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Abstract

Background and aims: We previously demonstrated that Apoe™~ mice on the DBA/2 vs. the
AKR genetic background have >10-fold larger atherosclerotic lesions. Prior quantitative trait locus
mapping via strain intercrossing identified a region on chromosome 17, Ath26, as the strongest
atherosclerosis-modifying locus. We aimed to confirm A#426, identify candidate genes, and
validate the candidate gene effects on atherosclerosis.

Methods—We bred chromosome 17 interval congenic mice to confirm that A#26 locus contains
atherosclerosis modifying gene(s). Bone marrow derived macrophage transcriptomics was
performed to identify candidate genes at this locus whose expression was correlated with lesions
in a strain intercross. The Cyp4f13 candidate gene was tested via a gene knockout approach and /n
vivo and ex vivo phenotype analyses.

Results: A congenic mouse strain containing the DBA/2 interval on chromosome 17 on the AKR
Apoe™~ background demonstrated that this interval conferred increased lesion area.
Transcriptomic analysis of bone marrow macrophages identified that expression of the Cyp4f13
gene, mapping to this locus, was highly associated with lesion area in an F2 cohort. AKR vs.
DBA/2 macrophages had less Cyp4f13 mRNA expression, and their livers had lower leukotriene
B4 (LTB4) 20-hydroxylase enzymatic activity. A Cyp4f13knockout allele was bred onto the
DBA/2 Apoe™~ background and this conferred less enzymatic activity, decreased macrophage
migration in response to LTB4, and smaller aortic root atherosclerotic lesions.

Conclusions: Allelic differences in the Cyp4f13 gene may in part be responsible for the Ath26
QTL conferring larger lesions in DBA/2 vs. AKR Apoe™~ mice.
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1. Introduction

Mice are resistant to atherosclerosis due to low levels of apoB-containing VLDL and LDL
lipoproteins and high levels of HDL. Through gene engineering and other approaches,
hyperlipidemic mice have been created that are susceptible to atherosclerosis.
Apolipoprotein E-deficient (Apoe™") mice created in 1992 were the first gene knockout
mouse to display hyperlipidemia and atherosclerotic lesions in the aortic root, arc, and
descending aorta, even if fed a chow diet [1]. It was recognized early on that classical mouse
genetics might be able to identify atherosclerosis modifier genes; and, apoE deficiency was
back crossed onto several inbred strains that demonstrated large strain effects on lesion area
[2]. DBA/2 Apoe™~ mice have >10-fold larger lesions than AKR mice, in 16 week old mice
fed a chow diet. Thus, we previously performed two independent strain intercrosses between
these strains, assessing aortic root lesion areas in chow fed 16-week old mice, and used
quantitative trait locus (QTL) mapping to identify atherosclerosis modifier loci on
chromosomes (chr) 2, 15, and 17, which were named Ath22, Ath28, and AthZ26, respectively
[3]. The Ath26 chr 17 locus had the strongest association with lesion area, and the goal of
the present work was to confirm this locus effect on atherosclerosis through the generation
of a congenic strain, identify a candidate gene within this interval, and validate its effect on
atherosclerosis /n vivo.

2. Materials and methods

2.1. Statement of animal care regulation standards

All mouse studies were performed as approved by the Cleveland Clinic Institutional Animal
Care and Use Committee.

2.2. Generation of AKR.DBA/2¢h"17 congenic mice:

AKR/J and DBA/2J mice on Apoe™" background were previously described [3]. These mice
were intercrossed to generate F1 mice, which were backcrossed to AKR/J Apoe™~ for 7
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generations with selection for DBA/2 alleles at two AKR-DBA/2 polymorphic SNP markers
(rs13459151 and rs49841774) flanking the atherosclerosis QTL on chr 17. These SNP
markers were genotyped using Applied Biosystems TagMan Universal PCR Master Mix and
SNP specific primer probe sets to select mice heterozygous for the chr 17 interval. To
determine the actual congenic break point and to confirm no contamination on other
chromosomes, mouse SNP microarray genotyping was performed by the University of North
Carolina Systems Genetics core using the MegaMUGA platform. The chr 17 heterozygous
mice were brother and sisters mated to generate three genotypes of male and female AA,
AD and DD in the congenic interval for the atherosclerosis assay of aortic root lesion
quantification.

