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Approach and Results: To assess the role of SMLR1 in the liver, we used
somatic CRISPR/CRISPR—-associated protein 9 gene editing to silence murine
Smir1 in hepatocytes (Smir1-LKO). When fed a chow diet, male and female
mice show hepatic steatosis, reduced plasma apolipoprotein B and triglycerides,
and reduced VLDL secretion without affecting microsomal triglyceride transfer
protein activity. Immunofluorescence studies show that SMLR1 is in the endo-
plasmic reticulum and Cis—Golgi complex. The loss of hepatic SMLR1 in female
mice protects against diet-induced hyperlipidemia and atherosclerosis but
causes NASH. On a high—fat, high—cholesterol diet, insulin and glucose toler-
ance tests did not reveal differences in male Smir1—LKO mice versus controls.
Conclusions: We propose a role for SMLR1 in the trafficking of VLDL from the
endoplasmic reticulum to the Cis-Golgi complex. While this study uncovers
SMLR1 as a player in the VLDL assembly, trafficking, and secretion pathway, it
also shows that NASH can occur with undisturbed glucose homeostasis and

atheroprotection.

INTRODUCTION

The assembly and secretion of VLDL, consisting of
apolipoprotein B (apoB) with cholesterol, triglycerides
(TGs), and phospholipids, plays a pivotal role in hepatic
lipid homeostasis. The latter is clearly illustrated by the
development of NAFLD in patients with truncating
mutations in apoB, or patients who lack the microsomal
triglyceride transfer protein (MTP), which is required for
the lipidation of apoB.[" Reduced VLDL secretion is, on
the other hand, associated with reduced plasma lipids and
atherosclerosis.”? Increasing insight into VLDL biogenesis
is therefore relevant to obese patients who often present
NAFLD as well as atherosclerotic cardiovascular disease.

Studies into the biogenesis of VLDL have generally
centered on apoB. Although there is evidence that apoB
levels are regulated at the mRNA level,34 most studies
support regulation at the posttranscriptional level.l’!
Following stabilization of apoB in the endoplasmic
reticulum (ER),1! MTP initiates the transfer of phospholi-
pids and TGs to apoB (for a detailed description, see Sirwi
et al™). Over the last few years, however, it has become
clear that lipidation of apoB is a complex process that is
not solely dependent on MTP activity but on a range of ER
—resident proteins including prolinerich acidic protein 1,
torsinA, transmembrane 6 superfamily member 2
(TM6SF2), transmembrane 41B (TMEM41B), and
vacuole membrane protein 1.8-13 Most of this insight
comes from experimental mouse studies but there is
evidence that the expression of several of the respective
genes is altered in patients with NAFLD versus
controls.[®9 Carriers of functional mutations in TM6SF2
are, for example, characterized by reduced VLDL
secretion and increased risk for NAFLD.[4]

After the formation of VLDL at the ER, the nascent
particle is transported to the Golgi through the so—called

VLDL transport vesicle (VTV).['®l In addition to the
coatomer complex Il proteins, required for all intra-
cellular protein transport, it has been shown that several
proteins specifically mediate this VTV transport, which
includes small VCP interacting protein, cell deathinduc-
ing DFF4-5like effector b, reticulon 3, and transport and
Golgi organization 1, with surfeit 4 (SURF4) as latest
member on this block.['5-8] For the subsequent docking
of VTVs at the cis—Golgi, a role for the SNARE proteins
has been suggested.'¥ How VLDL is transported
further from the Cis—Golgi to the Trans—Golgi, and from
there to the cell membrane for subsequent secretion,
remains elusive.

Using co-expression analyses, we identified small
leucine-rich protein 1 (SMLR1), encoding small leucine
-rich protein 1, a protein of unknown function, to be
contextually co—expressed with MTTP. Here we show
that hepatic loss of Smirf in mice reduces VLDL
secretion and prevents diet-induced atherosclerosis
but causes hepatosteatosis (NAFLD and NASH) with-
out affecting glucose homeostasis.

METHODS
Animal model

All studies were approved by the Institutional Animal
Care and Use Committee, University of Groningen
(Groningen, the Netherlands) and are in line with the
Guide for the Care and Use of Laboratory Animals. We
generated Smir1 knockout mice (Smir1™") using
CRISPR/CRISPR-associated protein 9 (Cas9) techno-
logy, as described previously.[20

C57BL/6J male and female mice with hepatocyte—
specific Cas9 expression, received retro—orbital
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administration of either 0.5x10"" adenovirus or
1x 10" adeno-associated virus 8 (AAV8),12" harboring
three single—guide RNAs (sgRNAs) (Figure S3) target-
ing Smir1 or a matched viral dose containing scaffold
sgRNA. At the start of the experiments, mice were
10-12 weeks of age, single housed in ventilated cages
with cage enrichment in a climate—controlled room with a
12-h light/12-h dark cycle lighting regime and fed ad
libitum with chow diet (RM1, Special Diet Services).
Female mice were sensitized for atherosclerosis
development via additional injection with 3 x 10" AAV8
particles containing a PCSK9 gain—-of-function variant
and fed a high—fat, high—cholesterol diet (HFD, 60%,
0.25%, respectively; D14010701; Research Diet).2Z
Male mice used for the glucose and insulin tolerance
test also received HFD.

