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Abstract

Rationale: Single nucleotide polymorphisms (SNPs) near the /LRUN gene are genome-wide
significantly associated with plasma lipid traits and coronary artery disease (CAD) but the
biological basis of this association is unknown.

Objective: To investigate the role of ILRUN in plasma lipid and lipoprotein metabolism.

Methods and Results: /LRUN encodes a protein that contains a ubiquitin-associated (UBA)-
like domain, suggesting that it may interact with ubiquitinylated proteins. We generated mice
globally deficient for //run (/IrunKO) and found they had significantly lower plasma cholesterol
levels resulting from reduced liver lipoprotein production. Liver transcriptome analysis uncovered
altered transcription of genes downstream of lipid-related transcription factors, particularly
PPARa, and livers from //runKO mice had increased PPARa protein. Human ILRUN was shown
to bind to ubiquitinylated proteins including PPARa, and the UBA-like domain of ILRUN was
found to be required for its interaction with PPARa.

Conclusions: These findings establish ILRUN as a novel regulator of lipid metabolism that
promotes hepatic lipoprotein production. Our results also provide functional evidence that /L RUN
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may be the casual gene underlying the observed genetic associations with plasma lipids at 6p21 in
human.
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INTRODUCTION

Common population-level natural genetic variation with small effect sizes can reveal
pathways and targets modulating plasma lipid levels with profound biological and clinical
importance. Unbiased genome-wide association studies (GWAS) with follow-up functional
validation studies therefore provide the opportunity to identify novel players in regulation of
lipid metabolism and cardiovascular disease (CVD) risk1=4. GWAS for plasma lipid traits
have identified over 300 independent genetic loci associated with at least one major plasma
lipid trait, many of which have never been previously linked to lipid metabolism®-14. One
compelling novel locus identified in early lipid GWAS is at chromosome 6p21, where
multiple variants are genome-wide significantly associated with plasma total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C) levels, as well as with coronary artery disease (CAD)1>17. The lead SNPs at 6p21
are located either in the introns or within 9kb downstream of the gene, previously known as
chromosome 6 open reading frame 106 (C60RF106), which encodes an uncharacterized
protein with no known relationship to lipid metabolism.

Other than a recent connection to antiviral immunity and cytokine productionl8: 19, the
biological function(s) of the protein encoded by C60RF106 remain largely unknown. One
hint to its potential molecular functions comes from its two regions of sequence
conservation, an N-terminal a-helical ‘ubiquitin associated domain-like’ (UBA-like) domain
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and a ‘next to BRCA1 gene 1 protein’ (NBR1)-like domain2%: 21, Members of the UBA-like
domain superfamily have been implicated in various cellular processes, including binding of
ubiquitinylated proteins, promotion of proteasomal degradation, and autophagy?2 23, The
NBR1-like domain was named after a receptor for autophagosomal degradation of
ubiquitinylated substrates24-26, While its function has yet to be fully characterized, the
NBR1-like domain in ILRUN, together with the UBA-like domain, has recently been shown
to be necessary for regulation of IRF3-DNA binding and downstream gene transcription in
HeLa cells'®. The mouse homologue of the C6ORF106 protein, D17wsu92e, shares
significant sequence homology with and exhibits the same domain features as

C60RF10620: 27, The presence of these sequence motifs suggests a potential role for
C60RF106 in interacting with and regulating turnover of ubiquitinylated protein(s). Based
on its sequence motifs, on published work!®, and on the data presented here, C6ORF106 has
been officially designated /L RUN (Inflammation and Lipid Regulator with UBA-like and
NBR1-like domains). Our studies in mice demonstrate that ILRUN influences lipoprotein
metabolism likely through modulation of lipid-related transcriptional regulators, particularly
PPARa, identifying a novel functional role for this protein and helping to explain the
relationship of genetic variation at this locus with plasma lipid traits.

METHODS

A Detailed Methods section is available in the Supplemental Materials. Please see the Major
Resources Table in the Supplemental Materials. All animal experiment protocols and
procedures were reviewed and approved by the Institutional Animal Care and Use
Committees of the University of Pennsylvania.

Data Availability.

RESULTS

The majority of supporting data are presented within this article and its Data Supplement.
Data that are not directly available are available from the corresponding author upon
reasonable request. Microarray datasets have been deposited at Gene Expression Omnibus
(GSE156151).

Generation of whole body IlrunKO mice and characterization of llrun expression.

Human /LRUN is ubiquitously expressed at variable levels across tissues, including in the
liver28. To determine whether mouse //run has a similar expression pattern, we examined
Hlrun mRNA expression in an array of murine tissues from C57BL/6 wild-type (WT) mice.
Indeed, expression of //runvaried greatly among tissues, with the highest level in skeletal
muscle, modest expression in liver, and the lowest levels in pancreas (Figure 1A). To explore
the impact of ILRUN on plasma lipid metabolism /n vivo, we generated a global //run
knockout mouse model made using a gene trap strategy. The gene trap cassette consisting of
a splice acceptor site, followed by a promoterless /acZand neomycin-resistance fusion
reporter gene was inserted into intron 1 of the //run gene, which resulted in a truncated
nonfunctional protein (Figure 1B). The presence of /acZgene in the trapping cassette
enables detection of active ILRUN expression by X-gal staining. Consistent with the mRNA
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expression pattern in control mice, multiple tissues from //runKO mice, including skeletal
muscle, heart, liver, and aorta, were positively stained with X-gal (Figure 1C). Of interest,
despite low mRNA expression levels, pancreatic ILRUN is specifically present in islets as
shown by X-gal staining. Efficient //run deletion was also validated at both the transcript and
protein levels (Figure 1D and 1E). //runKO mice are viable and fertile with no overt physical
or behavioral abnormalities.

llrun regulates plasma lipid homeostasis in mice.

