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SUMMARY
Contacts between organelles create microdomains that play major roles in regulating key intracellular activ-
ities and signaling pathways, but whether they also regulate systemic functions remains unknown. Here, we
report the ultrastructural organization and dynamics of the inter-organellar contact established by sheets of
curved rough endoplasmic reticulum closely wrapped around the mitochondria (wrappER). To elucidate the
in vivo function of this contact, mouse liver fractions enriched in wrappER-associated mitochondria are
analyzed by transcriptomics, proteomics, and lipidomics. The biochemical signature of the wrappER points
to a role in the biogenesis of very-low-density lipoproteins (VLDL). Altering wrappER-mitochondria contacts
curtails VLDL secretion and increases hepatic fatty acids, lipid droplets, and neutral lipid content.
Conversely, acute liver-specific ablation of Mttp, the most upstream regulator of VLDL biogenesis, recapit-
ulates this hepatic dyslipidemia phenotype and promotes remodeling of the wrappER-mitochondria contact.
The discovery that liver wrappER-mitochondria contacts participate in VLDL biology suggests an involve-
ment of inter-organelle contacts in systemic lipid homeostasis.
INTRODUCTION

Cellular functional systems are involved in either intracellular or

systemic (organism-level) functions. Inter-organelle contacts

typically regulate intracellular processes (de Brito and Scorrano,

2008; Chang et al., 2019; Dong et al., 2016; Lee et al., 2020;

Vance, 2020; Wong et al., 2018). For example, the juxtaposition

of mitochondria and smooth endoplasmic reticulum (sER), or

MAM (mitochondria-associated ER membranes), the first func-

tionally characterized inter-organellar contact (Vance, 1990),

governs phospholipid biosynthesis and transport and Ca2+

transfer between these organelles (Rizzuto et al., 1998; Vance,

1990). However, a major component of animal evolution was

the emergence of cellular activities that coordinate systemic
This is an open access article under the CC BY-N
functions (Arendt, 2008; Galluzzi et al., 2018). For example, in

the pancreas, a and b cells secrete glucagon, insulin, and amylin

to regulate blood glucose homeostasis; similarly, in the liver, he-

patocytes secrete lipoproteins to regulate lipid homeostasis.

However, whether inter-organelle contacts participate in the

regulation of systemic functions remains unknown.

Liver cells have to regulate two types of lipid fluxes (Fu et al.,

2012). The first type is intracellular, distributing lipids among or-

ganelles to maintain cellular homeostasis. The second type of

flux is systemic; in this case, through lipoprotein synthesis,

secretion, and recycling, the hepatocyte distributes triglycerides

(TAGs) and cholesterol to peripheral tissues to sustain animal

physiology (Goldstein and Brown, 2015). Recent studies have

highlighted the increasing importance of inter-organelle contacts
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for intracellular lipid fluxes. For instance, cholesterol egress from

lysosome to peroxisome, as well as from the endoplasmic retic-

ulum (ER) to the plasma membrane and endocytic organelles,

occurs through organized contacts between these organelles

(Chu et al., 2015; Höglinger et al., 2019; Sandhu et al., 2018).

However, whether and how inter-organelle contacts integrate

intracellular lipid fluxes with systemic fluxes remains unknown.

Electron microscopy (EM) studies carried out in the 1950s

highlighted the existence of contacts between different cellular

organelles. The first to be described was the one between mito-

chondria and ergastoplasm, now commonly referred to as rough

ER (rER) (Bernhard and Rouiller, 1956; Franke and Kartenbeck,

1971; Montisano et al., 1982). More recently, this inter-organellar

contact has been observed in cultured cells (Wang et al., 2015),

found to be chronically enriched in hepatocytes (Arruda et al.,

2014), and shown to be tethered by the Synj2bp/Rrbp1 protein

complex (Hung et al., 2017). However, its ultrastructural charac-

terization, dynamics, and function(s) remain unknown, primarily

because there are currently no established methods to isolate

intact mitochondria associated with rER.

In this work, we studied mitochondria-rER contacts in vivo by

serial section electron tomography (SSET) and 3D reconstruc-

tion analysis of cryo-fixed mouse tissue samples. We character-

ized this inter-organelle association as mitochondria tightly

wrapped by sheets of curved rER (wrappER). Further, we used

multi-omics and genetic approaches to obtain evidence that

the wrappER is a distinct intracellular compartment and demon-

strate the importance of wrappER-mitochondria contacts for

very-low-density lipoprotein (VLDL) secretion from the liver,

thereby connecting intracellular and systemic control mecha-

nisms for lipid metabolism and homeostasis.

RESULTS

Mitochondria of liver hepatocytes and of small intestine
enterocytes are wrapped by curved sheets of rER
(wrappER)
Mouse liver SSET+3D analysis showed that nearly every mito-

chondrion of the hepatocyte was extensively wrapped by rER

(n = 121). EM analysis validated and extended this finding to

show that contacts between mitochondria and rER were nearly
Figure 1. The mitochondria of liver hepatocytes and of small intestine

(A) SSET+3D reconstruction of amouse liver wrappER-mitochondria association.

this analysis.

(B and C) SSET+3D reconstruction analysis showing extensive wrappER-mitocho

hepatocyte.

(D) SSET analysis showing that nearly all mouse liver mitochondria are in conta

originated from 10 tomograms obtained from four mouse livers.

(E) SSET+3D reconstruction analysis showing diffuse and extensive wrappER-m

(F) Examples of the method used to measure wrappER-mitochondria contact d

perimeter covered by wrappER (right).

(G)WrappER-mitochondria distance in fasted and fed livers (median and quartiles

that MAM-like domains (10–30 nm) were not included in this analysis.

(H) Percentage of mitochondrial surface covered by wrappER (p < 0.0001; 50 wrap

analysis of the data; the mean difference between the groups is depicted as the

(I and J) 2D-EM morphometric analysis. Area of the mitochondrial population (I)

mitochondria/mouse; five mice/group).

p values were calculated by Student’s t test. Data were collected from mouse liv
ubiquitous in livers of mice fasted overnight and fed for 3 h (Fig-

ures 1A–1D and S1A; Videos S1 and S2), indicating that the as-

sociation between these two organelles is an integral structural

parameter of the hepatocyte cellular organization.

Visual inspection of a large portion of the cell volume of hepa-

tocytes reconstructed by SSET+3D analysis showed that the

rER wrapping the mitochondria is not an isolated entity; rather,

it is a type of curved rER that is seamlessly integrated into the

ER network of the cell (Figure 1C; Video S2). Focused ion

beam scanning electron microscopy analysis of 50mitochondria

from themouse brain corpus striatum did not reveal associations

between mitochondria and rER (data not shown); however, rER-

mitochondria contacts were extensively present in mouse enter-

ocytes (Figure 1E; Video S3), fatty-acid-absorbing epithelial cells

of the small intestine that, similar to liver hepatocytes, but unlike

brain cells, secrete Apolipoprotein B (ApoB) -containing lipopro-

teins (Dash et al., 2015; Hussain, 2000). Given the presence of

this type of curved rER in cells of different developmental origins,

as well as its characteristic property to tightly wrap substantial

portions of mitochondria of various shapes and sizes, we denote

it wrappER.

Fasting-to-feeding transitions regulate wrappER-
mitochondria contacts in mouse liver
Given the presence of wrappER-mitochondria contacts in cell

types that share a role in regulating dietary lipid uptake and sys-

temic release, we investigated the dynamics of this inter-organ-

elle association during fasting, when liver fatty acid absorption

and VLDL synthesis and secretion are maximal, and at the time

of refeeding (3 h postprandial), when these hepatic activities

are substantially reduced (Wei et al., 2010). To this end, we

used 2D-EM morphometric analysis to measure the two key

structural parameters of the wrappER-mitochondria contact,

namely, the percentage of the mitochondrial perimeter covered

by the wrappER and the distance between the two organelles.

During fasting-refeeding, the mean wrappER-mitochondria

distance remained approximately constant at 54 ± 0.4 nm (stan-

dard error of the mean [SEM]; n =�2,100 from five mice; Figures

1F and 1G). However, the percentage of the mitochondrial

perimeter covered by the wrappER decreased 16% upon re-

feeding (from 57.3% ± 1.1% to 48% ± 1.2%, SEM; p < 0.0001;
enterocytes are wrapped by curved sheets of rough ER (wrappER)

The top panel shows four consecutive virtual slices (v.s.) of a tomogram used for

ndria association and the integration of the wrappER into the ER network of the

ct with the wrappER. Data obtained by visually inspecting 121 mitochondria

itochondria contacts in the enterocyte of the mouse small intestine.

istance (every 100 nm; left EM image) and the percentage of mitochondrial

are indicated; 50wrappER-mitochondria contacts/liver; five livers/group). Note

pER-mitochondria contacts/liver; five livers/group). Right: estimation statistics

dot within the vertical error bar that represents the 95% confidence interval.

and average length of the wrappER (J) in fasted and fed livers (p < 0.0001; 50

ers at 3 h postprandial unless otherwise indicated.
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n = 250 from 5 mice; Figures 1F and 1H). Notably, the mitochon-

drial area also decreased 16% (p < 0.0001; Figure 1I), indicating

that the loss of mitochondria perimeter covered by the wrappER

results from a process that eliminates the contact between the

organelles by reducing the size of the wrappER, which indeed

is 25% shorter at 3 h postprandial (p < 0.0001; Figure 1L). Over-

all, these data indicate that although the association between

wrappER and mitochondria is always present and extensive,

the extent of the contact between these organelles is dynami-

cally regulated by the metabolic changes that accompany the

nutritional status of the animal, as also supported by its chronic

enrichment in the livers of obese mice (Arruda et al., 2014).

The wrappER contains MAM-like domains and adhesion
sites to the mitochondrial membrane
MAMs are domains of smooth ER that are closely juxtaposed

with the mitochondrial outer membrane (10–30 nm) and coordi-

nate the fluxes of phospholipids and calcium between the organ-

elles (Giacomello and Pellegrini, 2016; Rizzuto et al., 1998;

Vance, 1990). MAMs are present and dynamically regulated in

hepatocytes (Sood et al., 2014), where their function in phospha-

tidylserine (PS) transfer is necessary to avoid ER stress and

nonalcoholic steatohepatitis (NASH)-like steatosis (Hernández-

Alvarez et al., 2019). The widespread and extensive occurrence

of contacts betweenmitochondria and wrappER prompted us to

investigate the possibility that MAMs are domains of this inter-

organelle contact. To this end, we visually inspected 33

wrappER-associated mitochondria (WAMs) that were recon-

structed, completely or partially, by SSET+3D analysis. We

found that 91% of the WAMs contained at least one MAM-like

domain (Figures 2A and 2B and S1B–S1D; Video S4) that, over-

all, occupied �5% of the area of the wrappER and covered

�1.8% of the mitochondrial surface, a value similar to that

measured in cultured cells (Csordás et al., 2006; Rizzuto et al.,

1998). Noteworthy, 2D-EM morphometric analyses showed

that over 60% of WAMs included at least one MAM-like domain

(Figure 2C) but did not reveal mitochondria forming contacts with

the smooth ER alone. We conclude that in the mouse liver,

MAMs are an integral subdomain of the wrappER.

Further EM and SSET analysis of the wrappER-mitochondria

contact identified the existence of areas where the membranes

of the two organelles are attached, but not fused to each other.

These areas, which we refer to as adhesion sites, have not been

reported before but appear similar to the recently described con-

tacts between ribosome-associated vesicles and mitochondria

(Carter et al., 2020). Visual inspection of these adhesion sites

showed that they are typically formed by protrusions of the mito-

chondria toward the wrappER (Figure 2D; Video S5) and do not

appear to be fused with membranes. Their average size is

smaller than that of MAMs (62 ± 3 nm versus 193 ± 6 nm SEM;

Figure 2F), and their frequency remains constant during fast-

ing-to-feeding transitions (Figure 2E).