Animal experiments

Interventions were performed during the light cycle.
Blood was collected after a 5—h morning fasting period
by retro—orbital bleeding or after sacrifice using cardiac
puncture under anesthesia. Plasma was spun down at
1000 g for 10 min at 4°C and stored at —80°C until further
analysis. After sacrifice, a liver part and the whole heart
were harvested, washed in PBS, and fixed in 4 % (wt/vol)
paraformaldehyde, embedded in paraffin, and sectioned
at 4 ym. The other liver parts were snap-frozen in liquid
nitrogen and stored at —80°C until further analysis.

Statistical analysis

Analyses were performed using GraphPad Prism version
9.0.0. Unpaired two—tailed Student's t test was used to
compare groups. Two—-way ANOVA with multiple compar-
isons was used to assess TG levels or glucose levels at
different time points. Data represent mean + SEM unless
otherwise specified. For all experiments, a p value < 0.05
was considered statistically significant. Asterisks denote
corresponding statistical significance: *p < 0.05, **p <
0.005, and ***p < 0.0005.

Other procedures are described in the Supporting
Information.

RESULTS

Identification of a lipid candidate gene via
contextual co—expression analyses

In different fields of research, it has been shown that
genes encoding for proteins involved in common path-
ways tend to show similar mRNA expression
patterns.2324 |n this light, we used contextual co
—expression analysis as a tool to find uncharacterized

genes that might play roles in VLDL assembly and
secretion, starting with MTTP as the central gene. Using
the large—scale expression data from RNA-sequencing
(RNA-seq) platforms and microarray compendium data in
GENEVESTIGATOR, we selected the top 25 genes most
highly co—expressed with MTTP across all samples from
the selected compendium. Additionally, co—expression
was also run across tissues (anatomy) and conditions
(perturbations), where each tissue or condition represents
an aggregated value obtained from the corresponding
samples. Seven genes besides MTTP were found over-
lapping, including SMLR1, solute carrier family 2 member
2, APOB, apolipoprotein C3 (APOC3), apolipoprotein A1
(APOAT), phospholipase A2 group XlIIB (PLA2G12B),
and RNA U1 small nuclear 70 (Figure 1A). Among these,
the apolipoproteins are well-established players in lipid
metabolism,? while PLA2G12B was recently shown to
be involved in VLDL and triglyceride metabolism.28l In
other words, the unknown genes in our list may very well
also have a role in lipid metabolism. There was no
information in the public domain following identification of
SMLR1. Because SMLR1 was also listed using three
independent technologies and compendia including
llumina RNA-seq, Agilent arrays and Affymetrix arrays
(Figure S1), and murine Smir1 also showed co
—expressed with Mttp, we chose to further characterize
SMLR1 and hypothesize a role for SMLR1 in the
metabolism of apoB-containing lipoproteins.

SMLR1 is almost exclusively expressed in the liver and
in small intestine (Figure 1B) and encodes a SMLR1 of
107 amino acids in humans (UniProtkKB; H3BR10). We
constructed an atomic-resolution model of human
SMLR1 (hSMLR1) (see Methods). In addition to two
putative transmembrane helix domains (Figure 1C), it
appears that the residue just after the second
transmembrane region is in a mobile loop without a
specific indication of a ligand or protein binding area. The
C—terminal part of the human protein is highly conserved
across species (Figure 1D). Mouse SMLR1 lacks the N
—terminal portion of the human isoform and is predicted to
encompass one transmembrane helix that bears 85.3%
sequence similarity to that of the human C-terminal
domain (Figure S2).

Hepatic Smir1 deficiency reduces plasma
lipids in mice fed a chow diet

To validate Smir1 as a lipid gene, we set out to generate
whole-body Smir1 knockout mice (Smir1~") but the
absence of homozygous Smir1 null mice in the offspring
of intercrosses between heterozygous Smir1 (Smir1*/7)
knockout mice indicated that a complete loss of Smir1 is
embryonically lethal. However, the heterozygous mice
did not present any apparent phenotype (data not
shown). In a next step, we deleted Smir1 in hepatocytes
using somatic CRISPR/Cas9 gene editing (Figure S3).
Six weeks after virus administration, mice that received
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FIGURE 1

Target discovery approach and predicted gene expression and 3D modeling of SMLR1. (A) Top 25 genes co—expressed with

