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Lipopolysaccharide induces placental mitochondrial
dysfunction in murine and human systems
by reducingMNRR1 levels via a TLR4-independent pathway

Neeraja Purandare,1,5 Yusef Kunji,5 Yue Xi,8 Roberto Romero,1,3,4,5,6 Nardhy Gomez-Lopez,1,2,7 Andrew Fribley,8

Lawrence I. Grossman,1,5,9,* and Siddhesh Aras1,5,*

SUMMARY

Mitochondria play a key role in placental growth and development, and mito-
chondrial dysfunction is associated with inflammation in pregnancy pathologies.
However, the mechanisms whereby placental mitochondria sense inflammatory
signals are unknown. Mitochondrial nuclear retrograde regulator 1 (MNRR1) is
a bi-organellar protein responsible for mitochondrial function, including optimal
induction of cellular stress-responsive signaling pathways. Here, in a lipopolysac-
charide-induced model of systemic placental inflammation, we show that MNRR1
levels are reduced both in mouse placental tissues in vivo and in human tropho-
blastic cell lines in vitro. MNRR1 reduction is associated with mitochondrial
dysfunction, enhanced oxidative stress, and activation of pro-inflammatory
signaling. Mechanistically, we uncover a non-conventional pathway independent
of Toll-like receptor 4 (TLR4) that results in ATM kinase-dependent threonine
phosphorylation that stabilizes mitochondrial protease YME1L1, which targets
MNRR1. EnhancingMNRR1 levels abrogates the bioenergetic defect and induces
an anti-inflammatory phenotype.We therefore proposeMNRR1 as an anti-inflam-
matory therapeutic in placental inflammation.

INTRODUCTION

Under healthy conditions, mitochondria are required to generate energy for cellular functioning in the form

of ATP. This process is fine-tuned to respond to stress signals by slowing ATP production and activating

immune response pathways such as by generating reactive oxygen species (ROS) (West et al., 2011) and

other biological processes (Tiku et al., 2020). The role of placental mitochondria has only recently been re-

ported in normal gestation (Holland et al., 2017; Sferruzzi-Perri et al., 2019). Yet, mitochondrial dysfunction

has been associated with pregnancy complications including intrauterine growth restriction (Mando et al.,

2012), maternal adiposity (Mele et al., 2014; Roberts et al., 2009), gestational diabetes (Wang et al., 2019),

preeclampsia (Muralimanoharan et al., 2012; Yung et al., 2019), and spontaneous preterm birth (Panfoli

et al., 2016), of which the latter two conditions are associated with inflammatory responses in the placental

tissues (Gomez-Lopez et al., 2019). However, the mechanisms whereby placental mitochondria sense in-

flammatory signals at a cellular and mechanistic level are not clearly known.

We previously showed that mitochondrial nuclear retrograde regulator 1 (MNRR1) (also CHCHD2; AAG10,

PARK22) regulates mitochondrial function by acting in two compartments—the mitochondria and the nu-

cleus (Aras et al., 2013, 2015, 2017; Purandare et al., 2018). MNRR1 interacts with complex IV (cytochrome c

oxidase; COX) of the electron transport chain (ETC) to regulate oxygen consumption and can alter

apoptosis by interacting with Bcl-xL (Liu et al., 2015). In the nucleus, MNRR1 regulates the transcription

of numerous genes including subunits of ETC complexes, ROS scavenger genes, and proteins that regulate

mitochondrial proliferation (Aras et al., 2015, 2020; Madrid et al., 2020). Here, we have characterized the

role of MNRR1 in vivo using placental tissues from amurinemodel of lipopolysaccharide (LPS)-induced pre-

term birth and in vitro using cultured trophoblast (i.e., placental) cell lines. We found that LPS reduces

MNRR1 levels in placental tissue as well as in trophoblast cell lines. We then went on to identify a novel

pathway that results in MNRR1-dependent mitochondrial dysfunction, thereby uncovering potential new

therapeutic targets. Taken together, our work shows that MNRR1 plays a protective role not only by
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Figure 1. LPS decreases MNRR1 levels and impairs mitochondrial function in human placental cells, defects that

can be rescued by increasing MNRR1 expression

All LPS treatments in cultured cells are at 500 ng/mL for 24 h unless indicated otherwise. In all figures: *, p < 0.05;

**, p < 0.005.

(A) Intact cellular oxygen consumption rate (OCR) in the HTR cells treated with control (water) or LPS. Data are

represented as oxygen consumption relative to control set to 100% (n = 4 biological replicates).

(B) Equal numbers of HTR cells were plated in a 96-well plate and ATP levels were measured (n = 4 biological replicates).

(C) HTR cells were treated with control (water; set to 100) or LPS and ROS levels were measured using CM-H2DCFDA (total

amount (Tot), Ex: 485 nm/Em: 527 nm) or MitoSOX Red (mitochondrial amount (Mt), Ex: 510 nm/Em: 580 nm) (n = 4

biological replicates).

(D) Intact cellular oxygen consumption in HTR cells overexpressing (OE) EV (empty vector) or MNRR1 and treated with

control (water) or LPS. Data are represented as oxygen consumption relative to EV (empty vector) control set to 100 (n = 4

biological replicates).

(E) Left, Equal amounts of HTR cells treated with control (water) or LPS were separated on an SDS-PAGE gel and probed

for MNRR1 levels. Tubulin was probed as a loading control. Right, the graph represents MNRR1 levels relative to tubulin

(n = 4 biological replicates).
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activating mitochondrial function but also by inducing an anti-inflammatory response to ameliorate the

deleterious effects of placental inflammation.

RESULTS

LPS-induced reduction in MNRR1 levels impairs mitochondrial function in HTR8/SVneo

human placental cells in vitro

MNRR1 modulates several mitochondrial functions including oxygen consumption, ATP production, and

generation of ROS (Aras et al., 2015). To analyze these effects in a human system in vitro, we generated

a placental cell culture model of LPS-induced inflammation using the trophoblast cell line HTR8/SVneo

(HTR). Because inflammation suppresses mitochondrial function (Stavru et al., 2011), we first determined

the effect of inflammation on MNRR1 in these placental cells. When we measured the basal oxygen con-

sumption rate (OCR) in intact trophoblast cells treated with LPS, we found a �30% decrease along with

an �18% reduction in cellular ATP levels (Figures 1A and 1B). Furthermore, both total intracellular ROS

and mitochondrial ROS were increased (Figure 1C). The decrease in OCR can be completely rescued

(and enhanced) by overexpressing WT-MNRR1 (Figure 1D). The decrease in OCR due to LPS is consistent

with the observation that MNRR1 levels are reduced in LPS-treated placental cells (Figure 1E). This reduced