Determination of eQTL with F2 mice on Chl17 Ath26:

Bone marrow derived macrophage (BMDM) transcriptomic analysis was performed in F2
mice derived from an AKR/J x DBA/2J Apoe™" strain intercross using Affymetrix mouse
expression arrays as previously described [3]. From this published BMDM gene expression
data (GEO accession # GSE35676), we correlated lesion areas in the F2 mice with each
BMDM expressed transcript.

2.4. Generation of Cyp4f13 knock-out mouse:

To test the effects of Cyp4f13gene on atherosclerosis, we obtained Cyp4£13knock-out (KO)
mice. Cyp4f13 KO embryonic stem (ES) cells were made by Lexicon (clone OST14770).
Details are described in Supplemental Materials. Cyp4f13hemizygous mice on the DBA/2
Apoe™~ background were brother sister mated to generate male and female mice of the three
genotypes: wild type (WT), heterozygous (Het) and homozygous (KO) at the expected 1:2:1
ratio. Additional WT and KO mice were generated by breeding within these genotypes.

2.5. Determination of gene expression of Cyp4f13 by real-time PCR:

BMDM were cultured for ~14 days in BMDM culture media (DMEM containing 15% FBS
and 20% L-cell conditioned media as a source of M-CSF) until the cells were fully
differentiated at 85-95% confluency. BMDM were isolated from four types of mice:
Cyp4f13WT, Het, and KO on the DBA/2, as well as AKR/J mice on Apoe™" background.
Total RNA was extracted from these cells using miRNA mini kit from QIAGEN. 1 ug of
RNA from each sample was used to make cDNA using the iScript Advanced cDNA
Synthesis Kit from Bio-Rad. Real-time PCR assay was performed with Applied Biosystems
TagMan Universal PCR Master Mix and Tagman probe Mouse Chr 17: Mm00504576_M1
(Chr17:32924688-32947415 on Build GRCm38) (Thermo Fisher Scientific). 1 ul of cDNA
was applied to the real-time PCR assay. A standard reaction protocol was followed: 50°C for
2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 1 min. Relative gene
expression in each sample compared to WT mouse BMDM was performed by the AACT
method using mouse Polr2a (RNA polymerase Il subunit) as endogenous control. The results
were expressed as 2 2ACT for the fold changes in expression.
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2.6. Atherosclerosis assay: quantification of aortic root lesion area and lesion
composition.

Male and female mice of three genotypes of chr 17 interval congenic mice AA, AD and DD
on the AKR/J background, and male and female mice of the three genotypes for cyp4f13
WT, Het and KO on DBA/2J Apoe™~ background were fed a chow diet (Teklad 2018). Mice
were sacrificed by CO» inhalation and weighed at 16 weeks of age. Whole blood was
collected from the retroorbital plexus into a heparinized glass capillary and transferred to a
tube containing 2 ul EDTA, which was spun in a microfuge to obtain plasma. The
circulatory system was perfused with 10 ml PBS and the heart was excised and preserved in
10% phosphate buffered formalin (Thermo Fisher Scientific). Quantitative assessment of
atherosclerosis in the aortic root was performed as previously described [4]. Lesion areas
were quantified as the mean value in six sections at 80 pm intervals using Image Pro
software (Media Cybernetics). In order to assess lesion composition, and additional cohort
of 3 male ¢yp4f13WT and KO on DBA/2J Apoe™ background were fed a chow diet and
sacrificed at 16 weeks of age. The unfixed hearts from these mice were fresh frozen in OCT
and 10 pm sections were cut through the aortic root. Sections were fixed with acetone for 10
mins at room temperature. For macrophage staining, sections were blocked with 5% BSA in
PBS for 1hr at 37°C, and the primary antibody anti-mouse CD68 (MAC1957GA, Bio-Rad,
1:50 diluted in 1% BSA in PBS) was incubated at 37°C for 1 hr. The secondary antibody,
TRITC-conjugated AffiniPure Mouse anti-rat 1gG (121-025-082, Jackson ImmnoReseach
Laboratories, 1:100 dilution in 1% BSA in PBS) was Incubate at 37°C for 30 mins. For
smooth muscle staining, serial sections were blocked with Casein Blocker (37532, Thermo
Scientific) for 1 hr at 37°C, and the anti-actin mouse monoclonal conjugated with Cy3
(C6198, Sigma-Aldrich, diluted 1:100 in Caseins blocker) was incubated for 1 hr at 37°C.
Slides were Vectashield containing DAPI (H-1200, Novus Biologicals) for nuclear staining.
For lesion necrosis, serial sections were stained with hematoxylin for 15 min at room
temperature. For each mice up to 3 lesions were quantified for macrophage area, smooth
muscle cell area, and necrotic area, represented as the % lesion area for each lesion.