Altogether, these ultrastructural observations show that the

wrappER-mitochondria contact consists of at least three distinct

domains: MAM-like structures, the ribosomes-containing space

between the organelles that accounts for most of the inter-

organelle contact volume, and adhesion sites where the mem-

branes of the two organelles come into direct physical contact.
4 Cell Reports 34, 108873, March 16, 2021
Contacts between rER-mitochondria and MAM-like
phospholipid synthesis are preserved in mouse liver
fractions enriched in WAMs
To investigate the function of the wrappER and the role of its as-

sociation with mitochondria, we developed a protocol for the

isolation of WAMs from the mouse liver. We took advantage of

the considerable negative buoyancy of the WAMs when they

are subjected to low g forces in a dense sucrose-containing me-

dium. EM analysis of WAM-enriched fractions showed that they

indeed contain mitochondria whose outer membrane is closely

and evenly associated with curved rER (Figure 3B). Proteomic

analysis of WAM-enriched fractions and of control ER-enriched

fractions indicated that in the former, 78% of the detectable pro-

teins were indeed from the two organelles we intended to copur-

ify, namely,mitochondria (48%) and rER (30%) (n = 6; Figures 3A,

3C, S2A, and S2B; Table S1). These data, which we corrobo-

rated by immunoblot analysis (Figure 3A, right panel), are well

within the range of previously published organelle-isolation pro-

tocols (Bayraktar et al., 2019; Benador et al., 2018; Gilchrist

et al., 2006; Wyant et al., 2018).

WAM-enriched fractions also supported robust 3H-serine

incorporation and conversion into 3H-PS and 3H-phosphatidyl-

ethanolamine (PE), the signature biochemical reactions of the

MAM (Vance, 1990) (Figures 3D and 3E). Thus, WAM-enriched

fractions contain not only the long-ranging rER-mitochondria

contacts but also well-characterized, short-ranging, functionally

active MAMs, thereby recapitulating in vivo observations (Video

S4). Taken together, these results indicate that WAM-enriched

fractions are suitable for the functional characterization ofmouse

liver wrappER-mitochondria contacts.

Integrated omics analysis identifies a role of WAM-
enriched fractions in systemic lipid homeostasis
The protocol developed to prepareWAM-enriched fractions was

designed so as to retain actively translating ribosomes (phos-

pho-S6; Figure 3A) and thus allowed not only proteomics but

also simultaneous transcriptome analysis. Indeed, deep

sequencing of theWAM-associated mRNAs followed by normal-

ization for relative mitochondrial abundance (measured as reads

of the mtDNA transcripts) identified 1,160 recurring mRNA spe-

cies (n = 6; Figure S2C; Table S2).

To determine whether some of these mRNAs were enriched in

WAM fractions, we also analyzed the transcriptome of the liver

homogenates from which the WAM fractions were prepared.

This analysis showed that WAM fractions contained 205 tran-

scripts with levels of enrichment ranging from 20% to 34% of

their expression level in the liver (0.5% ± 0.01% average SEM

of enrichment per gene; Figures 3F and S2D; Table S2). Within

this group, transcripts encoding ER proteins were the most

abundant ones; in contrast, transcripts of nuclear-encodedmito-

chondrial proteins were conspicuously poorly represented (Fig-

ure S2E; Table S2).

The intersection between the transcriptomic and proteomic

datasets defined a core subset of WAM proteins whose mRNAs

were also enriched in the WAMs. A stringent filter identified 47

candidates, of which 35 were ER proteins (Figure 3G and S3A;

Table S3). Interrogation of the Gene Ontology knowledgebase

with the 47 candidate WAM genes also identified plasma
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Figure 2. The wrappER contains MAM-like domains and sites of adhesion to the mitochondrial membrane

(A and B) SSET+3D reconstruction and quantitative analysis of the MAM-like domains (blue) embedded within wrappER-mitochondria contacts.

(C) 2D-EM quantitative morphometric analysis of the MAM-like domains embedded within wrappER-mitochondria contacts. Left: mean ± SEM; 200 contacts/

mouse liver; five mice/group. Right: p < 0.001; 50 MAM-like domains/mouse liver; five mice/group. p values were calculated by Student’s t test.

(D) Virtual slice of mouse liver WAMs showing sites of physical contact between wrappER and mitochondria (adhesion sites; white arrows).

(E and F) 2D-EM quantitative analysis of the adhesion sites embedded within wrappER-mitochondria contacts (n = 5 mice). Data were analyzed by estimation

statistics (E); each point represents the number of observations recorded in each mouse liver analyzed (mean).

Data were collected from mouse livers at 3 h postprandial unless otherwise indicated.
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lipoprotein particle assembly as the most abundantly repre-

sented biological process in this compartment (Figure S3A).

Consistent with this observation, Mttp, Pdia1, ApoB, and

ApoE, the key determinants of VLDL biogenesis (Shelness and

Sellers, 2001), as well as Ces1d, a luminal ER lipase involved in

VLDL quality control (Wei et al., 2010), were among the most

abundant WAM transcripts and proteins (Figures 3C, 3F, 3G,

and S3B–S3D).

Members of the major urinary protein (MUP) family were also

highly enriched in WAM fractions (Figures 3C, 3F, and 4A). The

MUP family members are highly similar secreted proteins that

belong to the lipocalin protein superfamily (Figure S4A). They

contain a conservedN-terminal ER signal peptide and are closely

related to PTGDS (Figure S4A), a fatty-acid-binding protein (Zhou

et al., 2010). Superposition of the structure of MUP1 over the

structure of PTGDS complexed with palmitic acid suggested

that the hydrophobic cavity ofMUPcould accommodate apalmi-

tate molecule (Figures 4B-4F). Comparative lipidomic analysis

indeed indicated thatWAMscontained a¢30%excess of palmi-

tate and other free fatty acids (FFAs) over the control mouse liver

ER-enriched fractions (p < 0.0001; n = 10; Figure 4G; Table S4).

Altogether, the integrated omics analysis of WAM-enriched

fractions supports a role of the wrappER-mitochondria compart-

ment in systemic liver lipid homeostasis.

WrappER is a site of VLDL biogenesis in mouse liver
To validate the participation of the wrappER in systemic lipid ho-

meostasis, we employed a combination of approaches to

demonstrate that this type of ER is a bona fide site of VLDL

biogenesis. First, we used immunogold EManalysis onWAM-en-

riched fractions to demonstrate the localization of Mttp, themost

upstream regulator of VLDL biogenesis (Chang et al., 1999;

Raabe et al., 1999; Wetterau et al., 1990; Raabe et al., 1998), at

the wrappER (Figures 5A and S5A). On the wrappERmembrane,

we also immunolocalized ApoB, the core VLDL component (Fig-

ures 5B and S5B), a finding that is consistent with current data on

ApoB translation and translocation and its role in the initiation of

VLDL assembly (Shelness et al., 1999). These findings support

the results obtained from the transcriptomic and proteomic anal-

ysis by demonstrating the presence of key components of the

VLDL biogenesis pathway at the wrappER.

Second, we returned to our mouse liver SSET+3D analysis of

the wrappER in order to inspect its membrane and lumen for the

presence of lipid lens and of VLDL-like particles. This analysis
Figure 3. A compendium of ER transcripts and proteins present in mo

(A) Summary of the proteomic and biochemical analysis performed on WAM-enri

peroxisome.

(B) Micrographs of WAM-enriched fractions showing the preservation of wrappE

(C) Schematic representation of the 92 ER proteins identified by the proteomic an

n = 6; Table S1). The proteins addressed in this study are shown.

(D and E) MAM-like phospholipid synthesis is preserved in mouse liver fractions

phosphatidylethanolamine (PE) synthesisandassay. (E) LevelofPEsynthesismeasur

(F) ER transcripts identified by the transcriptomic analysis of WAM-enriched frac

transcripts per million), and the x axis its level of enrichment relative to its express

addressed in this study are shown. See also Table S2.

(G) Summary of the transcriptomic and proteomic analysis done on WAM-enriche

transcript were also highly enriched in the WAM-enriched fractions.

Data collected from mouse livers at 3 h postprandial.
indeed showed that the phospholipid bilayer of the wrappER

membrane widened into lens-shaped structures that are typi-

cally associated with neutral lipids accumulation (Walther et al.,

2017) and VLDL assembly (Shelness et al., 1999) (Figures 5C,

5D, and S5C; Video S6). Similarly, VLDL-like particles were

observed within the wrappER lumen (Figure 5D; Video S6) as

well as inside a vesicular structure that appeared to be budding

from the wrappER and resembled VLDL-transport vesicles (Sid-

diqi, 2008) (Figure 5E; Video S6).

Third, we identified by immunogold negative staining VLDL

particles isolated from WAM-enriched fractions. In this experi-

ment, we gently broke WAM fraction membranes by freezing

and thawing and floated lipoprotein particles using very high g

forces. Next, we analyzed the isolated particles by negative

staining coupled to anti-ApoB immunogold EM analysis (Syed

et al., 2017). This experiment identified anti-ApoB-decorated

particles with a diameter of 34.8 ± 0.6 nm (SEM) which is consis-

tent with the size of nascent VLDL (Yu et al., 2016) (Figure 5F).

Lastly, we returned to the lipidomic analysis and confirmed the

presence of the signature components of lipoproteins, TAGs,

and cholesteryl esters (CEs) in WAM-enriched fractions (Fig-

ure 4G; Table S4). The demonstration of the involvement of

wrappER in VLDL biogenesis supports its participation in sys-

temic lipid metabolism and suggests the possibility that the

wrappER-mitochondria could also be required for hepatic lipid

homeostasis.

Rrbp1 silencing modifies wrappER-mitochondria
contacts
To address the role of wrappER-mitochondria contacts in hepat-

ic lipid homeostasis, we first sought to identify potential regula-

tors of this inter-organelle association by analyzing the transcrip-

tomic and proteomic data for the WAM-enriched fractions. The

ER membrane protein Rrbp1 (ribosome-binding protein 1) that

has been shown to function as the ribosome receptor (Langley

et al., 1998; Wanker et al., 1995) emerged as a plausible candi-

date given its previously proposed role as a rER-mitochondria

tether in cultured cells (Hung et al., 2017) aswell as its substantial

enrichment in mouse liver WAM-containing fractions (28%

mRNA enrichment; 31 ± 1 peptides/protein; Figures 3C and

3F). Consistent with this possibility, comparative immunoblot

analysis showed that mouse liver WAM-enriched fractions, but

not control ER-enriched fractions, expressed unique isoforms

of Rrbp1. More specifically, WAM-enriched fractions contained
use liver WAM-enriched fractions

ched fractions and, as a control, on ER-enriched fractions. M, mitochondria; P,

R-mitochondria contacts.

alysis of WAM-enriched fractions. Each bar represents a protein (mean ± SEM;

enriched in wrappER-associated mitochondria (WAMs). (D) MAM pathway for

ed inmouse liver lysateandWAMfractions (mean± standarddeviation [SD]; n=3).

tions. The y axis indicates the gene average level of expression (as number of

ion level in mouse liver lysates (n = 6). The transcripts encoding for the proteins

d fractions. The Venn diagram shows the 47 highly expressed proteins whose
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a 100-kDa isoform that is barely detectable in ER-enriched con-

trol fractions and that appears to be under metabolic control

because its expression level is higher during fasting. Similarly,

whereas WAM- and ER-enriched fractions both expressed a

90-kDa isoform of Rrbp1, this shorter isoform accumulated in

large amounts during refeeding only inWAM-containing samples

(Figures 6A and S6A). Among the identified alternative splice iso-

forms of mouse Rrbp1, there are six that are within the 90-kDa to

100-kDa size range and recognized by the anti-Rrbp1 antibody

used in this work (Table S6; Data S1) (Kim et al., 2000). The

Rrbp1 gene encodes a region that consists of 61 lysine-rich de-

capeptide repeats that are implicated in ribosome binding (Lang-

ley et al., 1998; Wanker et al., 1995). The longest Rrbp1 isoforms

contain all these repeats; however, in the 90-kDa to 100-kDa

forms, the portion of the transcript encoding the repeats is

spliced out as an alternative intron (in one form, leaving seven re-

peats intact; Table S6; Data S1). Which Rrbp1 isoforms are spe-

cifically enriched in the WAMs remains to be determined, but the

absence of the lysine-rich repeats that are implicated in ribo-

some binding (Langley et al., 1998; Wanker et al., 1995) is

compatible with the functions of these forms being distinct

from that of a ribosome receptor, such as the tethering function.