OCR has also been shown in MNRR1-depleted cells (Aras et al., 2015). A similar reduction in protein levels

of MNRR1 was observed in other human placental cells (Figure S1A) as well as non-placental cell lines (data

not shown). The reduction in MNRR1 is a post-translational effect as no changes in transcript or promoter

reporter levels were observed (Figure S1B). To further link MNRR1 levels with mitochondrial function, we

inhibited MNRR1 expression pharmacologically (clotrimazole), which sensitized cells to the effect of LPS

on OCR (Figure 1F (left), bars 3 and 4) and an activator (nitazoxanide), which prevented these effects

(Figure 1F (left), bars 5 and 6). These compounds were identified using a high-throughput screen for com-

pounds modulating MNRR1 transcription (data not shown). We also examined the effects of MNRR1 inhi-

bition and activation on cellular inflammation by assessing JNK phosphorylation (Figure 1F (right)). Chem-

ical inhibition of MNRR1 acts similarly to LPS-mediated inflammation in increasing JNK phosphorylation

(Figure 1F (right)). Importantly, chemical activation of MNRR1 by nitazoxanide prevents this increase

even after LPS treatment (Figure 1F, right; Figure S1C), suggesting that such activators could be repur-

posed therapeutically to treat placental inflammation.

MNRR1 levels are also reduced in a murine bacterial endotoxin model of placental

inflammation in vivo

To assess the in vivo relevance of our observations in cultured placental cells, we utilized a mouse model of

LPS-induced systemic inflammation. LPS treatment is known to induce a high rate of preterm labor and

birth (Gomez-Lopez et al., 2018). Our examination of MNRR1 protein levels in placental lysates from

LPS-treated mice showed them to be significantly decreased (Figure 2A). Reduced MNRR1 levels were

also observed by immunohistochemistry of mouse placental tissue injected with LPS (Figure 2B). No

change in the transcript levels of MNRR1 was observed in mouse placental tissues (Figure S1D), suggesting

a post-translational effect.

Wealso tested a humanplacental tissue sample fromapatientwith clinical chorioamnionitis (Oh et al., 2017) who

deliveredpreterm. In this sample,we foundMNRR1 levelsconsiderably reduced in thevillous layerof theplacenta

and moderately so in the base plate (Figure 2C). Our data with both mouse and human placental samples thus

suggest that MNRR1 reduction occurs in response to maternal systemic inflammation.

Increased YME1L1 protease reduces mitochondrial MNRR1 levels in human placental cells

in vitro

Because MNRR1 is a bi-organellar protein that is localized both to the mitochondria and the nucleus (Aras

et al., 2015, 2017; Purandare et al., 2018), we determined the effect of LPS on MNRR1 levels in each of the

compartments. We found that most of the decrease at the protein level was accounted for bymitochondrial

MNRR1 (Figure 3A), strikingly so when visualized by confocal microscopy (Figure 3B). To investigate how

Figure 1. Continued

(F) Left, Intact cellular oxygen consumption in HTR cells treated with Vehicle (DMSO), MNRR1 inhibitor (Clotrimazole,

10 mM), or MNRR1 activator (Nitazoxanide, 10 mM) with control (water) or LPS (500 ng/mL) for 24 h. Data are expressed

relative to EV control set to 100 (n = 4 biological replicates). Right, Pooled lysates fromOCRmeasurement were separated

on an SDS-PAGE gel and probed for MNRR1, phospho-JNK, and total JNK levels. Actin was probed as a loading control.
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the mitochondrial reduction in MNRR1 takes place, we assessed the protein levels of YME1L1, a mitochon-

drial intermembrane space (IMS) protease we previously showed to be responsible for the turnover of mito-

chondrial MNRR1 (Aras et al., 2020). We found that levels of YME1L1 are significantly increased by LPS treat-

ment (Figure 3C) without any change in the transcript levels (Figure S2A). To evaluate whether YME1L1 is

required for the LPS-induced effect on MNRR1, we used a HEK293 cell model (which responds to LPS, re-

sulting in a reduction of MNRR1) containing a knockout of YME1L1 (YME1L1-KO). LPS treatment reduced

the levels of MNRR1 in the wild type but not the YME1L1-KO cells (data not shown). The levels of OMA1,

another protease that has been identified to turn over MNRR1 under cellular stress (Liu et al., 2020), are not

increased with LPS treatment in HTR8/SVneo (Figure S2B), thereby suggesting that the upstream inflamma-

tory signaling pathway involves only YME1L1. To further define the role of YME1L1 in regulating MNRR1

levels in mitochondria, we utilized a version of YME1L1 mutated to eliminate protease activity (protease-

dead; PD) (MacVicar et al., 2019). In HTR8/SVneo cells overexpressing PD-YME1L1, levels of MNRR1

were again not reduced after LPS treatment (Figure 3D). Moreover, examination of a known substrate of

YME1L1 proteolysis, STARD7 (MacVicar et al., 2019; Saita et al., 2018), showed LPS-stimulated reduction

with active YME1L1 but not with PD-YME1L1 (Figure 3D). Thus, we conclude that MNRR1 levels are reduced

in LPS-treated cells via the upstream protease YME1L1.

ATM kinase-mediated phosphorylation of YME1L1 enhances its stability

The finding that YME1L1 protein levels were increased in LPS-treated placental cells (Figure 3C) whereas

transcript levels were unaffected (Figure S2A) suggested increased protein stability. We confirmed this

finding by blocking new protein synthesis with cycloheximide, wherein YME1L1 showed increased stability

after LPS treatment (Figure 4A). To uncover the basis of the increased stability, we hypothesized a protein

modification and thus examined the post-translational profile of YME1L1. Upon treatment with LPS,

YME1L1 protein in HTR cells displayed enhanced threonine phosphorylation (Figure 4B) but not serine

or tyrosine phosphorylation (Figure S2D).
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Figure 2. MNRR1 protein levels are reduced in vivo in placental inflammation

(A) Left, Placental lysates from control (PBS) versus LPS (intraperitonially) injected mice were separated on an SDS-PAGE

gel and probed for MNRR1 levels. Actin was used as a loading control. Right, MNRR1 levels relative to Actin (n = 10

animals per group).

(B) Left, Placental tissue sections from control (PBS) versus LPS-injected mice analyzed using immunofluorescence

staining. Scale bar represents a distance of 100 mm. Right, Relative MNRR1 fluorescence is shown (n = 4 animals per

group).

