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Abstract

Objective—The NR4A orphan nuclear receptor NOR1 functions as a constitutively active
transcription factor regulating cellular inflammation and proliferation. In the present study, we
employed bone marrow transplantation to determine the selective contribution of NOR1
expression in hematopoietic stem cells to the development of atherosclerosis.

Methods and Results—Reconstitution of lethally irradiated apoE~~ mice with NOR1-
deficient hematopoietic stem cells accelerated atherosclerosis formation and macrophage
recruitment following feeding a diet enriched in saturated fat. NOR1 deficiency in hematopoietic
stem cells induced splenomegaly and monocytosis, specifically the abundance of inflammatory
Ly6C* monocytes. Bone marrow transplantation studies further confirmed that NOR1 suppresses
the proliferation of macrophage and dendritic progenitor (MDP) cells. Expression analysis
identified RUNX1, a critical regulator of hematopoietic stem cell expansion, as a target gene
suppressed by NOR1 in MDP cells. Finally, in addition to inducing Ly6C* monocytosis, NOR1
deletion increased the replicative rate of lesional macrophages and induced local foam cell
formation within the atherosclerotic plaque.

Conclusion—Collectively, our studies demonstrate that NORL1 deletion in hematopoietic stem
cells accelerates atherosclerosis formation by promoting myelopoiesis in the stem cell
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compartment and by inducing local pro-atherogenic activities in the macrophage, including
lesional macrophage proliferation and foam cell formation.
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INTRODUCTION

Recruitment of circulating monocytes, their differentiation into macrophages, uptake of
LDL-derived cholesterol, and the ensuing activation of a broad range of inflammatory
responses are the major events leading to atherosclerosis initiation and progression[1]. In
addition to these cellular functions of the macrophage, increased numbers of circulating
monocytes are associated with atherosclerosis and predict future cardiovascular disease[2,3].
Hypercholesterolemia for example is intimately associated with monocytosis and gives rise
to proinflammatory Ly-6C* monocyte subsets, which infiltrate the arterial wall to contribute
to atherosclerosis formation[4]. The majority of these circulating monocytes originate from
hematopoietic stem cell commitment to myeloid progenitor cells and their proliferation in
response to atherogenic cues[5]. However, the mechanisms underlying atherosclerosis-
associated proliferation of myeloid progenitor cells in the bone marrow remain to be
defined.

Members of the nuclear hormone receptor superfamily constitute a highly conserved group
of transcription factors that have emerged as important regulators of gene expression in the
process of atherosclerosis formation[6]. Among this superfamily, the orphan nuclear
receptors Nur77 (NR4A1)[7], Nurrl (NR4A2)[8], and NOR1 (NR4A3)[9] function as
ligand-independent early response genes to integrate environmental cues into adaptive gene
expression programs to control cell proliferation, differentiation, survival, and
inflammation[6]. The transcription factor NORL1 is rapidly induced in response to growth
factors and inflammatory stimuli[10]. NOR1 is highly expressed in atherosclerotic
lesions[11], increases monocyte adhesion[12], regulates the expression of proinflammatory
genes[13], and modulates cholesterol uptake by macrophages[14]. In addition to these
cellular functions, NORL1 has previously been reported to induce the expansion of
hematopoietic stem cells and myeloid progenitors[15,16]. Considering this collective
evidence, we investigated in the present study the contribution of NOR1 expression in
hematopoietic stem cells to myelopoiesis, monocyte differentiation, and atherosclerosis
development.

MATERIALS AND METHODS

Mice

Littermate NOR1*/* and NOR1 ™~ mice on a mixed C57BL/6J/129Sv background were used
as previously described[17,18]. apoE~'~ mice on a C57BL/6J background (N10) were
obtained from The Jackson Laboratory (stock no. 002052). Bone marrow transplantation
(BMT) studies were performed by repopulating lethally irradiated female apoE ™~ mice with
bone marrow—derived cells of female NOR1*/* and NOR1 ™/~ mice as described[19].
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Briefly, mice were maintained on water containing antibiotics (sulfamethoxazole/
trimethoprim) for 1 week before BMT until 4 weeks after BMT. Recipient mice were
irradiated with a total of 900 Rads from a cesium source that was delivered in 2 doses within
3 to 4 hours. Bone marrow—derived cells of female NOR1*/* and NOR1™~ mice were
obtained from the tibias and femurs of donor mice and were injected into the tail vein of 10-
week-old irradiated female apoE~/~ recipient mice (1x107 bone marrow cells per mouse,
n=15 for NOR1*"* and n=15 for NOR17/"). After 4 weeks of recovery, a saturated fat-
enriched diet was fed for 12 weeks for atherosclerosis analysis (Harlan Teklad TD.88137).
All studies were performed with the approval of the University of Kentucky Institutional
Animal Care and Use Committee.