MTTP by anatomical, perturbational, and sample profiles from curated databases. The profiles represent average expression by tissue type, log
ratios of expression by perturbation, and sample—level expression as compiled from a curated compendium of 72,297 Affymetrix Human 133 Plus
2 microarrays. (B) Gene—-expression profile from GTExPortal ENSG000002576162.2. (C) Predictive modeling of human small leucine-rich protein
1 (hSMLR1) with use of the protein data bank structure 6RX4 chain B. (D) Interspecies conservation of hSMLR1. Blocks indicate highly conserved
regions. Abbreviations: APOA1, apolipoprotein A1; APOB, apolipoprotein B; APOC3, apolipoprotein C3; PLA2G12B, phospholipase A2 group
XIIB; RNU1-170P, RNA U1 small nuclear 70; SLC2A2, solute carrier family 2 member 2; TM, transmembrane

sgRNAs targeting Smir1 (liver-specific knockout [Smir1-
LKO]) showed a 93% reduction of Smirf mRNA
compared with controls (Figure 2A). In the absence of
available antibodies, we established a targeted mass—
spectrometry assay and showed an 82% down-
regulation of SMLR1 protein (Figure 2B). Over the
course of the experiment, no significant changes in
body weight and food intake were seen in Smir1-LKO
mice compared with control mice on chow (Figure S4A,
B). However, Smir1—LKO male mice presented a marked
reduction of 56% in cholesterol and 52% in triglyceride
plasma levels compared with controls (Figure 2C,D).
Similar results were obtained in female Smir1-LKO mice
(Figure S5A-E), and in subsequent experiments we
used male or female mice, dependent on the research
question. Fast protein liquid chromatography lipoprotein
profiling of pooled plasma samples of Smir1—-LKO mice
revealed pronounced decreases of cholesterol in LDL
and HDL (Figure 2C), and a drop of TG in VLDL
(Figure 2D). In addition, a plasma lipidomics survey
showed decreases in nearly all (high—abundant and low
—abundant) major lipid species in Smir1-LKO mice
compared with controls. The most notable differences
were seen for cholesterol esters (-32%),
phosphatidylcholine  (-67%), triacylglycerol (TAG;

-55%), and ceramides (-67%) (Figure 2E). These
combined findings validate Smir1 as a lipid gene
required for plasma lipid homeostasis and show that
contextual co—expression analysis is a valuable tool to
identify genes through the study of genes with known
function, in this case MTTP.

Hepatic SMLR1 deficiency induces hepatic
steatosis in mice fed a chow diet

On a regular chow diet, the marked reduction of fasting
plasma lipids in mice lacking hepatic SMLR1 compared
with controls prompted us to study liver lipid homeostasis,
as blocking the VLDL secretion pathway often results in
hepatic steatosis.['%16271 Smlr{-LKO mice showed an
increase in liver weight, liver/body weight ratio (Figure 3A,
Figure S4C), and a 1.6—-fold and 6.8—fold increase in
hepatic cholesterol and triglycerides, respectively, com-
pared with controls (Figure 3B,C). Lipidomics validated a
marked hepatic accumulation of TAG content (Figure 3D),
a hallmark for hepatic steatosis.l Other major lipid
species were also increased, with 5.8—fold, 1.6—fold, and
1.4—fold increases in cholesterol esters, diacylglycerols,
and phosphatidylethanolamines, respectively (Figure 3D).
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FIGURE 2 Hepatic CRISPR/CRISPR-associated protein 9 (Cas9)-mediated small leucine-rich protein 1 (Smir1) gene editing results in
reduced plasma lipid levels in mice fed a chow diet. (A—E) Gene, protein, and plasma lipid levels of male Alb—Cas9 mice (n = 20) that received
either control adeno—associated virus 8 (AAV8) or AAV8 with single—guide RNAs (sgRNAs) targeting Smir1 and were terminated after 6 weeks.
(C,D) Fast protein liquid chromatography (FPLC) lipoprotein profiles of pooled plasma of male Alb—Cas9 mice (n = 10) that received either control
adenovirus (AV) or AV with sgRNAs directed against Smir1 and were terminated after 3 weeks. Following virus application, mice were individually
housed and kept on a chow diet. Data represent mean + SEM. (A) Hepatic Smirt mRNA expression. (B) Hepatic SMLR1 protein levels of
randomly selected mice (n = 4 per group). (C) Plasma cholesterol levels and lipoprotein cholesterol profile of pooled plasma. (D) Plasma
triglyceride levels and lipoprotein triglyceride profile of pooled plasma. (E) Plasma lipidomics survey; major lipid classes are shown separately for
high and low abundance. Abbreviation: Smir1-LKO, Smir1 liver-specific knockout
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LOSS OF HEPATIC SMLR1 CAUSES HEPATOSTEATOSIS

FIGURE 3

Loss of hepatic SMLR1 induces hepatic steatosis in mice on a chow diet. Liver weight, liver lipids, and histology following hepatic