(C) Equal amounts of human placental lysates from an individual without inflammation (C) and one with systemic

inflammation (Infl) were separated on SDS-PAGE gel and probed for MNRR1. Actin was probed as a loading control.
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To identify the threonine kinase for which YME1L1 is a substrate, we used Scansite (https://scansite4.mit.

edu/4.0/#home), which identified ATM and NEK6 as candidate kinases for YME1L1 under high stringency

conditions (Figure S3A). Of these, only ATM kinase interacted with YME1L1 in LPS-treated placental cells

(Figure S3B) whereas NEK6 kinase did not (Figure S3C). To functionally assess this bioinformatic prediction,

we utilized an inhibitor of ATM kinase activity and found that, when ATM kinase activity was inhibited,

LPS-stimulated threonine phosphorylation of YME1L1 was blocked (Figure 4B). Concurrently, the reduction

in levels of YME1L1 substratesMNRR1 and STARD7 was also blocked by the ATM inhibitor (Figure S3D). We

next asked whether LPS-induced threonine phosphorylation of YME1L1 can affect the stability of the
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Figure 3. Compartment-specific reduction in MNRR1 levels in human placental cells treated with LPS is mediated

by YME1L1 protease

(A) Equal amounts HTR cell nuclear and mitochondrial fractions were separated on an SDS-PAGE gel and probed for

MNRR1. DRBP76 and MTCO2 were probed as nuclear and mitochondrial markers, respectively, to assess purity of

fractions.

(B) HTR cells were treated with control (water) or LPS and immunostained for MNRR1 (red fluorescence). DAPI (blue

fluorescence) was stained as a nuclear marker and TOM20 (green fluorescence) as a mitochondrial marker. Scale bar

represents a distance of 20 mm. Below, the graph represents MNRR1 levels relative to a compartment-specific control for

each treatment.

(C) Left, Equal amounts of HTR cells treated with control (water) or LPS were separated on an SDS-PAGE gel and probed

for YME1L1. GAPDH was probed as a loading control. Right, the graph represents YME1L1 levels relative to GAPDH.

(D) Left, HTR cells overexpressing either an empty vector (EV) or a protease-dead (PD) mutant of YME1L1. Cells were

treated with control (water) or LPS. Equal amounts of cell lysates were separated on an SDS-PAGE gel and probed for

MNRR1 and STARD7. Tubulin was probed as a loading control. Right, the graph represents MNRR1 levels relative to

Tubulin (n = 4 biological replicates).
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protease. We found that YME1L1’s half-life (8.1 h) is more than doubled by LPS treatment (22.0 h) and that

this stabilization is lost when ATM kinase is inhibited (Figures 4C and S3E). These results suggest that

YME1L1 stability is enhanced upon threonine phosphorylation by ATM kinase in LPS-treated placental

cells, resulting in MNRR1 reduction and, consequently, downstream reduction in mitochondrial OCR

(Figures 1A, 1D, and 1F), increased ROS levels (Figure 1C), and activation of pro-inflammatory signaling

(Figure 1F). In summary, we show that MNRR1 reduction results from stabilization of YME1L1 protease

upon phosphorylation by ATM kinase.

ROS generated by NOX2 activates ATM kinase in bacterial endotoxin-treated placental cells

in vitro

To probe in more detail the upstream basis of ATM-induced YME1L1 stability, we noted a previously

defined inflammatory pathway in which activation of ATM kinase by NOX2 was demonstrated (Wu et al.,

2017). To determine whether this pathway was operating here, we first examined whether NOX2 increased

in LPS-treated cells and found a robust increase (Figure 5A). We then inhibited NOX2 to ask whether doing

so prevented the LPS-dependent reduction in MNRR1 levels and found that MNRR1 was stabilized by the

NOX2 inhibitor GSK2795039 (Figure 5B).

If an activated NOX2-generated ‘‘ROS burst’’ is upstream of mitochondrial ROS (Kim et al., 2017), we hypothe-

sized that we should be able to detect this before a peak in mitochondrially generated ROS. Indeed, following

LPS treatment, we saw that total ROS peaks within 30 min (black bars) whereas mitochondrial ROS (red bars)

peaks at about 16 h (Figure 5C). Furthermore, the increase seen in total ROS was blocked with a NOX2 inhibitor

(gray bars), suggesting that the ROS generated by NOX2 can activate ATM kinase (Figure 5C). We tested ROS

activation of ATM kinase in placental cells by treating cells with hydrogen peroxide. We again saw increased

A B

C

Figure 4. LPS treatment of placental cells increases the stability of YME1L1 via threonine phosphorylation by

ATM kinase

(A) Equal numbers of HTR cells were plated on a 6-well plate and treated with control (water) or LPS and 100 mg/mL

cycloheximide for the durations shown. Equal amounts of cell lysates were separated on an SDS-PAGE gel and probed for

YME1L1. Actin was probed as a loading control.

(B) HTR cells were treated with vehicle (water + DMSO), LPS (LPS + DMSO), or LPS plus ATM inhibitor (1 mM) for 24 h. Equal

amounts of whole cell lysates were used for immunoprecipitation by phospho-threonine antibody. Equal amounts of IP

eluates were probed for YME1L1 and heavy chain (p-Thr) was probed to assess loading.

(C) Graph for YME1L1 levels from HTR cells were treated with control (water), LPS, or LPS + ATM inhibitor (1 mM) and

100 mg/mL cycloheximide for the durations shown in (A). The amount relative to time = 0 was graphed (n = 2 biological

replicates).
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Figure 5. ROS generated by NOX2 activates ATM kinase in LPS-treated placental cells

(A–C) Left, Equal amounts of HTR cells treated with control (water) or LPS were separated on an SDS-PAGE gel and

probed for NOX2. Tubulin was probed as a loading control. Right, NOX2 levels relative to tubulin are shown (n = 4

biological replicates). (B) Left, Equal amounts of HTR cells were treated for 24 h with control (water) or LPS and, for second

blot, 25 mMNOX2 inhibitor (using DMSO in control); lysates were separated on an SDS-PAGE gel and probed for MNRR1.

Actin was probed as a loading control. Right, Relative MNRR1 levels are shown for each lane (n = 4 biological replicates).
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ATM kinase as well as increased phosphorylation of a bona fide ATM kinase target CHK2 (Melchionna et al.,

2000) (Figure 5D). We then tested the converse—whether scavenging ROS (with N-acetyl cysteine) would pre-

vent LPS-stimulated phosphorylation of YME1L1 and found that such phosphorylation was indeed blocked (Fig-

ure 5E). Taken together, these data suggest that ATM kinase is activated by NOX2-generated ROS and can

phosphorylate and thereby stabilize YME1L1, which in turn reduces MNRR1 levels.

To assess whether ROS-induced signaling was responsible for inflammation, we tested whether scavenging

mitochondrial ROS or NOX2-mediated ROS would affect two markers of inflammation—TNFa (tumor ne-

crosis factor alpha) and PTGS2 (prostaglandin synthase 2; also, cyclooxygenase-2). We found that scav-

enging mitochondrial ROS (using MitoTempo, a mitochondria-specific ROS scavenger (Trnka et al.,

2008) could partially reduce an LPS-induced increase in TNFa and PTGS2 transcript levels (Figure 5F).