Altogether, these data indicate that specific isoforms or post-

translationally modified variants of Rrbp1 accumulate and are

metabolically regulated in WAM-containing fractions.

Because biophysical modeling of the wrappER-mitochondria

contact indicated that the association between these organelles

must occur via tethers (see energy balance model of the

wrappER-mitochondria contact in STAR Methods) and anti-

Rrbp1 immunogold labeling localized Rrbp1 at the interface be-

tween the wrappER and mitochondria (Figures 6B, S6C, and

S6D), we next addressed the potential role of Rrbp1 as a regu-

lator of the wrappER-mitochondria contact organization in vivo.

To this end, we silenced Rrbp1 expression in the liver by tail-

vein injection of adeno-associated virus serotype 8 (AAV8) car-

rying a GFP marker and a small hairpin RNA (shRNA) against

Rrbp1. Within 3 weeks of viral transduction, GFP expression in

the liver was almost ubiquitous (Figure S6E), and the expression

of the Rrbp1 protein, analyzed by immunoblot and quantitative

proteomic studies, was reduced by at least 50% (Figures 6C,

S6A, and S6B).
Figure 4. Mouse major urinary proteins (MUPs) are enriched in the wra

(A) Immunoblot and densitometry analysis of liver WAM fractions (mean ± SD; n

(B) Multiple sequence alignment of all mouseMUP showing the conservation of th

positioned near the C terminus of the protein (a Cterm).

(C) Structural analysis of a representative MUP (1i04). The secondary structure e

shown in (B).

(D) Structure of theMUP cavity. Residues forming the cavity are predicted using P

panel shows the measurements of the cavity obtained within the PyMOL framew

(E) Sequence alignment of the amino acid residues forming the cavity in MUP2, M

and human PTGDS (3o22), a protein that binds palmitic acid (PA) (Zhou et al.,

properties of the amino acid residues (hydrophobicity conservation) in each cavi

(F) Structural prediction assessing the potential binding of a molecule of PA (cyan

over that of PTGDS (3o22) with a PA molecule bound in the cavity. The black-la

identical in the MUP.

(G) Lipidomic analysis showing that WAM-enriched fractions contain more FFA

values by two-way ANOVA with Bonferroni’s post hoc test [right]). CE: cholestero

livers at 3 h postprandial.
To assess the effect of Rrbp1 silencing on the organization of

the wrappER-mitochondria contact, we analyzed five mouse

livers in which Rrbp1 expression was reduced by �70%. Visual

inspection of WAM-containing high-magnification EM micro-

graphs showed that when Rrbp1 was silenced, wrappER

became less evenly spaced from the mitochondria. More specif-

ically, Rrbp1 silencing caused thewrappER to form ‘‘humps’’ that

gave it a wavy appearance (Figure 6D) and, ultimately, increased

by �20% the area of the space between the two organelles (p <

0.0001; Figures 6E, S6F, and S6G). Furthermore, it substantially

increased the frequency and the total number of wrappER-mito-

chondria adhesion sites in four of the five mouse livers analyzed

(Figure 6F). However, Rrbp1 knockdown did not impact on

MAM frequency and ultrastructure (Figures S6H and S6I).

Rrbp1 silencing alters hepatic lipid homeostasis
We leveraged the apparent role of Rrbp1 as a wrappER-mito-

chondria contacts modifier to investigate whether the wrappER

activity in VLDL biogenesis depends on the integrity of its contact

with the mitochondria. To this end, we conducted the common

VLDL analyses in a large cohort of mice with silenced hepatic

Rrbp1 expression. Specifically, we measured neutral lipid and

ApoB content in the plasma of control and Rrbp1-silenced mice

that were injected with Poloxamer-407 (P407), which blocks

VLDL conversion in intermediate-density lipoprotein (IDL) and

low-density lipoprotein (LDL) (Wei et al., 2010). This analysis

showed that 3 h after P407 injection, plasma neutral lipid and

ApoB content was reduced by �20% in Rrbp1-silenced mice

(Figures 7A, 7B, and S7A). Importantly, the lower content of

neutral lipids in circulation was not caused by impaired hepatic

secretory activity,becauseplasmaproteinsandalbumin,markers

of liver protein synthesis and secretion (Miller et al., 1951), were

not affected by Rrbp1 silencing (Figure 7C). Furthermore, immu-

noblot densitometry analysis showed a parallel reduction in the

level of ApoE expression in Rrbp1-silenced liver lysates (Fig-

ure 7D). Together, these findings suggest that Rrbp1 silencing re-

duces VLDL biogenesis rather than the maturation and export of

this lipoprotein. Should this be the case, hepatic lipid content

would also be expected to be affected by Rrbp1 silencing,

because altering VLDL biogenesis redirects the flux of hepatic

FFA toward lipid droplet (LD) biogenesis (Kozlitina et al., 2014;
ppER and are predicted to bind palmitic acid

= 5 mice; p < 0.01 by Mann-Whitney test).

eir ER lumen signal peptide, the eight beta-strands (b1–b8), and the alpha-helix

lements are inferred from the structures displayed on the top of the alignment

yMOL; their location is reported at the top of the alignment shown in (B). The left

ork.

UP14, and human PTGDS inferred from the structural alignment of MUP1 (1i04)

2010). The sequence alignment shows conservation of the physicochemical

ty (PTGDS and MUP).

) in the MUP cavity. The structure of MUP (1i04) is superimposed with PyMOL

beled residues are the PA-interacting residues of the PTGDS cavity that are

than ER-enriched fractions (n = 10; p < 0.0001 by Mann-Whitney test [left]; p

l esters (see Table S4). Means ± SEM are indicated. Data collected frommouse
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Raabe et al., 1999). Indeed, in Rrbp1-silenced livers,we observed

a significant increase in hepatic FFA and TAG content (Figures 7E

andS7B; TableS5), aswell as a considerable increase in LDaccu-

mulation and expression of perilipin 2, an LD marker (Figures 7F

and S7C). Altogether, these in vivo findings functionally link the

mechanisms regulatingwrappER-mitochondria contacts to intra-

cellular and systemic hepatic lipid homeostasis.

Loss of hepatic VLDL biogenesis modifies wrappER-
mitochondria contacts in the liver
To further validate the direct functional relationship between

wrappER-mitochondria association and hepatic VLDL synthesis,

we sought to test whether the loss of VLDL biogenesis would

alter the ultrastructure of this inter-organelle contact. To this

end, we performed in-depth 2D-EM morphometric analysis of

mouse livers upon acute liver-specific genetic ablation of Mttp,

the most upstream regulator of VLDL biogenesis (Raabe et al.,

1999; Raabe et al., 1998). We injected Mttp-floxed mice (Chang

et al., 1999) with an AAV8 vector that expresses the Cre recom-

binase under the control of the liver-specific thyroxine-binding

globulin (TBG) promoter (Yan et al., 2012). As expected, three

weeks after virus injection, liver expression of Mttp was reduced

by more than 90% in every sample tested (Raabe et al., 1999);

furthermore, EM and biochemical analysis revealed a robust

accumulation of LD and perilipin 2 (Figure 7F). This phenotype

was accompanied by ultrastructural remodeling of the

wrappER-mitochondria contact (Figures S8A–S8D), with a slight

increase in the area of the space that separates the two organ-

elles (p < 0.01; Figure S8A) and a nearly 2-fold increase in the

number and frequency of adhesion sites (p < 0.05; Figure 7G).

Overall, the extent of the mitochondrial perimeter occupied by

adhesion sites increased by �44% (p < 0.001; Figure 7H).

Thus, acute liver-specific ablation of Mttp recapitulates the he-

patic dyslipidemia phenotype caused by Rrbp1-silencing and

promotes a remodeling of the wrappER-mitochondria contact.

We conclude that the wrappER-mitochondria contact is a dy-

namic cellular interface that is integrated in the regulation of he-

patic systemic lipid homeostasis.

DISCUSSION

WrappER and mitochondria establish a bona fide inter-
organellar contact
Because cells are densely packed with organelles and full of rER

sheets, it is essential to ascertain whether the wrappER-mito-
Figure 5. WrappER is a site of VLDL biogenesis in mouse liver
(A and B) Quantitative immunogold EM analysis performed on WAM-enriched fra

S5B).

(C) Mouse liver SSET+3D analysis showing lipid lens-like structures in the wrappE

indicates the widening of the wrappER phospholipid bilayer (lipid lens, reconstru

(D) Mouse liver SSET+3D analysis showing VLDL-like particles in the wrappER l

magnification images at their bottom show a luminal VLDL-like particle (white a

reconstructed lipid lens (yellow) and VLDL-like particles (orange).

(E) Mouse liver SSET+3D analysis showing a VLDL-transport vesicle-like structu

(F) WAM-enriched fractions enclose ApoB-containing lipoparticles. Images of n

mouse plasma (positive control, left panel) andWAM-enriched fractions (central pa

on WAM fractions (n = 4; normal serum [rabbit] was used as negative control).

Data were collected from mouse livers at 3 h postprandial.
chondria contact described here is a genuine structural feature

as opposed to a nonspecific inter-organellar association formed

by crowding, parking, or squashing of the mitochondria against

layers of ER membranes. In this work, we employed multiple, in-

dependent, and complementary approaches to conclusively

demonstrate that the wrappER-mitochondria contact is indeed

a bona fide inter-organelle interaction that is functionally linked

to the regulation of hepatic lipid homeostasis.

First, we developed a biophysical model to estimate the free

energy change associated with the wrapping of a curved ER

membrane (wrappER) around a mitochondrion (see energy bal-

ance model of the wrappER-mitochondria contact in STAR

Methods). Analysis of this model showed that the formation of

a wrappER-mitochondria contact is thermodynamically unfavor-

able due to the high curvature of the wrappER. Thus, the persis-

tent curvature of the wrappER around the mitochondrion during

fasting-to-feeding transitions (Figure 1G) has to be maintained

either through continuous expenditure of chemical energy,

which appears highly unlikely, or through the recruitment of teth-

ering proteins. Without either of these forces at work, the

wrappER would either flatten in the ‘‘standard’’ rER-like planar

geometry (ER sheet) or assume a vesicle-like structure (see en-

ergy balance model of the wrappER-mitochondria contact, in

STAR Methods). This conclusion captures the essence of the

definition of a contact site as an intracellular domain whose ar-

chitecture can be maintained only by tethering forces that arise

from either protein-protein or protein-lipid interactions (Scorrano

et al., 2019). The results of our Rrbp1 silencing experiments (Fig-

ures 6D and 6E), which are in agreement with the previous re-

ports showing that this protein tethers rER to mitochondria

(Hung et al., 2017), further support this conclusion.

Second, we show that the wrappER-mitochondria contact is

dynamic and regulated by the metabolic processes that accom-

pany fasting-to-feeding transitions. This property is compatible

with the available data on bona fide inter-organelle contacts

that are also dynamic and regulated (Scorrano et al., 2019), often

by the nutritional status of the cell. For instance, mitochondria-

lysosome contacts in HeLa cells are transient and small (Wong

et al., 2018). Conversely, in the mouse liver, LD-mitochondria

and MAM contacts tend to be larger and long-lived, but the

extent of their inter-organelle association is dynamically regu-

lated by the nutritional status of the animal (Sood et al., 2014;

Theurey et al., 2016). Within this context, our study shows that

liver wrappER-mitochondria contacts are long-lived but contract

by 16% within a few hours from refeeding. This feature is
ctions localizes Mttp (A) and ApoB (B) on the wrappER (see Figures S5A and

R membrane (Murphy and Vance, 1999; Ohsaki et al., 2008). The yellow arrow

cted in yellow on the right panel; see also Figure S5C).

umen. The left panel shows a series of four sequential virtual slices; the high-

rrow) (van Antwerpen et al., 1997; Yu et al., 2016). The right panel shows the

re budding from the wrappER (see Video S6).

egative staining anti-ApoB immunogold analysis of lipoproteins floated from

nel). Right: quantification of the data obtained from the experiments performed
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particularly important because inter-organelle contact dynamics

that are dependent on the nutritional state of the cell are known

to be conserved from yeast to mammals (Wang et al., 2014).