2.7. Determination of total cholesterol and HDL-cholesterol:

30 ul of plasma was mixed with 30 ul of KBr (density of 1.12 g/ml), placed into 0.2 ml tubes
and centrifuged at 70,000 rpm for 16 hours in an S100-AT3 rotor (Thermo Fisher Scientific).
The bottom 30 pl layer with a density > 1.063 was used to determine HDL-cholesterol, and
the plasma 10x diluted with PBS was used for testing total cholesterol levels, both run with
technical duplicates using the Cholesterol Liquicolor kit (StanBio Laboratory, #1010-225)
adapted to a 96 well plate format.

2.8. Characterization of peritonitis induced by zymosan injection:

Two groups of age matched WT and KO on DBA/2J Apoe™" background female mice were
injected i.p. with a zymosan suspension based on mouse body weight (70 pg zymosan/g
body weight). 0, 4, or 6 hours after zymosan injection the mice were euthanized by CO,.
Peritoneal lavage was performed using 4 ml PBS. The lavage fluid volume was measured
and centrifuged for 5 min at 700 rpm at 4°C. The supernatant was saved for measuring LTB4
levels by ELISA (R&DSystems, #KGEO006B). The cell pellets were suspend in 200 pl PBS.
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2 ml of 1xRBC Lysis Buffer (Invitrogen) was added to the cell suspension kept on ice for 5
minutes, then 5 ml of PBS was added. Samples were centrifuged at 700 rpm at 4°C for 5
minutes and the cell pellets were resuspended in 1 ml of PBS for cell counting in a Coulter
Counter.

2.9. Determination of LTB4 hydrolase activity in mouse liver by LC-MS/MS

Mouse liver microsomes were prepared and assayed by mass spectrometry for LTB4 20
hydroxylation using a deuterated LTB4 substrate and internal standards, as described in
Supplemental Materials.

2.10. Bone marrow derived mouse macrophage migration assay.

BMDM from DBA/2J WT and KO mice on Apoe™~ background were plated into 24 well
plates. A scratch line was made with a 1 ml pipette tip when the cells were fully
differentiated and 85-95% confluent at day 10-14. The wells were washed 3x with PBS to
remove floating cells. Three conditions were used to treat the cells, serum-free DMEM plus
M-CSF (10 ng/ml) as a negative control, serum-free DMEM plus M-CSF plus LTB4 (300
nM), and serum-containing BMDM culture medium as a positive control, with each
condition used in triplicate wells. Since we did not include an inhibitor of cell proliferation
in this assay, a portion of the cell migration into the scratch may be due to cellular
proliferation. Lines were drawn on the bottom of the wells to uniquely define each scratch
segment and as fiduciary landmarks that were used later to align the images at two time
points. Two to four segments of each scratch in each well were analyzed. Images were taken
at time 0 hour immediately after adding the treatment condition to each well. The plates
were incubated at 37 °C for 24 hours and images of same area of each segment were
obtained. The images (0 and 24 hour) were edited with PhotoShop and false colors were
applied to distinguish the 0 and 24 hour time points. The two images of each segment were
aligned via the fiduciary landmarks and superimposed using a blending option to adjust the
layer opacity until the two layers were clearly identified showing the scratch boundary at 0
and 24 hour time points. The distance of cell migration was determined 8-10 times within
each segment on both sides of the scratch. Data from segments where migration from the
two sides of the scratch were not similar (>24% deviation) were eliminated.

