanged. This strongly suggests that localization of NLRX1 in
the mitochondrial matrix is essential for the regulation of RNA pro-
cessing within MRGs. FASTKD5 is known to be required for the pro-
cessing of three non-canonical heavy-strand precursor transcripts
(5’end-COX I, ATP8/6+COX III, and ND5+ cyt b), as depletion of
FASTKD5 resulted in an accumulation of unprocessed precursor RNAs
and defective complex IV [14]. The steady state levels of ATP8/6, COX
III, ND5 and cyt b mRNAs is decreased in NLRX1 expressing cells pre-
venting their maturation by binding directly to these transcripts as
shown by RNA-IP of NLRX1. It is also possible that NLRX1 may mod-
ulate the processing and maturation of non-canonical precursor tran-
scripts through its interaction with FASTKD5. Additionally, in the ab-
sence of FASTKD5, NLRX1 competitively binds to ATP8/6, COX III,
ND5 and cyt b mRNAs and negatively regulates the transcripts mature
levels. This observation is further supported by accumulation of ATP8/
6+COX III, and ND5+ cyt b unprocessed heavy strand transcripts
upon FASTKD5 knockdown as reported earlier [14].

NLRX1 possesses a C-terminal LRR domain (residues 629–975,
cNLRX1), which is responsible for the compact hexameric architecture
stabilized by inter-subunit and inter-domain interactions. It has been
demonstrated that cNLRX1 can directly bind to ssRNA analogue ex situ
[27], although no data with live cells and its implication in cellular
function has been reported. In the present study, by co-im-
munoprecipitation of NLRX1, we demonstrated an enrichment of a
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Fig. 7. NLRX1 decreases the proliferation of OxPhos-deficient cells. (A) and (C) MCF-7 and T47D cells were transfected with vector and NLRX1 and seeded in
galactose-containing medium with or without antimycin A (100 nM). Growth curves were determined by cell count normalized to cell number at t=0 when media
conditions were applied, were assessed for five consecutive days and used to calculate proliferation rate. (B) and (D) Proliferation rates of the cells in respective
medium were determined as described in Materials and methods. (E) and (E’) HEK293 cell were transfected with PX459 control and NLRX1 sgRNA vector. Stable cell
clones were selected and cultured as described in Materials and method. The clone A2 marked with an asterisk is referred to as NLRX1 knockout cell line and was
used for cell proliferation assay (E'). Control and NLRX1 KO HEK293 cells were seeded in galactose containing medium and growth curves were obtained (E). Data
are representative of three independent experiments, and the results are expressed as mean ± SEM. Asterisk (*) denotes significant differences with p < 0.05.
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distinct set of mt-mRNAs, as compared to FASTKD5, however, deletion
of LRR domain showed no enrichment strongly suggesting that LLR
domain of NLRX1 is essential for binding to RNA as well as its inter-
action with FASTKD5. These evidences suggest that NLRX1 may di-
rectly bind to mitochondrial transcripts and regulate its processing and
maturation, as well as indirectly by sequestering FASTKD5.

Mature mt-mRNAs are translated to 13 essential protein subunits of
the enzyme complexes constituting the OxPhos system. Although, levels
of mtDNA-encoded protein subunits generally declined in NLRX1 ex-
pressing cells, we observed a specific decrease in the mtDNA-encoded
CI (ND1, ND3 and ND5), CIII (cyt b) and CIV (COX I and COX III)
protein subunits. The expression of NLRX1 decreased levels of mature
16SrRNA suggesting that the mitochondrial ribosome biogenesis may
be affected. The sequestration or binding of NLRX1 to FASTKD5 may
inhibit mito-ribosome assembly and thereby decrease the translation of
mt-mRNA. The previous report demonstrating the role of FASTKD5 in
mitochondrial ribosome biogenesis [14] and its association with NLRX1
further supports this hypothesis. Similarly, association of NLRX1 with
TUFM (Tu translation elongation factor, mitochondrial) and its role in
antiviral response has been reported [47], however its implication on
mitochondrial translation has not been investigated. Our findings here
suggest that NLRX1 in mitochondria may be important for RNA pro-
cessing and mito-ribosome biogenesis and translation.

mtDNA-encoded protein subunits are essential for the assembly of
MRC complexes. The overall decrease in mitochondrial protein synth-
esis suggests a combined defect in the assembly of OxPhos super-
complexes containing CI, CIII and CIV including individual complexes.
An impaired assembly of respirasomes is known to induce oxidative
stress by an excessive generation of ROS [48]. We and others have
previously reported the increased generation of ROS in response to an
overexpression of NLRX1 [7, 33]. Here, we found that NLRX1 can se-
lectively decrease the enzyme activity of CIV in supercomplex, or in its
uncomplexed state. A defective OxPhos assembly compromises mi-
tochondrial respiration, which is supported by our observation that
NLRX1 expressing cells proliferate poorly in the medium containing
galactose instead of glucose.