To investigate whether ILRUN plays a role in lipid metabolism /n vivo, we characterized
plasma lipid profiles of //rurKO and control mice (Online Table I). When mice were
maintained on chow diet, plasma TC levels in 4h-fasted //runKO versus WT mice were
consistently and significantly lower (Figure 2A), largely attributable to decreased HDL-C
levels (Figure 2B and 2C) consistent with the fact that HDL-C is a major contributor to TC
in chow-fed C57BL/6 mice. A proportional reduction in phospholipids (PL) was also seen in
/IrunKO relative to control mice, whereas no significant differences in TG or non-esterified
fatty acids (NEFA) were found between groups (Online Figure 1A). Fast protein liquid
chromatography (FPLC) analysis of lipoprotein distribution confirmed the predominant
decrease in HDL associated cholesterol in //rurKO mice and lack of significant differences
in TGs between groups (Figure 2D and Online Figure IA). To further study the effects of
/lrunon lipoprotein metabolism, mice were fed a western type diet (WTD) for 14wks. While
plasma cholesterol levels increased for both groups of mice with WTD consumption, the
response was attenuated in //runKO mice, leading to significantly reduced TC, HDL-C, non-
HDL-C (Figure 2E-G), and PL (Online Figure IB) levels over time. TC in fractions
representing LDL and HDL particles, especially relatively small LDL and large HDL, was
markedly reduced (Figure 2H and Online Figure IB). Similar to chow-fed mice, plasma TG
level and distribution did not differ between genotypes (Online Figure IB). Changes in
plasma cholesterol homeostasis in the absence of //run could be a result of altered intestinal
absorption, hepatic lipoprotein production, or tissue uptake and biliary excretion?®. No
differences in the body weight or weights of tissues, including liver and adipose tissues
(white, brown, and subcutaneous), were found in mice maintained on chow diet at various
ages (Online Figure IC). When challenged with WTD, //runKO mice had significantly lower
body weight towards the end of the study that coincided with decreased liver to body weight
ratio in these mice (Online Figure ID). Additionally, similar fractional cholesterol
absorption, food intake, and fecal neutral sterol excretion were observed between genotypes
of mice (Online Figure IE-G). Hence, impaired intestinal absorption or increased fecal
excretion is not likely the primary explanation for the lower plasma cholesterol in //runKO
mice.

llrun regulates lipoprotein metabolism in a liver dependent manner.

To test whether ILRUN expression in liver, a central regulator of lipoprotein metabolism,
mediates the lipid-regulatory effects of ILRUN, we expressed the human /LRUN cDNA
specifically in the livers of the //runKO mice using an adeno-associated virus serotype 8
(AAV8) vector under the control of a thyroxine binding globulin (TBG) hepatocyte-specific
promoter. Groups of chow-fed WT control and //runKO mice were injected with either a
control empty AAV8 vector (AAV-null) or an AAV8 vector expressing /LRUN (AAV-

Circ Res. Author manuscript; available in PMC 2021 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bi et al.

Page 5

ILRUN). Deletion of endogenous murine //runand expression of reconstituted human
ILRUN were confirmed at both transcript and protein levels (Online Figure 11A-B). In
concordance with previous findings in chow diet studies, //runKO mice displayed a ~30%
reduction in TC, HDL-C, and PL levels relative to control mice at baseline before injection
(Owk). As expected, introduction of AAV-null into livers did not change these differences
between WT and //runKO mice. In contrast, human /L RUN reconstitution in //runKO livers
completely restored plasma TC (83 £ 4 mg/dl in WT-AAV-null vs. 86 + 2 mg/dl in //runkKO-
AAV-/LRUN, Figure 3A), HDL-C (62 + 3 mg/dl in WT-AAV-null vs. 65 = 2 mg/dl in
HrunKO-AAV-ILRUN. Figure 3B) and PL (172 + 7 mg/dl in WT-AAV-null vs. 169 + 7
mg/dl in //runKO-AAV-/LRUN, Online Figure IIC) to those of WT mice levels as early as 2
wks after injection, and maintained the effect until the end of the study (4.5wk). This effect
of /LRUN reconstitution was further evidenced by normalization of TC (Figure 3C and 3D)
and PL (Online Figure 1ID-E) distribution in small LDL and HDL regions based on FPLC
analysis. Overall, these data demonstrate that ILRUN regulates plasma lipid metabolism /n
vivo, impacting both HDL and non-HDL lipoprotein metabolism and that this phenotype
primarily reflects the effects of hepatocyte-expressed ILRUN. This supports the notion that
ILRUN is likely the causal gene responsible for the genetic association of genetic variants
with lipid traits at the human 6p21 locus.

Deletion of llrun lowers plasma HDL-C by reducing HDL production.