Atherosclerosis quantification

Histology

En face atherosclerosis was quantified as lesion area on the intimal surface of aortic arches
as previously described[20,21]. The data are presented as the percentage of lesion area on
the aortic arch.

Aortic roots were frozen in OCT media (Tissue-Tek, Miles Inc.) and serial 10um sections
were cut as previously described[20]. Accumulation of lipids in lesions was visualized by
staining with oil red O. Macrophages were detected using rabbit anti-mouse macrophage
antisera (Accurate Chemicals)[22]. Percentage of macrophage and lipid (oil-red-o*) area in
aortic root plaques was calculated using computer-assisted image analysis (Image-Pro,
Media Cybernetics). Macrophage proliferation in atherosclerotic lesions was identified by
immunostaining consecutive aortic root sections with antibodies against macrophages or
proliferating cell nuclear antigen (PCNA, Abcam ab2426)[23]. Proliferating macrophages
were identified as regions staining positive for both macrophage and PCNA and were
quantified using computer-assisted image analysis (Image-Pro, Media Cybernetics). The
ratio of proliferating macrophages to total macrophages at the aortic root was calculated by
dividing macrophage positive areas by macrophage and PCNA positive areas.

Quantification of total cholesterol concentration and lipoprotein-cholesterol distribution

Total serum cholesterol concentration and lipoprotein-cholesterol distribution were analyzed
as previously described[12,21]. Briefly, total serum cholesterol was measured by enzymatic
colorimetric method using the Wako Cholesterol E kit (Wako Chemicals USA).
Lipoprotein-cholesterol distribution was detected by size exclusion chromatography using a
fast performance liquid chromatographic machine (Pharmacia LKB Biotechnology,
Uppsala, Sweden).

Macrophage recruitment during peritonitis

Thioglycollate-elicited peritoneal macrophages were isolated from wild-type and NOR17/~
female mice (12 mice/group) as previously described[24]. Macrophages were quantified by
counting using a hemocytometer.
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Quantitative real-time RT-PCR

RNA was isolated using Trizol (Invitrogen) and reverse transcribed with Superscript 11
(Invitrogen) per manufacturer protocols. Quantitative real-time polymerase chain reaction
analysis of target gene expression was performed using the iCycler and SYBR Green |
system (Bio-Rad) as described[12]. Samples were analyzed in triplicate and normalized to
expression values of mouse housekeeping gene TFIIB or human housekeeping gene TBP.
Data were calculated using the 2-AACT method[25]. The following primer sequences were
used: mouse NOR1 (forward: 5-AGACGCCGAAACCGATGT-3’ and reverse: 5'-
TCGGACAAGGGCATTCA-3’), mouse RUNX1 (forward: 5/-
GCAGGCAACGATGAAAACTACT-3 and reverse: 5
GCAACTTGTGGCGGATTTGTA-3"), mouse TFIIB (forward: 5'-
CTCTCCCAAGAGTCACATGTCC-3 and reverse: 5'-
CAATAACTCGGTCCCCTACAAC-3), human RUNX1 (forward: 5'-
TCTTCACAAACCCACCGCAA-3 and reverse: 5'- CTGCCGATGTCTTCGAGGTTC-3),
human NOR1 (forward: 5-GGGCTTTTTCAAGAGAACAGTG-3' and reverse: 5’
ATCTCTGGGTGTTGAGTCTGTT-3’), human TBP (forward: 5’
GGAGAGTTCTGGGATTGTACCGC-3 and reverse: 5'-
ATATTCGGCGTTTCGGGCAC-3).

Western blotting

Western blotting was performed as described using antibodies against NOR1 (PP-H7833, R
& D Systems), and GAPDH (FL 335, Santa Cruz) [17,18].

Flow cytometry

For phenotypic identification of hematopoietic stem cell (HSC), progenitor cells, and mature
hematopoietic cells, cells were stained with cell surface markers and analyzed by flow
cytometry. Bone marrow cells were stained with the differentiated lineage cell markers
(CD5, CD3, B220, Mac-1, Gr-1, and Ter119 from BD Pharmingen) and stem cell markers
(Sca-1 from Invitrogen, c-kit from BD Pharmingen). HSC-enriched population is negative
for the lineage markers but positive for Sca-1 and c-kit (Lin~Sca-1*c-kit*). Committed
progenitor cells, including common myeloid progenitors (CMP), granulocyte-macrophage
precursors (GMP), macrophage and dendritic cell progenitors (MDP), were identified by the
markers of CD16/CD32 (eBioscience), CD34 and CD115 (BD Pharmingen). CMP were
identified as Lin~c-kit*Sca-1~ CD16/CD32!°W CD34*; GMP were identified as Lin~c-
kit*'Sca~1~ CD16/CD32M CD34*; MDP were identified as Lin"Sca-1" c-kit" CD16/
CD32*CD115%[5,16,26]. Dead cells were excluded by propidium iodide (PI) selection.
Bone marrow cells were analyzed and sorted on a BD FacsAria Il flow cytometer (Becton
Dickinson). Each experimental group was sorted independently. Flow cytomerty and FACS
data were analyzed using FlowJo software (Tree Star) (Supplementary Fig S-1, Fig S-2).