5. Conclusions

In conclusion, our study establishes a critical role of NLRX1in reg-
ulating the post-transcriptional processing of mitochondrial precursor
mRNAs to modulate the steady state levels of mature mitochondrial
RNAs, thus, controlling the activity and organization of OxPhos com-
plexes. These findings will have important implication in understanding
bioenergetic adaptations in infection and cancer. We and others have
reported that NLRX1 may act as a potential tumor suppressor in breast
and colorectal cancer [7, 49]. NLRX1-mediated regulation of mi-
tochondrial gene expression may play an important role in metabolic
reprogramming of tumor cells. However, this observation needs to be
further studied and validated in different experimental models of
cancer.
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Emerging evidences suggest that chronic inflammation is one of the major causes of tumorigenesis. The role of
inflammation in regulation of breast cancer progression is notwell established. RecentlyMediator of IRF3 Activa-
tion (MITA) protein has been identified that regulates NF-κB and IFN pathways. Role of MITA in the context of
inflammation and cancer progression has not been investigated. In the current report, we studied the role of
MITA in the regulation of cross talk between cell death and inflammation in breast cancer cells. The expression
of MITA was significantly lower on in estrogen receptor (ER) positive breast cancer cells than ER negative cells.
Similarly, it was significantly down regulated in tumor tissue as compared to the normal tissue. The overexpres-
sion of MITA in MCF-7 and T47D decreases the cell proliferation and increases the cell death by activation of
caspases. MITA positively regulates NF-κB transcription factor, which is essential for MITA induced cell death.
The activation of NF-κB induces TNF-α productionwhich further sensitizesMITA induced cell death by activation
of death receptor pathway through capsase-8. MITA expression decreases the colony forming units and migra-
tion ability of MCF-7 cells. Thus, our finding suggests that MITA acts as a tumor suppressor which is down regu-
lated during tumorigenesis providing survival advantage to tumor cell.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Breast cancer is the secondmost common formof cancerworldwide.
About 1.3 million women are diagnosed with breast cancer annually
and more than 400,000 women die from the disease around the world
[1,2]. In spite of extensive efforts, there is significantmorbidity andmor-
tality associated; therefore, understanding the pathogenesis of breast
cancer is of immense importance.

Evidences support the view that chronic inflammation contributes
to initiation and progression of cancer [3–5]. The patients with ulcera-
tive colitis and Crohn's disease are at increased risk for developing
colorectal cancer. Similarly, inflammation and infection of liver are
associated with increased risk of hepatic cancer [6,7]. The experimental
evidences demonstrating association of inflammation and breast
cancer are emerging. Chronic inflammation plays a critical role in breast
cancer occurrence/recurrence [8]. Inflammatory Breast Cancer (IBC) is
one of the most aggressive types of breast cancer. The symptoms of
IBC like swelling, skin redness, and an orange peel like texture of the
skin are similar to inflammation. IBC is often misdiagnosed as mastitis

and even antibiotics are prescribed to the patients [9]. These observa-
tions suggest that there is a strong linkage between inflammation and
breast cancer. The biochemical mechanisms regulating inflammation in
breast tissue and their associationwith breast cancer are not understood.

NF-κB and IFNs are important cellular pathways associating inflam-
mation and cancer. The regulation of NF-κB and IFN pathways is exten-
sively studied; however, its modulation in stimulus specificmanner and
its significance to tumorigenesis are still not clear. Recent studies
suggest that sub-cellular organelles, specifically mitochondria and ER,
provide novel signaling platform for the assembly of signalosomes.
Mitochondria are emerging as a central regulator of viruses and bacteria
induced inflammatory pathways. The discovery of mitochondria associ-
ated viral signaling protein (MAVS) on the outer membrane of mito-
chondria and its role in regulating NF-κB and IFN pathway during viral
and bacterial infections suggested a strong linkage between mitochon-
dria and inflammation [10]. Similarly, ER associated protein MITA is
another link that might help understand the linkage between ER, mito-
chondria and inflammation.