To elucidate the metabolic pathway(s) through which ILRUN modulates plasma HDL-C
levels, we tested the hypothesis that hepatic ILRUN deletion reduces HDL-C levels by
increasing HDL catabolism. HDLs were radiolabeled with 3H-cholesteryl ether and 12°]-
tyramine cellobiose30 for i.v. injection into chow-fed mice. The fate of these dual
radiolabeled HDL particles was then traced over the course of 24 hours after injection.
Plasma decay of 1251-labeled apoA-I (Online Figure 111A) and 2H labeled cholesterol
(Online Figure 111B) was indistinguishable between groups, leading to comparable fractional
catabolic rate (FCR) of plasma 1231 (Online Figure 111C) and 3H (Online Figure I11D).
Scavenger receptor class B1 (SR-BI) mediated HDL selective uptake3! was also similar
between genotypes (Online Figure I1E). No significant difference in FCR of HDL CE or
HDL protein over the course of 24 hours was found in WTD-fed mice (data not shown).
Together, these data showed that the absence of ILRUN had no major impact on HDL
catabolism, and suggested that attenuated hepatic HDL production is likely the underlying
mechanism for lower HDL-C in //runkKO mice.

Consistent with this concept, a significant decrease in mMRNA and protein expression of
apoA-1, a main protein constituent of HDL particles that is critical for HDL formation, was
found in primary hepatocytes from //runKO vs. control mice (Figure 4A-B). Total plasma
apoA-I (Figure 4C) and apoA-I levels in HDL fractions of plasma from chow-fed //runKO
mice (Figure 4D) were also reduced. Similarly, liver apoA-I protein expression in WTD-fed
HlrunKO vs. WT mice was noticeably lower (Figure 4E), which is in line with decreased
apoA-I associated with HDL particles of different sizes when //runwas absent (Figure 4F).
In addition, chow-fed //runKO mice had ~32% reduced liver apoA-1 protein expression that
was restored with hepatic /LRUN expression, while SR-BIl and ABCAL protein levels stayed
the same among groups (Online Figure 11B and I1F). These results strongly support that loss
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of //runlowers plasma HDL-C by attenuating hepatic apoA-I production and subsequent
HDL formation.

Deletion of llrun decreases VLDL-TG secretion.

/1runkKO mice also exhibited lower non-HDL-C levels, which was most pronounced in mice
in which apolipoprotein B containing lipoprotein (apoBLp) levels were raised by WTD
feeding. The liver regulates non-HDL-C levels through secretion of very low-density
lipoproteins (VLDL), the precursor of LDL, and through clearance of apoBLp. We
performed /n vivo VLDL-TG and apoB secretion studies to test whether decreased VLDL
secretion accounts for the lower non-HDL-C in //runkKO mice. Poloxamer 407 and 3°S-
methionine/cysteine were injected into WTD-fed mice to inhibit lipoprotein lipase (LPL)
and label newly synthesized proteins respectively. As expected, plasma TG levels
dramatically increased in WT mice during the course of 4 hours. However, the accumulation
of plasma TG in response to LPL inhibition was attenuated in //runKO mice (Figure 5A),
resulting in a ~32% reduction in VLDL-TG secretion rate compared to that of control mice
(Figure 5B). In parallel, we compared the secretion of newly synthesized apoB100 and
apoB48. In contrast to the alteration in VLDL-TG secretion, neither apoB100 (Figure 5C)
nor apoB48 (Figure 5D) secretion was different, suggesting that equivalent numbers of
newly synthesized VLDL particles were secreted from both groups, but that these particles
differ with respect to their lipid content. To determine whether increased LDL catabolism or
clearance of TG-rich lipoproteins may also contribute to the decreased plasma lipids in
/IrunkKO mice, we performed an /n vivo LDL clearance study and oral fat tolerance test. As
suggested by the plasma 1251 decay curve (Online Figure I1IF), LDL FCRs were similar
between genotypes (Online Figure 111G). No significant difference in postprandial dynamic
plasma TG levels was noted between groups (Online Figure 111H-I). These results suggest
that ILRUN deficiency results in lower non-HDL-C by reducing hepatic production of
VLDL, rather than by enhancing apoBLp clearance.

Loss of llrun results in impaired glucose tolerance.

Dyslipidemia, including low plasma HDL-C levels, is characteristic of a cluster of metabolic
factors that increase the risk for cardiovascular disease, namely the metabolic syndrome32,
Since impaired fasting glucose or type 2 diabetes is one of the defining components of
metabolic syndrome, we also investigated the effect of //run on whole-body glucose
homeostasis. In spite of comparable blood glucose levels under ad /ibitum fed or overnight
fasted conditions, we have consistently observed impaired glucose tolerance in chow-fed
HrunkKO vs. WT mice (Online Figure IVA-B). After an overnight fast and a challenge with
intraperitoneal injection of sodium pyruvate, gluconeogenesis did not differ between groups
(Online Figure IVC). Furthermore, whole-body insulin sensitivity as measured by an insulin
tolerance test was also similar between genotypes (Online Figure IVD). /LRUN is expressed
in human pancreatic islet cells, including insulin producing beta cells33. We found that
ILRUN is specifically located in islets of pancreas in mice (Figure 1C). Therefore, we tested
if glucose stimulated insulin secretion is attenuated in the absence of //run. Intriguingly,
while basal overnight fast plasma insulin levels were almost identical, insulin levels at 5
minutes after glucose injection were significantly lower in //runKO vs. control mice (Online
Figure IVE).