CRISPR/Cas9-mediated Smir1 gene editing. Male (Alb—Cas9) mice (n = 5-10) received either control AAV8 or AAV8 with sgRNAs directed
against Smir1. Following virus administration, mice were individually housed and kept on a chow diet. (A—D,F) Mice were terminated after 6 weeks.
(E) Mice were terminated after 3 or 20 weeks. Data represent mean + SEM. (A) Liver to body weight (BW) ratio. (B) Hepatic cholesterol content.
(C) Hepatic triglyceride content. (D) Liver lipidomics. (E) Two representative images per group of hepatic (cryo)sections stained with hematoxylin
and eosin (H&E) and Oil Red O (ORO). Scale bar = 100 ym. (F) Transmission electron microscopy (TEM) pictures showing the endoplasmic
reticulum (ER) and Golgi. Scale bar from left to right is 1 ym, 100 nm, and 200 nm. Abbreviation: LD; lipid droplet

Although phospholipid composition and abundance has
been linked to NAFLD by regulating lipoprotein secretion
and lipid droplets size, 2230 the most abundant
phospholipid, phosphatidylcholine, was not altered
between the study groups (Figure 3D). The rapid hepatic
lipid accumulation after 3 weeks on chow diet led us to
follow Smir1-LKO mice for a longer period. Smir1-LKO
mice fed a chow diet for 20 weeks did, however, not show
aggravated hepatic lipid accumulation (Figure S4D-F)
without pronounced histological differences between the 3
—week and 20—-week groups as assessed by hematoxylin
and eosin (H&E) staining of liver sections (Figure 3E).
Similarly, Oil Red O staining shows similar amounts of
hepatic neutral lipids in Smirf-LKO mice that were
sacrificed at 3 weeks and 20 weeks following viral injection
(Figure 3E), suggesting that further lipid accumulation is
somehow blunted during aging.

To study effects at the cellular level, we used
transmission electron microscopy (TEM). In a representa-
tive section presented in Figure 3F, we noted larger lipid
droplets in hepatocytes and dilated ER cisterns in Smir1
-LKO hepatocytes compared with controls. Other
organelles like the Golgi appeared similar between the
groups. In short, we note that SMLR1 plays a major role in
liver lipid homeostasis, and its hepatic knockdown in mice
causes steatosis within 6 weeks without notable deterio-
ration of this phenotype at 20 weeks.

SMLR1 localizes to the ER and Golgi in
immortalized human hepatocytes

To elucidate the mechanism by which hepatic SMLR1
regulates lipid levels, we performed immunofluorescence
studies to identify the subcellular location of hSMLR1. To
this purpose, we used immortalized human hepatocytes
(IHHs). Because we identified SMLR1 through MTP,
which localizes to the ER, we hypothesized that SMLR1
might also play a role in this cellular compartment. With
commercially available antibodies as well as custom
—made antibodies, we were not able to detect endoge-
nous SMLR1 in hepatocarcinoma cell lines (IHH and
HepG2). To examine whether hSMLR1 is in the ER, we
transiently overexpressed and stained hSMLR1 and
showed proximity to a calnexin antibody that appears
to recognize calnexin epitopes in the lumen of the ER
(Figure 4A; Figure S6). In a next step, we transiently
expressed hSMRL1 fused with a FLAG tag and observed
a clear overlap with an antibody that stains calnexin in the

ER membrane (Figure 4B; Figure S6). The results
combined suggest that hSMLR1 is an ER-transmem-
brane protein. Because lipoprotein assembly and traffick-
ing in the cell also involve the Golgi apparatus, we used
GM130 (golgin A2) and p230 (golgin A4) as cis and trans
—Golgi markers, respectively. Figure 4C,D shows that
hSMLR1 partly colocalizes with the cis—Golgi and it
aligns with the trans—Golgi markers. In further subcellular
studies, we were not able to detect endogenous MTP,
but we did find that hSMLR1 partially colocalized with
apoB in HepG2 cells (Figure 4E). Based on these
experiments, we conclude that hSMLR1 is present in the
ER membrane and in the cis—Golgi, which suggests a
role for SMLR1 in apoB/VLDL trafficking between the ER
and the Golgi apparatus.

