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ABSTRACT

The transmembrane protein leucine-rich repeats and immunoglobulin-like domains 3 (LRIG3) regulates fat metabolism and bone morphogenetic protein (BMP)
signaling. Lrig3-deficient mice exhibit impaired development of the snout and the inner ear lateral canal, neural defects, and cardiac hypertrophy in adulthood.
However, no thorough and unbiased analysis of the physiological functions of Lrig3 has previously been performed. To address this knowledge gap, we performed
histopathological examination of 42 tissues and organs from 1-year-old female C57BL/6JBomTac and 129S1-U mice with different Lrig3 genotypes. Among the scored
pathologies, three were significantly associated with Lrig3 genotype: spontaneous macrovesicular hepatocellular degeneration (hepatocellular steatosis) was less
prevalent in Lrig3-deficient C57BL/6JBomTac mice, whereas dilated or flaccid ileum and otitis media were more common in Lrig3-deficient 129S1-U mice. To further
investigate hepatic steatosis phenotypes, 8-week-old C57BL/6JBomTac mice of both sexes and different Lrig3 genotypes were subjected to consuming a high-fat diet
(HFD) for 8 weeks. The HFD regimen led to relatively few cases of hepatocellular steatosis, with no significant differences among the genotypes; however, female
Lrig3-deficient mice presented reduced microvesicular hepatocellular degeneration compared with their wild-type littermates. This study revealed that Lrig3 regulates
liver fat accumulation, intestinal morphology, and middle ear inflammation in a mouse strain-dependent manner.

1. Introduction

The leucine-rich repeats and immunoglobulin-like domains (LRIG)
protein family consists of three structurally similar transmembrane
proteins; LRIG1 (Suzuki et al., 1996; Nilsson et al., 2001), LRIG2
(Holmlund et al., 2004), and LRIG3 (Guo et al., 2004). LRIG1, the most
studied family member, has been implicated in many different biological
functions, such as tumor suppression (Powell et al., 2012; Wang et al.,
2013; Neirinckx et al., 2017), the regulation of growth factor signaling
(Gur et al., 2004; Laederich et al., 2004; Simion et al., 2014; Lindquist
et al., 2014), and the regulation of stem cell quiescence (Jensen et al.,
2009; Powell et al., 2012; Wong et al., 2012; Herdenberg and Hedman,
2023). Additionally, we recently showed that LRIG1 and LRIG3 regulate
fat metabolism by promoting bone morphogenetic protein (BMP)
signaling (Herdenberg et al., 2021). LRIG3 is less studied than LRIG1.

LRIG3 reportedly has similar or opposing functions as LRIG1 (Del Rio
et al., 2013; Rafidi et al., 2013; De Vincenti et al., 2021), and the two
proteins may also physically and functionally interact with one another
(Faraz et al., 2018). The BMP signal-regulating functions of LRIG1 and
LRIG3 are redundant or distinct depending on the specific BMP ligands
involved (Herdenberg et al., 2021; Abdullah et al., 2023). In humans,
certain LRIG3 gene variants are associated with skeletal proportions, i.
e., hip width (Kun et al., 2023), plasma levels of high-density lipoprotein
(HDL) cholesterol (Ma et al., 2010; Manichaikul et al., 2022), and the
risk of incident heart failure (Smith et al., 2010). In domestic animals,
single-nucleotide polymorphisms (SNPs) in or near the LRIG3 sequence
have been associated with pig litter size (Metodiev et al., 2018), pig birth
weight (Ovilo et al., 2022), lamb birth weight (Abousoliman et al.,
2021), selection of Charolais beef cattle (Xu et al., 2015), selection of
Greyhound racing dogs (Akey et al., 2010), and selection of Luxi
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gamecocks (Zhou et al., 2023).

Lrig3-deficient mice are viable (Abraira et al., 2008). However, to
date, studies regarding Lrig3-deficient mice have been limited to sub-
strains of C57BL/6 or mice of mixed genetic backgrounds, and they have
focused on specific traits. Goodrich and coworkers, using the C57BL/6J
substrain, reported that Lrig3-deficient mice presented with a shortened
snout and a defect in inner ear development (Abraira et al., 2008; Del
Rio et al., 2013). Hedman and coworkers, also using the C57BL/6J
substrain, reported that Lrig3-deficient female mice presented with
cardiac hypertrophy and altered HDL cholesterol levels (Hellstrom et al.,
2016). Paratcha and coworkers, using mice of mixed genetic back-
grounds, reported that Lrig3 deficiency combined with Lrig]l heterozy-
gosity resulted in increased epidermal innervation of cold-sensitive
nonpeptidergic nociceptive neurons (De Vincenti et al., 2021). Addi-
tionally, the International Mouse Phenotyping Consortium (IMPC) has
performed general phenotyping of a limited number of Lrig3-deficient
C57BL/6N mice and has confirmed the cardiac (Hellstrom et al., 2016)
and skull (Abraira et al., 2008) phenotypes and revealed additional
abnormalities in the skeleton, skeletal muscles, thymus, kidneys, and
spleen, as well as male and female infertility (https://www.mousephen
otype.org; Dickinson et al., 2016; Groza et al., 2023). To our knowledge,
no thorough histopathological examination of Lrig3-deficient mice with
any genetic background has been presented, nor has a comparison be-
tween the Lrig3 knockout phenotypes of different mouse strains been
previously performed. We are also not aware of any investigations
addressing the incidence of tumors in Lrig3-deficient mice.