MITA plays an important role in inflammation through regulation of
NF-κB and IFN [11]. MITA interacts with RIG-I, and MAVS associated
signalosome. This further activates downstream kinase complexes: the
‘non-canonical’ IKK-related kinase TBK1 or IKK complex [12]. The
TBK1 complex induces the phosphorylation and dimerization of the
transcription factors (IRF3 and IRF7), which translocate to the nucleus
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A B S T R A C T

The crosstalk between inflammation and autophagy is an emerging phenomenon observed during tumorigenesis.
Activation of NF-κB and IRF3 plays a key role in the regulation of cytokines that are involved in tumor growth
and progression. The genes of innate immunity are known to regulate the master transcription factors like NF-κB
and IRF3. Innate immunity pathways at the same time regulate the genes of the autophagy pathway which are
essential for tumor cell metabolism. In the current study, we studied the role of MITA (Mediator of IRF3
Activation), a regulator of innate immunity, in the regulation of autophagy and its implication in cell death of
breast cancer cells. Here, we report that MITA inhibits the fusion of autophagosome with lysosome as evident
from different autophagy flux assays. The expression of MITA induces the translocation of p62 and NDP52 to
mitochondria which further recruits LC3 for autophagosome formation. The expression of MITA decreased
mitochondrial number and enhances mitochondrial ROS by increasing complex-I activity. The enhancement of
autophagy flux with rapamycin or TFEB expression normalized MITA induced cell death. The evidences clearly
show that MITA regulates autophagy flux and modulates mitochondrial turnover through mitophagy.

1. Introduction

The tumor microenvironment is complex milieu having the cells of
different origin, including immune cells [1,2]. The tumor cells show
increased levels of definite pattern of cytokines which probably helps
the tumor cells to reprogramme gene expression pattern and metabo-
lism for their survival [3,4]. Interestingly, the origin of the increased
level of cytokines is attributed to the immune cells that are recruited to
the tumor microenvironment. The role of the tumor cells themselves in
regulation of inflammation is not yet clear and needs to be established
in order to modulate different metabolic and signaling pathways to
inhibit tumor cells proliferation and metastasis.

NF-κB and IFNs are key regulators of distinct set of anti- and pro-
inflammatory cytokines. The regulators of these pathways are critical in
different innate immune pathways. It is observed that during the
cellular transformation, the genes regulating antitumorigenic cytokines
are lost from the tumor cells. MITA, for example, is downregulated or
functionally inactivated in different types of cancer including breast
cancer, acute myeloid leukemia and prostate cancer [5–7]. Interest-
ingly, the adaptor proteins like MAVS and MITA, antiviral signaling
proteins, are localized on the mitochondria and ER-mitochondria
contact site respectively [8,9]. During viral infection, RNA and DNA
viruses are recognized by distinct proteins like RIG1 and cyclic GMP-
AMP synthase (cGAS) respectively which further interact with MITA
[10,11]. The interaction recruits downstream signaling proteins and

activate NF-κB and IFN that induces antiviral response. Moreover, the
evidences also suggest that these proteins regulate mitochondrial
functions during infection [12]. The specific localization of these
proteins on mitochondria suggests their role beyond innate immunity
in metabolism under normal physiological conditions.

It is observed that critical innate immunity pathways (NF-κB and
IFN) are also involved in the regulation the expression of the genes
involved in autophagy [13–15]. NF-κB regulates the expression of p62
that is essential for the regulation of selective elimination of defective
mitochondria called as mitophagy [13]. The increased level of autop-
hagy is important for the tumor cell metabolism and adaptation for
increased rate of cell division [16,17]. The selective elimination of the
defective organelles via autophagy is important for the cellular home-
ostasis [18–20]. The degradation of mitochondria may down regulate
the levels of several mitochondrial and mitochondrial associated
membrane resident proteins like MAVS and MITA hence downregulat-
ing and maintaining inflammation in physiological limits.

Autophagy (macroautophagy) is a sequential process of degradation
of cytoplasmic material as well as organelles through lysosomes. The
first step involves the formation of autophagophore membrane which
encloses the portion of cytoplasm to form autophagosome [21]. The
outer membrane of autophagosomes fuses with lysosomes and forms
autophagolysosomes [22,23]. The lysosomal enzymes degrade the
enclosed cytoplasmic material and inner membrane of autophagosome
[24]. Defect in autophagy leads to several diseased conditions including
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Breast cancer is one of the leading causes of mortality in the females. Intensive efforts have beenmade to under-
stand the molecular mechanisms of pathogenesis of breast cancer. The physiological conditions that lead to tu-
morigenesis including breast cancer are not well understood. Toll like receptors (TLRs) are essential
components of innate immune system that protect the host against bacterial and viral infection. The emerging
evidences suggest that TLRs are activated through pathogen associated molecular patterns (PAMPs) as well as
endogenous molecules, which lead to the activation of inflammatory pathways. This leads to increased levels
of several pro-inflammatory cytokines and chemokines mounting inflammation. Several evidences support the
view that chronic inflammation can lead to cancerous condition. Inflammation aids in tumor progression and
metastasis. Association of inflammation with breast cancer is emerging. TLR mediated activation of NF-κB and
IRF is an essential link connecting inflammation to cancer. The recent reports provide several evidences, which
suggest the important role of TLRs in breast cancer pathogenesis and recurrence. The current review focuses
on emerging studies suggesting the strong linkages of TLR mediated regulation of inflammation during breast
cancer and its metastasis emphasizing the initiation of the systematic study.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Breast cancer is the second most common cancer diagnosed world-
wide. More than 1.3 million women worldwide are diagnosed with
breast cancer each year [1]. Breast cancer rate has increased by 0.4%
per year from1975 to 1990; however its death rate decreased thereafter
by 2.2% from 1990 to 2007 [2]. In spite of decrease in breast cancer