The use of the NOX2 inhibitor, on the other hand, could completely protect the increase in the same

markers (Figure 5G), suggesting that mitochondrial ROS is downstream of the NOX2-induced cytoplasmic

ROS and that scavenging mitochondrial ROS only partially inhibits inflammation.

To further define the role of YME1L1 phosphorylation, we generated a non-phosphorylatable point muta-

tion (T695A) at the predicted target, threonine 695 (Figure S3A). We tested the effect of this mutation in

YME1L1-KO 293, the only available model to study these effects since a knockout of YME1L1 in mice

post-implantation of the embryo is lethal (Wai et al., 2015). Hence, we used YME1L1-KO HEK293 cells

and overexpressed this T695A mutant, WT, or PD-YME1L1 to rule out the effect of any endogenous

YME1L1. Doing so, we found that the T695A mutation prevented the LPS-stimulated reduction in

MNRR1 levels that is seen when the WT form is present, suggesting this phosphorylation is necessary for

LPS-induced stabilization of YME1L1. Furthermore, this mutation behaves like PD-YME1L1 with respect

to its known substrate STARD7 (Figure 5H). The T695A mutation thus acts in a similar manner to PD-

YME1L1. A second, control mutation, T656A, at a different threonine residue with a canonical ATM kinase

recognition motif (Pines et al., 2011), does not prevent LPS-stimulated MNRR1 reduction (Figure 5H), sup-

porting the specificity of the T695 phosphorylation site in response to LPS treatment.

A TLR4-independent signaling pathway is responsible for MNRR1-dependent reduction in

mitochondrial function in bacterial endotoxin-treated placental cells in vitro

Canonical LPS signaling is initiated by binding to Toll-like receptor 4 (TLR4) (Hoshino et al., 1999; Poltorak

et al., 1998); therefore, we next asked if overexpression of TLR4 activates the NOX2-ATM-MNRR1 signaling

pathway. We found that, although overexpression of TLR4 increases MNRR1 levels, LPS treatment reduces

MNRR1 similarly to control cells (Figure S4A). Since inflammation caused by LPS can occur either through

MyD88-dependent signaling or MyD88-independent (TBK1-dependent) signaling (Kawai and Akira, 2011),

we next asked whether MNRR1 levels are reduced in WT or Myd88�/�mice challenged with LPS. We found

that MNRR1 levels are reduced in both WT and Myd88�/� mice (Figure S4B). Furthermore, examining acti-

vation of the kinase promoting the MyD88-independent immune response, we also found no change in

TBK1 phosphorylation in HTR placental cells (Figure S4C). Taken together, these results eliminate the ca-

nonical TLR4 signaling pathway as the mediator of mitochondrial dysfunction in placental cells.

We then hypothesized that TLR4 may directly interact with NOX2 to initiate this pathway, and hence tested

MNRR1 levels in TLR4�/� tissue lysates frommice injected with PBS (control) or LPS. We found that MNRR1

Figure 5. Continued

(C) HTR cells were treated with control (water) or LPS for the times shown, and ROS levels were measured as in

Figure 1C. Total ROS, black; mitochondrial ROS, red; total ROS with ATM inhibitor, gray (n = 2 biological replicates).

(D) Equal amounts of HTR cells were treated with control (water) or H2O2 for 16 h and lysates separated on an SDS-PAGE

gel and probed for phospho-CHK2, total CHK2, and ATM kinase. Actin was probed as a loading control.

(E) Left, Equal amounts of HTR cells treated with control (water) or LPS with either Vehicle (DMSO) or 100 mM N-acetyl

cysteine for 24 h were separated on an SDS-PAGE gel and probed for YME1L1. Actin was probed as a loading control.

Right, Relative YME1L1 levels are shown for each condition (n = 4 biological replicates).

(F) TNFa and PTGS2 transcript levels relative to Actin were measured in HTR cells treated with Control (water), LPS, or

LPS +20 mM MitoTempo (n = 4 biological replicates).

(G) TNFa and PTGS2 relative transcript levels in HTR cells treated with Control (DMSO), LPS (LPS + DMSO) or LPS +25 mM

NOX2 inhibitor (n = 4 biological replicates).

(H) Equal amounts of YME1L1�/� cells overexpressingWT or various mutants of YME1L1 were treated as control (water) or

with LPS (1 mg/mL). Lysates were separated on an SDS-PAGE gel and probed for MNRR1, STARD7, and YME1L1. Actin was

probed as a loading control.
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levels are reduced also in TLR4�/� mouse livers challenged with LPS (Figure S4D). Besides MNRR1, we

tested for other markers (NOX2 and ATM kinase) both in the LPS-injected mouse placentas (Figure S4E),

where we originally found a reduction in MNRR1 (Figure 2A), as well as in the TLR4�/� mouse tissue lysates

(data not shown). We found the pathway to be active even in the animal samples, consistent with the results

found in the human cell culture system (Figure S4C and 5A). To verify that the TLR4-independent reduction

in MNRR1 levels seen in the TLR4�/� animals is initiated by NOX2 activation, we used a NOX2 inhibitor in

TLR4�/� mouse macrophages (Andrade et al., 2016) and found that the NOX2 inhibitor prevents LPS-

induced reduction in MNRR1 (data not shown). Taken together, we conclude that LPS acts through a

TLR4-independent pathway to activate ATM kinase to phosphorylate YME1L1 at Thr-695, stabilizing it

and thereby reducing MNRR1 levels.

MNRR1 functions as an anti-inflammatory effector via its nuclear function

To confirm that MNRR1 is upstream of the inflammatory signaling, we generated a MNRR1-depleted

human placental cell line and assessed levels of two inflammatory markers—JNK phosphorylation (Fig-

ure S5A) and transcript levels of TNFa (Figure S5B)—and found these to be increased. Since MNRR1 is pre-

sent in both the nucleus and the mitochondria and has a different function in each (Aras et al., 2015), we

investigated the compartment-specific effect of LPS on MNRR1 by assessing OCR and the stimulation of

inflammation-associated genes TNFa and PTGS2. We found that LPS treatment increased the transcript

levels of both these genes and that overexpression of either WT or the C-S mutant of MNRR1, which

does not localize to mitochondria (Aras et al., 2015), can prevent this increase (Figures 6A and 6B), as

can the MNRR1 activator nitazoxanide (N) (Figures 6C and 6D). To further explore whether the anti-inflam-

matory role is due to nuclear function of MNRR1, we asked if overexpressing CHCHD4 (MIA40), which is

required for MNRR1 import into the mitochondria (Aras et al., 2015), could prevent the LPS-induced deficit

in oxygen consumption. We found that CHCHD4 overexpression can increase oxygen consumption (Fig-

ure S5C), as also shown previously (Yang et al., 2012), but that LPS treatment reduces oxygen consumption

to the same extent as seen in the absence of CHCHD4 overexpression, suggesting that specifically nuclear

MNRR1 is required to prevent inflammation.