Here, we performed a histopathological examination of 42 different
organs and tissues from 1-year-old wild-type, Lrig3-heterozygous, and
Lrig3-knockout female mice on the C57BL/6JBomTac and 129S1-U ge-
netic backgrounds. We describe both strain-dependent and strain-
independent Lrig3-knockout phenotypes. Strikingly, Lrig3-deficient
C57BL/6JBomTac mice presented with a reduced incidence of sponta-
neous fatty liver, whereas Lrig3-deficient 129S1-U mice presented with a
dilated or flaccid ileum and an increased incidence of otitis media. We
also performed a high-fat diet (HFD) experiment and showed that Lrig3-
deficient female C57BL/6JBomTac mice developed fewer microvesicles
in their livers under this dietary regimen.

2. Materials and methods
2.1. Ethics statement and animal husbandry

All the mice were housed and maintained in accordance with Euro-
pean Communities Council Directive (86/609/EEC). The experimental
protocols were approved by the Regional Ethics Committee of Umea
University, Umed, Sweden (registration nos. A193-12 and A31-2017).
The animals were housed under controlled conditions with a 12-h day/
night cycle and provided water and either standard chow pellets (cat.
no. 801730, Special Diets Services, NOVA-SCB Sweden, Sollentuna,
Sweden) or a HFD consisting of 60 % fat (D12492, Research Diets, Inc.,
New Brunswick, NJ, USA) ad libitum. In the 1-year experiment, 70 fe-
male C57BL/6JBomTac mice and 72 female 129S1-U mice were
analyzed. Two C57BL/6JBomTac mice were excluded after analysis
because of discrepancies in their identification numbers. In total, 24
Lrig3+/+, 20 Lrig3+/-, and 24 Lrig3-/- C57BL/6JBomTac mice, and 22
Lrig3+/+, 24 Lrig3-/-, and 26 Lrig3-/- 129S1-U mice were included in
the analyses. In the HFD experiment, 70 C57BL/6JBomTac mice were
analyzed, and one was excluded due to a discrepancy in genotyping. The
investigator was blinded to the specific genotypes of the mice. The
mouse colony was routinely screened and found to be negative for
mouse hepatitis virus.

2.2. Lrig3 modifications and genotyping

The Lrig3 allele Lrig3™ 1 Jacks exon 1 of Lrig3, which includes
the predicted ATG start codon (Hellstrom et al., 2016). Lrig3""1'”med was
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transferred to a pure mouse genetic background by backcrossing with
the C57BL/6JBomTac and 129S1-U mouse strains for ten generations.
Mice of different Lrig3 genotypes were obtained through mating of mice
that were heterozygous for the Lrig3 mutant allele Lrig3""1‘1HhEd. Ho-
mozygous B6.129-Lrig3™ 1Hhed mice have been confirmed to lack
measurable levels of the full-length Lrig3 protein by Western blotting
(Hellstrom et al., 2016). Genotyping of the Lrig3 allele was performed
twice for each animal; at weaning using conventional polymerase chain
reaction (PCR) protocols for the floxed wild-type allele or the knockout
allele and again to confirm the genotype at the end of the experiment
using DNA prepared from the liver and a previously described duplex
droplet digital PCR (ddPCR) assay (Herdenberg et al., 2021). The PCR
primer and probe sequences are shown in Supplementary Table 1.