incidence, about half-a-million women still die because of breast cancer
each year [1,3]. The high figures of incidences and mortality, even with
the advancement of primary screening and diagnosis, suggest the need
to systematically investigate the cause and pathogenesis of breast
cancer.

The physiological conditions that stimulate proliferation and growth
of somatic cells leading to neoplasia and carcinoma are not well under-
stood. The relationship between inflammation and cancer is emerging.
The inflammatory diseases increase the risk of developing cancer [2,
4–7]. For example, patients with ulcerative colitis and Crohn's disease
are at increased risk for developing colorectal cancer [8]. Similarly,
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Abstract The modulation of mitochondrial functions is im-
portant for maintaining cellular homeostasis. Mitochondria
essentially depend on the import of RNAs and proteins
encoded by the nuclear genome. MicroRNAs encoded in the
nucleus can translocate to mitochondria and target the ge-
nome, affecting mitochondrial function. Here, we analyzed
the role of miR-4485 in the regulation of mitochondrial func-
tions. We showed that miR-4485 translocated to mitochondria
where its levels varied in response to different stress condi-
tions. A direct binding of miR-4485 to mitochondrial 16S
rRNAwas demonstrated. MiR-4485 regulated the processing
of pre-rRNA at the 16S rRNA-ND1 junction and the transla-
tion of downstream transcripts. MiR-4485 modulated mito-
chondrial complex I activity, the production of ATP, ROS
levels, caspase-3/7 activation, and apoptosis. Transfection of
a miR-4485 mimic downregulated the expression of regulato-
ry glycolytic pathway genes and reduced the clonogenic

ability of breast cancer cells. Ectopic expression of miR-
4485 in MDA-MB-231 breast carcinoma cells decreased the
tumorigenicity in a nude mouse xenograft model.
Furthermore, levels of both precursor and mature miR-4485
are decreased in tumor tissue of breast cancer patients. We
conclude that the mitochondria-targeted miR-4485 may act
as a tumor suppressor in breast carcinoma cells by negatively
regulating mitochondrial RNA processing and mitochondrial
functions.

Keywords Mitochondria . miR-4485 . Breast cancer . Tumor
suppressors . RNA processing .Mouse xenograft

Introduction

Mitochondria are indispensable for energy production, lipid and
carbohydrate metabolism, redox regulation, calcium signaling,
and cell death. Mitochondria have also been implicated in the
regulation of innate immunity, inflammation, and antiviral sig-
naling [1, 2]. Mitochondrial dysfunction is associated with nu-
merous pathologies, including metabolic and neurodegenerative
disorders, cardiomyopathies, cancer, and aging [3, 4].
Reprogramming of mitochondrial functions is one of the major
hallmarks of tumor cell metabolism [5, 6]. To cope with growing
bioenergetic demands of rapid proliferation, cancer cells can
switch from an efficient but slow mitochondrial respiration to
the less efficient but rapid aerobic glycolysis [7–10]. Some of
the key intermediates, such as citrate and glycerol, are redirected
from theKrebs cycle tomeet increased demands of tumor cells in
macromolecular synthesis [11, 12]. Although mechanisms of
metabolic reprogramming in rapidly dividing cancer cells are
being extensively studied, many of the processes remain elusive.

Proteomics studies have revealed that the human mi-
tochondrion contains more than a thousand distinct
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TRIM8 regulated autophagy modulates the level of cleaved Caspase-3
subunit to inhibit genotoxic stress induced cell death
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A B S T R A C T