Hepatic SMLR1 deficiency reduces VLDL
secretion

When considering the increase in liver lipids and
reduction in plasma lipids in Smir1-LKO mice, we
hypothesized that hepatic loss of Smir1 may attenuate
VLDL secretion. To study this, we injected Poloxamer,
which blocks intravascular lipoprotein lipase—mediated
hydrolysis of VLDL triglycerides. In fasted animals, this
intervention resulted in markedly lower plasma trigly-
cerides in Smir1-LKO compared with control mice
(Figure 5A) and a 45% reduction of the hepatic TG
secretion rate (Figure 5B). In this experiment, plasma
TG are used as a proxy for VLDL secretion, but these
findings could also be the result of reduced intracellular
lipidation of apoB. To address this possibility, we
examined apoB concentration in the circulation. With
an average apoB reduction of 40% (Figure 5C) and a
52% reduction in TGs in plasma of Smir1-LKO mice,
the TG/apoB ratios were not significantly altered,
supporting the idea that SMLR1 does not affect the
lipidation of apoB. Because the effects seen so far can
originate from altered MTP activity or levels, we
measured TAG ftransfer activity of MTP in liver
homogenates of Smir1-LKO and controls. However,
no differences in MTP activity nor in protein levels were
seen (Figure 5D,E; Figure S7A,B), which makes it
highly unlikely that the phenotype of Smir1—-LKO mice
was due to reduced MTP function.

VLDL also carries various exchangeable apolipoproteins,
such as apoC1, apoC2, apoC3, and apoE B which were all
decreased >62% in plasma of Smir1-LKO mice (Table 1).
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FIGURE 4

Immunofluorescence staining indicates that hSMLR1 is present in the ER membrane and cis-Golgi, where it co—localizes with

apoB. Confocal fluorescence images of double—immunolabeled immortalized human hepatocytes (IHHs) or HepG2 cells in which hSMLR1 was
overexpressed. Scale bar = 5 ym. (A) Colocalization of hSMLR1 with calnexin as ER luminal marker in IHH in cells. (B) Colocalization of hSMLR1
-FLAG with calnexin as ER membrane marker in IHH cells. (C) Colocalization of hSMLR1 and GM130 as cis—Golgi marker in IHH cells. (D)
Colocalization of hSMLR1 and p230 as trans—Golgi marker in IHH cells. (E) Colocalization of hSMLR1 with apoB in HepG2 cells

In addition to the effects on VLDL, the Smirf-LKO mice also
show a drop in plasma HDL cholesterol compared with
controls (Figure 2C), which is reflected by a 56% reduction
of apoA1, the major apolipoprotein of HDL (Table 1). Taken
together, we show that loss of hepatocyte SMLR1 reduces
VLDL secretion without affecting MTP activity.

Hepatic SMLR1 deficiency protects against
atherosclerosis

Because Smir1-LKO mice exhibit markedly reduced
cholesterol and TG levels, two independent risk factors
for atherosclerosis,3233 we expected that these mice
would be protected against atherosclerosis. To study
this, we blunted hepatic LDLR protein levels by injecting
AAV8-PCSK9 encoding a gain—-of-function PCSK9

(A) (B)
| 45_ _E 600'
3 40 =+ Control I
£ 35- - Smir1-LKO :6
£ 30- £
» =
0 25 £
o
‘T 204 5
/] a—
o 15 %
2 40 i
o 10 @
‘T 54 7]
= o
0- T T T T T T |
0 30 60 120 180 240
Minutes
(D) (E)
40— £ 2000+
e -e— Control n.s. E —_
a - Smirt-LKO 8 £ 1600
o )
b 2 E 12004
£ 20- &<
8 < £ 800+
=) '
= 10 ‘SR 400
= g-‘—‘
52
=) 0 7)) 0-
1 1 ] 1 1 1 )
0 10 20 30 40 50 60
Minutes
FIGURE 5

variant to increase plasma lipids and sensitize mice to
diet-induced atherosclerosis (Figure S8A) in Smir1-
LKO mice (Figure 6A) and controls. We used female
mice, as these are more prone to develop
atherosclerosis compared with males.”l The mice
were fed a HFD (60%/+0.25%) for 12 weeks before
sacrifice. Our studies were not designed to evaluate
metabolic effects, but we noticed that, despite similar
food intake, Smir1-LKO mice had reduced fat mass
(Figure S8B,C) and showed a trend toward reduced
body weight gain (Figure 6B). Smir1-LKO mice showed
a  marked resistance  against  diet-induced
hyperlipidemia with 82% lower cholesterol and 88%
lower plasma TG levels compared with controls
(Figure 6C,D). Based on the H&E staining, Smir1-
LKO mice virtually did not develop atherosclerotic
lesions compared with controls (Figure 6E,F). This
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Loss of hepatic SMLR1 decreases VLDL secretion and results in lower levels of apolipoproteins. Plasma triglyceride (TG) or