2.3. Mouse strain identities

C57BL/6JBomTac mice were obtained from Taconic Biosciences
(Ejby, Denmark), and 129S1 strain mice were obtained from local col-
leagues. Prior to this study, the two mouse strains were maintained at
our animal facility for an unknown number of generations. Mouse strain
identities were validated through whole-genome sequencing via the
SNP&SEQ technology platform (SciLifeLab, Uppsala, Sweden). The se-
quences were deposited at the European Nucleotide Archive (ENA):
PRJEB82724. The sequence analysis was based on the sarek nf-core
pipeline. Sarek (version 3.4.2) was run, providing the four Illumina
sequencing samples, the GRCm39 mouse reference assembly and the use
of freebayes as variant callers and default parameters otherwise. The
resulting variant call format (VCF) files were merged with a reference
VCF file, which represents a complete SNP variation catalog of 52 inbred
mouse strains (PRJEB53906), using BCFtools merge (version 1.20). The
merged VCF file was further filtered for high-quality SNPs by using
BCFtools view and the following filter criteria: minimum quality >=30,
minimum coverage depth >=15 and variant type = snps. Plink2
(version: 2.00 Alpha 5.14) was used to calculate the linkage disequi-
librium (LD) with a window size of 10 kb, thresholds of 0.5 and 0.2 and
the omission of sex chromosomes and mitochondria (X, Y and
NC_005089.1). The resulting pruned SNP subset, which consists of the
variants that are in approximate linkage equilibrium, represents the
final VCF file. This file was converted into a sequence alignment format
(PHYLIP) with the python script vef2phylip (version 2.8) and different
thresholds for the minimum samples argument, which defines the
minimum number of samples to be present at each SNP locus (n =
36,41,46,51,56). The SPRET-EiJ strain was used as an outgroup. The
resulting alignment files were then used to create phylogenetic trees
with IQTREE software (version 2.3.6) by using a bootstrap size of 1000
replicates —B 1000 and the recommended model GTR + ASC for SNP
data, which accounts for an ascertainment bias correction. FigTree
(version 1.4.4) was used to visualize the resulting phylogenetic tree
models. To obtain a more precise estimate of the exact C57BL/6 sub-
strain of samples #6784 and #7161, a genetic analysis was performed,
which was based on the findings of Mekada and Yoshiki (Mekada and
Yoshiki, 2021). They analyzed 45 selected SNP markers for multiple
C57BL/6J and C57BL/6N substrains, including C57BL/6J, C57BL/6JJcl,
C57BL/6JJmsSle, C57BL/6JBomTac, C57BL/6JOlaHsd, C57BL/
6JRccHsd, C57BL/6JRj, C57BL/6JMs, C57BL/6JNrs, C57BL/6NJ,
C57BL/6NCrl, C57BL/6NCrlCrlj, C57BL/6NJcl, C57BL/6NCrSlc,
C57BL/6NSea, C57BL/6NTac, C57BL/6NHsd, C57BL/6NRj, C57BL/
6NHla, C57BL/6NCrSim, and C57BL/6ByJ. On the basis of the read
alignments and variant calls of samples #6784 and #7161, all 45 marker
SNPs were manually inspected with the IGV browser.

2.4. Glucose measurements
For the HFD experiment, blood glucose levels were measured every

other week. The mice were fasted for six hours before whole blood was
collected from the facial veins. Glucose levels were analyzed within two
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hours after blood sampling using a Contour XT blood glucose meter
(Acensia Diabetes Care, Basel, Switzerland).

2.5. Blood chemical analyses

The chemical compositions of whole blood sampled from the facial
veins, were analyzed after 6 hours of fasting. A Vetscan VS2 Chemistry
analyzer (Abaxis Triolab, Molndal, Sweden) with a Vetscan preventive
care profile plus rotors (Abaxis Triolab) was used according to the
manufacturer’s instructions. For insulin measurements, the blood was
centrifuged at 4 °C for 20 min at 2,000 x g, followed by collection of the
plasma fraction, which was frozen at —80 °C until analysis. Insulin was
analyzed using an ultrasensitive mouse insulin ELISA kit using a wide
range assay (cat. no. 90080; Chrystal Chem, Zaandam, The
Netherlands).

2.6. Echo-MRI

At the beginning and end of the HFD experiment, lean and fat tissues
were measured using an Echo-MRI 100 system (Echo Medical Systems,
Houston TX, USA) according to the manufacturer’s instructions. The
mice were weighed before the measurements.

2.7. Tissue preparation

At the end of the 1-year study and the HFD experiment, the mice
were euthanized by CO; exposure and necropsied by specially trained
staff. All the tissues, including the body, were collected and fixed in 4 %
phosphate-buffered formalin. All the fixed materials were examined and
trimmed by a veterinary anatomic pathologist with experience in labo-
ratory animal pathology (VR) who was blinded to the specific genotypes
of the sample. The organs and tissues that were included were the ad-
renal gland, brain, cecum, cervix, colon, duodenum, ear, esophagus, eye,
gall bladder, harderian gland, heart, hind leg, ileum, jejunum, kidney,
liver, lung hilus, lung lobes, lymph nodes (axillar, mediastinal, mesen-
teric, pancreatic, submandibular), ovary, oviduct, pancreas, rectum,
salivary glands (parotid, sublingual, submandibular), skeletal muscle,
skin, spleen, stomach, thymus, tissues of the skull, trachea, urinary
bladder, uterus, and vagina (Supplementary Table 1). The trimmed
material was paraffin-embedded, cut into 4-um sections, and stained
with Mayer’s hematoxylin and eosin according to standard protocol.

2.8. Pathological evaluation

The tissue samples were analyzed and scored by a veterinary
anatomic pathologist experienced in laboratory animal pathology (VR)
who was blinded to the specific genotypes of the samples. The scoring
was semiquantitative and performed as described by Mann et al. (Mann
et al., 2012). In brief, tissue with an appearance within normal limits,
considering the age, sex, and strain of the mice, was given a score of 0.
Lesions with minimal change, i.e., the amount of change barely excee-
ded change that was considered to be within normal limits, were given a
score of 1. Lesions with mild change, i.e., the lesion was easily identified
but of limited severity, were given a score of 2. Lesions with moderate
change, i.e., the lesion was prominent but there was significant potential
for increased severity, were given a score of 3. Lesions with severe
change, i.e., the degree of change occupied the majority of the organ,
were given a score of 4. For some lesions, e.g., cysts or neoplasias, a
binomial score was used - yes if a lesion was present and no if a lesion
was absent (Supplementary Table 1).