To probe the mechanism by which nuclear MNRR1 can inhibit inflammation, we examined whether any

regulatory components of the NF-kB signaling pathway are transcriptionally regulated by MNRR1. We

previously found that I-kBa (NFKBIA), a regulator that binds NF-kB and retains it in the cytoplasm (Haskill

et al., 1991), is transcriptionally activated by MNRR1 (Aras et al., 2019). We confirmed this in the placental

cells by measuring transcript levels of NFKBIA. These were reduced in KO cells (Figure 6E; compare bars

1 and 2) and rescued using the transcriptionally active version of MNRR1 cells (compare bars 2 and 3).

Consistent with the transcript levels, we also found in the placental cells that I-kBa levels are reduced

by LPS treatment (Figure 6F), thereby allowing nuclear localization of NF-kB. Overexpression of

MNRR1, however, can prevent these effects (Figure 6F), suggesting that MNRR1 can act as an anti-inflam-

matory agent at least in part by preventing activation of NF-kB. Since one of the classic targets of NF-kB,

cyclooxygenase-2, is required for induction of labor under physiological conditions (Bennett and Slater,

1996; Olson and Ammann, 2007), MNRR1 expression may blunt the effects of inflammation by preventing

nuclear translocation of NF-kB.

DISCUSSION

Mitochondria are known to serve as an early sensor of inflammatory stress (Lang et al., 1988; Tiku et al.,

2020; Vringer and Tait, 2019; Zhong et al., 2019). Here, we show that MNRR1 is reduced by a post-trans-

lational mechanism in both in vivo and in vitro models of placental inflammation, leading to the gener-

ation of mitochondrial ROS. Surprisingly, the mitochondrial ROS that is the source of inflammatory

signaling in the placenta takes place via a TLR4-independent signaling pathway. This pathway is initi-

ated by activation of ATM kinase via NOX2-dependent ROS, which in turn phosphorylates YME1L1, a

protease that degrades MNRR1 in the mitochondria. Although ATM kinase is primarily activated in

response to DNA damage (Lee and Paull, 2007), it was also shown to be activated in response to

LPS treatment in macrophage cells (Weintz et al., 2010) although the downstream signaling targets

were not identified. A recent study in a renal tubular epithelial cell model of LPS-induced sepsis (Zheng

et al., 2019) also identifies ATM activation as playing a key role in inflammation and autophagy activa-

tion. ATM kinase is localized to mitochondria (Valentin-Vega et al., 2012), more specifically to the inner

mitochondrial membrane (Blignaut et al., 2019), the same sub-mitochondrial compartment that harbors

YME1L1. Although YME1L1 is embedded in the inner membrane, a large catalytic domain is exposed
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that faces the IMS (Leonhard et al., 1996). We have shown that ATM-mediated threonine phosphoryla-

tion of YME1L1 can enhance its stability, resulting in faster turnover of MNRR1 in the mitochondria.

Depletion of MNRR1 results in reduced oxygen consumption, reduced ATP levels, and increased

ROS. These changes activate a self-amplifying inflammatory signaling cascade that may disrupt

signaling at the fetal-maternal interface.

MNRR1 has previously been associated with several diseases both in terms of altered expression and

through mutations. Depleted MNRR1 protein levels have been found in an in vivo model for juvenile Nie-

mann Pick type C disease (Erickson et al., 2020) and in an in vitro model for MELAS (mitochondrial ence-

phalomyopathy lactic acidosis and stroke-like episodes) syndrome (Aras et al., 2020). Mutations in MNRR1

have been associated with a number of neurodegenerative diseases such as Parkinson’s disease, Alz-

heimer’s disease, and Charcot-Marie-Tooth type 1A (Grossman et al., 2017). Of note, MELAS, caused

by a mtDNA mutation in the mitochondrial tRNALeu(UUR) gene (m.3243A > G), has been associated
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Figure 6. MNRR1 functions as anti-inflammatory via its nuclear function

(A and B) Relative TNFa (A) and PTGS2 (B) transcript levels in HTR cells treated with Control (EV, empty vector), LPS (EV +

LPS), WT-MNRR1 (WT + LPS), or C-S-MNRR1 (C-S + LPS). (n = 4 biological replicates).

(C and D) Relative TNFa and (D) PTGS2 transcript levels in HTR cells treated with Control (DMSO), LPS (LPS + DMSO), or

LPS +10 mM Nitazoxanide (N). (n = 4 biological replicates).

(E) Transcript levels for NFKBIA are significantly reduced in HTR MNRR1-knockout cells (KO) relative to wild type controls

(WT). This reduction is rescued by overexpressing the transcriptionally active mutant of MNRR1 (K119R-MNRR1) in

MNRR1-KO (n = 4 biological replicates).

(F)Nuclear lysate:NF-kB levels from cells containing overexpressed (OE) EV (empty vector) or MNRR1, each treated or not

with LPS. Lamin was probed as a nuclear loading control.Whole cell lysate:Cells were from the same experiment and total

lysates were probed for I-kB and FLAG (MNRR1) levels. Tubulin was probed as a loading control.
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with spontaneous preterm birth (de Laat et al., 2015; Feeney et al., 2019) and increased incidence of pre-

eclampsia and gestational diabetes mellitus (de Laat et al., 2015). We have recently shown that increased

expression of MNRR1 can rescue the oxygen consumption and other deficits associated with MELAS

in vitro (Aras et al., 2020). MNRR1 activation, either by overexpression or, perhaps more usefully, with

a chemical activator, can thus provide multiple benefits that protect placental mitochondria and reduce

inflammation.

MNRR1 is known to function in both the nucleus and the mitochondria (Aras et al., 2013, 2015, 2017; Pur-

andare et al., 2018), and as a nuclear transactivator can promote its own transcription (Aras et al., 2015).

Although we have focused here on the consequences of mitochondrial depletion, the rescue by pharma-

cological activation of transcription (Figure 1F) and by overexpression of MNRR1 that cannot enter the

mitochondria (Figures 6A and 6B) suggests that activating its nuclear function could suffice to prevent

placental damage. In addition to activating itself, MNRR1 is a transcriptional activator for ROS scav-

enging enzymes such as SOD2 (superoxide dismutase) and GPX (glutathione peroxidase) (Aras et al.,

2015) and also is a regulator of mitophagy genes such as ATG7 and PARK2 (Parkin) (Aras et al., 2020).

A similar conclusion about the importance of its nuclear function was reached in a MELAS model

(Aras et al., 2020). Besides MNRR1’s ability to regulate genes involved in ROS scavenging, we now iden-

tify at least one other transcriptional target—IkBa—that can contribute to its anti-inflammatory role via

inhibition of NF-kB.