Third, the architecture of the wrappER-mitochondria contacts,

particularly the uniform, invariant distance between the two or-

ganelles during fasting-to-feeding transitions (Figures 1F and

1G), is extremely unlikely to result from fortuitous parking,

crowding, or squashing. This conclusion is further supported

by our SSET analysis (Videos S1 and S2) showing the absence

of other organelles or vesicles, such as endosomes, lysosomes,

or Golgi membranes, invariably packed closely around/touching

the wrappER. This observation rules out involvement of these or-

ganelles in the positioning of the wrappER around the mitochon-

drion; likewise, it rules out the possibility that the wrappER-mito-

chondria contact is maintained by the inability of these

organelles to move away from each other.

Based on all these converging lines of evidence, we conclude

that the wrappER-mitochondria contact described here is a

genetically programmed structural parameter of the cell.

Whether the wrappER can establish contact with additional

cellular organelles remains to be investigated.

Mitochondria motility and dynamics are affected by
contacts with the wrappER
In cultured cells, mitochondria continuously move and pass

through cycles of fusion and fission, resulting in functional unifor-

mity of the organelle population (Westermann, 2010). However,

in vivo, mitochondrial fusion and fission are not always balanced,

as evidenced by the presence of elongated mitochondria in car-

diomyocytes (Ishihara et al., 2015) and fragmented mitochondria

in stem cells (Khacho et al., 2016). Similarly, it is likely that the

substantial mitochondria trafficking observed in cultured cells

(Ahmad et al., 2014; Shen et al., 2018) might not, with the excep-

tion of neurons (Takihara et al., 2015), be as frequently present

in vivo (Wehnekamp et al., 2019). Consistent with these observa-

tions, in mouse brown adipose tissue, contacts between mito-

chondria and LD provide a mechanism to segregate mitochon-

dria into functionally distinct subpopulations that display

bioenergetic characteristics and protein composition that are

different from those of free, cytosolic mitochondria (Benador

et al., 2018). Our present work shows that in the hepatocyte,

nearly every mitochondrion establishes extensive and sustained

contacts with the wrappER (Figures 1B–1D). These observations

imply that mitochondrial mobility in this cell type is limited, a pos-
Figure 6. Rrbp1 silencing in the mouse liver modifies wrappER-mitoch

(A) Anti-Rrbp1 immunoblot analysis of WAM- and ER-enriched fractions isolated f

an unspecific band of Rrbp1 antibody.

(B) Quantitative anti-Rrbp1 immunogold EM analysis of WAM-enriched fractions

(C) Anti-Rrbp1 immunoblot and densitometry analyses of liver lysates 3 weeks afte

unspecific band of Rrbp1 antibody (n = 17 and 23; mean ± SD; p < 0.0001 by St

(D) Quantitative EM analysis of control and Rrbp1-silenced livers. Note the ‘‘hump

analyze the data; each point represents the frequency of humps measured in ea

(E) Schematic representation of the wrappER-mitochondria contact, with the are

plots the data of the area between the organelles in control and Rrbp1-silenced liv

mouse; five mice/group). The right panel shows their cumulative distribution (p <

(F) Quantitative 2D-EM analysis of wrappER-mitochondria adhesion sites in contr

point represents the number of observations recorded in each mouse liver analy

Data were collected from mouse livers at 3 h postprandial unless otherwise indic
sibility further supported by the extremely low level of expression

of transcripts encoding kinesins and other mitochondria-trans-

port proteins in our liver transcriptomic data (Table S2) (Wang

and Schwarz, 2009). Should that be the case, mitochondrial

fusion should also be reduced, whereas mitochondrial division

should not be compromised as it requires interaction with the

ER (Friedman et al., 2011). Under this model, the mitochondrial

population is expected to be fragmented, that is, dominated by

small mitochondria as opposed to elongated ones. Indeed, our

previous studies have shown that liver mitochondria are pre-

dominantly spherical or oval and are rarely elongated (Sood

et al., 2014). In the liver cell, therefore, the ubiquitous diffusion

and substantial extension of the wrappER-mitochondria con-

tacts might constitute a means to shift the balance between

mitochondrial fusion and division toward the latter, which would

confer uniform bioenergetic characteristics to the mitochondrial

population.

The MAM ablation phenotype coincides with altered
wrappER-mitochondria contacts
Mitofusin-2 (Mfn2) regulates MAM tethering (de Brito and Scor-

rano, 2008; Naon et al., 2016). In mouse liver, Mfn2 binds PS

and can specifically extract PS into membrane domains, favor-

ing PS transfer to mitochondria and mitochondrial PE synthe-

sis. Consequently, hepatic Mfn2 deficiency reduces PS transfer

and phospholipid synthesis, leading to ER stress and the devel-

opment of a NASH-like phenotype and liver cancer (Hernán-

dez-Alvarez et al., 2019). The link between phospholipid

synthesis and LD accumulation, however, is unknown, sug-

gesting the possibility that the steatosis caused by Mfn2 abla-

tion could be a secondary effect unrelated to MAM activity.

Here, we demonstrate that the wrappER provides physical sup-

port for MAMs in the liver. In addition, we show that the

wrappER has a direct role in the storage of FFAs as well as

in their flux as TAGs in the form of VLDL. Therefore, the steato-

sis caused by Mfn2/MAM ablation might be attributable to

altered wrappER-mitochondria contacts instead of a direct ef-

fect on phospholipid and calcium transfer (Hernández-Alvarez

et al., 2019).

The wrappER as a hub of fatty acid fluxes
High-fructose diets cause gut microbiota to produce excess

amounts of acetate that the liver ultimately converts into palmitic

acid, which is condensed into TAGs and stored as lipid droplets
ondria contacts

rom livers of fasted (14 h) and fed mice (3 h postprandial). The asterisk denotes

(see Figures S6C and S6D).

r injection with AAV8-GFP-sh-Rrbp1 (see Figure S6A). The asterisk denotes an

udent’s t test).

s’’ in Rrbp1-silenced samples (white arrows). Right: estimation statistic used to

ch liver analyzed (200 contacts/liver; five livers/group).

a of the space separating the organelles depicted in yellow. The central panel

ers (mean; p < 0.0001 by Student’s t test; 50 wrappER-mitochondria contacts/

0.0001 by Kolmogorov-Smirnov test).

ol and Rrbp1-silenced livers. Data were analyzed by estimation statistics; each

zed (120 contacts/liver; five livers/group).

ated.
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(Zhao et al., 2020). The steps that control the flux and storage of

palmitic acid within the hepatocyte are not known. However,

because the wrappER contains high levels of palmitic acid and

palmitic-acid-binding proteins (Figures 4A and 4G), it appears

likely that this type of ER plays a role in this pathway. Potentially,

the wrappER could control the amount of palmitic acid and its

stoichiometric ratio to other FFAs in two ways: (1) by exporting

it in a condensed state as VLDL; and (2) by fluxing it into mito-

chondria, where it can be eliminated through b-oxidation. The

adhesion sites between wrappER and mitochondria could be

involved in this process, because their number increases in par-

allel with the level of FFAs present in the hepatic system (Figures

6F and 7E). The data and the WAM protocol provided in this

study will help chart the exploration of the role of the

wrappER-mitochondria contacts as a hub of intracellular FFA

storage and fluxes.

Liver wrappER as a site of VLDL synthesis
The search for the site(s) of VLDL biogenesis has a long history

and engendered intense debate in the lipoproteins field. To this

date, rER, sER, and MAMs are implicated, individually or in

combination, as VLDL synthesis sites (Alexander et al., 1976;

Borchardt and Davis, 1987; Borén et al., 1990; Rusiñol et al.,

1994). It is not surprising, therefore, that due to this uncertainty,

the latest reviews on this subject generically point to the ER as

the cradle of the VLDL (Schulze et al., 2019). However, recent

advances in electron tomography provided for the demonstra-

tion that ER is not a uniform compartment but rather an

ensemble of morphologically distinct domains (Carter et al.,

2020; Hoffman et al., 2020; Nixon-Abell et al., 2016), each of

which will now have to be individually analyzed for their ability

to generate VLDL. In this respect, by combining SSET, immu-

nogold EM, and integrated multi-omics analysis, our present

work shows that the rER is a bona fide site of VLDL biogenesis

and that the wrappER, being a subtype of rER, contributes a

limited but substantial share of the VLDL pool that is produced

by the liver.
Figure 7. WrappER-mitochondria contacts are integrated in hepatic sy

(A) Silencing of Rrbp1 in the liver lowers hepatic TAGs and total cholesterol secr

cholesterol (top) and TAGs (bottom)measured in the plasma ofmice injected with

Millar et al., 2005; see Figure S7A; p values by two-way ANOVA with Bonferroni’

(B) Immunoblot and densitometry analysis of ApoB expression in the plasma of co

9; p values by two-way ANOVA with Bonferroni’s post hoc test).

(C) Anti-albumin immunoblot analysis and electrophoretic analysis of the proteins

The two groups of animals have similar liver function and secretion activity.

(D) Anti-ApoE immunoblot and densitometry analysis of control and Rrbp1-silenc

test; 20 mg/lane).

(E) Liver lipidomic analysis. Rrbp1 silencing in the liver increases the content of he

and two-way ANOVA with Bonferroni’s post hoc test [right]). Only the most abun

dylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; LPC, lysophosp

lesteryl ester; DAG, diacylglycerol.

(F) EM analysis showing LDs accumulation in Rrbp1-silenced and Mttp�/� liver

immunoblot shows a parallel expression of perilipin 2, marker for LD (see Figure

(G) EM analysis showing that acute hepatic ablation ofMttp increases the frequen

were analyzed by estimation statistics; each point represents the number of obse

group).

(H) EM analysis showing an increase in the size of wrappER-mitochondria adhesio

point measures the length of an adhesion site normalized for the length of the m

Data shown in (D) and (H) were collected from the mouse livers at 3 h postprand
Limitations of study
We analyzed the contribution of Rrbp1 to the wrappER-mito-

chondria contacts by silencing its expression in the liver using a

shRNA-expressing viral vector. Given that this approach only

reduced by the expression of Rrbp1 by �60% (Figure 6C), a

caveat of this work is that genetic ablation of Rrbp1 in the liver

is required to validate and extend our observations. Nonetheless,

Rrbp1 silencing reveals a therapeutic potential that hardly would

be identifiable using a gene-knockout approach. In human pa-

tients, short-term administration of an antisense inhibitor of

ApoB expression reduces circulating ApoB by 50%, which is

similar to the effect of statin, the most common lipid-lowering

drug that is prescribed to patients at high risk of coronary disease

(Kastelein et al., 2006). Similarly, alirocumab, a monoclonal anti-

body directed against PCSK9, decreases plasma LDL choles-

terol andApoBby�47% (Reyes-Soffer et al., 2017), substantially

reducing the risk of recurrent ischemic cardiovascular events in

patients with a history of acute coronary syndrome (Schwartz

et al., 2018). An open question, therefore, is whether the 20%

reduction in the ApoB-100 secretion caused by Rrbp1 knock-

down (Figure 7B) could suffice to consider wrappER-mitochon-

dria contact modifiers as potential lipid-lowering therapeutics.

Due to the large number of mice that was required to complete

this work, only one age/sex group was used (males, aged 3–

4 months). Therefore, because sex and age are major biological

variables, a limitation of this work is that the potential effects of

these factors on some of our conclusions are not addressed.