2.9. Statistical analyses
Two-sided t tests were used to assess statistical patterns between

groups with numerical dependent variables. For categorical dependent
variables, the Kruskal-Wallis test and logistic regression were used. Only
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morphological characteristics that were scored as present in at least 10
% of the mice were included. Statistical analysis was performed using
Prism 8 or R-studio (version 1.1463) using R (version 3.5.3). In all the
statistical analyses, except in the initial phenotype screen, p values <
0.05 were considered significant. To account for multiple testing in the
initial phenotype screen, p values < 0.01 were considered significant in
this analysis.

3. Results
3.1. Mouse strain verification

The current study was performed using inbred mice of two different
genetic backgrounds, one C57BL/6 strain and one 129S1 strain, both of
which were maintained by in-house breeding at our animal facility. To
verify the mouse substrain identities, we performed whole-genome
sequencing on two mice of each strain (mice #6784/7161 and
#7123/7278), and conducted a phylogenetic analysis against 52 known
laboratory mouse strains, with the strain SPRET-EiJ used as the out-
group. We tested different strictness values for the LD calculation (0.5
vs. 0.2) as well as different minimum numbers of samples to be present
at each locus (n={36,41,46,51,56}). In total, this yielded 200 different
phylogenetic trees, all revealing a nearly identical structure, in which
mice #6784 and #7161 were always grouped into the C57BL* strain
cluster and mice #7123 and #7278 were always grouped into the 129*
strain cluster (Fig. 1). Mice #7123 and #7278 were most similar to
strain 129S1-SvimJ and were therefore designated 129S1-U. Mice
#6784 and #7161 were most similar to strain C57BL-6NJ. To obtain a
more precise estimate regarding the C57BL/6 substrains of samples
#6784 and #7161, a genetic analysis comprising 45 diagnostic SNPs
was performed. Both samples were in full agreement with the 44 marker
SNPs that are present in the C57BL/6JBomTac substrain. Only the
dBSNP ID rs13459122 (chromosome 10 at 80,795,365 bp) was discor-
dant with this conclusion. rs13459122 has a T/T allele in C57BL/
6JBomTac but had an A/A allele in samples #6784 and #7161. How-
ever, the GRCm38.p6 reference assembly had an A at position
80,795,365 (see the UCSC Genome Browser), which was apparently
incorrectly listed in (Mekada and Yoshiki, 2021). Therefore, we
excluded rs13459122 from this analysis. Thus, in summary, all 44
conclusive marker SNPs in both #6784 and #7161 matched the sub-
strain C57BL/6JBomTac. Hence, our 129S1 mouse strain was designated
129S1-U, and our C57BL/6 mouse strain was designated C57BL/
6JBomTac.

3.2. Analysis of one-year-old Lrig3-deficient C57BL/6BomTac and
129S1-U mice

To investigate the role of Lrig3 in mouse development and physi-
ology, we performed necropsies and histopathological examinations of
1-year-old female C57BL/6JBomTac and 129S1-U mice with different
Lrig3 genotypes. Female mice were chosen on the basis of a previous
study in which Lrig3-deficient female C57BL/6JBomTac mice tended to
have an increased incidence of abdominal neoplasia (Hellstrom et al.,
2016). We included two different mouse strains to discriminate between
the general and strain-specific roles of Lrig3. The mice were fed a regular
chow diet under standard mouse husbandry conditions for one year,
after which they were euthanized and necropsied. For each mouse, 42
different tissues and organs were examined and scored with regard to
over 200 different histopathological features. Of these histopathological
features, 154 were scored as aberrant in at least one animal
(Supplementary Table 2). Two Lrig3 -/- C57BL/6JBomTac mice died
before one year of age. They were too decomposed to be necropsied and
were therefore excluded from the study.
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Fig. 1. Phylogenetic tree of 52 mouse strains and four samples from the current study. The samples grouped together are colored red (#6784 and #7161) and
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autosomes, LD (=0.5) and at least 41 samples for each of the 2,718,596 SNPs.

3.3. Lrig3-deficient female mice had reduced body weights at twelve
months of age

In mice from both the C57BL/6JBomTac and 129S1-U backgrounds,
the Lrig3 genotype had an effect on body weight (Table 1, p < 0.0001 for
each strain, Student’s t test) (Fig. 2A). The Lrig3-/- mice had lower body
weights than both the Lrig3+/+ mice (C57BL/6JBomTac p < 0.0001
and 129S1-U p = 0.0013, Tukey’s multiple comparisons test) and the
Lrig3+/- mice (C57BL/6JBomTac p < 0.0001 and 129S1-U p = 0.0003,
Tukey’s multiple comparisons test). The C57BL/6JBomTac Lrig3-/- mice
had on average 21 % (7.5 g) lower body weights than Lrig3+/+ mice,
and the 129S1-U Lrig3-/- mice had, on average, 11 % (2.9 g) lower body
weights than Lrig3+/+ mice. A subset of mice was also scored for body
condition; this analysis revealed a nonsignificant trend for C57BL/
6JBomTac Lrig3-/- mice to have lower body condition scores than
Lrig3+/+ mice did (p = 0.04687, Supplementary Table 2). There was no
such trend observed in the 129S1-U mice (p = 1.000).