In cancer patients, treatment modalities like chemotherapy and radiation exert their anticancer effects by in-
ducing DNA damage. The cancer cells can survive under genotoxic stress by inducing DNA damage response
(DDR) or can undergo cell death. The process of autophagy is emerging as crucial regulator of cell survival
during different stress conditions. Post translational modification through ubiquitin plays an essential role in
DDR during genotoxic stress conditions. Ubiquitin ligases regulate autophagy and cell death pathways however
their role during genotoxic stress conditions is not understood. In the current study we identified TRIM8, RING
E3 Ligase, as a novel regulator of autophagy during DDR. TRIM8 regulates lysosomal biogenesis and autophagy
flux. The turnover of TRIM8 is high and is stabilized during genotoxic stress conditions. TRIM8 regulated au-
tophagy is essential for its cytoprotective role during genotoxic stress induced cell death. TRIM8 stabilizes the
turnover of XIAP during genotoxic stress and forms complex with XIAP and caspase-3 to inhibit its activation in
presence of etoposide. TRIM8 mediated autophagy promotes degradation of cleaved caspase-3 subunits. This
study described TRIM8, as a novel regulator of DDR-autophagy crosstalk, which may play role in survival of
cancer cells in presence of genotoxic agents.

1. Introduction

The cell has evolved DNA damage response (DDR) to ensure
genomic integrity and cell survival. DDR includes sensing of the DNA
damage, recruitment of DNA repair proteins and repair. During DNA
damage response (DDR), cell cycle check points are activated leading to
either repair or cell death in irreversible DNA damage conditions. DNA
double stranded breaks (DSBs) detection by ATM (ataxia telangiectasia
mutated) and ATR (ataxia telangiectasia and Rad3 related) promotes
activation of apoptosis by inducing p53 [1] however many other reg-
ulators still needs to be identified. The DNA repair process and cell
survival/death pathway are intricately linked to maintain cellular
homeostasis [2,3]. Any defect in this process can lead to genomic
aberrations including chromosomal translocations, mutations dele-
tions/additions leading to malignant transformation of the cells. Cancer
cells often have compromised DDR which help them in avoiding cel-
lular checkpoints and proliferate. During radiation and chemotherapy
of cancer patients, the genomic DNA of malignant cells is the target and

DDR induced apoptosis is initiated to eliminate cancer cells [4]. The
mechanism of cross talk of different cell survival and death pathways
and their regulators during genotoxic stress in cancer cells needs to be
identified and investigated.

Genotoxic agent induced autophagy have been implicated both in
initiation of cell death as well as cell survival, hence its role further
needs more investigation for targeted therapeutic intervention [5,6].
The crosstalk between autophagy and apoptosis is crucial as apoptosis
acts as the last resort for cells in severe or persistent genotoxic stress
[7]. Autophagy maintains cellular fitness by elimination of defective
organelles, dysfunctional proteins and aggregates [8–10]. Interestingly,
autophagy has also been shown essential for removal of DNA damage
induced extranuclear DNA that can lead to activation of inflammatory
pathways. It is observed that damaged DNA is exported outside the
nucleus and its autophagy mediated degradation in lysosomes is es-
sential for cell survival. Failure in clearance of extranuclear DNA leads
to activation of inflammatory pathways by intracellular DNA sensors
like cGAS/STING [11]. It had been observed that knockout of p62/
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a b s t r a c t

The emerging evidences suggest that posttranslational modification of target protein by ubiquitin (Ub)
not only regulate its turnover through ubiquitin proteasome system (UPS) but is a critical regulator of
various signaling pathways. During ubiquitination, E3 ligase recognizes the target protein and de-
termines the topology of ubiquitin chains. In current study, we studied the role of TRIM4, a member of
the TRIM/RBCC protein family of RING E3 ligase, in regulation of hydrogen peroxide (H2O2) induced cell
death. TRIM4 is expressed differentially in human tissues and expressed in most of the analyzed human
cancer cell lines. The subcellular localization studies showed that TRIM4 forms distinct cytoplasmic
speckle like structures which transiently interacts with mitochondria. The expression of TRIM4 induces
mitochondrial aggregation and increased level of mitochondrial ROS in the presence of H2O2. It sensitizes
the cells to H2O2 induced death whereas knockdown reversed the effect. TRIM4 potentiates the loss of
mitochondrial transmembrane potential and cytochrome c release in the presence of H2O2. The analysis
of TRIM4 interacting proteins showed its interaction with peroxiredoxin 1 (PRX1), including other pro-
teins involved in regulation of mitochondrial and redox homeostasis. TRIM4 interaction with PRX1 is
critical for the regulation of H2O2 induced cell death. Collectively, the evidences in the current study
suggest the role of TRIM4 in regulation of oxidative stress induced cell death.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

The studies in the last two decades suggest that beside meta-
bolism, mitochondria plays crucial role in other cellular processes
like cell death, inflammation and differentiation [1–3]. The reg-
ulation of mitochondrial function is required for cellular home-
ostasis and its dysregulation had been implicated in various pa-
thological conditions like neurodegeneration, ageing, inflamma-
tion, infection and cancer [4–6]. The understanding of the reg-
ulation of mitochondrial functions is important to modulate its
function in associated pathological condition.