For identification of mature hematopoietic cells in bone marrow, spleen, and blood, T cells
were identified asCD3e™; B cells were identified as CD19*; granulocytes were identified as
CD3e"CD19"NK1.1-CD11b*Ly6GM: natural killer T cells (NKT) were identified as
NKZ1.1*; dendritic cells (DC) were identified as CD11c*; total monocytes were identified as
CD3e CD19-NK1.1~ Ly6G~ CD11b* CD115*, and monocyte subsets were identified as
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Ly6C* monocytes or Ly6C~ monocytes by Ly6C fluorescence intensity gated on total
monocytes[5,26]. Antibodies used for staining are as follows: APC mouse NK1.1, APC
mouse CD19, APC mouse CD3e, APC-Cy7 mouse CD11c, FITC mouse Ly6C, PE-cy7
mouse Ly6G, Percp-cy5.5 mouse CD11b (BD Biosciences); PE anti-mouse CD115
(Biolegend). Antibodies were used according to the manufacturer’s protocol. Cellular
fluorescence was assessed with FACSCalibur (BD Biosciences) and data were analyzed
with Cell Quest software (version3.3, Becton Dickinson) (Supplementary Fig S-3).

BrdU incorporation

Mice were injected intraperitoneally with 1mg BrdU (5-bromodeoxyuridine, BD
Biosciences); 2 hours post injection mice were sacrificed and bone marrow cells from both
femurs and tibias were harvested. Red blood cells were lysed in RBC Lysis Buffer
(eBioscience) and cells were stained with MDP cell surface markers (lineage panel, Sca-1,
c-Kit, CD16/CD32, CD115) and anti-BrdU antibodies according to manufacturer
instructions (BD Biosciences). Cells were analyzed by flow cytometry using a FACsCalibur
(BD Biosciences) and data were analyzed with Cell Quest software (version3.3, Becton
Dickinson).

Transfection of HEK 293 cells

HEK 293 cells were transiently transfected with a NOR1 or GFP expression vector using
Lipofectamine 2000 (Invitrogen) as described[17,27]. RNA was collected with Trizol
(Invitrogen) 48 hours after transfection. NOR1 and RUNX1 expression were analyzed by
quantitative real-time PCR.

Inflammation and foam cell formation of macrophages

Macrophage inflammatory gene expression was quantified using the NanoString nCounter
System [28]. Bone marrow differentiated macrophages (BMM) isolated from NOR1-
deficient mice or wild-type littermates (n=6/group) were treated with 100ng/ml LPS for
eight hours. RNA was collected from cells with Trizol (Invitrogen). Purified RNA was
hybridized against the nCounter GX mouse inflammation kit (NanoString Technologies) and
data was analyzed using nSolver™ Analysis Software (NanoString Technologies). The
geometric mean of the code counts for the positive control genes was used for
normalization.

NORZ1-deficient or wild-type BMM were treated with 100ug/ml oxLDL overnight (Intracel
Corp) and the capability of lipid uptake was measured by oil red O staining. Representative
pictures were acquired and lipid uptake was quantified spectrophotometrically at 510nm.

Statistical Analysis

Results were represented as means or medians depending on the distribution of data.
Unpaired Student’s t-test was utilized to compare the means between two independent
groups on a single variable. The effect of NOR1 on atherosclerosis was compared using the
Kruskal-Wallis test followed by Dunn Test post-hoc analysis. P values < 0.05 were
considered to be statistically significant.
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RESULTS

NORL1 deficiency in hematopoietic stem cells accelerates atherosclerosis formation and
macrophage recruitment in apoE~~ mice