Circ Res. Author manuscript; available in PMC 2021 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bi et al.

Page 7

Mice were challenged with a high fat diet to further explore the impact of //runon diet-
induced obesity and glucose homeostasis under this condition. Body weight gain and weight
of metabolic tissues were not different (Online Figure IVF-G). In agreement with findings
from other cohorts, basal plasma cholesterol and PL levels were significantly decreased with
/lrun deletion. High fat diet consumption induced plasma lipid levels for both groups of
mice, and the relative difference in plasma cholesterol and PL levels between genotypes
remained. Increased plasma NEFA with diet feeding was observed as expected, but no
significant difference between groups was detected (Online Figure IVH-J). Similar to
observations in chow-fed mice, metabolic profiling uncovered impaired glucose tolerance
without significant changes in steady state glucose, gluconeogenesis, or whole-body insulin
sensitivity in //runKO vs. WT mice (Online Figure IVK-N). Plasma insulin in control mice
were similar to baseline levels after glucose stimulation for 30 or 60 minutes, whereas in
/lrunkKO mice insulin at 60 minutes after glucose stimulation was significantly lower than
baseline level (Online Figure IVO). Together, these data demonstrate that global deletion of
/lrunimpairs glucose tolerance potentially by regulating glucose stimulated insulin
secretion.

llrun deficiency alters the liver transcriptome profile and increases protein abundance of
hepatic PPARa and RXRa..

To address the transcriptional effect of loss of //runin liver, we examined expression of
genes encoding proteins with key roles in lipoprotein and liver lipid metabolism. In chow-
fed mice, while the majority of tested genes remained the same between genotypes (Online
Figure V), we noted significant reductions in mRNAs of Apoal and Apoad, as well as some
lipogenic genes (Scd and Fads1). Overall, these transcriptional changes did not result in a
net change in steady state liver lipid accumulation in adult mice, as suggested by similar
hepatic TG and TC contents in two genotypes (Online Figure VIA). After 14 wks of WTD
consumption, liver lipid content was substantially increased in control mice but was
significantly blunted in //runKO mice, resulting in 19% lower TG and 25% lower TC levels
in liver (Online Figure VIB). Examination of genes involved in different aspects of lipid
metabolism revealed highly significantly reduced expression of Apoa4, a positive regulator
of VLDL particle expansion34, as well as modestly decreased expression of lipogenic genes,
such as Scd, Fadsl, Fads2and Elovi3 (Online Figure VC), which may have contributed to
the liver lipid content change under conditions of dietary lipid overload.

To gain insights into the mechanisms by which hepatic ILRUN may impact lipoprotein
metabolism, we explored transcriptome-wide profiles of the livers of chow-fed //runKO
compared with WT mice by gene expression microarray analysis. A total of 403 genes were
differentially expressed (false discovery rate <10%, absolute fold change>1.5), among which
220 were up-regulated and 183 were down-regulated in //runKO versus control livers
(Figure 6A). As expected, //runwas the most significantly down-regulated gene (fold
change=-22.7) (Online Figure VIIA). Functional analysis of differentially expressed genes
by Ingenuity Pathway Analysis (IPA) identified lipid metabolism as the top biological
function that was most significant to the molecules in the gene set. Gene ontology
enrichment analysis with Reactome pathways also revealed significant enrichment of
metabolism of lipids pathway, with metabolism and retinoid metabolism and transport being
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the other two pathways on the list (Online Figure VIIB). Similar results were obtained with
Gene ontology analysis of biological processes (Online Table I1). Pathway analysis of the
gene expression data showed that this altered gene set was enriched for genes downstream of
multiple upstream regulator pathways, including known regulators of lipid metabolism, such
as the top ranked peroxisome proliferator activated receptor a (PPARa). In addition, its
binding partner retinoid x receptor alpha (RXRa.) as well as the other two members of the
PPAR family, PPARy and PPARS, were also highly ranked by this analysis (Figure 6B). In
primary hepatocytes and livers, we tested expression of some top up- or down- regulated
genes and genes revealed by pathway analysis. In addition to genes we identified earlier in
liver through RT-PCR, we also confirmed upregulation of adipokine Cfd, lipid droplet
associated proteins (Plin4, Cidec, Cidea), and retinoic acid-metabolizing enzyme Cyp26al.
Importantly, many of these gene expression changes normalized with AAV-mediated hepatic
human /LRUN expression, suggesting a direct relationship between hepatic //run gene
dosage and transcription of these select genes (Online Figure V and VIIC).

Interestingly, analysis of liver lysates and primary hepatocytes both revealed increased
PPARa protein levels in //runKO relative to control mice, while Apara transcript levels were
not increased (Figure 6C—D). Moreover, hepatic /LRUN reconstitution in //runKO mice
reduced liver PPARa protein levels (Online Figure 11B). We also examined expression of
RXRa, the heterodimer binding partner of PPARa. While whole liver RXRa expression did
not differ significantly (Figure 6C and Online Figure 11B), markedly increased RXRa
protein expression with no significant change in Rxratranscript levels was observed in /frur-
deficient primary hepatocytes (Figure 6C-D). This discrepancy likely reflected the
difference between whole liver vs. hepatocytes as RXRa is also abundantly expressed in
other cell types in the liver3>. These results suggest a post-transcriptional effect of //run
deletion on PPARa and RXRa protein turnover. We also measured mRNA expression of the
other two members of the PPAR family, PPARy and PPARS, and overall found no difference
in PPARS but increased PPARy mRNA expression (Online Figure V, VI and VIIIA). Whole
liver protein analysis did not reveal a major effect of //run deletion on PPARy protein
abundance (Online Figure 11B), but in primary hepatocyte a modest ~50% increase was
detected (Online Figure VIIIA).