Mitochondria are one of the primary sites of the production of
reactive oxygen species (ROS) during physiological and patholo-
gical conditions [7,8]. The regulated level of ROS plays critical
role in different cellular processes like cell cycle, proliferation,

differentiation, migration [9–11]; however, its excess leads to the
activation of cell death pathways [12,13]. The physiological level of
ROS is maintained by redox reactions and activity of several an-
tioxidant enzymes like glutathione peroxidases (GPX), thioredox-
ins (TRX) and peroxiredoxins (PRX) [14–16]. PRXs are member of
low molecular weight peroxidases, involved in regulation of redox
signaling [16]. PRX scavenge low concentrations of H2O2, hence
acts as modulator of H2O2 signaling [16,17]. The regulation of
different antioxidant enzymes and their selective role in oxidative
stress induced cell death is less understood.

The emerging evidences suggest that ubiquitin mediated post-
translational modifications plays critical role in the regulation of
redox pathways [18,19]. The ubiquitin E3 ligases are terminal
protein during ubiquitination and provide specificity to this pro-
cess as it recognizes the substrate and transfer Ub moiety to the
target [20]. Ubiquitin E3 ligase, E6AP, regulates the cellular re-
sponse during oxidative stress condition by modulating the turn-
over of PRX1 [21]. The role of specific E3 ligase, their recruitment
to mitochondria and regulation of redox signaling, cell death
during oxidative stress is less understood.

TRIM proteins are members of RING family of ubiquitin E3
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Abstract Parkinson’s disease (PD) is complex neurological
disorder and is prevalent in the elderly population. This is
primarily due to loss of dopaminergic neurons in the
substantia nigra pars compacta (SNc) region of the brain.
The modulators of the selective loss of dopaminergic neurons
in PD are still not well understood. The small non-coding
RNAs specifically miRNAs fine-tune the protein levels by
post-transcriptional gene regulation. The role of miRNAs in
PD pathogenesis is still not well characterized. In the current
study, we identified the miRNA expression pattern in 6-
OHDA-induced PD stress condition in SH-SY5Y, dopaminer-
gic neuronal cell line. The targets of top 5 miRNAs both up-
and down regulated were analyzed by using StarBase. The
putative pathways of identified miRNAs included
neurotrophin signaling, neuronal processes, mTOR, and cell
death. The level of miR-5701 was significantly downregulat-
ed in the presence of 6-OHDA. The putative targets of miR-
5701 miRNA include genes involved in lysosomal biogenesis
and mitochondrial quality control. The transfection of miR-
5701 mimic decreased the transcript level of VCP,
LAPTM4A, and ATP6V0D1. The expression of miR-5701
mimic induces mitochondrial dysfunction, defect in autopha-
gy flux, and further sensitizes SH-SY5Y cells to 6-OHDA-
induced cell death. To our knowledge, the evidence in the
current study demonstrated the dysregulation of specific pat-
tern of miRNAs in PD stress conditions. We further

characterized the role of miR-5701, a novel miRNA, as a
potential regulator of the mitochondrial and lysosomal func-
tion determining the fate of neurons which has important im-
plication in the pathogenesis of PD.

Keywords Autophagy flux . Lysosome . miRNA .

Parkinson’s disease . Mitochondria

Introduction

Parkinson’s disease (PD) is a second most common neurode-
generative movement disorder in elderly population. This is
clinically characterized by resting tremor, rigidity, bradykine-
sia, and postural instability due to preferential loss of
dopamine-producing neurons in the substantia nigra pars
compacta region of the midbrain [1]. The other pathological
hallmark of PD is the presence of intracytoplasmic proteina-
ceous deposits termed as Lewy bodies (LBs) and dystrophic
neurites (Lewy neurites) in surviving neurons. These aggre-
gates consist of fibrillar α-synuclein, molecular chaperones,
ubiquitin, and neurofilaments [2]. The mechanisms of further
progression and selective loss of dopaminergic neurons in PD
had been a focus of research for the last several years; how-
ever, it is still not well understood. There is no effective ther-
apy, and dopamine (DA) supplementation only provides
symptomatic relief. It is important to indentify the modulators
of selective neuronal loss in PD to find the next generation of
therapeutic strategies.