2.11 Bone marrow derived macrophage AcLDL uptake, cholesterol loading, and
cholesterol efflux

Human LDL (1.019 < d < 1.063 g/mL) and human HDL (1.063 < d < 1.21g/mL) were
prepared by ultracentrifugation. LDL was acetylated as described previously[5][6]. HDL,
LDL and AcLDL were dialyzed against PBS with 100uM EDTA and 20uM BHT. For Dil
(1,1’-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate) labeling, 10 mg/mL
Dil stock in DMSO was diluted in PBS and added to AcLDL at a final concentration of 10
ug/mg of protein. The mixture was incubated at 37°C for 25min and centrifuged for 2min to
pellet any insoluble debris. The supernatant was collected and filtered sterilized before use.
For [3H] labeling, [3H]-cholesterol in ethanol was pre-incubated with undiluted AcLDL at a
final concentration of 0.5 uCi/mL for 30 min at 37°C before adding to DMEM at a final
concentration of 50 pg/mL AcLDL. To measure Dil-AcLDL uptake, WT and KO BMDM in
24-wells plates were incubated in DMEM containing 50 pg/mL Dil-labeled AcLDL for 1h at
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37°C. The cells were detached from the plate using Cell Stripper (Cellgro). The cells were
resuspended and analyzed by flow cytometry (LSRII, Becton-Dickinson). Fluorescence was
gated for individual live cells and the fluorescence associated with 10,000 cells was
determined for each sample. The data collected from the cells were analyzed with Flowjo
software. To measure cholesterol loading, WT and KO BMDM in 12-well plates were
incubated for 16h at 37°C with culture media with or without 50 pg/mL AcLDL. The cells
were washed and cholesterol was extracted from cells using hexane:isopropanol (3:2; v:v)
and protein extracted using 0.2N NaOH/0.2% SDS. Total, free and esterified cholesterol as
well as protein mass were evaluated as described previously[7]. To measure cholesterol
efflux, WT and KO BMDM were cholesterol labeled with 50 pg/mL [3H]-AcLDL in
DMEM containing 10 ng/mL MCSF for 16h at 37°C. After labeling, cells were chased for
4h at 37°C in DMEM with or without acceptors (5 pg/mL apolipoprotein Al or 100 pg/mL
HDL). At the end of this chase period, the radioactivity in the medium and cells was
determined by liquid scintillation counting, and the percent efflux was calculated as [100 x
(medium dpm)]/(medium dpm + cell dpm). Percent efflux to acceptors was calculated as
(percent efflux in presence of acceptors)—(percent efflux in absence of acceptors).

2.12. Statistics

All statistics were performed using GraphPad Prism software. Tests for normal data
distribution were performed before analyzing for group differences and non-normally
distributed data were analyzed using nonparametric statistical tests. Comparisons of two
groups were made by t-test and of more than two groups by ANOVA with the specified
posttest. Values shown are mean + SD unless indicated otherwise. For Cyp4f13knockout
mouse studies, a pre-specified outlier removal process was applied: if a data point was >2
SD away from the remaining data, that data was removed as an outlier and specified in the
figure legend.

3. Results

3.1 Confirmation of the Ath26 locus on chr 17 and identification of the candidate gene

Cyp4f13

Our two prior AKR/JXDBA/2J Apoe™~ strain intercrosses yielded F2 mice from which we
measured atherosclerosis lesion areas and strain specific markers throughout the genome,
allowing us to identify three genome-wide significant AthQTL loci on chr 2, 15, and 17,
with the chr 17 locus, named At126 [3]’[8]. The confidence interval for this locus was very
large, spanning from 12.3 to 64.3 Mb on chr 17 [3]. At that time, we also measured BMDM
gene expression using expression microarrays, and identified that many of the BMDM
expressed genes were associated with strain specific cis-genetic variation, which are called
cis-expression quantitative trait loci, or cis-eQTLs. In the At426 QTL interval, we identified
several genes with significant cis-eQTLs, among them was the Cyp4f13gene, at 32.7 Mb on
chr 17 with strong cis-eQTLs in both male and female F2 mice (LOD 11.6 and 7.4,
respectively)[9]. We revisited the gene expression and atherosclerosis data from that prior F2
cross and performed a correlation analysis for gene expression vs. atherosclerosis lesion
area. In the male mice, the strongest gene expression-lesion correlation was found for the
Cyp4f13 gene (Fig. 1A, r=0.46, r?=0.21, p<0.0001). Cyp4fi3expression in male F2 mice
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divided into three genotypes at the Cyp4f13locus is shown in Fig.1B; and there was a
significant additive genotype effect on Cyp4f13expression levels, with the DBA/2 genotype
associated with higher expression, such that the AKR allele was expressed on average 43%
lower than the DBA/2 allele. We confirmed via qPCR that AKR BMDM expressed less
Cyp4f13mRNA than DBA/2 BMDM (Fig. 1C, 38% lower in AKR, p<0.01 by ANOVA
posttest). Additionally, we found a honsynonymous variant at residue 453 in the Cyp4f13
protein, with a Ser residue in the DBA/2 strain and a Pro residue in the AKR strain; and this
change is predicted to alter protein function as determined by Polyphen2 analysis [3].