The novel NOX2/ATM kinase/YME1L1/MNRR1/cyclooxygenase-2 axis we have described provides insight

into the mechanism by which placental inflammation can lead to preterm labor and birth (Figure 7). There

are multiple points at which we could modulate this pathway; yet we consider activation of MNRR1 may be

an ideal point to break the cycle of ROS-induced inflammation. Cyclooxygenase-2 was initially considered

an ideal target since its pharmacological inhibition can prevent inflammation-induced preterm labor (Gross

et al., 2000) in mice. Another current treatment uses steroidal compounds in the antenatal period to pre-

vent respiratory distress syndrome and mortality in anticipated cases of preterm birth (Briceno-Perez et al.,

2019). However, steroids are not always useful and have been associated with deleterious effects both on

the fetus such as cerebral palsy (Wapner et al., 2007), microcephaly (Carson et al., 2016), lower birthweight

(Bloom et al., 2001), adrenal suppression (Banks et al., 1999), the development of impaired glucose
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Figure 7. Model of MNRR1 action to suppress inflammation

Schematic summary of the role of MNRR1 in inflammation. Bacterial endotoxin activates ATM kinase via NOX2-mediated

ROS. Increased ATM activity in turn stabilizes YME1L1 protease by enhancing its threonine phosphorylation. Increased

YME1L1 protease degrades MNRR1 to reduce oxygen consumption and increase ROS levels, which contribute to

inflammation evidenced by increased levels of TNFa and cyclooxygenase-2 (PTGS2). Activation of MNRR1 can prevent a

reduction in mitochondrial function and increase of ROS levels, thereby preventing inflammation.
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tolerance and hypertension later in life (Seckl et al., 2000), and on the mother, such as risk of infection (Ab-

basi et al., 2000), loss of glycemic control in diabetics (Battarbee et al., 2019), suppression of the hypotha-

lamic axis (McKenna et al., 2000), and reduced fetal growth velocity (Rizzo et al., 2020). Since the pro-inflam-

matory signaling proceeds through degradation of mitochondrial MNRR1 whereas its nuclear function is

sufficient to rescue the effects of LPS, a transcriptional activator of MNRR1 may provide another treatment

option. In addition, the recent demonstration that MNRR1 activation may be able to augment or in some

cases even replace steroids for respiratory distress syndrome (Purandare et al., 2021) adds additional

impetus for development of this targeted therapy.

In summary, we have identified a novel signaling axis by which inflammation induced by the bacterial LPS

causes mitochondrial dysfunction. It does so by reducing the level of the bi-organellar regulator MNRR1 in

response to phosphorylation and stabilization of the IMS protease YME1L1, which turns over MNRR1. Phos-

phorylation is carried out by ATM kinase after activation by NOX2-produced ROS promoted by LPS. The

mitochondrial ROS that stems fromMNRR1 inhibition causes JNK phosphorylation and consequent activa-

tion of the cytokines TNFa and cyclooxygenase-2. The ubiquitous nature of MNRR1 depletion due to

inflammation found in multiple cell lines suggests that MNRR1 is an important target integral to the mito-

chondrial dysfunction due to inflammation. Furthermore, given its bi-organellar role, activation of MNRR1

can be used to rescue mitochondrial deficits seen under conditions of inflammation in the placenta, as we

show here, and possibly other tissues affected by inflammation.

Limitations of this study

A limitation of this study is that we have used placental cell lines and a mouse model to dissect the novel

pathway we are reporting. Although doing so allowed the mechanistic studies, it remains to be seen how

well the results are recapitulated in human subjects. In addition, we have used lipopolysaccharide from Es-

cherichia coli to produce the inflammation we studied whereas intact organisms often induce placental

inflammation. Thus, the generality of the response to LPS needs to be determined.
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a-Actin Cell Signaling Technology Cat # 12748;
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a-ATM Cell Signaling Technology Cat # 2873;
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a-DRBP76 Proteintech Cat # 19887-1-AP;
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a-Lamin Santa Cruz Biotechnology Cat # sc-30264

RRID:AB_2136305

a-MNRR1 Proteintech Cat # 19424-1-AP;

RRID:AB_10638907

a-MNRR1 (used for immunostaining human

cells)

Proteintech Cat # CL594-66302;

RRID:AB_2883552

a-Mouse secondary HRP conjugate Cell Signaling Technology Cat # 7076;

RRID:AB_330924

a-MTCO2 Proteintech Cat # 55070-1-AP;

RRID:AB_10859832

a-NOX2 Proteintech Cat # 19013-1-AP;

RRID:AB_2833044

a-Phospho-CHK2 (T68) Cell Signaling Technology Cat # 2197;

RRID:AB_2080501

a-phospho-JNK (T183/Y185) Cell Signaling Technology Cat # 4668;

RRID:AB_823588

a-phospho-TBK1 Cell Signaling Technology Cat # 5483;

RRID:AB_10693472

a-phospho-threonine Cell Signaling Technology Cat # 9368;

RRID:AB_10693777

a-phospho-threonine agarose conjugate

beads

Santa Cruz Biotechnology Cat # sc-5267;

RRID:AB_628121

a-Rabbit secondary HRP conjugate Cell Signaling Technology Cat # 7074;

RRID:AB_2099233

a-Rabbit Alexa 594 conjugate Jackson Labs Cat # 711-585-152;

RRID:AB_2340621

a-RELA/p65 Proteintech Cat # 10745-1-AP;

RRID:AB_2178878

a-STARD7 Proteintech Cat # 15689-1-AP;

RRID:AB_2197820

a-TLR4 (used for human cells) Santa Cruz Biotechnology Cat # sc-293072 RRID:AB_10611320

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

a-TLR4 (used for mouse tissue) Proteintech Cat # 19811-1-AP;

RRID:AB_10638446

a-TOM20 (used for immunostaining human

cells)

Proteintech Cat # CL488-11802

a-total CHK2 Cell Signaling Technology Cat # 6334;

RRID:AB_11178526

a-total JNK Cell Signaling Technology Cat # 9252;

RRID:AB_2250373

a-total TBK1 Cell Signaling Technology Cat # 3504;

RRID:AB_2255663

a-Tubulin Cell Signaling Technology Cat # 9099;

RRID:AB_10695471

a-YME1L1 Proteintech Cat # 11510-1-AP;

RRID:AB_2217459

Protein L-agarose beads (used for p-threonine

IP)

Santa Cruz Biotechnology Cat # sc-2336

Protein A/G agarose beads (used for YME1L1-

IP)

Santa Cruz Biotechnology Cat # sc-2003

Biological samples

Human systemic inflammation placental

samples (base plate and villi)

Perinatology Research Branch, an intramural

program of the Eunice Kennedy Shriver

NICHD, NIH, DHHS, Wayne State University

(Detroit, MI, USA), and the Detroit Medical

Center (Detroit, MI, USA)