ILRUN binds to ubiquitinylated proteins including PPARa in a UBA-like domain dependent

manner.

The UBA-like and NBR1-like structure motifs present in ILRUN suggest a potential role for
ILRUN in binding ubiquitinylated proteins and modulating their turnover. To test if ILRUN
indeed binds to ubiqutinylated proteins, we transfected HEK293T cells with VV5-tagged WT
(ILRUN-V5) or two /LRUN variants deleted for the conserved motifs within it (/LRUN-
UBAmMut-V5 and /LRUN-NBR1mut-V5) and treated cells with MG132, a potent proteasome
inhibitor. The V5 pull-down fraction was blotted for ubiquitin and ubiquitin conjugates.
Ubiquitinylated proteins were detectable in precipitates from cells overexpressing full-length
or /LRUN-NBR1mut-V5, but not cells expressing /LRUN-UBAmMut-V5, supporting
interactions of ILRUN with ubiquitinylated proteins in a UBA-like domain dependent
manner (Figure 7A).
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To investigate the possibility that ILRUN physically interacts with PPARa and if so, which
domain(s) might be required for the interaction, we transfected COS7 cells with V5-tagged
WT (/LRUN-V/5), or two variants deleted either for the UBA-like domain (/LRUN-
UBAmMut-V5) or the NBR1-like domain (/LRUN-NBR1mut-V5), in the presence or absence
of PPARa (Figure 7B). Analysis of whole cell lysates confirmed expression of ILRUN
and/or PPARa. Cell lysates were immunoprecipitated with V5 agarose affinity gel and the
precipitates were blotted for V5 and PPARa. Successful immunoprecipitation was
confirmed by the presence of V5 bands in ILRUN expressing groups. PPARa was detectable
in the pull-down fraction from cells co-expressing PPARa with either full-length /LRUN or
ILRUN-NBR1mut-V5, but not with those expressing /L RUN-UBAmut-V5, which is in
support of interactions between ILRUN and PPARa that are dependent on the UBA-like
domain of ILRUN. Given the crucial role for the UBA-like domain in mediating ILRUN
binding to ubiquitinylated proteins, these results suggest that ILRUN regulates PPARa
protein turnover. In additional co-immunoprecipitation studies, full length ILRUN was also
found to interact with PPARy1 and PPARy2 (Online Figure VIIIB).

In accordance with the potential relationship of ILRUN with nuclear transcriptional
regulators, immunocytochemistry revealed both diffuse and punctate staining of endogenous
ILRUN in HuH-7 nuclei, in addition to weaker staining in the cytoplasm. In mouse livers
overexpressing /LRUN, immunohistochemistry revealed the expression of ILRUN in a
similar fashion (Figure 7C).

DISCUSSION

GWAS have identified many novel genetic loci associated with plasma lipid traits for which
the causal genes and mechanisms are completely unknown, providing a major opportunity
for new biological discovery. One of the early novel lipid loci was C60RF106° 514, an
uncharacterized open reading frame which we have participated in renaming /LRUN. Here,
using //runKO mice, we establish a previously unrecognized role for hepatic ILRUN in post-
translational regulation of PPARa and thus in lipid homeostasis, strongly supporting /LRUN
as the gene causal of the human genetic association with plasma lipid traits at this locus.

One of the prominent observations in our study is decreased plasma HDL-C levels in
/1runkKO mice. Our kinetic studies of HDL in mice indicate that neither increased HDL
catabolism nor increased selective uptake of cholesterol explain the lower HDL-C levels,
pointing instead to reduced HDL production as the underlying mechanism. Indeed, analysis
of //runKO primary hepatocyte, whole liver, and plasma all revealed notable reductions in
expression of apoA-I, a major HDL moiety that is critical for nascent HDL formation and
plasma HDL-C homeostasis2®. More importantly, reconstitution in chow-fed //runKO liver
with human /LRUN restored Apoal transcript and protein levels to those similar to WT
mice, consistent with an effect of hepatic ILRUN on Apoal transcription and apoA-I protein
production under this condition. //run deficiency in WTD-fed mice resulted in remarkably
lower liver and plasma apoA-I protein levels without significant changes in liver Apoal
transcript, suggesting potential additional post-transcriptional regulation of apoA-I by
ILRUN that becomes evident in response to dietary lipid overload.
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/IrunKO mice also exhibited significantly lower levels of non-HDL-C, predominantly LDL-
C, especially when mice were fed a high-fat, high-cholesterol diet. Expression of liver
transcripts related to LDL catabolism was unchanged, and the fractional catabolic rate of
1251 DL apoB was unaltered, indicating that increased LDL clearance is not the cause of
lower plasma LDL-C. Conversely, studies of VLDL production uncovered markedly reduced
VLDL-TG secretion in //runkKO mice. In our survey of hepatic genes, we noted significant
changes in genes governing multiple aspects of liver lipid homeostasis, including fatty acid
transport (Ca36), lipid storage (Plin4, Cidec, Cided), lipogenesis (Scdl, Fads1, Fads2and
Elovi3), and VLDL secretion (Apoa4). Apoa4 has a suggested direct role in modulating
apoBLp TG expansion, while these other differentially expressed genes have demonstrated
roles in hepatic and/or plasma lipid metabolism34 36-42_ //runKO livers had significantly
reduced TG and TC accumulation in response to excess dietary fat and cholesterol (i.e.
WTD) where they also secreted lipid poor VLDL particles. It is therefore reasonable to
hypothesize based on the gene expression signature that altered hepatic intracellular lipid
transport and metabolism, including decreased lipogenesis and VLDL particle expansion,
may have at least partially contributed to the reduced VLDL-TG secretion in //runKO mice.