We previously demonstrated that whole body deletion of the NOR1 locus in apoE ™~ mice
reduces atherosclerosis formation by decreasing VCAM-1 expression in endothelial
cells[12]. In these prior studies, selective deletion of NOR1 in resident aortic cells reduced
adhesion of monocytes that were wild-type for NOR1. While these studies pointed to a key
role of NORL1 expression in resident endothelial cells to atherosclerosis formation, the
contribution of NOR1 in the hematopoietic system and monocytes/macrophages to
atherosclerosis in apoE ™~ mice remains to be investigated. Addressing this question is
particularly intriguing considering recent evidence that NOR1 may serve as a tumor
suppressor of myeloid leukemogenesis[15,16], and inhibits inflammatory macrophage
activation[14]. To determine whether NOR1 deletion in hematopoietic bone marrow cells
contributes to the development of atherosclerotic lesions, apoE ™~ mice were lethally
irradiated and reconstituted with bone marrow cells derived from NORZ1-deficient or wild-
type littermate mice. As depicted in Fig. 1A, repopulation of apoE~~ mice with NOR17~
bone marrow cells resulted in increased atherosclerosis after 12 weeks of feeding an
atherogenic diet (NOR1**—apoE~/~, 13.56% [n=10]; NOR1™~—apoE~/~, 21.82% [n=10]
median atherosclerotic lesion area of aortic arches; P<0.05. Fig.1A). Specific deletion of
NOR1 in hematopoietic cells did not affect serum cholesterol concentration or distribution
(NOR1**—apoE~/~, 543.56 + 52.22 mg/dl [n=10]; NOR1~~—apoE -, 563.83 + 27.31
mg/dl [n=10]; P>0.05; Fig. S-4) indicating a cell-intrinsic role of NORL1 in bone marrow
cells for atherosclerosis formation. Consistent with the observed increase in lesion
formation, both aortic lipid content and macrophage infiltration (Fig. 1B-E) into the intima
of aortic root lesions were significantly increased in apoE~'~ mice repopulated with NOR1-
deficient bone marrow cells. Furthermore, using an alternative model of macrophage
recruitment during inflammatory responses, we confirmed a robust increase in the number of
thioglycollate-elicited peritoneal macrophages in NOR1™~ mice relative to wild-type
controls (Fig. 2). Collectively, these findings indicate that the selective deletion of NOR1 in
bone marrow cells enhances atherosclerosis formation and increases macrophage
recruitment into the arterial wall.

NORZ1 deficiency induces splenomegaly and monocytosis

The enhanced macrophage recruitment at two independent sites of inflammation upon
NORL1 deletion led us to hypothesize that this phenotype may be due to increased numbers
of circulating monocytes. Circulating monocytes originate primarily from differentiation of
hematopoietic stem cells and assemble in the red pulp of the spleen[29]. Consistent with our
hypothesis that NOR1-deficiency induces monocytosis, we observed splenomegaly in whole
body NOR1-deficient mice (Fig. 3A-B). This phenotype was the result of a cell autonomous
effect of NORL1 deletion on the hematopoietic stem cell compartment since lethally
irradiated apoE~/~ mice reconstituted with NOR1~/~ hematopoietic cells exhibited similar
splenomegaly (Fig. 3C). Quantification of differential white blood cell counts in NOR1™/~
mice by flow cytometry analysis (Fig. 3D) further confirmed a two-fold increase in
circulating monocyte counts without any obvious changes in T and B-cell numbers,
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granulocytes, natural killer T-cells, dendritic cells, platelets counts (data not shown), or
hematocrit (data not shown).

NOR1 deficiency increases Ly6C* monocytes in bone marrow, circulation, and spleen

Macrophages recruited to atherosclerotic lesions in response to hypercholesterolemia are
predominantly derived from Ly6C* monocytosis[4], which gives rise to proinflammatory
M1 macrophages[30,31]. Considering the increased atherosclerosis, monocytosis, and
splenomegaly in apoE ™~ mice transplanted with NOR1~/~ hematopoietic stem cells, we next
quantified Ly6C* monocytes in blood, bone marrow, and spleen. Despite similar plasma
cholesterol levels and distribution, NOR1™~ mice displayed a more than 2-fold increase in
blood Ly6C* monocytes compared to their wild-type littermate controls (Fig. 4A). In
contrast, there was only a modest and non-significant increase in Ly6C™ monocytes. To
further investigate whether a similar monocyte distribution exists in the hematopoietic
compartment, we next quantified monocytes and monocyte subset populations in the bone
marrow and spleen of NOR1-deficient mice. Consistent with the observations in the
peripheral circulation, NOR1-deficient mice exhibited monocytosis in bone marrow and
spleen that was primarily the result of increased Ly6C* monocyte numbers (Fig. 4B-C). To
determine whether monocytosis in NOR1-deficient mice is stem cell intrinsic and
independent of the background strain, we engrafted irradiated apoE '~ recipient mice with
NORZ1-deficient bone marrow cells. Following feeding an atherogenic diet for 12 weeks,
NOR1™/~ — apoE™~ mice revealed similar monocytosis and increased Ly6C* monocyte
numbers in bone marrow, spleen, and blood as compared to the whole body NOR1-deficient
mice (Fig. 4D-F). These data confirm a role for NOR1 as a suppressor of myelopoiesis and
point to a previously unrecognized role for NOR1 in regulating inflammatory monocyte
populations.