In order to confirm the Ath26 QTL, we backcrossed F1 mice onto the AKR Apoe™" strain
to create congenic mice maintaining the DBA chr 17 segment from 32.82 to 66.71 Mb on
the AKR genetic background (mouse NCBI37/mm9 genome build). Atherosclerosis lesion
areas in female congenic mice revealed that mice inheriting two DBA/2 alleles (DD) at this
locus had significantly larger lesions than those with 1 (DA) or 0 (AA) DBA/2 allele (Fig.
1D). The median lesion area in the DD genotype congenic females was >5- fold larger than
in the AA genotype congenic females. There was no effect of the congenic interval genotype
on total or HDL cholesterol levels in female mice (not shown). We also assessed lesion areas
in male congenic mice, and due to smaller number of mice and larger variance, the
differences were not significant; however, the same trend was apparent with the median
lesion are 3.5-fold larger in the DD vs. AA genotype congenic males (not shown).

3.2. Characterization of Cyp4f13 KO mice

3.3.

We obtained mouse ES cells with a deletion of the final coding exon of the Cyp4f13gene, as
described in the Methods section, and we refer to this as the KO allele, although a truncated
protein may be expressed. Mice were generated from these ES cells and bred onto the
DBA/2 Apoe™~ background. As shown in Fig. 1C, we prepared RNA from BMDM of
DBA/2 WT, Het, and KO mice and found that Cyp4f13 mRNA expression in KO mice was
significantly decreased compared with WT (71% decreased). Cyp4f13expression in Het
BMDM was significantly different and intermediate between WT and KO levels, and equal
to the expression level in the AKR BMDM.

We measured an enzymatic activity of Cyp4f13, the omega hydroxylation of leukotriene B4
(LTB4) to 20-OH-LTB4, using liver microsomes from male DBA/2 WT, Het, KO, and
AKR/J mice Apoe™~ background. Microsomal cytochrome P450 (Cyp450) dependent
enzymatic reactions were performed with the addition of the deuterated leukotriene B4 (d4-
LTB4) substrate. Compared to the DBA/2 WT microsomes, the HET and KO microsomes
had 8% and 25% less activity, respectively (Fig. 2). AKR vs. DBA/2 microsomes also had
8% less activity. We suspect that the reason that the activity was impaired less than the
MRNA levels is that there are other related cyp4fgenes that also have LTB4 omega
hydroxylase activity.

Bone marrow derived macrophage migration

To determine if the Cyp4f13 KO altered a biological response in BMDM, we performed a
scratch wound 24-hour cell migration assay using LTB4 or serum as migration agonists. The
WT and KO BMDM derived from female mice migrated to the same extent in serum-free
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control media containing 10 ng/ml M-CSF, needed to maintain cell viability. Serum-
containing BMDM growth media induced increased migration in both the WT and KO
BMDM, with no difference in the migration distance between cell types. However, the
addition of 300 nM LTB4 led to a 12% significant increase in migration in WT cells, but a
non-significant 5.5% increase in KO cells (Fig. 3A). Thus, KO cells with less LTB4 20-
hydroxylase activity are less responsive to LTB4 agonist.

3.4 Bone marrow macrophage cholesterol metabolism.

We measured Dil-labeled AcLDL uptake by WT and KO BMDM by flow cytometry, and
found no difference in the median fluorescence intensity (MFI, 4830 + 405, 5095 + 239
mean=SD for WT and KO, respectively, n=5). After [3H]cholesterol loading and labeling
BMDM, we measured cholesterol efflux to apoAl and HDL acceptors. There was no
genotype effect on efflux to apoAl; however, there was a 21% significant increase in efflux
to HDL from the KO vs. WT BMDM (Fig. 3B). We then measured total, free, and esterified
cholesterol (TC, FC, and CE, respectively) in unloaded and AcLDL loaded BMDM. AcLDL
loading significantly increased TC, FC, and CE in both genotypes. However, the KO vs. WT
BMDM had decreased TC and CE mass after AcLDL loading, with no effect on FC (Fig. 3
C-E).