Table 1

3.4. Lrig3-deficient C57BL/6JBomTac mice had a reduced incidence of
hepatocellular macrovesicular fatty changes

Among the C57BL/6JBomTac mice, only one of the scored histo-
logical features significantly differed between the Lrig3 genotypes; that
is, C57BL/6JBomTac Lrig3 -/- mice had lower scores for hepatocellular
macrovesicular steatosis in the liver (p = 0.0002, Kruskal-Wallis test)
(Fig. 2B, C) than both Lrig3+/+ mice (p = 0.0011, post hoc Dunn’s
comparison) and Lrig3+/- mice (p = 0.0010, post hoc Dunn’s compar-
ison). In the 129S1-U mice, the results revealed a similar but nonsig-
nificant trend toward lower scores for hepatocellular macrovesicular
steatosis among the Lrig3-/- mice (Kruskal-Wallis test, p = 0.103). We
also performed binary logistic regression analyses using a five-tiered
scoring method, where scores of 0 (normal) and 1 (minimal) were
classified as “no hepatocellular steatosis,” and the remaining scores (2,
3, and 4, for mild, moderate, and severe, respectively) were classified as
hepatocellular steatosis. In the simple analysis, which included only
Lrig3 genotype, the effect of the Lrig3-/- genotype on hepatocellular
macrovesicular steatosis was significant (Table 2, p = 0.0028). To cor-
rect for the effect of body weight, a second model that included both

Significant differences (p < 0.01) between Lrig3 genotypes in the C57BL/6JBomTac and 129S1-U mouse strains ranked according to their significance levels.”

Phenotype p value” Post hoc discovery® Post hoc significance®
C57BL/6JBomTac 12981 C57BL/6JBomTac 12981

Body weight < 0.0001 < 0.0001 ko reduced compared to wt and hz < 0.0001, < 0.0001 0.0013, 0.0003

Liver, macrovesicular hepatocellular steatosis 0.0002 0.103 ko reduced compared to wt and hz 0.0011, 0.0010

Ileum dilation 0.417 0.001 ko increased compared to wt and hz 0.004, 0.006

Middle ear infiltrate, foamy macrophages and neutrophils 0.749 0.005 ko increased compared to wt and hz 0.0055, 0.0420

# The complete list of all analyzed histopathologies is provided in Supplementary Table 2.
b p_value according to the Kruskal-Wallis test for categorical data and Student’s t-test for numerical data.
¢ According to Dunn’s comparison for categorical data and Tukey’s multiple comparisons for numerical data. Abbreviations: ko, knockout (Lrig3 -/-); wt, wild type

(Lrig3 +/+); hz, heterozygote (Lrig3 +/-).
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Fig. 2. Body weights and fatty liver scores of C57BL/6JBomTac and 129S1-U mice with different Lrig3 genotypes. A. Body weights of female C57BL/6JBomTac and
129S1-U mice at 12 months of age. B. Distribution of scores for macrovesicular hepatocellular steatosis in female mice sacrificed at 12 months of age according to
background strain and Lrig3 genotype. ** p < 0.01, *** p < 0.001 (Student’s t-test with Tukey’s multiple comparisons). C. Representative hematoxylin and eosin-
stained histomicrographs of macrovesicular hepatocellular steatosis in female mice sacrificed at 12 months of age. The scale bar indicates 50 um. (0) No macro-
vesicular hepatocellular steatosis, (1) minimal macrovesicular hepatocellular steatosis, (2) mild macrovesicular hepatocellular steatosis, and (3) moderate macro-
vesicular hepatocellular steatosis. No animal had a severe score (4). The scale bar indicates 200 pm.
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Table 2
Logistic regression analysis results for the probability of macrovesicular hepatocellular degeneration without and with respect to body weight.
C57BL/6JBomTac 129S1-U
0dds ratio 95% confidence interval p value 0Odds ratio 95% confidence interval p value
Model with genotype only Lrig3+/+ 1 1
Lrig3+/- 1.03 0.30-3.57 0.9646 0.62 0.17-2.28 0.4707
Lrig3-/- 0.13 0.03-0.49 0.0028* 0.24 0.05-1.10 0.0664
Model with genotype and body weight Lrig3+/+ 1 1
Lrig3+/- 1.01 0.26-3.90 0.9850 0.46 0.11-1.89 0.2850
Lrig3-/- 0.32 0.07-1.47 0.1423 0.40 0.08-2.12 0.2801
Body weight 1.18 1.04-1.34 0.0094* 1.23 0.95-1.59 0.1091

" p <0.05.

genotype and body weight was analyzed. In this model, only body
weight had a significant effect on the risk of developing hepatocellular
macrovesicular steatosis (Table 2, p = 0.0094), whereas the effect of the
Lrig3-/- genotype was non-significant (Table 2, p = 0.1423).

3.5. Lrig3-deficient 129S1-U mice presented an increased incidence of
ileum dilation, with no changes in intestinal wall thickness

At necropsy, some animals were observed to have dilated gastroin-
testinal sections (Fig. 3A and B), including the esophagus and different
parts of the intestines, most commonly the small intestine. In 129S1-U
mice, a dilated ileum was more common in Lrig3 -/- mice than in
Lrig3+/+ and Lrig3+/- mice (p = 0.004 and p = 0.005, respectively,
post hoc Dunn’s multiple comparison test).