We used global transcriptome profiling approach to address the question of how liver
ILRUN mediates these observed metabolic changes. Pathway analysis revealed enrichment
of genes downstream of several nuclear receptor pathways, in particular PPARa. Further
comparison with an RNA-seq result from fenofibrate treated mice suggested that ILRUN
deletion regulates some genes similarly to PPARa activation by fenofibrate, including
reduced Apoa4 and Apoal expression (R. Soccio, unpublished observation). Adding to the
concept of altered PPARa activity was our finding of significantly increased PPARa protein
abundance in //run-deficient livers and primary hepatocytes. PPARa, the molecular target
for the fibrate class of drugs, has an important role in lipoprotein metabolism by influencing
expression of select sets of genes®3. Fibrates raise plasma HDL-C levels and positively
upregulate APOA1 expression in human hepatocytes**. However, the effect of PPARa
activation on Apoal in rodents is opposite to that in humans*®, which is proposed to be due
to a 3 nucleotide difference in the promoter A site and subsequent species-specific regulation
involving PPARa-dependent induction of a negative transcriptional regulator Rev-erba46.
Thus, in mice, synthetic PPARa agonist treatment reduces, while genetic PPARa deficiency
increases plasma TC and HDL-C levels*-48, Qverall, the reduced Apoal transcription and
lower plasma HDL-C in //runKO mice on chow is consistent with HDL metabolism changes
associated with PPARa activation as a result of post-translational regulation by ILRUN.

PPARa has also been shown to significantly impact VLDL production. In mice, activation
of PPARa markedly reduces VLDL-TG production /n vivo, whereas PPARa deletion is
associated with increased liver VLDL-TG production?®-51, The similarity of our finding
with known effects of PPARa on VLDL-TG is consistent with the concept that hepatic
ILRUN influences PPARa activity. The regulation of hepatic TG storage and VLDL
production by PPARa is generally attributed to its role in fatty acid oxidation (FAO).
However, the regulation of other genes and metabolic pathways by PPARa may also
contribute to some degree, as multiple aspects of hepatic lipid metabolism are under control
by PPARa®2, and the precise target genes responsible for the effect of PPARa on VLDL
production remain to be fully elucidated*3. Although we did not observe significant
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differences in expression of select B-oxidation genes, the functional outcome of ILRUN
deficiency on FAO and other hepatic metabolic pathways (e.g. de novo lipogenesis and
VLDL particle expansion) has yet to be directly evaluated. Comprehensive future
investigation of the impact of ILRUN on these pathways is in need to elucidate the
molecular mechanism underlying reduced VLDL-TG production in //ruKO mice and its
relationship to PPARa regulation by ILRUN.

Another novel finding from our study is impaired glucose tolerance associated with global
Ilrun deficiency through metabolic profiling of mice on chow and HFD. There was no
significant difference in steady state glucose levels, gluconeogenesis or whole-body insulin
sensitivity between groups, whereas /1 vivo glucose stimulated insulin secretion appeared to
be attenuated in //runKO vs. WT mice and may be responsible for impaired glucose
tolerance in these mice. Given the specific expression of ILRUN in pancreatic islets,
defining the effect of pancreatic p cell ILRUN on insulin secretion and glucose homeostasis
will provide the opportunity to delineate tissue specific role of ILRUN in glucose
homeostasis as well as insights into the biological function of ILRUN.

A select set of PPARa target genes were differentially expressed as one would expect with
PPARa activation. However, the expression of some canonical PPARa target genes were
either unchanged or regulated in the opposite direction to PPARa activation, in the presence
of increased total PPARa protein in //runkKO hepatocytes. It suggests a more nuanced
regulation of PPARa activity by ILRUN or additional upstream regulators impacted by
ILRUN deficiency. The former concept is supported by the several layers regulation of
PPARSs activity /n vivo, including availability of endogenous ligands, signaling through
binding partner RXRa, modulation of transcriptional cofactors, and accessibility to
promotors of target genes. For example, reduced fatty acid desaturase activity may limit
unsaturated fatty acid availability*3. RXRa forms a permissive heterodimer with PPARa
that allows for dual-ligand regulation®3. Adding to the complexity is potential regulation of
RXRa protein turnover by ILRUN as suggested by our study. In HeLa cells, ILRUN has
been shown to not only modulate IRF3 binding to DNA but also protein abundance of the
transcriptional co-activators P300 and cAMP-response element-binding protein-binding
proteinl8, suggesting potential multifaceted roles of ILRUN through protein-protein
interaction. The latter concept is understandable considering crosstalk of lipid transcriptional
regulators in the liver, such as other PPAR isoforms and Liver x receptor a that also
dimerize with RXRa, and sterol regulatory binding proteins®*. Intracellular lipid
metabolism is tightly controlled to coordinate physiological processes. Gene regulation by
dual or multiple upstream transcriptional regulators is common. Our study linking ILRUN
and other members of the PPARS/RXRa signaling suggests ILRUN may play a broader role
in the liver. It is therefore possible that part of the gene expression signature has
contributions from additional transcriptional regulators.