In particular, this pertains to the extent and dynamics of the

wrappER-mitochondria contacts during fasting/feeding transi-

tions, which are known to be controlled pathways that are pro-

foundly influenced by the age and sex of the animal, such as

mTORC1 (Baar et al., 2016; Liu and Sabatini, 2020). These limi-

tations notwithstanding, the present study merges existing con-

cepts in lipoprotein biology with the principles and paradigms of

current cell biology to introduce the notion that inter-organellar

contacts are an integral component of the mechanisms that

regulate VLDL output in vivo.
stemic lipid homeostasis

etion in the bloodstream. The panels show mean ± SEM of the values of total

Poloxamer-407 (Brenachot et al., 2017; Huang et al., 2018;Marshall et al., 2014;

s post hoc test).

ntrol mice andmice with silenced Rrbp1 expression in the liver (mean ± SD, n =

present in the plasma of control mice andmice with silenced Rrbp1 expression.

ed mouse liver lysates (mean ± SD; n = 8 and 10; p < 0.0001 by Mann-Whitney

patic TAGs and FFA (mean ± SEM; n = 12; p values by Mann-Whitney test [left]

dant FFA species are shown in the right panel (see Table S5). PC, phosphati-

hatidylcholine; LPE, lysophosphatidylethanolamine; CER, ceramide; CE, cho-

s (p < 0.0001 by Student’s t test; 20 hepatocytes/liver; five mice/group). The

S7C).

cy (left) and total number (right) of wrappER-mitochondria adhesion sites. Data

rvations recorded in each mouse liver analyzed (120 contacts/liver; five livers/

n sites inMttp�/� livers (mean; p < 0.001 by Student’s t test). The value of each

itochondrial perimeter on which it rests (n = 5 mice/group).

ial.
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de Recherche en Neurosciences (CTRN) and Fonds de la recherche en sante

du Quebec (FRQS). This study was funded by grants from the CIHR

(201603PJT-365052) and NSERC (RGPIN-2017-06130) to L.P. M.G. is sup-

ported by CARIPARO (starting grant 2016 AIFbiol) and UniPD (Stars program);

R.L. is supported by CIHR (201709PJT-156314) and NSERC (RGPIN-2017-

04734); M.J.M. is supported by the NSF (DMS-1716114); K.T. is supported

by CIHR (MOP-81142); T.Q.d.A.V. is supported by the NIH (HL122677 and
16 Cell Reports 34, 108873, March 16, 2021
DK112119); and E.V.K. is supported by intramural funds from the NCBI of

the NIH.

AUTHOR CONTRIBUTIONS

I.A. and N.I. designed and performed experiments, analyzed data, and wrote

the manuscript; A.R. and P.L. contributed SSET and EM data; R.G.-A., F.C.,

G.V., M.G., and R.L. provided technical expertise, reagents, and discussions;

M.J.M. contributed the biophysical modeling; K.J.W. and T.Q.d.A.V. contrib-

uted lipidomic data and analysis; G.F., S.L.M., and E.V.K. contributed bio-

informatic analysis; K.T., L.S., and E.V.K. analyzed data and participated in

writing the manuscript; and L.P. conceived the study, analyzed data, super-

vised the study, and wrote the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 12, 2020

Revised: December 18, 2020

Accepted: February 23, 2021

Published: March 16, 2021

REFERENCES

Ahmad, T., Mukherjee, S., Pattnaik, B., Kumar, M., Singh, S., Kumar, M., Reh-

man, R., Tiwari, B.K., Jha, K.A., Barhanpurkar, A.P., et al. (2014). Miro1 regu-

lates intercellular mitochondrial transport & enhances mesenchymal stem cell

rescue efficacy. EMBO J. 33, 994–1010.

Alexander, C.A., Hamilton, R.L., and Havel, R.J. (1976). Subcellular localization

of B apoprotein of plasma lipoproteins in rat liver. J. Cell Biol. 69, 241–263.

Arendt, D. (2008). The evolution of cell types in animals: emerging principles

from molecular studies. Nat. Rev. Genet. 9, 868–882.

Arnold, L., Perrin, H., de Chanville, C.B., Saclier, M., Hermand, P., Poupel, L.,

Guyon, E., Licata, F., Carpentier, W., Vilar, J., et al. (2015). CX3CR1 deficiency

promotes muscle repair and regeneration by enhancing macrophage ApoE

production. Nat. Commun. 6, 8972.

Arruda, A.P., Pers, B.M., Parlakg€ul, G., G€uney, E., Inouye, K., and Hotamisligil,

G.S. (2014). Chronic enrichment of hepatic endoplasmic reticulum-mitochon-

dria contact leads tomitochondrial dysfunction in obesity. Nat. Med. 20, 1427–

1435.

Baar, E.L., Carbajal, K.A., Ong, I.M., and Lamming, D.W. (2016). Sex- and tis-

sue-specific changes in mTOR signaling with age in C57BL/6J mice. Aging

Cell 15, 155–166.
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Antibodies

b-actin Cell Signaling Technology Cat#4970; RRID:AB_2223172

ADFP/Perilipin-2 Abcam Cat#ab108323; RRID:AB_10863476

Albumin Cell Signaling Technology Cat#4929; RRID:AB_2225785

ApoB rabbit polyclonal Abcam Cat#ab20737 Lot#GR3176056-6; RRID:AB_2056954

ApoB goat polyclonal EMD Millipore Cat#AB742; RRID:AB_92217

ApoE rabbit polyclonal Abcam Cat#Ab20874; RRID:AB_449883

ApoE goat polyclonal EMD Millipore Cat#AB947; RRID:AB_2258475

ATP1a1 Cell Signaling Technology Cat#3010; RRID:AB_2060983

BiP/Grp78 BD Biosciences Cat#610978; RRID:AB_398291

Calnexin StressMarq Biosciences Cat#SPC-127; RRID:AB_2068995

Calreticulin Cell Signaling Technology Cat#12238; RRID:AB_2688013

Catalase Thermo Fisher Scientific Cat#702732; RRID:AB_2716888

Cathepsin C Santa Cruz Biotechnology Cat#sc-74590; RRID:AB_2086955

Ces1d Wei et al., 2010 N/A

GFP Cell Signaling Technology Cat#2956; RRID:AB_1196615

GAPDH Ambion Cat#AM4300; RRID:AB_2536381

GM130/Golga2 BD Biosciences Cat#610822; RRID:AB_398141

Mn SOD Enzo Life Sciences Cat#ADI-SOD-110-D; RRID:AB_2039585

Mttp Atlas Antibodies Cat#HPA054862 Lot#R72807; RRID:AB_2682628

MUP Santa Cruz Biotechnology Cat#sc-166429; RRID:AB_2017298

OPA1 BD Biosciences Cat#612607; RRID:AB_399889

PMP70 Sigma-Aldrich Cat#SAB4200181; RRID:AB_10639362

Rrbp1 Abcam Cat#ab95983 Lot#GR47551; RRID:AB_10678752

S6 Ribosomal Protein Cell Signaling Technology Cat#2317; RRID:AB_2238583

phosphorylated-S6 (Ser204/244) Cell Signaling Technology Cat#5364; RRID:AB_10694233

Synj2bp Sigma-Aldrich Cat#HA000866; RRID:AB_2276678

anti-ApoE rabbit polyclonal Abcam Cat#ab52607 Lot#GR103096-3; RRID:AB_867704

anti-Rabbit lgG (H&L), gold-conjugated (10 nm) Electron Microscopy Sciences Cat#25109

anti-Rabbit lgG (H&L), gold-conjugated (15 nm) Electron Microscopy Sciences Cat#25113

anti-Mouse IgG Jackson ImmunoResearch Cat#115-035-062; RRID:AB_2338504

anti-Rabbit IgG GE Healthcare Cat#NA934; RRID:AB_772206

anti-Goat IgG Thermo Fisher Scientific Cat#81-1620; RRID:AB_2534006

anti-GFP antibody Clontech Laboratories Inc. Cat#632592; RRID: AB_2336883

Bacterial and virus strains

AAV8-GFP-U6-mRrbp1-shScr Vector Biolabs Lot#181119/190107

AAV8-GFP-U6-mRrbp1-shRNA Vector Biolabs Lot#180917/191007

pENN.AAV.TBG.PI.ffLuciferase.RBG Chang et al., 1999 Cat#105538-AAV8 Addgene

AAV.TBG.PI.Cre.rBG Chang et al., 1999 Cat#107787-AAV8 Addgene

Chemicals, peptides, and recombinant proteins

Poloxamer-407 Sigma-Aldrich Cat#16758

Critical commercial assays

Triglyceride colorimetric assay kit Pointe Scientific Inc. Cat#T7532-120

Cholesterol colorimetric assay kit Pointe Scientific Inc. Cat#C7510-120
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Deposited data

WAM- and ER-enriched fractions proteomics ProteomeXchange Consortium

via PRIDE

PRIDE:PXD021826

Liver and WAM-enriched fractions transcriptomics GEO Data Repository GEO:GSE134777

WAM- and ER-enriched fractions lipidomics This paper Table S4 and S5

Experimental models: organisms/strains

Adult male C57BL/6N mice (8 weeks of age) Charles River Stain code: 027

Mttp-floxed male mice Chang et al., 1999 N/A

Oligonucleotides

shScr sequence: 50- CAACAAGATGAAGAGCACCAA-30 Vector Biolabs Lot#181119/190107

shRrbp1 sequence: 50-CCGG-GCAGTCAGTTCTATTGTG

AATCTCGAGATTCACAATAGAACTGACTGC-TTTTT-30
Vector Biolabs Lot#180917/191007

Software and algorithms

ImageJ N/A https://imagej.nih.gov/ij/

Amira Thermo Fisher Scientific v. 2019.1

Prism GraphPad v.9

Excel Microsoft v. 16.25
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Luca

Pellegrini (luca.pellegrini@fmed.ulaval.ca).

Materials availability
All Adeno-associated virus vectors generated in this study are available upon request from Vector Biolabs.

Data and code availability
All data are available in the manuscript or in the supplementary materials.

The accession number for the mass spectrometry proteomics data reported in this paper is PRIDE: PXD021826.

The accession number for the RNA sequencing data reported in this paper is GEO: GSE134777.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult male C57BL/6N mice (8 weeks old) were purchased from Charles River;Mttp-floxed mice were a generous gift from Dr. Mah-

mood M. Hussain and Dr. Chan Lawrence (Chang et al., 1999). The mice were housed in a pathogen-free animal facility under a 12 h

light/dark cycle at constant temperature and humidity and fed standard rodent chow and water ad libitum. All experiments were con-

ducted with male mice 9-12 weeks old. For fasting/refeeding studies, animals were either fasted for 14 hours overnight with water ad

libitum and sacrificed in the morning or fasted for 12 hours overnight with water ad libitum and, in the morning, they were provided

standard rodent chow and sugary water (30% sucrose) ad libitum for three hours. Livers were removed immediately after anesthe-

tization of the animals with 2% isoflurane and sacrificed through cervical dislocation. For liver and small intestine samples cryo-fix-

ation, animals were anesthetized by intraperitoneal injection with ketamine; 3-5 tissue biopsies were collected using the Rapid Trans-

fer System (Leica) and vitrified by high-pressure-freezing (Leica EM PACT2). Mice were then sacrificed by cervical dislocation. All

experiments involving animals were approved by the animal protection committee of Laval University (CPAUL) and performed in

accordance with its guidelines for animal welfare.

METHOD DETAILS

Energy balance model of the wrappER-mitochondria contact
Theoretical and experimental approaches rooted in physics have been developed to describe many aspects of the conformational

behavior of interacting membranes (Knorr et al., 2012; Lipowsky, 1991) and to address the morphology of cellular organelles such as

the Golgi complex (Campelo et al., 2017). The paradigm emerging from these studies is that the free energy of amembrane reaches a
Cell Reports 34, 108873, March 16, 2021 e2

mailto:luca.pellegrini@fmed.ulaval.ca
https://imagej.nih.gov/ij/


Article
ll

OPEN ACCESS
minimum when the membrane is flat or closed in a vesicle-like structure (Campelo et al., 2017; Knorr et al., 2012; Lipowsky, 1991;

Steink€uhler et al., 2020).

The wrappER can assume concave and convex curvatures of considerable magnitude (Videos S1, S2, and S3) that are maintained

during fasting-to-feeding transitions (Figure 1H). This suggests that the contact between the wrappER and mitochondria is not a

random consequence of the two organelles ‘‘parking’’ against each other but instead the product of dedicated mechanisms that

bend the rough-ER around the mitochondrion and preserve the energy associated with its curvature (i.e., tethers). In physical terms,

this implies demonstrating that the free energy of the wrappER membrane with a radius of curvature similar to that of the mitochon-

drion is always greater than the free energy the wrappER would have if it were flat or closed as a spherical vesicle. In other words, if

wrapping around mitochondria is thermodynamically unfavorable, dedicated mechanisms must exist to maintain the wrappER as-

sociation with mitochondria.

Tomodel the free energy change associated with the wrappER-mitochondria contact, reasonable simplifying assumptions have to

be made. For example, we consider the shape of the mitochondria to be spherical rather than irregular (Figure S9A).

Our model assumes that:

1) The mitochondrion is a passive, rigid, spherical organelle of radius R and mean curvature M = 1/R that does not contribute to

the total energy of the curvature of the wrappER membrane.