In a preliminary report, Lrig3 expression was reported to play a role
in the cellular census of the colonic crypt (Stevenson et al., 2022). We
therefore investigated whether Lrig3 genotype affected intestinal wall
thicknesses in the two mouse strains by measuring the thickness of the
intestinal mucosa, crypt, and muscularis (Fig. 3E). Two areas in the
jejunum, ileum, and colon were measured in each animal. This analysis
did not reveal any differences in mucosal, crypt, or muscularis thickness
between the Lrig3 genotypes (one-way analysis of variance [ANOVA]
with Tukey’s multiple comparisons test, Supplementary Table 3).

3.6. Lrig3-deficient 129S1-U mice presented an increased incidence of
inflammatory cell infiltrates in the middle ear

Compared with 129S1-U Lrig3 +/+ mice (p = 0.0055) and 129S1-U
Lrig3 +/- mice (p = 0.00420), 129S1-U Lrig3 -/- mice presented with an
increased incidence of inflammatory cell infiltrate in the middle ear
(Table 1 and Fig. 4). A single C57BL/6JBomTac Lrig3-/- mouse pre-
sented with a moderate middle ear neutrophilic inflammation with
hemorrhage and edema (acute purulent otitis media). In all other ani-
mals with inflammatory cell infiltrate, there was no edema, congestion,
hemorrhage, or necrosis.

3.7. Lrig3 genotype did not correlate with tumor incidence

A previous study indicated that Lrig3-deficient mice might develop
abdominal tumors at a relatively increased rate (Hellstrom et al., 2016).
However, there was no difference in tumor incidence between mice with
different Lrig3 genotypes (Table 3). The only tumors found in the 140
mice analyzed were lymphomas and pulmonary adenomas, many of
which were small and required histopathological examination for
diagnosis. The C57BL/6JBomTac mice had a high incidence of tumors:
58 %, 70 %, and 79 % for the Lrig3+/+, Lrig3+/-, and Lrig3-/- geno-
types, respectively. The most common tumor in C57BL/6JBomTac mice
was lymphoma in Peyer’s patches, followed by lymphoma in the lymph
nodes, lymphoma in the spleen, and pulmonary adenoma. Only five
129S1-U mice were diagnosed with tumors, four with pulmonary ade-
nomas and two with lymphomas.

3.8. High-fat diet-fed Lrig3-deficient C57BL/6JBomTac mice presented
with reduced incidence of hepatocellular microvesicular fatty changes

Because female Lrig3-/- C57BL/6JBomTac mice were protected
against spontaneous macrovesicular hepatocellular changes at one year
of age, we investigated whether they were also protected against fatty
liver induced by a HFD. 129S1-U mice were not included in this
experiment because they did not exhibit a clear liver phenotype in the
original histopathological examination. Eight-week-old female and male
C57BL/6JBomTac mice with different Lrig3 genotypes were fed a HFD
for eight weeks. Here, we included both males and females to account
for sex differences in metabolic control and regulation. After 8 weeks of
consuming a HFD, both female and male mice of each of the three Lrig3
genotypes presented increased body weights, increased proportions of
fatty tissue, and decreased proportions of lean tissue (Fig. 5). However,
there was no difference between the Lrig3 genotypes of either sex with
respect to body weights, proportions of fatty or lean tissue, tibia lengths,
liver weights, or gonadal fat pad weights at the end of the eight-week
HFD regimen (Supplementary Table 4). There were no effects of Lrig3
genotype on insulin or glucose levels, or across a large panel of hema-
tology and clinical chemistry parameters, in either sex (Supplementary
Table 4). At the end of the eight-week HFD regimen, histopathological
examination of the livers revealed reductions in microvesicular hepa-
tocyte changes in female Lrig3-/- mice compared with female Lrig3+/+
mice (p = 0.022, Kruskal-Wallis test with Dunn’s multiple comparison
test) (Fig. 6A). Compared with one-year-old mice, which presented with
very few microvesicular hepatocyte changes, the HFD-fed mice pre-
sented with increased occurrences of microvesicular hepatocyte
changes. There were no differences between mice of different Lrig3 ge-
notypes in macrovesicular degeneration of hepatocytes in the HFD
experiment (Fig. 6B), and the scores were generally lower in the HFD-fed
mice than in the 1-year-old mice.

4. Discussion

In this study, we performed an unbiased and extensive histopatho-
logical examination of 1-year-old mice of different Lrig3 genotypes with
two different genetic backgrounds: C57BL/6JBomTac and 129S1-U. In
the primary screen, we observed four significant (p < 0.01) effects of
Lrig3 expression ablation: (i) an age-dependent reduction in body weight
in C57BL/6JBomTac and 129S1-U mice; (ii) a reduced incidence of
hepatocellular macrovesicular steatosis in C57BL/6JBomTac mice; (iii)
an increased occurrence of dilated ileum in 129S1-U mice; and (iv) an
increased incidence of inflammatory cells infiltrating the middle ear of
129S1-U mice. The presence of both strain-independent and strain-
dependent phenotypes highlights the importance of considering the
genetic background when investigating the function of Lrig3 expression
in mice.