Now there are established evidences suggesting mitochon-
drial dysfunction is one of the major causative factors of PD
[3–5]. The first evidence of association of mitochondrial dys-
function with PD came from the observation of 1-methyl-4-
phenyl-1,2,5,6-tetrahydropyridine (MPTP), which causes
symptoms of PD during drug abuse and produces severe
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Parkinson's disease (PD) is a complex neurological disorder of the elderly population and majorly shows the se-
lective loss of dopaminergic (DAergic) neurons in the substantia nigra pars compacta (SNpc) region of the brain.
The mechanisms leading to increased cell death of DAergic neurons are not well understood. Tumor necrosis
factor-alpha (TNF-α), a pro-inflammatory cytokine is elevated in blood, CSF and striatum region of the brain in
PD patients. The increased level of TNF-α and its role in pathogenesis of PD are not well understood. In the cur-
rent study, we investigated the role of TNF-α in the regulation of cell death and miRNAmediated mitochondrial
functions using, DAergic cell line, SH-SY5Y (model of dopaminergic neuron degeneration akin to PD). The cells
treated with low dose of TNF-α for prolonged period induce cell death which was rescued in the presence of
zVAD.fmk, a caspase inhibitor and N-acetyl-cysteine (NAC), an antioxidant. TNF-α alters mitochondrial
complex-I activity, decreases adenosine triphosphate (ATP) levels, increases reactive oxygen species levels and
mitochondrial turnover through autophagy. TNF-α differentially regulatesmiRNA expression involved in patho-
genesis of PD. Bioinformatics analysis revealed that the putative targets of altered miRNA included both pro/anti
apoptotic genes and subunits of mitochondrial complex. The cells treated with TNF-α showed decreased level of
nuclear encoded transcript ofmitochondrial complexes, the target ofmiRNA. To our knowledge, the evidences in
the current study demonstrated that TNF-α is a potential regulator ofmiRNAswhichmay regulatemitochondrial
functions and neuronal cell death, having important implication in pathogenesis of PD.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Parkinson's disease (PD) is the most common neurodegenerative
disorder, affecting millions of elderly individuals worldwide [1,2]. The
increase in aging population is already showing exponential rise in PD
cases. The mechanisms leading to PD had been the focus of research
for the last several years; however, there is no effective therapy or any
potential marker for monitoring the progression of PD. Neuropatholog-
ical examination of the post-mortem brain suggests that several regions
of the brain are affected, however the loss of dopaminergic (DAergic)
neurons in the substantia nigra pars compacta (SNpc) is one of the
most prominent features of PD [3]. At the time of clinical presentation
approximately 50–70% of DAergic neurons in the nigrostriatal system
are already lost [4]. Themechanisms leading to degeneration of DAergic
neurons are still not well understood.

Inflammation and its association with neurodegenerative diseases
are emerging [5,6]. Several studies provide strong evidences for the as-
sociation of inflammation with sporadic and familial forms of the PD.
The studies of post-mortem human brain obtained from PD patients

provided direct evidence of the association with inflammation with
PD. HLA-DR-positive reactive microglia were clearly observed within
the substantia nigra of PD patients [7]. The increased levels of several
pro-inflammatory cytokines (IL1-β, IL-2, IL-6, TNF-α and IFN-γ) were
observed in the DAergic nigrostriatal system and the regions outside
the SN in PD patients [8–13]. TNF-α is one of the important pleiotropic
cytokines and had been implicated in both neuronal survival and death.
TNF-α is known to induce ROS (reactive oxygen species) generation in
mitochondria [14]. Themitochondrial complex I and complex III are the
primary sites of ROS generation. The homeostasis of mitochondria is
maintained through selective elimination of defective mitochondria by
the process of selective autophagy called as mitophagy [15]. The role
of TNF-α in regulation of mitochondrial dysfunction, generation of
ROS and implication in mitophagy during PD conditions is not well
understood.