3.5. Zymosan induced peritonitis

We subjected WT and KO female mice to zymosan i.p. injection and performed peritoneal
lavage at 0 (untreated) 4, and 6 hours afterwards. Total cell number in the lavage fluid was
markedly induced at 4 hours and still rising at 6 hours (Fig. 4A). Two-way ANOVA analysis
showed a significant effect of time, but no effect of genotype or interaction between time
and genotype. We also measured LTB4 levels in the peritoneal lavage supernatant, and it
peaked at 4 hours, but was still elevated at 6 hours (Fig. 4B). Two-way ANOVA analysis
showed a significant effect of time, and a non-significant trend for genotype (p=0.07), with
58% more LTB4 measured at 4 hours in the KO mice, such that there was a significant
interaction between time and genotype (£=0.035). The increase in LTB4 levels at 4 hours is
consistent with less 20-hydroxylase activity in the KO mice, although this had no significant
effect on recruitment of leukocytes into the peritoneal cavity.

3.6. Atherosclerosis

To determine the effect of Cyp4f13genotype on the formation of aortic root atherosclerosis,
male and female WT, Het, and KO mice on DBA/2 Apoe™~ background were fed with chow
diet and sacrificed at 16 weeks of age. Since sex can affect lesion area in mouse models [10],
we analyzed atherosclerosis separately in the two sexes. In the female mice, the Cyp4£13
Het mice (n=18) and KO (n=13) mice had significantly smaller lesions than the WT mice
(n=17) (p<0.001 and p<0.05, respectively by ANOVA with Tukey’s posttest). There was no
significant difference in lesion area between the HET and KO mice, and lesions were on
average 35% smaller in the KO vs. WT female mice (Fig. 5A). A similar effect was
observed in the male mice where HET (n=16) and KO (n=25) lesion areas were significantly
smaller than in WT (n= 11) mice (p<0.05 for both comparisons by ANOVA with Tukey’s
posttest). In a separate study, we evaluated lesion composition in serial sections of the aortic
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root by evaluating macrophage and smooth muscle cell content by immunostaining against
CD68 and alpha actin, respectively, and necrotic area by hematoxylin staining (Fig. 5C).
These early lesions on chow diet fed mice consist primarily of macrophages; although there
was some smooth muscle cell and necrotic areas as well. Cyp4f13 genotype had no effect on
macrophage or smooth muscle cell relative area, but necrotic relative area was significantly
increased in the KO mice, despite the overall smaller lesion area in these mice. There was no
significant genotype differences on plasma total cholesterol, HDL-cholesterol, or nonHDL-
cholesterol levels or the ratio of non-HDL/HDL-cholesterol in the female or male mice
(Table). Thus, reduced Cyp4f13 activity was associated with decreased atherosclerosis,
independent of an effect on plasma cholesterol levels, indicating that the strain effect of
expression of this gene may contribute to the A#126 QTL locus on chr.17.

4. Discussion

Our unbiased genetic approach via a mouse strain intercross identified an atherosclerosis
modifier locus on chr 17, which we confirmed by generation of a congenic strain. Our
transcriptomic analysis of F2 macrophages found that expression of the Cyp4f13 gene,
which resides in the chr 17 interval, had the strongest correlation with lesion area in the F2
mice, making this the top candidate gene. The mouse Cyp4fgene family consists of 9
related genes, 8 clustered on chr 17 and one on chr 8. This gene family is known to have w-
hydroxylation activity for polyunsaturated fatty acids as well as for eicosanoids and LTB4
[11]. The gene names are not consistent in mice and humans, and the closest homolog of
mouse Cyp4f13is human CYP4F11. Although there are no detailed substrate studies for the
mouse Cyp4f13 protein, the human CYP4F11 protein has been expressed in yeast and found
to have efficient w-hydroxylation activity on the saturated 16:0, the monosaturated 18:1, and
the polyunsaturated 20:4 and 22:6 fatty acids [12]. Another group determined that CYP4F11
also has LTB4 and Lipoxin A4 w-hydroxylase activity [13]. In addition, human CYP4F3B,
its mouse homologue Cyp4f18, and mouse Cyp4fl14 have also been found to have LTB4
hydroxylation activity [14]°[15]’[16]. Thus, there is a potential role for Cyp4F gene
members to produce or metabolize pro-inflammatory and anti-inflammatory lipids.