Strain-dependent phenotypes are usually attributed to the presence
of modifier genes that influence the function of the investigated gene
(Nadeau, 2001). Lrigl and Ntnl are two candidate modifier genes of
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Fig. 3. Intestinal dilations and intestinal morphology in C57BL/6JBomTac and 129S1-U mice with different Lrig3 genotypes. A. Representative photograph of a
129S1-U mouse with a dilated duodenum (asterisk), whereas the other intestinal parts were within the normal range. B. Representative photograph of a 129S1-U
mouse with a dilated duodenum and jejunum (asterisks), whereas the other intestinal parts were within the normal range. C. Bar charts of the number of
C57BL/6JBomTac and 129S1-U mice with dilated small intestine segments. D. Histomicrograph of a hematoxylin and eosin-stained ileum illustrating how the
mucosal areas (M), crypt areas (C), and muscularis areas (m) were measured. **p < 0.01 (ANOVA with Tukey’s multiple comparisons). The scale bar indicates 50 um.
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Fig. 4. Inflammatory cell infiltrate in the middle ear of C57BL/6JBomTac and 129S1-U mice of different Lrig3 genotypes. A. Bar charts showing the number of
animals with inflammatory cell infiltrate in the middle ear, ** = p < 0.01, * p < 0.05 (Kruskal-Wallis with Dunn’s post-hoc comparisons). B. Representative he-
matoxylin and eosin-stained histomicrographs of the middle ears of female mice sacrificed at 12 months of age with scores of (0) normal, (1) minimal, (2) mild, and
(3) moderate inflammatory cellular infiltrate. No animal had a severe score (4). The scale bar indicates 200 um in the upper row and 50 ym in the lower row (insets).

Table 3

Tumor frequencies in one-year old female mice with different Lrig3 genotypes. The number of animals with tumors (% of mice) is indicated. Each animal could have

more than one tumor.

C57BL/6JBomTac 12981-U

Lrig3+/+ Lrig3+/- Lrig3-/- Lrig3+/+ Lrig3+/- Lrig3-/-

(n =24) (n = 20) (n = 24) (n =22) (n = 24) (n = 26)
Lymphoma, Peyer’s patches 8(33) 9 (45) 10 (42) 0 0 0
Lymphoma, spleen 6 (25) 3(15) 4Q7) 109 0 14
Lymphoma, lymph node 9 (38) 11 (55) 12 (50) 0 0 0
Total number of mice with lymphoma 14 (58) 14 (70) 19 (79) 1(5) 0 14
Pulmonary adenoma 1(4) 1(4) 14 2(9) 14 14
Total number of mice with at least one tumor 14 (58) 14 (70) 19 (79) 3(14) 1) 14)
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Fig. 5. Body weights and proportions of fatty and lean tissues in female and male C57BL/6JBomTac mice of different Lrig3 genotypes before and after eight weeks of
high-fat diet treatment starting at 8 weeks of age. A. Body weights of different Lrig3 genotypes at the indicated ages. B. Proportion of fatty tissue in mice with
different Lrig3 genotypes measured using an Echo-MRI 100 system at the indicated ages. C. Proportions of lean tissue in mice with different Lrig3 genotypes measured
using an Echo-MRI 100 system at the indicated ages. * p < 0.05, *** p < 0.001, *** p < 0.0001, Student’s t test with post hoc Tukey comparisons.
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treatment starting at 8 weeks of age. A. Number of animals with different scores of microvesicular hepatocellular degenerative change. B. Number of animals with
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Lrig3. Lrigl and Lrig3 have been suggested to have redundant functions
and to compensate for one another during inner ear development (Del
Rio et al., 2013) and for sensory axonal growth (De Vincenti et al.,
2021). In fact, we recently showed that LRIG1 and LRIG3 redundantly
sensitize cells to low concentrations of BMP (Herdenberg et al., 2021).
Ntnl, encoding netrin-1, counteracts the function of Lrig3 during inner
ear development (Abraira et al., 2008). Intriguingly, whereas LRIG1 and
LRIG3 promote BMP signaling (Herdenberg et al., 2021; Abdullah et al.,
2023), netrin-1 suppresses the same signaling pathway (Abdullah et al.,
2021). Therefore, we expect that other genes that regulate various as-
pects of BMP signaling might also emerge as phenotypic modifiers of
Lrig3.

In this study, ablation of Lrig3 expression in C57BL/6JBomTac mice
caused an age-related body weight reduction in 12-month-old female
mice but not in 8- or 16-week-old female mice. The lack of differences in
body weight up to 16 weeks of age is consistent with data from the
mouse phenotype consortium, which indicate that male and female
Lrig3-/- C57BL/6NCrl mice have body weights similar to those of their
Lrig3+/+ counterparts (https://www.mousephenotype.org). In princi-
ple, reduced body weight could suggest reduced food intake, reduced
nutritional uptake, or increased metabolic rate. However, in the current
study, we did not monitor food intake or energy expenditure. Therefore,
the reason for the age-dependent reduction in body weight among the
Lrig3-/- mice remains to be investigated.