The optimal functioning of mitochondria requires more than 1000
proteins. Hence N1000 resident proteins and critical non-coding RNAs
(RNaseP, RNA component of MRP and 5S rRNA) are encoded from nu-
clear genome and are imported into mitochondria for their optimal
function [16]. The miRNAs, emerging class of small non-coding RNAs,
play important role in the regulation ofmRNA copy number and protein
level in the narrow physiological range [17]. Recently, our group
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The emerging evidences suggest that endoplasmic (ER) stress is involved in onset of many pathological conditions
like cancer and neurodegeneration. The persistent ER stress results in misfolded protein aggregates, which are
degraded through the process of autophagy or lead to cell death through activation of caspases. The regulation of
crosstalk of autophagy and cell death during ER stress is emerging. Ubiquitination plays regulatory role in crosstalk
of autophagy and cell death. In the current study, we describe the role of TRIM13, RING E3 ubiquitin ligase, in
regulation of ER stress induced cell death. The expression of TRIM13 sensitizes cells to ER stress induced death.
TRIM13 induced autophagy is essential for ER stress induced caspase activation and cell death. TRIM13 induces
K63 linked poly-ubiquitination of caspase-8, which results in its stabilization and activation during ER stress.
TRIM13 regulates translocation of caspase-8 to autophagosome and its fusion with lysosome during ER stress.
This study first time demonstrated the role of TRIM13 as novel regulator of caspase-8 activation and cell death
during ER stress.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The endoplasmic reticulum (hereafter ER) is the primary site for
synthesis and folding of proteins in eukaryotes. The accumulation
of misfolded proteins and its aggregation leads to unfolded protein
response (UPR) which prevents further protein burden and damage
to the cell [1,2]. Unfolded proteins in the ER are generally tagged
with ubiquitin and degraded by ubiquitin proteasome system
(UPS), known as ER associated degradation system-I (ERAD-I)
[3,4]. It has been observed that accumulation of misfolded proteins
in ER may lead to formation of protein aggregates, which are toxic to
cell. The process of autophagy, also known as ERAD-II/macroautophagy
clears these protein aggregates [5,6]. Specialized sensors like IREα,
PERK and ATF6, sense the persistent ER stress to maintain either ER
homeostasis or initiate cell death pathways [1,7]. Recent evidences
suggest that autophagy may be adaptive response during ER stress lead-
ing to either cell death or survival. The cross talk of autophagy and cell
death during ER stress has implication in many chronic conditions like
neurodegeneration, cancer and metabolic diseases [2,8,9]. Tumor cells
have increased unfolded/misfolded proteins due to inadequate supply
of glucose and subsequent reduction in glycosylation of proteins and
ATP, which results in ER stress. The induction of autophagy during the

ER stress plays critical role in tumor cell survival, thus contributing signif-
icantly to tumorigenesis. The regulators of cross talk between autophagy
and cell death during ER stress are not well understood.

Increasing evidences suggest that ubiquitin mediated post-
translational modification is the central mechanism for regulation
of crosstalk between autophagy, cell death and survival [10,11].
Ubiquitination of target protein involves sequential action of three en-
zymes: E1, E2 and E3, for transferring the ubiquitin to the target protein
[12]. The terminal enzyme E3, transfers Ub from the E2 to a lysine residue
on a substrate protein, resulting in an isopeptide bond formation be-
tween the substrate lysine and the C-terminus glycine of Ub. E3 ligases
provide specificity to the pathway as they recognize the substrate, inter-
actwith definite E2 anddetermine the topology of ubiquitination. Several
ubiquitin E3 ligases have been identified which determine the critical
pattern of substrate ubiquitination leading to unique outcome, either
degradation of proteins through UPS or regulation of their activity
[13,14]. The role of ubiquitin ligases regulating crosstalk of cell death
and autophagy during ER has not been investigated in detail.

Ubiquitin E3 ligases have been broadly classified in three major
families called as RING, HECT and U Box. The majority of the ubiquitin
ligases belong to RING family which are characterized by the presence
of RING domain [15]. The role of RING E3 ligases have not been well
studied in the context of many different cellular functions. TRIM family
proteins (N70), member of RING type ubiquitin E3 ligases, are character-
ized by the presence of N-terminal RING, B-Box, Coiled Coil (CC) domain
and variable C-terminal domain [16]. The role of TRIM family proteins are
emerging in several processes like innate immune response, regulation of
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Aim: Staphylococcus aureus (S. aureus), previously considered an extracellular pathogen, can 
also survive in the intracellular environment of the host cell. It is now evident that autophagy 
controls intracellular survival of bacteria, however, the role of autophagy in controlling 
S. aureus survival in epithelial cells is not well understood. The objective of current work 
was to study the role of ubiquitin in regulating selective autophagy of S. aureus. Methods: 
Intracellular survival of S. aureus in epithelial cells was studied by gentamycin protection 
assay. Autophagy was monitored by microtubule-associated protein 1A/1B-light chain 3 
(LC3) western blotting and fluorescence microscopy. The co-localization of red fluorescent 
protein-Ub, green fluorescent protein (GFP)-p62 and GFP-LC3 with GFP- or CFP-S. aureus 
was monitored by confocal microscopy. Results: The authors observed that S. aureus survives 
in epithelial cell by modifying the autophagy pathway. Intracellular S. aureus is ubiquitinated 
and recruits autophagy adaptor proteins p62 and LC3. TANK-binding kinase 1 (TBK1) 
regulates the integrity of the autophagosomal during S. aureus infection and its knockdown 
enhanced survival of S. aureus. Aspirin treatment reduces intracellular survival of S. aureus. 
Conclusion: The results of the current study strongly suggests that intracellular S. aureus 
is ubiquitinated and recruits p62 that targets it for lysosomal degradation. TBK1 regulates 
autophagosomal integrity during S. aureus infection and hence intracellular survival. Aspirin 
enhances autophagy flux and decreases S. aureus survival.
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