NOR1 represses macrophage and dendritic cell progenitors proliferation

Based on the observation that NORZ1 deletion in hematopoietic stem cells selectively induces
monocytosis in the bone marrow, we suspected that this phenotype is due to increased
proliferation of specifically committed progenitor cells. Circulating blood monocytes arise
from hematopoietic stem cells (HSC) via successive commitment of hematopoietic stem
cells to common myeloid progenitors (CMP), granulocyte-macrophage precursors (GMP),
and finally macrophage and dendritic cell progenitors (MDP)[5]. The latter MDP are bone
marrow-resident progenitor cells that ultimately give rise to Ly6C* monocytes[5]. To
explore whether MDP cells constitute the progeny induced by NOR1 deficiency, we first
quantified HSC, CMP, GMP, and MDP cells in the bone marrow of NOR1-deficient mice.
Consistent with the selective Ly6C* monocytosis, NOR1 deficiency was associated with
increased MDP precursor cells in the bone marrow (Fig. 5A). In contrast, no significant
difference between NOR1 ™/~ mice and littermate wild-type mice was observed for HSC,
CMP, or GMP populations. These data define a selective increase in MDP cell population as
the progeny of bone marrow, blood, and spleen monocytosis in NOR1-deficient mice.

A key function of NORL1 as an early response gene constitutes mitogenic regulation[6].
Therefore, we next investigated whether NORL1 is expressed during the expansion of
progenitor cells. In particular, IL-3 and GM-CSF induce proliferation of HSC and
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commitment to the myeloid lineage. As depicted in Fig. 5B, time course experiments
confirmed increased NOR1 transcript levels following stimulation of bone marrow cells
with IL-3 or GM-CSF. Maximal induction of NOR1 mRNA was observed after 3 hours of
stimulation, consistent with immediate-early response gene kinetics. The increase in NOR1
mMRNA levels was followed by a maximal induction of NOR1 protein expression after 6
hours of stimulation (Fig. 5C). This potent regulation of NOR1 expression may point to an
important functional role of NORL1 in progenitor cell proliferation.

To address whether NOR1 deletion specifically increases the proliferation of MDP cells in
vivo, we next injected NOR1-deficient mice with BrdU and quantified DNA synthesis in
isolated MDP cells. As depicted in Fig. 5D, flow cytometry analysis revealed that deletion
of the NOR1 locus increased proliferation of MDP cells, assessed by enhanced DNA
synthesis during S phase. Therefore, NOR1 function serves as growth inhibitor in myeloid
progenitor cells, which limits monocyte abundance in the circulation.

NORZ1 deficiency increases RUNX1 expression in MDP cells

Among the transcriptional programs implicated in leukemogenesis of the myeloid lineage,
the RUNXZ1 (runt-related transcription factor 1) gene mutation is the most frequently
mutated locus that induces aberrant myeloid progenitor proliferation[32]. Therefore, we
investigated whether NOR1 deficiency increases RUNX1 expression in MDP cells,
providing a reasonable mechanism underlying MDP proliferation in NOR1 ™/~ mice. For
these studies, bone marrow-derived MDP cells were isolated by FACS (fluorescence-
activated cell sorting) and analyzed for RUNX1 transcript levels. Consistent with our
hypothesis, NOR1 deletion resulted in a more than 6-fold increase in RUNX1 levels (Fig.
6A). In contrast, other transcription factors implicated in the control of myeloid progenitor
cell proliferation, such as PU.1, were not regulated by NOR1 (data not shown). To
conversely corroborate an inhibitory effect of NOR1 on RUNX1 expression, we next
employed NOR1 overexpression. As depicted in Fig. 6B, NORL1 repressed RUNX1
expression in transiently transfected HEK293 cells. These findings represent the first
evidence that expression of RUNX1 in MDP cells, a key mechanism underlying progenitor
cell proliferation of the myeloid lineage, is repressed by NORL.

NORZ1 deletion promotes local macrophage proliferation and foam cell formation

In addition to the myeloproliferative phenotype and associated monocytosis, NOR1 deletion
may elicit pro-atherogenic activities on lesional macrophages. To assess this possibility, we
first assessed the proliferation of local macrophages in atherosclerotic lesions. As shown in
Fig. 7A and B, NOR1 deletion in the bone marrow increased the replicative rate of lesional
macrophages within the aortic root, as assessed by staining for the S phase gene PCNA.
Since NORL1 is potently induced by oxidized LDL[33], we next investigated foam cell
formation in NOR1-deficient bone marrow-derived macrophages. Consistent with a prior
study[14], we documented that NOR1-deletion increased foam cell formation induced by
treatment with oxidized-LDL and subsequent oil red O staining of lipid accumulation (Fig.
7C). Finally, the expression of inflammatory genes was examined in activated bone marrow-
derived macrophages using Nanostring nCounter Technology. Compared to wildtype
macrophages, the deletion of NOR1 in macrophages had no major effect on inflammatory
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gene expression (Supplementary Fig. S-5). Collectively, these findings indicate that NOR1
deletion increases lesional macrophage proliferation and foam cell formation, without
inducing major changes in inflammatory gene expression profiles.