Leukotrienes are a family of lipid mediators and synthesized from arachidonic acid via the
5-lipoxygenase pathway [17]. During inflammation LTB4 stimulates neutrophil activation
and chemotaxis leading to degranulation and the release of antimicrobial proteins such as
myeloperoxidase [18]. Cyp4F proteins are thought to inactivate LTB4 by w-hydroxylation
[19]. However, previous studies showed that the 20-OH-LTB4 also had similar chemotactic
activity as LTB4 and could be a pro-inflammatory mediator as well [20]’[21]. Our present
studies found significantly decreased 20-OH-LTB4 production by Cyp4f13 KO mouse liver
microsomes, confirming that Cyp4f13 has LTB4 w-hydroxylation activity. We also found
that BMDM from Cyp4f13 KO mice had significantly reduced cell migration in response to
LTBA4. This latter finding seems contradictory to expectations if w-hydroxylation is the first
step in LTB4 catabolism. Instead, our findings suggest that 20-OH-LTB4 may be a more
potent pro-inflammatory agonist than LTB4, or that its w-hydroxylation prevents LTB4
turnover by another more rapid pathway. It has been proposed that the increased
hydrophobicity of 20-OH-LTB4 vs. LTB4, makes it a more potent chemoattractant [20].
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We also examined macrophage cholesterol metabolism, and although there was no effect of
the Cyp4f13 KO on a 1 hr uptake of AcLDL, upon a longer incubation with AcLDL, the KO
BMDM accumulated lower levels of total and esterified cholesterol. This effect on
cholesterol accumulation may have been due to increased efflux to lipoprotein acceptors,
which we also observed. Thus, during the prolonged loading period, the KO macrophages
may have released more cholesterol back to the medium. In addition, cholesterol
esterification or lipid droplet turnover rates may also have been affected. The decreased
cholesterol loading in the KO macrophages is consistent with the observed effect on aortic
root lesion area, namely smaller lesions in the KO mice.

We used a zymosan peritonitis model to determine if Cyp4f13 KO had any effect on cellular
infiltration. And although we found a trend for increased LTB4 levels 4 hours after zymosan
injection, we did not see any difference in leukocyte recruitment. Zymosan is a potent
inducer of inflammation via several pathways including toll like receptors and dectin-1, so
any effect of LTB4 on cell recruitment may be masked in this assay. The lack of an effect of
Cyp4f13 KO on zymosan peritonitis suggests that there is no effect on adhesion molecules
which mediate this recruitment; however, we did not directly asses this in either
macrophages or endothelial cells.

Upon breeding to Apoe™~, Cyp4f13Het and KO genotypes led to smaller aortic root lesions
in both male and female mice. This result is congruent with the mouse strain effect in which
the AKR allele, vs. the DBA/2 allele, is associated with lower Cyp4f13 gene expression,
lower LTB4 w-hydroxylation activity, and smaller lesions. Although this Cyp4f13KO
confirms this candidate gene as a causal gene, there are several limitations of our study that
must also be considered. First, Cyp4f13 might not be the only gene affecting atherosclerosis
in the Ath26 QTL interval. Further fine mapping via breeding additional congenic strains
studies may help to clarify this point. Second, the Cyp4f13KO allele was created using
strain 129 embryonic stem cells. Thus, in selection for the KO allele, adjacent 129 alleles are
also retained, leading to the so called “passenger gene” effect [22]. Beyond the scope of the
present study, due to the more recent availability of C57BL/6 embryonic stem cells, it would
be possible to confirm the effect of Cyp4f13KO in C57BL/6 mice without the passenger
gene limitation. In conclusion, our data support that expression of Cyp4f13gene is pro-
atherogenic in mice, and that 20-OH-LTB4 may be a potent pro-inflammatory lipid
mediator.
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Highlights:
. The DBA/2 mouse strain interval on chromosome 17 was confirmed to
increase atherosclerosis
. The Cyp4f13 gene was selected as the top candidate gene in this interval via
transcriptomics
. Cyp4r13 gene knockout led to smaller atherosclerosis lesions

. The Cyp4f13 protein had omega hydroxylase activity on leukotriene B4
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Figure 1. Confirmation of the Ath26 locus on chr 17 and identification of the candidate gene

Cyp4f13.
(A) Correlation between lesion area and Cyp4f13 gene expression in BMDM from F2 male

mice (n=114, r=0.46, r2=0.21, p<0.0001). (B) F2 male mice were divided into three
genotypes AA (n=24), AD (n=62), DD (n=27) at the Cyp4f13locus. BMDM from three
genotypes were cultured and Cyp4f13expression was determined microarray (o values
<0.001 by ANOVA analysis with Tukey posttest). (C) Cyp4f13 gene expression assessed by
gPCR in BMDM from the DBA/2J WT, Het and KO as well as AKR/J mice (n=3to 4
biological replicates, different letters above the bars represent p<0.05 by ANOVA with
Tukey posttest). (D) Aortic root lesion areas confirm the At726 QTL in female congenic
mice on the AKR background. The genotype of the chr 17 interval is designated as
homozygous for DBA/2 (DD, n=8), heterozygous (AD, n=10), and homozygous for AKR