2) The wrappER is a spherical membrane cupped above the mitochondrion (Figure S9A, lower panel). Its surface S is composed

of the cytosolic face S1, with the area A1 and mean curvature M1, and the mitochondrial face S2, with the area A2 and mean

curvature M2 (Figure S9B). A1 and A2 are similar and constitute the area A of the wrappER where A1 = A2 zA. S1 and S2

are connected by a region that forms the edge of the wrappER where the membrane bends on itself at 180 degrees, with a

small radius rmin and surface S3 (Figure S9B). The value of the mean curvature of the edge (Knorr et al., 2012) of the wrappER

(M3 = 1=2rmin) is similar to that of a flat rough-ER sheet and, therefore, is negligible in determining M1 and M2 (Figure S9C).

3) The spontaneous curvature (Seifert, 1997) of the wrappER CS (imposed by its phospholipid and protein composition (McMa-

hon and Gallop, 2005; Di Paolo and De Camilli, 2006) is set to a constant value in all its parts (Campelo et al., 2017; Knorr et al.,

2012): CS = C1 = C2 = C3 (see also Note I).

4) The distance between S1 and S2, as well as the distance between S2 and the mitochondrial surface, are small compared to R.

Therefore, themean curvaturesM1 andM2 can be approximated byM1 = -M2 = 1/RwER, whereRwER is the radius of curvature of

the wrappER.

5) The wrappER is composed of a phospholipid membrane that can be described by continuum mechanics, with a bending ri-

gidity equivalent to that of the rough-ER (Helfrich, 1973; Seifert, 1997).

6) Gravitational, electromagnetic, van der Waals, electrostatic, and solvation attractive and repulsive forces (Israelachvili, 2011)

do not contribute to maintain either the curvature of the wrappER or the distance separating it from the mitochondrial surface.

7) Microtubule-dependent mechanisms of intracellular mitochondrial transport/movement (Sheng and Cai, 2012) that could

‘‘push’’ a mitochondrion against a rough-ER membrane are not involved in maintaining the curvature of the wrappER and

its distance from the surface of the mitochondrion.

Given this set of assumptions, the curvature energy E of a round patch of rough-ER wrapped around the mitochondrion (Helfrich

energy; Helfrich, 1973; Hu et al., 2012; Knorr et al., 2012; Lipowsky, 1991; Seifert, 1997) can be written as:

E = 2k

Z
S

ðM� CsÞ2dA (1)

where k is a constant that represents the bending rigidity of the wrappER (see also Note II).

Accordingly, the energy required to bend the rough-ER/wrappER to a curvature 1/RwER is described by the following equation:

1

4pk
EðhÞ= 4h2 + rrim

�
1

2rrim
� C3

�2 ffiffiffiffiffiffiffi
pA

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

q
+AC2

S

.
p (2)

where h =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=4pR2

wER

q
is the dimensionless mean curvature of the wrappER.We need only to consider values of h that range from 0,

when the wrappER is flat (Figure S9D, top panel), to 1, when the wrappER assumes a closed vesicle-like conformation (Knorr et al.,

2012) (Figure S9D, lower panel) (see also Note III). The first derivative of Equation 2 is given by:

1

4pk

dE

dh
= h

�
8h� rrim

�
1

2rrim
� C3

�2 ffiffiffiffiffiffiffi
pA

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� h2

p
�

Notice that, near hz1; the slope is always negative, implying a decreasing energy function. Near hz0, there are two possible values

of the slope. If the parameter values are chosen such that the slope is initially negative for hz0, then, the energy always decreases,

and theminimum free energy occurs for h = 1. If the slope is initially positive for hz0, then, there is at most one possible maximum of

free energy for 0< h< 1, whereas the minimum free energy would occur at either h= 0 or h = 1.
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Equation 2 indicates that, regardless of the value of the intrinsic curvature of the edgeC3, theminimum free energy state is reached

when the wrappER is either shaped as a spherical vesicle of area A = 4pR2
wER, with energy E = 16pk + 4AkC2

S, or is flat (RwER/N),

with energy

1

4pk
E = rrim

�
1

2rrim
� C3

�2 ffiffiffiffiffiffiffi
pA

p
+AC2

S

.
p

We conclude, therefore, that the wrappER-mitochondria contact described in this work cannot be the product of a random ‘‘parking’’

of the two organelles against each other. This is the case because, according to our model, wrapping around the mitochondria is

thermodynamically unfavorable; therefore, that persistent curvature of the wrappER around the mitochondrion (i.e., RzRwERÞ
has to be maintained through the constant expenditure of chemical energy, which appears highly unlikely, or has to be conserved

through the recruitment of tethering-like proteins. Indeed, without either these mechanisms in action, the wrappER would flatten

in a ‘‘standard’’ rough-ER-like planar geometry or assume a vesicle-like structure (Carter et al., 2020).

Note I The case where C1 is substantially different from C2 could predict the existence of a state with a minimum energy in which

the shape of the wrappER is neither flat nor spherical. For this to be the case, it is required thatRwERsR, a condition that is incon-

sistent with the observation that RwER is approximately equal to the mean curvature radius of the mitochondrion. Therefore, the

only possibility is that RzRwER.

Note II This equation does not include the Gaussian curvature energy because, according to our assumptions, it is a constant

independent of the wrappER geometry and, therefore, can be disregarded for our purposes (Knorr et al., 2012).

Note IIIWe need only consider positive values of h since a wrapper with a negative h would bend away from the mitochondrion,

contrary to our observations, and support the need for additional forces to maintain the persistent curvature of the wrappER.

Blood plasma collection and in vivo VLDL secretion analysis
Micewere fasted for 6 h and injected intraperitoneally with the lipase inhibitor Poloxamer-407 (P-407; 1 g kg�1; Sigma-Aldrich); blood

was collected just before and at 1, 2 and 3 h after P-407 injection. For each sample, 60 mL of bloodwas collected from the caudal vein

in heparinized capillary tubes and immediately centrifuged at 2,100 g for 12 min to prepare plasma fractions. Plasmawas flash-frozen

in dry ice and stored at �30�C until needed. Plasma TAG and total cholesterol measurements were performed using commercial

colorimetric assays kits according to manufacturer’s instructions (Pointe Scientific Inc.).

Immunoblot analysis
Total protein concentration was determined using high-precision, detergent-compatible assay (BCA Protein Assay Reagent; Thermo

Fisher Scientific). Protein samples were analyzed by SDS-PAGE using the following types of precast gels according to manufac-

turer’s instructions: NuPAGE 3%–8% Tris-Acetate Protein gels, Bolt 8% Bis-Tris Plus gels, Bolt 12% Bis-Tris Plus gels, Bolt 4%–

12% Bis-Tris Plus gels (Thermo Fisher Scientific). Western blotting was performed by transferring proteins for 60 min at 100V to a

PVDF membrane (Immobilon, Millipore; 0.45 mm pore size) in transfer buffer (20% methanol; 320 mM glycine, 20 mM Tris-base

pH 8.4). For blots that were analyzed with anti-Rrbp1 and anti-ApoB antibodies, proteins were transferred for 80 min or 90 min at

100V, respectively (Immobilon, Millipore). Membranes were blocked for 60 min at room temperature with 7.5% nonfat milk in Tris-

buffered saline, 0.1% Tween-20. Primary antibodies were incubated overnight at 4 �C in 5%nonfat milk or 5% bovine serum albumin

(BSA; Thermo Fisher Scientific). The primary antibodies used in this study were the following: b-actin (Cell Signaling Technology

#4970; 1:6,000-1:10,000), ADFP/Perilipin-2 (Abcam #ab108323; 1:1000), Albumin (Cell Signaling Technology #4929; 1:10,000),

ApoB (rabbit polyclonal Abcam #ab20737 (Syed et al., 2017), 1:2,000; goat polyclonal EMDMillipore #AB742, 1:5,000), ApoE (Abcam

#Ab20874 (Arnold et al., 2015; Becker et al., 2010), 1:1,000; goat polyclonal EMD Millipore #AB947 1:1,000), ATP1a1 (Cell Signaling

Technology #3010; 1:750), BiP/Grp78 (BD Biosciences #610978; 1:50,000), Calnexin (StressMarq Biosciences #SPC-127; 1:20,000-

30,000), Calreticulin (Cell Signaling Technology #12238; 1:75,000-1:150,000), Catalase (Thermo Fisher Scientific #702732;

1:100,000), Cathepsin C (Santa Cruz Biotechnology #sc-74590; 1:1,000), Ces1d (1:80,000) (Wei et al., 2010), GFP (Cell Signaling

Technology #2956; 1:1,000), GAPDH (Ambion #AM4300; 1:400,000), GM130/Golga2 (BD Biosciences #610822; 1:750), Mn SOD

(Enzo Life Sciences #ADI-SOD-110-D; 1:8,000), Mttp (Atlas Antibodies #HPA054862; 1:1,000-2,000), MUP (Santa Cruz Biotech-

nology #sc-166429; 1:60,000), OPA1 (BD Biosciences 612607; 1:11,000) (Sood et al., 2014), PMP70 (Sigma-Aldrich

#SAB4200181; 1:18,000), Rrbp1 (Abcam #ab95983; 1:2,000) (Hung et al., 2017), S6 Ribosomal Protein (Cell Signaling Technology

#2317; 1:750), phosphorylated-S6 (Ser204/244) (Cell Signaling Technology #5364; 1:3,000) (Sood et al., 2014), Synj2bp (Sigma-Al-

drich #HA000866; 1:750). The HRP-conjugated secondary antibodies used in this study were the following: anti-Mouse IgG (Jackson

ImmunoResearch #115-035-062; 1:5,000-10,000), anti-rabbit IgG (GE Healthcare #NA934; 1:5,000-10,000), and anti-goat IgG, HRP

(Thermo Fisher Scientific #81-1620; 1:5,000). Protein bands were detected by chemiluminescence using the SuperSignal ELISA

Femto substrate (Thermo Fisher Scientific) and the VersaDoc 3000 CCD imaging system (Bio-Rad Laboratories). The specificity

of the anti-MUP antibody in immunoblot analysis was assessed using a recombinant MUP1 protein (ImmunoDiagnostics Limited

#42150). The specificity of the anti-Mttp antibody in immunoblot analysis was validated by preabsorbing it with 10-fold excess of

the recombinant protein (Atlas Antibodies #APrEST85548, lot #PRL02977), and by the knock-out experiments shown in Figure 7F.

See Data S2 for the original, uncropped immunoblots.
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Preparation of cellular fractions enriched in wrappER-associated mitochondria from the mouse liver
Mouse liver was quickly excided, rinsed three times with Elution Buffer (EB; 10 mM Tris-HCl, 1 mM MgCl2, 0.1 mM EGTA, pH 7.4)

supplemented with 250 mM Sucrose (EB10), chopped in small pieces and resuspended in 5 mL EB10 supplemented with Protease

Inhibitor Cocktail (PIC; Thermo Fisher Scientific, #78429). The sample was mechanically homogenized with 16 strokes in a glass-

teflon dounce homogenizer, brought to 12 mL volume with EB10 supplemented with PIC and poured in two 30 mL glass centrifuge

tubes. The homogenate was spun for three times at 400 g for 10 min at 4�C and, at the end of the centrifugation, the supernatants

were collected and mix together to obtain the mouse liver whole lysate (WL). 7 mL of WL were carefully layered on top of 7 mL of a

27% w/w sucrose solution (27% sucrose in EB) inside a 50 mL Falcon tube and spun at 2000 g for 20 min at 4�C; the pellet thus

obtained represents the WAM-enriched fraction. At the end of the centrifugation, the top 5 mL of the supernatant were divided in

2 mL Eppendorf tubes, spun twice at 12000 g for 10 min at 4�C, and the pellets discarded. 1.5 mL of the resulting supernatant

were mixed in a 50 mL Falcon tube with 22.5 mL of ice cold CaCl2 8 mM solution, incubated for 15 min at 4�C with gentle rocking,

transferred into two 30mL glass tubes and centrifugated at 8,000 g for 10min at 4�C. The resulting pellets represent the ER-enriched

fraction.