apolipoprotein levels following hepatic CRISPR/Cas9-mediated gene Smir1 gene editing. Following virus administration, mice were individually
housed, kept on a chow diet, and were terminated after 6 weeks. (A,B) Female Alb—Cas9 mice (n = 13) received either control AV or AV with
sgRNAs directed against Smir1. (C-E) Male Alb—Cas9 mice (n = 10) that received either control AAV or AAV with sgRNAs directed targeting
against Smir1. Data represent mean + SEM. (A) Plasma TG levels in mice following poloxamer injections at 5 weeks following virus administration.
(B) TG secretion rate in ymol/kg/h, calculated from (A). (C) Relative apoB, TG, and TG/apoB ratios. (D) TG transfer activity of microsomal
triglyceride transfer protein (MTP) in the liver over time. (E) TG transfer activity of MTP in the liver at 30 min. Abbreviation: n.s., not significant.
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TABLE 1 Reduced levels of apolipoprotein in plasma after hepatic
ablation of Smir1 in mice on chow
Control mg/ Smir1-LKO
dl plasma SD mg/dl plasma SD p-value
ApoA1 308.1 67.6 135.3 42.7 0.0011***
ApoA2 46.2 9.3 14.3 8.0 0.0002***
ApoA4 39.2 10.6 329 6.1 0.2827n.s.
ApoC1 4.6 1.5 1.1 0.7  0.0021***
ApoC2 10.7 3.3 3.1 1.6 0.0024***
ApoC3 20.0 6.2 4.3 21 0.0016***
ApoC4 2.0 0.8 0.3 0.1 0.0037***
ApoD 7.6 2.6 4.2 0.64 0.0310%
ApoE 14.7 4.04 5.6 1.09 0.0032***
ApoM 5.8 1.6 2.8 0.6 0.0061**

Note: Plasma protein levels are presented as mean + SD. ApoCl is presented
as percentage relative value compared to controls. The mean value of n =5 is
presented in bold. Asterisks denote corresponding statistical significance *p <
0.05, **p < 0.005, ***p < 0.0005.

experiment shows that hepatic loss of SMLR1 protects
against atherosclerosis.

Hepatic SMLR1 deficiency induces NASH
on an HFD

The Smir1-LKO mice fed a HFD for 12 weeks had
increased liver weight, liver—to—body weight ratio, and
paler colored livers compared with controls (Figure 7A,
Figure S8D). This matches with the 1.8—fold and 2.1
—fold increases in hepatic cholesterol and TG levels,
respectively, compared with controls (Figure 7D,E).
Furthermore, we identified a 2-fold increase in plasma
alanine aminotransferase and aspartate amino-
transferase in the Smir1-LKO mice compared with
controls (Figure S9A). To investigate the (patho)
physiological consequences in more detail, we per-
formed histological analyses that revealed lipid accu-
mulation in zone 3 (centrilobular) and partly in zone 2
(midzonal), which was primarily microvesicular
(Figure 7D, Table S3) in Smir1-LKO livers versus
controls. H&E staining was further evaluated and
scored using an adapted version of the NAFLD activity
score (NAS), which comprises the unweighted sum of
steatosis, lobular inflammation, and ballooning
(Table S3). This scoring revealed a NAS > 5 for
Smir1-LKO mice, which correlates with the diagnosis
of NASH compared with a NAS < 3 in the control mice,
which is considered “not NASH” (Figure 7E). Sirius red
staining did not show collagen deposition in both groups
(Figure 7F). Despite a higher NAS, including 2.2 times
more inflammatory foci per field (lobular inflammation) in
hepatic SMLR1-deficient mice compared to controls,
the hepatic mMRNA levels of several inflammatory
markers were not different from controls (Figure S9B).

To better address liver inflammation, we performed
immunohistological stainings for several immune
cells: CD11B (monocyte—derived macrophages), F4/
80 (macrophages), B220 (B cells), and CD3 (T cells).
Figure S9C,D shows a significant increase in macro-
phages, B cells, and T cells in livers from Smir1-LKO
mice compared with controls. These results therefore
support the NASH score assessment. Combined, these
findings suggest that Smir1-LKO mice fed a HFD diet
for 12 weeks can be categorized with NASH.

With no published information on the role of SMLR1 in
human lipid metabolism, we analyzed an existing data
set34 of 36 patients with different degrees of NASH and
16 controls and found that hepatic SMLR1 expression is
negatively correlated with  NASH grade (correlation
coefficient r = —0.42). A second public data set of 143
patients with NASH with various degrees of fibrosis
(GSE162694) supported a negative association between
SMLR1 expression and NASH severity (Figure S10).

Hepatic ablation of SMLR1 does not cause
disturbances in glucose homeostasis

To address whether loss of hepatic SMLR1 causes
metabolic disturbances, we studied male mice, as they
are more prone to develop diet-induced diabetes and
insulin resistance compared with females.[%! Informa-
tion on body weight, food intake, and liver weight can
be found in Figure S11A-D. Figure 8A,B shows
that Smir1-LKO male mice on HFD for 7-9 weeks
neither develop insulin resistance nor glucose intoler-
ance but show trends toward increased glucose
sensitivity and insulin tolerance. The data combined
show that NAFLD and NASH in this mouse model
occur without apparent disturbances of glucose
homeostasis.