DISCUSSION

The observation that mice deficient for monocytes are protected from atherosclerosis
represents compelling evidence that recruitment of macrophages to atherosclerotic lesions
constitutes a key mechanism during atherosclerosis formation[34]. Similarly, in humans
monocytosis is associated with the development of cardiovascular disease[2,3]. In the
present study, we demonstrate that deletion of NOR1 in hematopoietic stem cells accelerates
atherosclerosis formation and increases lesional macrophage content in apoE ™~ mice. Bone
marrow transplantation studies further confirm a cell intrinsic role of NORL1 to suppress
monocytosis and decrease inflammatory Ly6C* monocyte abundance. Consistent with these
observations, NOR1-deficiency induces splenomegaly and a selective expansion of the
myeloid lineage by increasing the proliferation of MDP cells in the hematopoietic stem cell
compartment. Further in vitro studies confirm that NOR1 expression is induced by IL-3 and
GM-CSF stimulation in hematopoietic stem cells. Finally, we identify RUNX1, a key
transcriptional activator of myeloid progenitor cell proliferation, as a gene differentially
regulated by NOR1. Collectively, these studies characterize the nuclear hormone receptor
NOR1 as a previously unrecognized suppressor of monocytosis during atherosclerotic lesion
development.

NOR1 functions as an important transcription factor in the control of gene activation during
the vascular remodeling processes underlying neointima formation and
atherosclerosis[12,18,35,36]. NORL is rapidly induced in response to inflammatory and
mitogenic signaling in all major cell types participating in vascular disease development,
including macrophages, endothelial cells, and smooth muscle cells[17,33,35,36]. Our
previous studies demonstrated that whole body deletion of the NOR1 locus decreases
neointima and atherosclerosis formation[12,18]. An important finding in our prior
atherosclerosis experiments was the observation that selective deletion of NOR1 in resident
aortic endothelial and smooth muscle cells decreased adhesion of wild-type monocytes to
the endothelium. We inferred from these studies that NOR1 expression in resident aortic
cells promotes monocyte adhesion being the major inciting event during atherosclerosis
formation. Consistent with this hypothesis, we confirmed that the key adhesion molecules
VCAM-1 and ICAM-1 constitute bona fide NORL1 transcriptional target genes induced in
response to inflammatory signaling. However, a limitation of this prior research was the
inability to define the role of NORL1 expression in macrophages during atheroscleratic lesion
formation. Therefore, in the present study we extend these experiments and demonstrate that
selective deletion of NOR1 in the hematopoietic lineage using bone marrow transplantation
increases atherosclerosis formation in apoE-deficient mice. These findings are indicative of
an antagonistic function of NORL1 in resident vascular cells versus monocytes infiltrating the
intima from the circulation and hematopoietic system. Under conditions where selective
NOR1 deletion in the hematopoietic lineage induces monocytosis, the ensuing increased
number of circulating monocytes will promote their recruitment and atherosclerosis
formation. While whole body NOR1 deletion induces a similar phenotype of monocytosis
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(as confirmed in our present study), the deletion of NORL1 in resident endothelial and smooth
muscle cells would prevent atherosclerosis to occur due to defective adhesion mechanisms.
This hypothesis can be reconciled if accepting that monocyte adhesion and their
transendothelial recruitment constitute the critical early events leading to atherosclerosis
development[37].

Whether expression of NR4A receptors in the hematopoietic lineage contributes to
atherosclerosis formation remains highly controversial. A previous study reported that
neither deletion of the NR4A receptor Nur77 nor NOR1 in hematopoietic precursor cells
affects atherosclerosis formation[38]. However, with respect to Nur77 these observations
were in contrast to two prior studies demonstrating that Nur77 deficiency in bone marrow
cells enhances atherosclerosis development in LDL-receptor- and apoE-deficient
mice[39,40]. Despite their homology, the three NR4A receptors are thought to mediate
transcription through distinct mechanisms and may regulate different but also overlapping
target genes[6]. The latter is supported by our observation that the atherosclerosis-prone
phenotype in mice with NOR1 bone marrow deletion is consistent with that of Nur77
deletion observed in the two cited studies[39,40], pointing to a potentially common function
of Nur77 and NORL1 in hematopoietic cells. However, the discrepancy in atherosclerosis
phenotypes upon NOR1 deletion between Chao et al.[38] and our studies may be the result
of technical differences, including the employed animal model system. Bone marrow
recipients in our experiments were hypercholesterolemic apoE ™~ mice whereas the
previously published report employed fetal liver cell transplantation into LDL-receptor ™/~
mice[38]. Therefore, differences in plasma cholesterol levels and lipoprotein size between
both strains may affect the effect of NOR1 on atherosclerosis formation[41]. Since the
myeloproliferative phenotype was also present in the whole body NOR1-/- mouse, it is
unlikely that increased atherosclerosis in apoE—/- mice transplanted with NOR1-/- bone
marrow can be ascribed to the previously reported anti-proliferative effect of apoE on
hematopoietic stem cells[42]. Consequently, further studies, including in particular cell-
specific NOR1 targeting and mechanistic experiments, are required to define the detailed
role of NORL1 in atherosclerosis development.