WAM-enriched fraction fixation and embedding for electron microscopy
WAM-enriched fractions were gently resuspended in 27%w/w sucrose solution (27% sucrose in EB), pelleted at 3000 g for 10min at

4�C and incubated overnight in 500 mL of 27% w/w sucrose solution containing 2% glutaraldehyde, at 4�C. The pellet was rinsed

three times with 27% w/w sucrose solution and incubated in 1% (w/v) osmium tetroxide in ddH2O for 40 min at room temperature,

in the dark. After 3 washes with EB10, pellet was dehydrated in ethanol 50%, 70% (supplemented with 1% Uranyl Acetate, for 1h in

the dark) 90%, 100%, followed by two incubation in 100% propylene oxide for 20 min at RT and embedded in Epoxy resin.

Tissue sample preparation for EM analysis, ET imaging and 3D reconstruction
Mouse liver and small intestines were quickly biopsied using Rapid Transfer System (Leica). High-pressure freezing (Leica EM

PACT2) was used for cryo-fixation of the samples. Freeze substitution was performed with the Leica automatic freeze substitution

(AFS) chamber. The substitution fluid was acetone containing 1%OsO4 and 0.1% uranyl acetate. The procedure started at –90�C for

8 h and warmed up to –60�C at the speed of 5�C/h. Substitution medium was replaced with pure acetone after the temperature

reached 0�C. Samples were embedded in Araldite/Epon/Dodecenylsuccinic anhydride (DDSA) and 2,4,6-tris (dimethylaminomethyl)

phenol (DMP30) mixture [araldite/epon stock, epoxy 41% (wt/wt), durcupan Araldite casting resin M (ACM) 54% (wt/wt), dibutylph-

thalate 5% (wt/wt); araldite/epon complete formulation, araldite/epon stock 49% (wt/wt), hardener DDSA 49% (wt/wt), and acceler-

ator DMP-30 2% (wt/wt)]. Procedure was performed stepwise: 33% resin in water-free acetone for 4 h, 66% resin in water-free

acetone for hours, 100% resin overnight, and one 100% resin change before polymerization. All samples were polymerized at

58�C for at least 48 h. Samples were cut at 50 nm and put on single-slot copper grids using a Leica Ultramicrotome. After counter-

staining with lead citrate, samples were viewed on a Tecnai-12 by Philips with a Megaview camera using the Analysis software.

For serial section electron tomography (SSET), serial thick sections were collected on formvar-coated copper slot grids and gold

fiducials (10nm) were applied on both surfaces of the grids. The samples were imaged in a 200 kV Tecnai G2 20 electron microscope

(FEI) or a 120kV Talos L120C (Thermo Fisher Scientific). Tilted images (+65/-65 according to a Saxton scheme) were acquired using

Xplorer 3D (FEI) with an Eagle 2k3 2k CCD camera (FEI) or TEM Tomography 4.0 acquisition software using a 4kx4k Ceta16M cam-

era (Thermo Fisher Scientific). Tilted series alignment and tomography reconstruction was done with the IMOD software package

(Mastronarde, 1997).

3D reconstruction analysis

For each ET analysis, serial tomograms were compiled as a single TIFF file and analyzed in Amira Software (v. 2019.1; Thermo Fisher

Scientific). The z scale was stretched using a 1.6 factor to correct for resin shrinkage. The structure of interest (e.g., mitochondrion,

wrappER, ribosome, etc.) was carefully manually traced on each virtual slice using a graphic tablet and then reconstructed in 3D, with

rendering generated using unconstrained smoothing parameters (for smaller structures like ribosomes, existing weights parameters

were used). Movies were generated in Amira Software and then edited with iMovie (v. 10.1.10; Apple).

2D-EM morphometric analysis

All the morphometric studies showed in the manuscript were conducted on high quality TEM images using a graphic tablet (with the

exception of the measurements of Figure S1D, which were performed on ET images). Mitochondria-wrappER distance, coverage,

cleft area, adhesion site and MAM analysis were measured using ImageJ (NIH). In the 3D reconstruction analysis, MAM, wrappER

and mitochondrial surface areas were measured using Amira Software. Data were analyzed and plotted using Excel (v.16.25; Micro-

soft) and Prism (v.9; GraphPad).

Lipoproteins imaging by negative staining and immunogold EM analysis
Animals were fasted for 12 hours overnight with water ad libitum; in themorning theywere provided standard rodent chow and sugary

water (30% sucrose) ad libitum for three hours. Livers were explanted and WAM-enriched fractions freshly prepared as described in

‘‘Preparation of Cellular Fractions Enriched in WrappER-Associated Mitochondria from The Mouse Liver’’; however, for lipoproteins

analysis the last step consisted in resuspending the WAM-containing pellet in 600 mL of TBS (150 mM NaCl, 10 mM Tris-HCl pH 7.6)

supplemented with 1x Halt protease inhibitor cocktail (Thermo Fisher Scientific). Membranes (containing approx. 1 mg of proteins)
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were permeabilized by adding 600 mL of TBS 0.1%Triton X-100, followed by incubation at 4 �C for 30min and deep freeze-and-thaw.

The permeabilized WAM-enriched fraction was transferred to a 4 mL ultracentrifuge tube containing 1.8 mL of 0.5 x TBS and centri-

fuged for 1 hr at 400,000 g in a SW60-Ti rotor (Beckman Coulter). Floated lipoproteins were recovered by skimming the top 100 mL of

the supernatant and placed (2.5 ml) on glow-discharged carbon-coated 300 mesh copper grids (SPI Supplies). After 5 min of incu-

bation at RT, the grids were blocked for 10 min with 50 mL of PBSB (PBS, 0.5% BSA-c; Electron Microscopy Sciences), followed

by incubation with anti-ApoE rabbit polyclonal antibody diluted 1:50 in PBSB for 30 min at RT (Abcam #ab52607, lot #GR103096-

3) (Syed et al., 2017). Grids were then washed 3 times at RT with PBSB (2 min per wash) and incubated at RT for 30 min with

gold-conjugated (10 nm) secondary antibody (diluted 1:100 in PBSB; Goat-anti-Rabbit lgG (H&L), Electron Microscopy Sciences

#25109). Grids were washed 3 times at RT with PBSB (2 min per wash) and incubated at RT for 30 min with normal rabbit serum

to saturate with IgG open binding sites on the secondary antibody (diluted 1:10 in PBSB; Electron Microscopy Sciences #25568).

Following a single wash in PBSB, grids were incubated with Fab fragments (diluted 1:20 in PBSB; Jackson ImmunoResearch

#111-007-003) to cover the rabbit IgG so that the second secondary antibody would not bind to it. Grids were then washed 3 times

at RT with PBSB (2 min per wash) and incubated for 30 min at RT with anti-ApoB rabbit polyclonal antibody (diluted 1:50 in PBSB;

Abcam #ab20737 (Syed et al., 2017), lot #GR3176056-6). Finally, grids were washed and incubated at RT for 30 min with gold-con-

jugated (15 nm) secondary antibody (diluted 1:100 in PBSB; Goat-anti-Rabbit lgG (H&L), Electron Microscopy Sciences #25113).

After three washes in PBSB the grids were stained with 1% uranyl formate according to well-established EM protocols optimized

for lipoproteins studies (Garewal et al., 2013). Lipoproteins were imaged by TEM with a Tecnai-12 microscope (Philips).

Pre-embedding immunogold EM analysis on WAM-enriched fractions
Anti-Rrbp1 and Anti-ApoB immunogold analysis

Mouse liver WAM-enriched fractions were prepared as described in ‘‘preparation of cellular fractions enriched in wrappER-associ-

ated mitochondria from the mouse liver.’’ TheWAM-containing pellet was gently resuspended with a small, soft paintbrush in 150 mL

of EB27 (10mMTris-HCl, 1 mMMgCl2, 0.1 mMEGTA, sucrose 27%w/w, pH 7.4, supplemented with PIC - Thermo Fisher Scientific);

50 mL of this slurry was transferred to an Eppendorf tube containing 150 mL of EB27 and 3 mL of anti-Rrbp1 or anti-ApoB rabbit poly-

clonal antibody (Abcam #ab95983, lot #GR47551; Abcam #ab20737 (Syed et al., 2017), lot #GR3176056), and themix was incubated

for 4 hours at 4 �C with gentle rocking. Following primary antibody incubation, 150 mL of EB-27 containing 3 mL of gold-conjugated

(10 nm) secondary antibody was added (Goat-anti-Rabbit lgG H&L; Electron Microscopy Sciences #25109) and the mix was incu-

bated 1 hr at RT with gentle rocking. The slurry was centrifuged for 10 min at 5,000 g at 4 �C. The pellet was gently resuspended and

washed twicewith 500 mL of EB27. Finally, the pellet was fixed by incubation overnight at 4 �Cwith 500 mL of EB27/paraformaldehyde

16% (3:1 v/v). Pellet embedding was performed as described in ‘‘WAM-enriched fraction fixation and embedding for electron

microscopy.’’

Anti-Mttp immunogold analysis

WAM-enriched mouse liver fractions were prepared as described in ‘‘Preparation of Cellular Fractions Enriched in WrappER-Asso-

ciated Mitochondria from The Mouse Liver.’’ The WAM-containing pellet was fixed by incubation overnight at 4 �C with 500 mL of

EB27/paraformaldehyde 16% (3:1 v/v) and then gently immersed in a solution composed by 4% low melting agarose gel (Agarose

II; Amresco #0815) dissolved in EB10 (10 mM Tris-HCl, 1 mMMgCl2, 0.1 mM EGTA, 250mM sucrose, pH 7.4) at 30-35 �C. Upon gel

solidification at 4�C for 1 hour, the sample was cut with an automated vibratome (Leica VT1200S) in slices of 50 mm of thickness.

Slices were washed from the paraformaldehyde three times in TBS and then incubated for 30 min at 4 �C in blocking solution 1

(2% BSA, 5% nonfat milk, 5% normal rabbit serum, 0.1 g/ml glycine, 0.5 g/ml L-lysine, 0.01% Triton X-100 in TBS) followed by over-

night incubation at 4 �C with anti-Mttp rabbit polyclonal antibody (1:100; Atlas Antibodies #HPA054862, lot #R72807) diluted in TBS

and blocking solution 1 (9:1 v/v). Slices were washed three times in TBS and incubated for 30 min in blocking solution 2 (0.8% BSA,

0.1% CWFS-gelatin, 2% normal rabbit serum, 0.1 g/ml glycine, 0.1 g/ml L-lysine in TBS). The gold-conjugated secondary antibody

(F(ab’)2 Fragment of Goat-anti-Rabbit IgG (H&L); ElectronMicroscopy Sciences #25360) was diluted 1:100 in blocking buffer 2, incu-

bated overnight at 4 �C and thenwashed three times in TBS.Mttp-antibodies complexes were crosslinked by incubating the agarose

slices in TBS 1%glutaraldehyde for 10min. Slices were then first washed three timeswith phosphate buffer (19mMNaH2PO4, 81mM

Na2HPO4, pH 7.4) and then oncewith deionized water before silver enhancement reagents were applied according tomanufacturer’s

instructions (12 min incubation, GE Healthcare Lifescience #RPN491). After three washes in deionized water and phosphate buffer,

slices were processed for embedding in Epoxy resin according to standard EM protocols and procedures (described in WAM-en-

riched fraction fixation and embedding for electron microscopy).

Immunogold quantification of labeling distribution and specificity

The specificity and preferential localization of the immunogold staining was performed as described (Mayhew et al., 2002). Specif-

ically, we utilized the Model II (membrane surface compartments) explained in this study and used ImageJ with the Plugin Grid using

the following settings: grid type: horizontal lines; area per point: 3 pixels2; center grid on image. The number of EM images analyzed

per immunogold assay are indicated in column 2 of Figures S5A, S5B, and S6D.