NA

Mouse placental tissues and tissue sections Perinatology Research Branch, an intramural

program of the Eunice Kennedy Shriver

NICHD, NIH, DHHS, Wayne State University

(Detroit, MI, USA), and the Detroit Medical

Center (Detroit, MI, USA)

NA

WT and Myd88�/� mouse liver tissues and WT

and TLR4�/� liver tissue lysates

Dr. Kezhong Zhang, Wayne State University NA

Chemicals, peptides, and recombinant proteins

ATM inhibitor (KU-55933) Cell Signaling Technology Cat # 83346S

Clotrimazole Selleck Chem Cat #S1606

Lipopolysaccharide Escherichia coli O 111:B4

(used for human cells)

Invivogen Cat # tlrl-3pelps

Lipopolysaccharide Escherichia coli O 111:B4

(used for mouse injections)

Sigma Cat # L6259

N-acetylcysteine Sigma Cat # A7250

Nitazoxanide Selleck Chem Cat # S1627

NOX2 inhibitor (GSK2795039) Selleck Chem Cat # S8974

Critical commercial assays

Cell Titer Glo Promega Cat # G7572

CM-H2DCFDA Thermo Fisher Cat # C6827

Dual luciferase reporter assay system Promega Cat # E1910

Endo-free plasmid purification kit Qiagen Cat # 12362

Mitochondrial fractionation kit Thermo Fisher Cat # 89874

MitoSOX Red Thermo Fisher Cat # M36008

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Lawrence Grossman (lgrossman@wayne.edu).

Materials availability

All unique reagents generated from this study are available from the lead contact with a completed Mate-

rials Transfer Agreement.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Protoscript II cDNA synthesis kit New England Biolabs Cat # E6560

QuikChange Lightning Site-Directed

Mutagenesis Kit

Agilent Cat # 210518

RNAeasy RNA isolation kit Qiagen Cat # 74134

Transfast transfection reagent Promega Cat # E2431

Experimental models: Cell lines

BeWo Perinatology Research Branch, an intramural

program of the Eunice Kennedy Shriver

NICHD, NIH, DHHS, Wayne State University

(Detroit, MI, USA), and the Detroit Medical

Center (Detroit, MI, USA)

RRID:CVCL_0044

HEK293-WT and YME1L1�/� Dr. Thomas Langer (MacVicar et al., 2019)

HTR8 SV/neo Perinatology Research Branch, an intramural

program of the Eunice Kennedy Shriver

NICHD, NIH, DHHS, Wayne State University

(Detroit, MI, USA), and the Detroit Medical

Center (Detroit, MI, USA)

RRID:CVCL_7162

JAR ATCC Cat # HTB-144; RRID:CVCL_0360

Experimental models: Organisms/strains

C57BL/6 The Jackson Laboratory Stock# 000664

Recombinant DNA

MNRR1-C-S-pCI-Neo (all 4 cysteines mutated

to Serine)

Described previously (Aras et al., 2015)

MNRR1- pGL3 basic (Firefly luciferase reporter) Described previously (Aras et al., 2020)

MNRR1-WT-pCI-Neo Described previously (Aras et al., 2013)

MNRR1-Y99E- pCI-Neo Described previously (Aras et al., 2017)

MNRR1-Y99F- pCI-Neo Described previously (Aras et al., 2017)

PRL-SV40 (Renilla luciferase) Described previously (Aras et al., 2013, 2017; Purandare et al., 2018)

hTLR4-pcDNA3.1 Addgene RRID:Addgene_13086

YME1L1-E543Q-pCDNA5 (protease-dead) Dr. Thomas Langer (MacVicar et al., 2019)

YME1L1-T695A-pCDNA5 Generated in this study NA

YME1L1-T656A-pCDNA5 Generated in this study NA

YME1L1-WT-pCDNA5 Dr. Thomas Langer (MacVicar et al., 2019)

Software and algorithms

MStat N. Drinkwater (McArdle Lab, University of

Wisconsin-Madison)

Volocity Perkin-Elmer
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Data and code availability

This study did not generate original code. Any additional information required to reanalyze the data re-

ported in this paper is available from the lead contact upon request.

METHODS DETAILS

Cell culture and reagents

Cell lines

All cell media were supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich, St. Louis, MO) plus

Penicillin-Streptomycin (HyClone). HTR8/SVneo (HTR), and JAR cells were cultured in Roswell Park Memo-

rial Institute Medium (RPMI) (HyClone). The BeWO cells were grown in F12K media (Gibco). HEK293 cells

were grown in Dulbecco’s modified Eagle’s medium (without pyruvate). YME1L1 knockout-HEK293 cells

were grown in Dulbecco’s modified Eagle’s medium (with 1 mM pyruvate) supplemented with non-essen-

tial amino acids (Gibco).

Chemicals

Nitazoxanide and Clotrimazole were obtained from Selleckchem and solubilized in DMSO (used as vehicle

control in all experiments with these compounds). Ultrapure LPS for cell culture experiments (Lipopolysac-

charide from Escherichia coli 0111:B4) was purchased from Invivogen. NOX2 inhibitor GSK2795039 was ob-

tained from MedChem Express. ATM inhibitor KU-55933 was from Cell Signaling Technology.

Plasmids

The WT and protease dead (PD) YME1L1 plasmids were a kind gift from Dr. Thomas Langer, University of

Cologne, DE. TheMNRR1 promoter luciferase reporter plasmid has been described previously (Aras et al.,

2015). hTLR4 was a gift from Dr. Ruslan Medzhitov, Yale University (Addgene plasmid # 13086; http://n2t.

net/addgene:13,086; RRID:Addgene_13086). The T695A and T656A mutations were generated in WT-

YME1L1 plasmid via QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) and confirmed by

sequencing. All the expression plasmids were purified using the Endo-Free plasmid purification kit from

Qiagen.

Transient transfection of HTR cells

HTR cells were transfected with the indicated plasmids using TransFast transfection reagent (Promega) ac-

cording to the manufacturer’s protocol. A TransFast:DNA ratio of 3:1 in serum and antibiotic free medium

was used. Following incubation at room temperature for �15 min, the cells were overlaid with the mixture.

The plates were incubated for 1 h at 37�C followed by replacement with complete medium and further in-

cubation for the indicated time.

Real-time PCR

Total cellular RNAwas extracted frommouse placental tissue or HTR cells with an RNeasy PlusMini Kit (Qia-

gen) according to the manufacturer’s instructions. Complementary DNA (cDNA) was generated by reverse

transcriptase polymerase chain reaction (PCR) using the ProtoScript� II First Strand cDNA Synthesis Kit

(New England Biolabs). Transcript levels were measured by real time PCR using SYBR green on an ABI

7500 system. Real-time analysis was performed by the DDCt method as previously (Purandare et al.,

2018). The primer sequences used have been included as Table S1.