DISCUSSION

We identified SMLR1 as a candidate lipid gene through
contextual co-expression analyses with MTTP in
human and murine transcriptome datasets. The SMLR1
gene has not been identified by genetic studies,?!
which may be related to its small size. Here, we show
that loss of hepatic SMLR1 in mice compromised VLDL
secretion, which results in hepatic steatosis on a chow
diet and NASH on HFD without disturbances of glucose
homeostasis. The strong reduction in plasma lipid levels
following hepatic SMLR1 ablation protects mice against
atherosclerosis. Finally, subcellular studies show that
SMLR1 is localized to the ER membrane and cis—Golgi
network.

Our initial study showed that whole—-body loss of
SMLR1 is not compatible with life, which bears similarity
to embryonic lethality of Miftp and ApoB-deficient
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FIGURE 6

Loss of hepatic Smir1 protects against diet-induced atherosclerosis. Female (Alb—Cas9) mice (n = 14-20) received AAV with a

gain—of-function (GoF) variant of PCSK9 together with either control AAV or AAV with sgRNAs directed targeting against Smir1. Following virus
delivery, mice were individually housed, kept on high—fat, high—cholesterol diet (HFD), and were terminated after 12 weeks. Data represent mean
+ SEM. (A) Hepatic Smirt mRNA expression. (B) Weekly measured body weight. (C) Plasma total cholesterol. (D) Plasma TG levels. (E)
Atherosclerotic plaque formation in the three-valve area of the heart. Representative images are shown. Scale bar = 100 ym. (F) Lesion area is
the average of four cross—sections per animal. Group averages are shown.

mice.[3738 This is also the case for whole—body ablation
of Sar1B and Surf4, which play roles in VLDL
trafficking?®4% and suggest the importance of VLDL
production during embryonic development in mice.
Next, we deleted Smir1 in hepatocytes of adult mice,
resulting in an 85% reduction of SMLR1 protein levels.
When characterizing Smir1-LKO mice, we noted a
strong similarity with liver-specific Mtto™~ micel®®! with
near phenocopies of the lipoprotein profiles.*8 Loss of
hepatic SMLR1 or MTP®"! in mice results in 56% and
48% reductions in plasma cholesterol, and 52% and
72% reductions in plasma triglycerides, respectively.??
On the other hand, Smiri-LKO mice show a 40%
decrease in plasma apoB levels, whereas this is over
95% in Mtto—LKO mice.[®8! We considered that loss of
SMLR1 could have a direct effect on MTP activity in
hepatocytes, but our studies show that loss of SMRL1
does not affect MTP activity, and even increases MTP
activity when the mice are fed a HFD (Figure S12A-C),
supporting the idea that SMLR1 does not control MTP
activity.

When the secretion of VLDL triglycerides is attenu-
ated, one can expect TGs to accumulate in the liver.[]
Indeed, in Smir1-LKO mice fed a chow diet, hepatic
TGs are approximately 7-fold increased. Based on
histological examination, Mt{p—LKO mice were initially
reported to have mild hepatosteatosis,8 but follow
—up studies show that TGs in livers are similarly 3—fold
to 7-fold increased.[?”41 As previously described for
Mtto-LKO,2"1 Smir1-LKO likewise do not show
changes in glucose tolerance or insulin sensitivity. In
the case of liver-specific loss of TorsinA, another
factor involved in VLDL biogenesis, there are also no
changes in glucose homeostasis despite hepatic
steatosis on a chow diet.['% These examples show
that hepatic steatosis due to attenuated VLDL secre-
tion can occur in the context of normal glucose
homeostasis. There are, however, differences when
it comes to hepatic pathology: Liver—specific loss of
TorsinA results in severe NASH (NAS score of 6)
when mice are fed a chow diet for 6 months, whereas
Smir1-LKO mice develop NASH when fed a HFD diet
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FIGURE 7

Loss of hepatic Smir1 is associated with increased NAFLD on HFD. Female (Alb—Cas9) mice (n = 14) received AAV with a gain—of

—function variant of PCSK9 together with either control AAV or AAV with sgRNAs directed targeting against Smir1. Following virus administration,
mice were individually housed, kept on HFD, and were terminated after 12 weeks. Data represent mean + SEM (n = 14-39). (A) Left: Two
representative images of the liver following sacrifice (ruler is in centimeters). Right: Liver to BW ratio. (B) Hepatic cholesterol content. (C) Hepatic
TG content. (D) Representative images of immunohistological staining (H&E, ORO, sirius red). Scale bar = 100 ym. (E) NAFLD activity score. (F)
Sirius red staining expressed as percentage positive area of total area (um; field).

for 3 months (NAS score > 5). The hepatic loss of
SAR1B or SURF4 both play a role in the trafficking of
VLDL from the ER to the Golgi, only cause a 3-fold
increase in hepatic TGs in mice on a chow diet, but
with an intriguing near absence of TGs and apoB in
plasma.l'®! The absence of an association between the
degree of steatosis and plasma TGs can be attributed
to changes in beta—oxidation, ER stress, and autoph-
agy in some of these mouse models.['042] Taken
together, studies in mice show that hepatic loss of
apoB, MTP, SURF4, SAR1B, torsinA, and SMLR1 all
result in hepatic steatosis and reduced TG secretion,
but direct comparisons are difficult due to differences
in experimental conditions, such as the length of
exposure to different diets.