Immunohistochemistry
Livers were explanted three weeks after injection with 1.8x1011 gc/mouse of AAV8-GFP-shRNA, fixed overnight in PFA 4%,

and sectioned with an automated vibratome (Leica VT1200S). Tissue sections were incubated in PBS 3% H2O2 for 25 min at RT,
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permeabilizedwith PBS 0.2%Triton X-100 containing 4%non-fat milk for 2 hr at RT and incubated overnight at 4�Cwith Living Colors

rabbit polyclonal anti-GFP antibody (Clontech Laboratories, Inc. #632592; 1:500). Sections were extensively washed and incubated

for 2 hr at RT with HRP-conjugated anti-rabbit IgG (GE Healthcare #NA934; 1:500). Following additional extensive washing, GFP im-

munolabeling was revealed incubating for 10min the liver sections in a solution containing 0.5%3,30-diaminobenzidine (DAB; Sigma-

Aldrich #D8001), 0.04% H2O2 in Tris-HCl 0.05M (pH 7.5). Nuclear counterstaining was performed according to standard protocols

using Gill II hematoxylin (Sigma-Aldrich #GHS216). Sections were dehydrated, mounted with DPXMountant for histology (Sigma-Al-

drich #06522), and imaged using an upright microscope (Leica Leitz DMRB) equipped with CCTV camera.

RNA isolation and sequencing
RNA sequencing analysis was conducted using the same six WAM fractions samples used for the proteomic analysis, and the liver

transcriptome analysis was done on the mouse liver lysates fromwhere theWAM fractions were prepared. Messenger RNA was iso-

lated from mouse liver homogenates using the Dynabeads mRNA Direct Micropurification Kit (Thermo Fisher Scientific); of this,

250 ng were then used to prepare sequencing libraries using the NEBNext Ultra II directional RNA library prep kit for Illumina. The

entire procedure was done according to manufacturer’s instruction, and the libraries were prepared using nine amplification cycles.

The quality of final amplified libraries was examined with a DNA screentape D1000 on a TapeStation 2200 and the quantification was

done on the QBit 3.0 fluorometer (Thermo Fisher Scientific). The average insert size for the paired-end libraries was 260 bp. mRNA-

seq libraries with unique index were pooled together in equimolar ratio and sequenced for paired-end 125 bp sequencing using one

lane of a high output flow cell on an HiSeq 2500 V4 system (Illumina). To ensure the quality of the reads, we examined a variety of

quality control metrics on raw and trimmed data to detect poorly performing samples, using a combination of FastQC (v. 0.11.5, Bab-

raham Bioinformatics) andMultiQC (v. 1.5) (Ewels et al., 2016). Reads were trimmed using fastp (v. 0.12.4) (Chen et al., 2018) with the

following options: length required 30, qualified quality phred 20, correction, cut by quality 3, cut window size 10 and cut mean quality

30. All other options used the default values. The quantificationwas performedwith Kallisto (v. 0.44.0) (Bray et al., 2016) using theMus

musculus Ensembl release 92 transcriptome, filtered to keep only the standard chromosomes. Post-processing was performed in R

(v. 3.5.0). Counts were normalized with the RUVseq package (v. 1.14.0) using mitochondrial genes as control genes. The transcrip-

tomic analysis shown in this study was performed by the Genomics Center of the CHU deQuébec-Université Laval Research Center,

Québec City, Canada.

Protein mass spectrometry analysis
After acetone precipitation, protein pellets were resuspended in Buffer-1 (50mM ammonium bicarbonate, 1% sodium deoxycholate,

pH 8), and quantified using the Micro-Bredford assay (Bio-Rad). 10 mg of proteins was reduced at 37�C with DTT, alkylated with io-

doacetamide, and digested overnight with trypsin. Proteolysis was stopped by acidification (3% acetonitrile, 1% TFA, 0.5% acetic

acid) and peptides were purified on stage tip (C18), vacuum dried, and resuspended in 50 mL 0.1% formic acid. One tenth of this

volume (1 mg) was separated by online reversed-phase nanoscale capillary liquid chromatography and analyzed by electrospray

mass spectrometry (LC MS/MS) using an Ekspert NanoLC425 (Eksigent Technologies) coupled to a 5600+ mass spectrometer

(Sciex) equipped with a nanoelectrospray ion source.

Tryptic peptides were trapped at 4 ml/min on a PepMap Acclaim C18 column (5 3 0.3 mm; Thermo FisherScientific) and eluted

through a self-packed PicoFrit column (New Objective) filled with ReproSil C18 (3 mm, 180 3 0.075 mm, 120 Å; Dr Maisch

GmbH). Separation was achieved with a 5%–35% acetonitrile gradient in 0.1% formic acid over 90 min at 300 nl/min.

Peptides were ionized by electrospray with 2.3 kV. Mass spectra were acquired using a data-dependent acquisition mode using

Proteome Analyst software (v. 1.7) (Lu et al., 2004). Each full scanmass spectrum (400 to 1250m/z) was followed by collision-induced

dissociation of the twenty most intense ions. Dynamic exclusion was set for a period of 12 s and a tolerance of 100 ppm.

Database searching

Mascot generic format (MGF) peak list files were created using the Protein Pilot software (v. 4.5; Sciex). MGF sample files were then

analyzed using Mascot (v. 2.5.1; Matrix Science). Mascot was setup to search the contaminants_thegpm_20170713.fasta and the

REF_MusMusculus_ci_10090_up000000589_20180509 database (61364 entries) assuming the digestion enzyme trypsin. Mascot

was searched with a fragment ion mass tolerance of 0.100 Da and a parent ion tolerance of 0.100 Da. Carbamidomethyl of cysteine

was specified in Mascot as a fixed modification. Deamidation of asparagine and glutamine, as well as methionine oxidation, were

specified in Mascot as variable modifications.

Criteria for protein identification

Scaffold (v. 4.8.6; Proteome Software Inc.) was used to validate MS/MS based peptide and protein identifications. Peptide identifi-

cations were accepted if they could be established at greater than 96.0% probability to achieve an FDR (False Discovery Rate) less

than 1.0% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at greater than

97.0% probability to achieve an FDR less than 1.0% and contained at least 1 identified peptide. Protein probabilities were assigned

by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not be differentiated

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.

Protein digestion, mass spectrometry analyses and protein identification were performed by the Proteomics Platform of the CHU

de Québec-Université Laval Research Center, Québec City, Canada.
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Lipidomic analysis
Lipidomic analysis was done on either 100 mg of flash-frozen liver tissue or 0.25 mg/protein WAM- and ER-enriched fractions pre-

pared as described in ‘‘Preparation of Cellular Fractions Enriched in WrappER-Associated Mitochondria from The Mouse Liver.’’

Liver tissue samples were placed in a 2 mL homogenizer tube pre-loaded with 2.8 mm ceramic beads (Omni #19-628). PBS was

added to the tube and the sample homogenized in the Omni Bead Ruptor Elite (3 cycles of 10 s at 5 m/s with a 10 s dwell time).

For lipid extraction, 3-6 mg of liver homogenate or the entire WAM- and ER-enriched fractions were transferred to a glass tube

and processed using the modified Bligh and Dyer extraction method (Bligh and Dyer, 1959). Prior to biphasic extraction, a 13-lipid

class Lipidyzer Internal Standard Mix was added to each sample (Sciex #5040156). Following two successive extractions, pooled

organic layers were dried using a Genevac EZ-2 Elite. Lipid samples were resuspended in 1:1 methanol/dichloromethane with

10 mM ammonium acetate and transferred to glass robovials for analysis (Thermo Fisher #10800107). Samples were analyzed on

the Sciex Lipidyzer Platform for targeted quantitative measurement of 1100 lipid species across 13 classes. Differential Mobility De-

vice on Lipidyzer was tuned with SelexION tuning kit (Sciex #5040141). Instrument settings, tuning settings, and MRM list are avail-

able upon request. The values were normalized by mg of sample used. Data analysis was performed on the Lipidyzer software at the

UCLA lipidomics laboratory.

MAM activity assay
WAM-enriched fractions were isolated from livers of overnight fasted adult male C57BL/6Nmice (n = 3). TheMAM phospholipid syn-

thesis/transfer/conversion was performed as described by Shiao et al. (1998) in technical triplicates. 100 mg WAM proteins in assay

buffer (25 mM HEPES, 1 mM CaCl2, 2 mM MgCl2, pH = 7.4) were incubated with 10 mCi radiolabeled [3H]-serine and 0.4 mM cold

serine in a total volume of 200 mL. Samples were incubated for 3 h at 37�C. The reaction was stopped by addition of 4 mL chloro-

form/methanol (2:1) and 1.5 mL double distilled water. Lipids were extracted and separated by thin-layer chromatography. Lipids

were visualized by exposure to iodine vapors. The radioactivity in phosphatidylserine and phosphatidylethanolamine was determined

using a scintillation counter. Results were expressed as DPM/mg WAM protein.

AAV8-Shrna design and in vivo delivery
An adeno-associated virus serotype 8 (AAV8) encoding a short hairpin RNA (shRNA) construct targeting mouse Rrbp1 (Genebank

RefSeq NM_024281; targeting sequence: GCAGTCAGTTCTATTGTGAAT; shRNA sequence: 50-CCGG-GCAGTCAGTTCTATTGT

GAATCTCGAGATTCACAATAGAACTGACTGC-TTTTT-30) driven by the U6 promoter was purchased from Vector Biolabs; this vec-

tor, AAV8-GFP-U6-mRrbp1-shRNA, also expressed eGFP driven by the CMV promoter and yielded �90% knockdown of Rrbp1

expression in Hepa1.6 cells (Vector Biolabs). The control vector AAV8-GFP-U6-scrmb-shRNA encoded a short hairpin with a scram-

bled sequence (50- CAACAAGATGAAGAGCACCAA-30; Vector Biolabs). AAV8 particles were purified by two rounds of CsCl gradient

purification, desalted and titered (titer: > 23 1013GC/ml). AAV8 particles were diluted in sterile PBS andwild-type C57BL/6Nmice (9–

12 weeks old) were injected with either control vector (AAV8-shScr) or AAV8-GFP-U6-mRrbp1-shRNA (AAV8-shRrbp1) via tail vein

injection (1.8 3 1011 genome copies per mouse) with BD Ultra-Fine Insulin Syringes. Experiments were commenced 21 days after

injection.

Inactivation of Mttp with Cre adenovirus in the liver
Liver-specificMttp-knockout mice were generated fromMttp-floxedmice (Chang et al., 1999) by injecting male animals (9–12 weeks

old) with either control vector (pENN.AAV.TBG.PI.ffLuciferase.RBG, Addgene #105538-AAV8) or AAV.TBG.PI.Cre.rBG (Addgene,

#107787-AAV8) via tail vein injection (1.8 3 1010 genome copies per mouse) with BD Ultra-Fine Insulin Syringes. Experiments

were commenced 21 days after injection.

MUP bioinformatic analysis
Multiple alignments of amino acid sequences were constructed using MUSCLE (Edgar, 2004). Phylogenetic trees were built using

FASTTREE with gamma-distributed site rates and WAG evolutionary model (Price et al., 2010). Protein structure modeling and su-

perposition were performed within the PyMOL computational framework (Janson et al., 2017).

For Figure 4F, the two structures were superimposed with PyMOL, and the potential PA-interacting residues in the MUP cavity

were identified under the following criteria: i) being located within 5Å from the palmitic acid in the PTGDS cavity and ii) being struc-

turally aligned with the PTGDS cavity residues as shown in E. The black-labeled residues are the PA-interacting residues of the

PTGDS cavity that are identical in the MUP. Both PTGDS and MUP structures are rainbow colored from N to C termini.

Data reporting
No statistical methods were used to predetermine sample size. The experiments were randomized, and the investigators were not

blinded to allocation during experiments and outcome assessment. The adhesion sites count has been carried out in parallel by two

operators.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Unpaired t test was used for comparisons involving two groups, two-way ANOVA was used for multiple pairwise comparisons. For

datasets from two groups that did not fulfill the D’Agostino and Pearson omnibus normality test (a = 0.05), differences were assessed

using a nonparametric two-tailed Mann-Whitney test with 95% confidence.

P-values were calculated using Prism (v. 9, GraphPad Software) as specified in the figure legends. P-values of less than 0.05 were

considered statistically significant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Sample sizes for each experiment is displayed

on the figures. Histograms were compiled to include mean ± SEM (standard error of the mean), unless otherwise indicated. For esti-

mation statistics based on confidence intervals (Bernard, 2019; Ho et al., 2019), we directly introduced the raw data in https://www.

estimationstats.com/ and downloaded the results and graphs. In these graphs, the mean difference between the groups is depicted

as the dot within the vertical error bar that represents the 95% confidence interval.
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