Luciferase reporter assay

Luciferase assays were performed with the dual-luciferase reporter assay kit (Promega). Briefly, cells were

lysed in 1x passive lysis buffer (Promega) and 25 mL of lysate was used for assay with a tube luminometer

using an integration time of 10 s. Transfection efficiency was normalized with the co-transfected pRL-

SV40 Renilla luciferase expression plasmid (Aras et al., 2013, 2017; Purandare et al., 2018).

Intact cellular oxygen consumption

Cellular oxygen consumption was measured with a Seahorse XFe24 Bioanalyzer (Agilent). Cells were plated

at a concentration of 3 3 104 per well a day prior to treatment and basal oxygen consumption was

measured 24 h after treatments as described (Aras et al., 2017; Purandare et al., 2018).
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ATP measurements

2.5 x 104 HTR cells per well were plated in a 96-well plate a day prior to treatment and ATP levels were

measured using Cell Titer Glo (Promega) according to manufacturer’s instructions. Cells were lysed in

100 mL of reagent, mixed for 2 min to induce lysis, and incubated for 10 min to stabilize the signal. Lumi-

nescence was recorded using a BioTek Synergy H1 Microplate Reader (Agilent).

ROS measurements

Total cellular ROS measurements were performed with CM-H2DCFDA (Life Technologies). Cells were

distributed into 96-well plates at 2.5 3 104 cells per well and incubated for 24 h or as described in specific

experiments. Cells were then treated with 10 mMCM-H2DCFDA in serum- and antibiotic-free medium for 1

h. Cells were washed twice in phosphate buffered saline and analyzed for fluorescence on a BioTek Synergy

H1 Microplate Reader (Agilent). For mitochondrial ROS measurements, the cells were treated as above but

with 5 mM Mitosox Red (Life Technologies) for 30 min.

Confocal microscopy

Confocal microscopy was performed as described (Aras et al., 2017; Purandare et al., 2018). For mouse

placental tissue sections, 8–10 mm thick transverse sections were fixed with 4% paraformalydehyde and

were stained with anti-MNRR1 antibody (1:50 Proteintech) overnight at 4�C. The secondary antibody

used was donkey anti-rabbit IgG Alexa 594 (1:200, Jackson Labs, Bar Harbor, ME) for 1 h. Human placental

cells were grown on glass coverslips and fixed with 4% paraformaldehyde. Staining was performed with

anti-MNRR1 (1:50 Proteintech) conjugated to CoraLite-594 and anti-TOM20 conjugated to CoraLite-488

(1:200, Proteintech) overnight at 4�C.

Cells were imaged with a Leica TCS SP5 microscope and images were combined in Photoshop. Intensity

(number of pixels per unit area) for the tissue sections were quantitated using Volocity image analysis soft-

ware (Perkin Elmer).

Mitochondria isolation

Mitochondria were isolated from cells with a Mitochondrial Isolation Kit (Thermo Scientific, Rockford, IL)

per manufacturer’s protocol (Aras et al., 2017; Purandare et al., 2018). Briefly, the cells were treated with

a hypotonic lysis buffer and the nuclear fraction was obtained by low-speed centrifugation. The pellet

was washed twice with PBS to obtain enriched nuclei. The mitochondrial fraction was obtained after

high-speed centrifugation of the nuclear supernatant and washed with a sucrose containing isotonic buffer

to prevent lysis. Cross-contamination between the fractions was determined with compartment-specific

antibodies – DRBP76 for nuclei and MTCO2 for mitochondria.

Immunoblotting and co-immunoprecipitation

Immunoblotting was performed as described previously (Aras et al., 2013, 2015). Cell lysates for immuno-

blotting were prepared using 2% CHAPS in Tris-buffered saline (TBS; 25 mM Tris, 0.15 M NaCl; pH 7.2) and

tissue lysate were prepared using 50 mM Tris-HCl (pH 8.0) with 150 mM NaCl, 1% NP-40, 0.5% sodium de-

oxycholate and 0.1% SDS. All lysis buffers included a protease and phosphatase inhibitor cocktail (Sigma,

PPC1010). Total protein extracts were obtained by centrifugation at 21000 xg for 30 min at 4�C. The clear

supernatants were transferred to new tubes and quantified using the Bradford reagent with BSA as stan-

dard (BioRad). Equal amounts of cell lysates were separated by sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE), transferred to PVDF membranes (BioRad), and blocked

with 5% non-fat dry milk. Incubation with primary antibodies (used at a concentration of 1:500) was per-

formed overnight at 4�C. Incubation with secondary antibodies (1:5000) was performed for 2 h at room tem-

perature. For detection post-immunoblotting, the SuperSignal�West Pico PLUS substrate (ThermoFisher)

was used to generate a chemiluminescence signal, which was detected with X-ray film (RadTech).

Immunoprecipitation experiments were performed according to the supplier’s protocol by incubating the

antibody-adsorbed beads overnight at 4�C. For immunoprecipitation experiments, cells were lysed in

50 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 0.1% Triton X-100, 1 mM sodium orthovanadate,

10 mM NaF, 10 mM b-glycerophosphate, 5 mM sodium pyrophosphate, and protease and phosphatase

inhibitor cocktail (Sigma, PPC1010). Phosphothreonine antibody (Cell Signaling) conjugated to
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L-agarose beads (sc-2336, SCBT) or YME1L1 antibody (Proteintech) conjugated to protein A/G-agarose

beads (sc-2003, SCBT) were used.

Animal experiments and injections

Mouse placental samples were obtained using the intraperitoneal injection LPS (E. coli O 111:B4; Sigma)

model that results in preterm labor/birth (Gomez-Lopez et al., 2018). Briefly, pregnant B6 mice were intra-

peritoneally injected on 16.5 dpc with 15 mg of LPS in 200 mL of PBS using a 26-gauge needle. Controls were

injected with 200 mL of PBS. Mice were monitored via video recording using an infrared camera to deter-

mine gestational age and the rate of preterm labor. Placentas were collected before preterm birth (12–13 h

after LPS injection).

For preparation of mouse liver samples for Myd88�/� and TLR4�/� involvement, mice of approximately

3-months were injected intraperitoneally with LPS (E. coli O 111:B4, Sigma, 2 mg/gm body weight) or

PBS for 18 h (Dandekar et al., 2016). Liver tissues collected from the mice after LPS treatment were homog-

enized in NP-40 lysis buffer in the presence of proteasome inhibitors. Lipid contents were briefly extracted

from the liver tissue lysates by the SDS buffer, and the protein supernatants were denatured for Western

blot analyses (Zhang et al., 2006).

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at

Wayne State University under Protocol No. A-07-03-15.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with MSTAT version 6.1.1 (N. Drinkwater, University of Wisconsin, Mad-

ison, WI). The two-sided Wilcoxon rank-sum test was applied to determine statistical significance for

p values. Data were considered statistically significant with p < 0.05. Error bars represent standard error

of mean.
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