The exact molecular mechanisms by which ILRUN modulates transcription of select genes
in the liver remain less clear. The ILRUN protein is not predicted to have a DNA-binding
domain, but our data demonstrate its ability to interact with nuclear transcription factors (i.e.
PPARa and PPARY). Importantly, the UBA-like domain, but not the NBR1-like domain, of
ILRUN is essential in the case of ILRUN-PPARa interaction. The presence of the UBA

Circ Res. Author manuscript; available in PMC 2021 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bi et al.

Page 12

domain in many members of the UBA-like superfamily enables their binding to
ubiquitinylated proteins and thus either positively or negatively regulate target protein
turnover through different mechanisms®°. We found ILRUN to be abundant in the nuclei of
hepatocytes, in both diffuse staining and in concentrated punctate foci. It is worth noting that
the ILRUN-containing nuclear punctate-like structure may be one of these defined nuclear
bodies, steady-state membrane-less subnuclear organelles that are highly dynamically
responsive to basic physiological processes®®, or a yet to be characterized type of nuclear
body. As various nuclear bodies have been shown to sequester and modify proteins and
mediate nuclear protein turnover®’, it is plausible to speculate that ILRUN binds to
ubiquitinylated PPARa to regulate its turnover and accessibility to DNA via the distinct
nuclear dynamic machinery. Beyond PPARa, whether ILRUN plays a broader role in
hepatocytes by modulating transcriptional regulators through similar or different
mechanisms merits detailed mechanistic studies in the future.

In conclusion, inspired by human genetic studies, we investigated the functional link
between ILRUN and lipid metabolism. The present work in mice establishes hepatic ILRUN
as a novel regulator of plasma HDL and apoBLp metabolism. Furthermore, we provide
functional evidence that loss of hepatic ILRUN impairs plasma lipoprotein production, likely
by modulating lipid-related transcriptional regulators, especially PPARa, and subsequent
gene expression. This model of hepatic ILRUN function is possibly the underlying
mechanism for the association of the /LRUN locus with plasma lipid traits. Future studies on
the precise molecular mechanisms of liver ILRUN function may uncover new pathways in
the regulation of lipid metabolism and point toward promising approaches for treatment of
dyslipidemia and associated cardiovascular diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What Is Known?

What New Information Does This Article Contribute?

Despite successful current therapies, the large remaining CVD burden necessitates the
search for additional pathways regulating its risk factors, including lipid regulators. Our
study identifies ILRUN as a completely novel regulator of lipid and lipoprotein
metabolism that promotes hepatic lipoprotein production. Better understanding of liver
ILRUN biology may provide insights into approaches for treatment of dyslipidemia and

CVvD

genetic variation with small effect size are effective in revealing pathways and targets
with biological and clinical importance.

NOVELTY AND SIGNIFICANCE

Dyslipidemia is a key risk factor for atherosclerotic cardiovascular disease
(CVD).

The residual CVD risk requires exploration of new players in lipid
metabolism and CVD development.

Multiple variants near the /L RUN gene at human chromosome 6p21 are
significantly associated with plasma lipid traits and coronary artery disease
risk in genome-wide association studies.

llrun regulates plasma lipoprotein metabolism.

Loss of //runlowers plasma high density lipoprotein cholesterol (HDL-C)
levels by decreasing hepatic apolipoprotein-Al expression and HDL
production.

Loss of /lrunreduces plasma non-HDL-C levels by producing relatively lipid-
poor very low density lipoprotein particles.

ILRUN interacts with nuclear receptor PPARa via its UBA-like domain and
regulates PPARa protein homeostasis.

ILRUN s likely responsible for the association of genetic variants with lipid
traits at the human 6p21 locus.

. These findings further support the concept that common population level natural
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Figure 1. llIrun expression and Ilrun whole body knockout mice.
A, Relative //run mRNA expression across different tissues (fold change from pancreas) in

male C57BL/6 mice was determined by RT-PCR. n=3/group. B, Targeting strategy for
generation of //runKO mice. C, Multiple tissues of female WT (left) and //runKO (right)
mice were stained with X-gal. Images of representative stained tissues and cross sections
(light eosin) are shown. Scale bars represent 50um. n=4/group. Deletion of //runwas
validated by (D) RT-PCR (n=3/group) and (E) western blot. Results from representative
tissues are shown. Data are shown as the mean + SEM. Results in D were compared between
genotypes by Mann-Whitney test.

Circ Res. Author manuscript; available in PMC 2021 November 06.

Heart Brain Li\;er W:l\T



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bi et al.