In a next step, we performed subcellular localization
studies, which showed that SMLR1 is in the ER
membrane as well as the cis—Golgi network. SAR1B
also localizes to the ER and the Golgi, where it plays a
role in Coatamer protein complex Il transport for
proteins as well as VTVs.['5] More specifically, SAR1B
acts together with SURF4 to mediate the transport of
VLDL out of the ER to the Golgi network.!'f]
Furthermore, hepatic loss of SURF4 causes dilated
ER and accumulation of lipoproteins in the ER.
Although we also noted dilated ER in SMLR1-defi-
cient hepatocytes, we did not observe an accumu-
lation of lipoproteins in the ER. Another player in VLDL
assembly is TMEM41B, an ER lipid scramblase that
translocates phospholipids between monolayers of the
ER!®! for maturing lipoproteins as well as equilibrating
ER leaflets following ER budding of VTVs. Mice
lacking hepatic TMEM41B present attenuated VTV
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transport and >50% lower VLDL secretion but also
without apparent accumulation of lipoproteins in the
ER.[ The recent identification of players in the VLDL
secretion pathway, now including SMLRA1, illustrates
the tight regulation of VLDL trafficking throughout the
cell and their strong impact on hepatic lipid
homeostasis.

While numerous proteins affect the trafficking of
VLDL, other proteins control the delivery of TGs from
intracellular lipid droplets to apoB for lipidation. For
example, Tm6sf2”~ in mice results in a 2-fold
increase in hepatic TGs and reduced TG-rich VLDL
in the circulation without changes in apoB levels on a
chow diet.[*3] While TM6SF2 is not known to play a
role in apoB trafficking, it is, like SMLR1, present in the
ER and Golgi.*3! One could, in this regard, hypothe-
size a role for SMLR1 in stabilizing TM6SF2, like what
is described for small ER lipid raft proteins 1 and 2.["]
However, whether apoB levels are affected in
Tm6sf2”~ mice is debated,[''43 whereas loss of
hepatic SMLR1 ablation strongly reduces plasma
apoB levels. Taken together, we postulate a role for
SMLR1 in VLDL trafficking.

Our study has limitations. First, we have attributed
the plasma lipid phenotype of our Smir1—-LKO mice to
decreased VLDL output but have not ruled out the
possibility of increased hepatic uptake. However, the
remarkable resistance of these mice to diet-induced
dyslipidemia despite PCSK9-mediated ablation of the
LDLR makes this unlikely. Second, we still have little
knowledge of the role of SMLR1 in human liver lipid
metabolism. Genetic epidemiological analyses are
in this regard problematic due to apparent lack of
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Loss of hepatic Smir1 does not alter glucose homeostasis on HFD. Male (Alb—Cas9) mice (n = 19) received control AAV or AAV

with sgRNAs directed targeting against Smir1. Following virus administration, mice were individually housed, kept on HFD, and were terminated
after 13 weeks. Data represent mean + SEM. (A) Blood glucose levels following intraperitoneal injection of glucose after 7 weeks on HFD. (B)
Blood glucose levels following intraperitoneal injection of insulin after 9 weeks on HFD
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affected SMLR1 function or expression by polymor-
phisms in the SMLR1 gene locus. Finally, the exact
mechanism by which SMLR1 may facilitate cargo
transport of apoB in hepatocytes warrants further in—
depth studies.

Studies in the public domain show that Smir1 has not
been identified either by genome-wide association
study nor co-immunoprecipitation studies. Here we
show that sophisticated analysis of transcriptomic data
sets is yet another tool to identify previously unknown
players in lipid homeostasis. Our study presents
SMLR1 as a player in VLDL trafficking. Loss of hepatic
SMLR1 increases hepatic lipids, decreases plasma
lipids, and protects against atherosclerosis without
disturbing glucose homeostasis. It closely matches
studies of the hepatic loss of other factors of the VLDL
production machinery, like apoB and MTP. This
phenotype contrasts with an obesity—driven increased
VLDL production, insulin resistance, hepatic lipid
accumulation, as well as increased risk of atheroscle-
rosis that is commonly studied in the field of hepatology.
We believe that fundamental research into VLDL
biogenesis will aid in the development of drugs to treat
liver steatosis as well as atherosclerosis in patients who
suffer from the consequences of obesity.
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