NORL1 has previously been identified as a novel tumor suppressor gene that is repressed in
patients with acute myeloid leukemia and inhibits the expansion of myeloid progenitor
cells[15,16]. While prior studies employed whole body deletion of both Nur77 and
NOR1[16], we extend these observations and confirm that selective deletion of NOR1 in the
hematopoietic lineage induces monocytosis and a phenotype in mice reminiscent of myeloid
leukemogenesis. Monocytosis is intimately associated with enhanced atherosclerosis
formation[34]. Consistent with this notion, our data further characterize NOR1 as a negative
regulator of atherosclerosis formation and macrophage lesion content in mice. Using in vivo
labeling experiments, we observed that NOR1 deletion induces a selective increase in
myeloid progenitor cell proliferation leading specifically to Ly6C* monocytosis. Ly6C*
monocytes are well established to differentiate into M1 macrophages and secrete various
inflammatory cytokines during atherosclerosis formation[4,30,31]. Consequently, the
increase in proinflammatory Ly6C* monocytes associated with NOR1 deletion likely
constitutes a major source of monocytes recruited into the lesion and inflammation during
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atherosclerosis development. In addition to increasing Ly6C* monocyte number, NOR1
deletion may activate macrophage functions known to increase atherosclerosis
development[14]. In the current study, NOR1-deficient macrophages revealed increased
local proliferation rates in the intima of aortic root lesions and enhanced foam cell
formation. Both these pro-atherogenic activities could mechanistically contribute to the
atherosclerosis phenotype associated with NOR1 deletion in the bone marrow. In contrast,
the deletion of NORL did not result in altered inflammatory cytokine expression in
macrophages, consistent with a previous study[38]. Quantification of the extent to which the
increased proliferation and foam cell formation of lesional NOR1-deficient macrophages
contribute to atherosclerotic plague formation, will require further investigation.
Experimental approaches to differentiate these local pro-atherogenic effects of NOR1
deletion in macrophages from the phenotype of monocytosis due to increased MDP
proliferation will depend on the future availability of genetic models allowing inducible
deletion of NORL selectively in lesional macrophages using Cre-LoxP recombination
models.

An important question for future studies will be to define the specific genetic program,
which confers the selectivity of NOR1-mediated stem cell proliferation towards the myeloid
lineage. Although there is a paucity of studies addressing the transcriptional control of
myeloid progenitor cell proliferation, one of the genes most frequently associated with
myeloid leukemia is the RUNX1 locus. Also referred to as AML1 (acute myelogenous
leukemia-1), RUNX1 is critical for the development of hematopoiesis[43]. While
chromosomal translocations and point mutations constitute the key genomic alterations of
RUNXZ1 during leukemogenesis in humans[32], recent evidence has indicated that RUNX1
expression in adult hematopoietic progenitor cells induces proliferation of myeloid
progenitors and myeloid leukemogenesis[44]. Consistent with these findings, we confirmed
increased RUNX1 expression in highly proliferating NOR1-deficient myeloid progenitor
cells. Conversely, overexpression of NOR1 repressed RUNX1 transcription. Since sequence
analysis did not detect a functional NBRE target site for NOR1 in the RUNX promoter, the
mechanisms underlying this inhibition of RUNX1 expression likely involve indirect
repression, as has been described for NOR1[45] and other members of the NR4A family of
transcription factors[46]. Therefore, increased RUNX1 expression in NOR1-deficient
myeloid progenitor cells may provide a reasonable mechanism underlying increased
proliferation of this cell type.