Page 19
A B C D
TC HDL-C non-HDL-C Chow Diet
150 'w| 120 p=6.1E-06 40 éml M. WT HDL
o V—I o _3{™ lirunkO Q@
=100 Spoeg> = 80 vt =% olo . 5 ¢
3 coes” 3 g 3 = 52 i
g) ° gﬂ ° i cEnZo . £ LDL
—_— ~ —
0 . 40 . o1 MLoL
10 Fo
0 o o 10 20 30 40 50
o r . T r 0 T T “
wr llrunKO wrt llrunKO wrt llrunKO Fractions
E F G H
HDL-C non-HDL-C WTD (14wk)
400 250
- WT HDL
30 _ 200 - [lrunKO —
!fnzoo 300 ?o
£ £100 DL

VLDL

lirunko

WT__llrunko

& [lrunKO °

T T 1 — T T 1 10 20 30 40 50
5 10 15 0 5 10 15 0 5 10 15 - .
Time on WTD (wk) Time on WTD (wk) Time on WTD (wk) Fractions

Figure 2. Deletion of Ilrun decreases plasma cholesterol levels in mice.
Four-hour fasted plasma from chow-fed male control (n=15) and //runKO (n=9) mice were

collected, plasma (A) TC and (B) HDL-C levels were measured. C, Non-HDL-C was
calculated by subtracting HDL-C from TC. D, FPLC analysis of pooled plasma from each
genotype. WT control (n=10) and //runKO (n=6) mice were switched from chow diet to
WTD for 14wk. Time course plasma (E) TC, (F) HCL-C and (G) non-HDL-C were
determined. Pooled plasma from these mice were fractionated by FPLC (H). Data are shown
as the mean + SEM. Results in A, C, and E-G (area under the curve) were analyzed by
Student’s t test. Results in B were analyzed by Mann-Whitney test. Results in E-G were also
compared with two-way ANOVA with Sidak’s multiple comparison test. P values indicate
comparisons between genotypes.
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Figure 3. Reconstitution of ILRUN in livers of 1IrunKO mice restores plasma lipids to WT levels.
Male mice on chow diet were i.p. injected with AAV-null or AAV-/LRUN (WT-AAV-null

n=5, /lrunKO-AAVnull and //runKO-AAV ILRUN n=4/group). Plasma lipid levels were
monitored before (Owk), 2wk and 4.5wk after AAV injection. Plasma TC (A) and HDL-C
(B) levels were measured. Pooled plasma from groups were fractionated by FPLC and TC at
(C) baseline and (D) 4.5 wk after AAV injection were measured by enzymatic assays. Data

are shown as the mean + SEM.
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Figure 4. llrun deficiency reduces liver and plasma apoA-I levels.
Primary hepatocytes from chow-fed male mice were isolated for (A) mRNA (n=9/group)

and (B) apoA-I protein analysis (n=3/group). C, ApoA-I levels in whole plasma (n=6/group)
and (D) HDL fractions of male mice on chow diet (n=8/pool) were examined by western
blot. ApoA-I expression in (E) liver and (F) FPLC fractions of pooled plasma from WTD-
fed male mice were compared by western blot. n=6/group. Data are shown as the mean *
SEM. Results in A were analyzed by Student’s t test with (//run) or without (Apoal)

Welch’s correction.
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Figure 5. Deletion of Ilrun reduces VLDL-TG secretion rate.
Poloxamer 407 and 3°S-Methionine/Cysteine were i.v. injected into WTD-fed 4h-fasted

male control (n=5) and //runKO (n=7) mice. A, Plasma TG levels before and after injection
were measured by enzymatic assays and the line of best fit was determined by linear
regression analysis. B, TG secretion rate was calculated based on the slope of TG
accumulation curve. Plasma samples from different time points were fractionated by SDS-
PAGE and secretion rate of newly synthesized (C) apoB100 and (D) apoB48 were quantified
by autoradiography. Data are shown as the mean = SEM. Results in B-D were compared by
Mann-Whitney test. P values indicate comparisons between genotypes.
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Figure 6. [lIrun deficiency alters liver transcriptome profiles and increases hepatic PPARa/RXRa
protein levels.

Livers from chow-fed male //runkKO and WT mice were used for microarray analysis (n=4/
group). A, Summary of up and down regulated genes at the cut-off of FDR<10% and
absolute FC>1.5. B, Ingenuity pathway analysis was performed to predict upstream
transcriptional regulators. Total PPARa and RXRa protein (top) and mRNA expression
(bottom) in (C) livers (n=4/group) and (D) primary hepatocytes from chow-fed mice (n=3/
group). Representative western blot images are from one of the experiments and reflect
typical expression pattern between genotypes for proteins of interest. Data are shown as the
mean + SEM. RT-PCR results in C-D were analyzed by Mann-Whitney test.
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Figure 7. ILRUN binds to ubiquitinated proteins and PPARa..
A, Binding of full length or mutant forms of ILRUN to ubiquitinylated proteins was

examined. B, Co-immunoprecipitation of PPARa and different forms of ILRUN followed by
western blot analysis. C, Representative images depicting features typical of ILRUN stained
HuH?7 cells and livers using fluorescence microscope with a 20x objective lens (left) and
confocal microscopy (right) are shown. Scale bars represent 50um (left), 10um (HuH7
confocal), and 5um (liver confocal) respectively.
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