One-year-old female Lrig3-/- C57BL/6JBomTac mice presented a
body weight-dependent reduction in the incidence of spontaneous he-
patocellular macrovesicular steatosis. In the preliminary analysis
(Herdenberg 2021), which used a four-tiered scoring method, the effect
of the Lrig3-/- genotype was significant also when body weight was
included in the binary logistic regression analysis. Here, however, where
we used a slightly different five-tiered scoring method, the effect of the
Lrig3-/- genotype became non-significant when body weight was
included in the analysis. Therefore, on the basis of the divergent analysis
results between the preliminary and current studies, we could not
conclude whether Lrig3 genotype was an independent predictive factor
for the risk of steatosis. Regarding the ability of Lrig3 to promote BMP
signaling (Herdenberg et al., 2021; Abullah et al., 2023), it is notable
that BMP signaling has been implicated in the etiology of hepatic stea-
tosis both in mice and men (Thayer et al., 2020; Vacca et al., 2020).
However, to determine the causal links between Lrig3 and hepatic
steatosis, further investigations are needed. In the HFD experiment,
Lrig3-/- mice presented a lower incidence of microvesicular hepatocel-
lular degeneration, or microvesicular steatosis, than the corresponding
Lrig3+/+ mice. In mice, microvesicular steatosis usually indicates either
more severe hepatic dysfunction or nutritional imbalance than macro-
vesicular hepatocellular degeneration does (Thoolen et al., 2010),
although it is also an intermediate stage of macrovesicular hepatocel-
lular degeneration (Kristiansen et al., 2019). In any case, the reduced
incidence of microvesicular steatosis observed in Lrig3-/- mice was
clearly independent of body weight because the Lrig3 genotypes did not
differ in body weight before or after the 8-week HFD regimen.

One-year-old female Lrig3-deficient 129S1-U mice exhibited an
increased incidence of ileum dilation but no changes in the mucosal
thickness of any of the intestinal segments analyzed. Lrig3 expression has
been suggested to regulate the colonic stem cell compartment, resulting
in increased colon mucosal thickness at 6-10 weeks of age (Stevenson
et al., 2022). Therefore, the results of the present study may indicate an
age-dependent role of Lrig3 expression in the regulation of colonic stem
cells and mucosal morphology. Lrigl-deficient mice also present an in-
testinal phenotype caused by the hyperproliferation of intestinal stem
cells (Wong et al., 2012; Powell et al., 2012), possibly through the
promotion of BMP signaling (Herdenberg and Hedman, 2023). There-
fore, as discussed earlier, expression of the intact Lrigl gene might be
able to compensate for that of the ablated Lrig3 gene. BMP signaling has
been reported to be important for the differentiation of enterocytes
along the villus axis (Beumer et al., 2022; Kraiczy et al., 2023), and
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investigating whether Lrig3, Lrigl, or both are involved in the regulation
of enterocyte differentiation would therefore be interesting.

One-year-old female Lrig3-deficient 129S1-U mice also presented an
increased incidence of middle ear inflammatory infiltrate. This can
occur spontaneously, often due to a breach or compromise in the natural
barriers of the middle ear, and is not necessarily caused by infection
(Ramos et al., 2018; Verdaguer et al., 2006). The pathogenesis behind
this condition is unknown. Therefore, although Lrig3 apparently plays
an important role in this process, it remains difficult to address the exact
role of Lrig3 in middle ear inflammation.

The present study was partly motivated by our preliminary obser-
vation that Lrig3-deficient C57BL/6JBomTac mice tend to form
abdominal tumors at an increased rate compared with their wild-type
littermates (Hellstrom et al., 2016). Lrigl-deficient mice spontaneously
develop duodenal tumors (Powell et al., 2012), and Lrigl functions as a
haploinsufficient tumor suppressor in experimental glioma in mice (Mao
et al., 2018), whereas Lrig2-deficient mice are protected against exper-
imental glioma (Rondahl et al., 2013). There was no difference in tumor
incidence between mice of different Lrig3 genotypes, and the tumor
types identified were those that have been reported as the most common
in the two mouse strains used — lymphoma, especially of Peyer’s patches,
in C57BL/6 strains; and pulmonary adenoma in 129 strains (Cooper et al
2021; Brayton et al 2012). To address the potential role of Lrig3 in tumor
development, it might be appropriate to use a more tumor-prone mouse
strain, analyze mice of older age, or expose the mice to carcinogenic
insults.

This study has several limitations. One limitation is that the study
was mostly descriptive, and thus, it did not provide extensive mecha-
nistic insight. However, a thorough phenotypic description of Lrig3
mutant mice will serve as the basis for further mechanistic studies.
Another limitation is that the histopathological examination was per-
formed only on one-year-old female mice. Hence, we might have missed
phenotypes that become apparent only at older ages or earlier in
development or only in male mice. For example, cancer development
might be better studied with older mice or under other environmental
conditions.

In summary, we showed both strain-independent and strain-
dependent effects of Lrig3 ablation in two different mouse strains. It
remains to be determined whether the Lrig3-mediated regulation of
BMP signaling, or other functions of Lrig3, affects body weight, liver
steatosis, intestinal morphology, and middle ear inflammation. In this
context, determining the strain-specific genetic modifiers that influence
the physiological function of Lrig3 is important.
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