(AA, n=17) (%, p<0.05; ***, p<0.001 by nonparametric ANOVA with Dunns posttest).
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Figure 2. LTB4 20-hydroxylase activity.
Omega hydroxylation of LTB4 to 20-OH-LTB4 was measured in a 30 min incubation with

liver microsomes from male DBA/2 WT, Het, KO, and AKR/J mice (n=3 per genotype,
different letters above the bars represent columns with p<0.05 by parametric ANOVA with
Newman-Keuls posttest).
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Figure 3. Macrophage migration and cholesterol metabolism.
(A) WT and Cyp4f13KO BMDM 24 hour migration after scratch wound in response to

LTB4 (300 nM) or 15% serum-containing media. Migration distance was measured at
multiple positions along multiple scratches for each condition (medium * interquartile
range, >100 measurements made for each condition, different letters above the data
represent columns with p<0.05 by nonparametric ANOVA with Dunns posttest). (B)
Cholesterol efflux from WT and Cyp4f13 KO BMDM to apoAl and HDL acceptors (n=4
for each condition). (C-E) Total, free, and esterified cholesterol levels in unloaded (open
bars) and AcLDL loaded (gray bars) WT and Cyp4f13 KO BMDM, normalized to cell
protein (n= 4 per condition). For (B-D), ™, p<0.01; ™", p<0.001 by parametric ANOVA
with Newman—Keuls posttest.
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Figure 4. Zymosan induced peritonitis.

Zymosan time point (hrs)

Peritoneal cell number (A) and LTB4 levels (B) were measured at 0, 4, and 6 hours after
female mice were injected i.p. with zymosan. Two-way ANOVA analysis for cell number
found a time effect (p<0.0001), but no genotype or interaction effects (n=3 to 6 per genotype
at each time point). Two-way ANOVA analysis for LTB4 levels found a time effect
(p<0.0001), a trend for a genotype effect (p=0.07), and an interaction effect (p=0.035, n=4 to

10 per genotype at each time point).
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Figure 5. Cyp4f13 genotype effect on atherosclerosis.
(A) Representative aortic root lesions stained with Oil red O and hematoxylin in 16 week

old chow-diet fed female DBA/2 Apoe™~ mice of the indicated Cyp4f13 genotype. (B).
Aortic root lesion areas in female (left panel) and male (right panel) mice for the indicated
Cyp4r13 genotypes. Parametric ANOVA p-values are shown above the data using Tukey’s
posttest analysis. For the male mice, one WT and one Het values were excluded based on the
pre-specified >2 S.D. outlier rule. (C) Representative aortic root lesions stained for
macrophages (left panel, CD68 immunofluorescence in red), smooth muscle cells (center
panel, alpha actin immunofluorescence in red), and with hematoxylin (right panel) in order
to determine lesion cellular composition and necrosis. Blue shows nuclei stained with DAPI,
and green shows autofluorescence of the elastic lamina. (D) Quantification of macrophage
(left panel), smooth muscle cell (middle panel), and necrotic (right panel) relative lesion
areas (n=7 to 9 lesions per genotype, *, p<0.05).
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Table.

Plasma cholesterol values in Apoe™~ mice by sex and Cyp4f13 genotypes.

Gender/genotype  Total cholesterol*  HDL-cholesterol* NonHDL-cholesterol® NonHDL/HDL  # of mice
Female/WT 805.8+263.4 25.79+11.96 780+264.9 38.37+26.44 18
Female/Het 847.3£222.9 25.7+11.54 821.6x221 39.07+£25.78 17
Female/KO 700.2£277.7 28.44+14.69 671.7£272 26.7£14.4 10

lway ANOVA NS NS NS NS

Male/WT 769.5+£213.1 45.24+16.29 724.2+211.1 17.98+8.06 7
Male/Het 870.1+185 33.58+15.51 836.5+184.8 29.65+13.66 16
Male/KO 810.5+327.5 34.73+14.67 775.8+320.2 24.45+11.88 17

1way ANOVA NS NS NS NS

a, .
values in mg/dl
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