In summary, we demonstrate in the present study that NOR1 deletion in hematopoietic stem
cells increases atherosclerosis formation in mice. This phenotype of enhanced
atherosclerosis development is associated with an increased abundance of Ly6C*
monocytes, proliferation of macrophages within the intima, and increased foam cell
formation. Altered repression of myeloid progenitor cell proliferation in response to NOR1
deletion likely constitutes a key mechanism underlying monocytosis. These findings identify
NOR1 as a critical component of monocyte development and macrophage function during
atherosclerosis formation.
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FIGURE 1.
Repopulation of apoE ™~ mice with NOR1-deficient bone marrow cells promotes

atherosclerosis formation and increases lipid content and macrophage infiltration of the
aortic arch. A. Atherosclerotic lesion size was measured on aortic arches from female
NOR1**—apoE-/- and NOR1™~— apoE™~ mice (n=10 per group). Circles represent
individual mice; diamonds represent medians (*P<0.05 vs NOR1*/*—apoE~"). B.
Representative oil red O staining of aortic root sections (scale bars 100uM). C.
Quantification of lipid content from oil red O staining. Circles represent individual mice;
diamonds represent medians (*P<0.05 vs NOR1*/*—apoE~"). D. Representative
immunostaining of aortic root sections with rabbit antiserum for mouse macrophages (scale
bars 100uM). Positive cells are stained red. E. Quantification of macrophage content from
macrophage immunostaining. Circles represent individual mice; diamonds represent
medians (*P<0.05 vs NOR1**—apoE™").
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FIGURE 2.
NOR1 deficiency increases peritoneal macrophage recruitment during thioglycollate-

induced peritonitis. Quantification of thioglycollate-elicited peritoneal macrophages from
NOR1*"* or NOR17~ mice by cell counting using a hemocytometer (n=12 per group).
Values are mean £ SEM (*P<0.05).
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FIGURE 3.
NOR1 deficiency induces splenomegaly and monocytosis in mice. A. Representative images

of spleens harvested from NOR1** or NOR1™~ mice. B. Weight of spleens isolated from
NOR1** or NOR1™/~ mice (n=9 per group). Values are mean + SEM (*P<0.05). C. Weight
of spleens isolated after bone marrow transplantation in NOR1*/*—apoE~~ and NOR17/~—
apoE~~ mice (n=10 per group). Values are mean + SEM (*P<0.05). D. Quantification of
differential white blood cell populations in NOR1*/* and NOR1™/~ mice (n=6 per group)
analyzed by flow cytometry. T, T cells; B, B cells; Gran, granulocytes; NKT, natural killer T
cells; DC, dendritic cells; Mono, monocytes. Values are mean £ SEM (*P<0.05).
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FIGURE 4.
NOR1 deficiency increases total monocytes and Ly6C* monocytes in the blood, spleen, and

bone marrow. A. Quantification of monocyte subsets in the blood of NOR1*/* and NOR1 ™/~
mice (n=6 per group) analyzed by flow cytometry. VValues are mean + SEM (*P<0.05). B-C.
Quantification of total monocytes and monocyte subsets in (B) bone marrow and (C) spleen
of NOR1*/* and NOR1~/~ mice (n=6 per group) analyzed by flow cytometry. Values are
mean £ SEM (* P<0.05). D-F. Quantification of total monocytes and monocyte subsets in
(D) blood, (E) bone marrow, and (F) spleen of NOR1*/*—apoE~~ and NOR1 ™/~ —apoE~/~
mice (n=10 per group) analyzed by flow cytometry. Values are mean = SEM (* P<0.05).
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FIGURE 5.
NORL1 is induced in proliferating bone marrow cells and NOR1 deficiency increases the

proliferation of MDPs. A. Quantification of hematopoietic cell populations in bone marrow
of NOR1*/* and NOR1 ™~ mice (n=15 per group). Values are mean + SEM (* P<0.05). B-C.
Wild-type murine bone marrow cells were stimulated with IL-3 (6ng/ml) or GM-CSF (2ng/
ml). B. At the indicated time points, NOR1 mRNA expression levels were analyzed by
quantitative real-time PCR and normalized to transcript levels of the housekeeping gene
TFIIB. Values are mean + SEM (*P<0.05). C. NOR1 protein expression levels were
analyzed at the indicated time points by Western blotting. Cohybridization for GAPDH was
performed to control for equal protein loading. The autoradiographs shown are
representative of 3 independently performed experiments. D. In vivo proliferation of MDP
was analyzed by BrdU incorporation as detected by flow cytometry (n=6 per group). Values
are mean + SEM (*P<0.05).
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FIGURE 6.
NOR1 represses RUNX1 transcription. A. RUNX1 mRNA expression in MDP sorted from

wild-type and NOR1-deficient bone marrow was analyzed by quantitative real-time PCR
and normalized to transcript levels of the housekeeping gene TFIIB. Values are mean
SEM (*P<0.05). B. RUNX1 and NOR1 mRNA expression in HEK 293 cells transfected
with NOR1 or GFP overexpression vector were analyzed by quantitative real-time PCR and
normalized to transcript levels of the housekeeping gene TBP. Values are mean = SEM
(*P<0.05).
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FIGURE 7.
NOR1 deletion promotes macrophage proliferation in atherosclerotic lesions and foam cell

formation. A. Representative immunostaining of macrophages and PCNA in consecutive
aortic root sections from NOR1*/*—apoE~'~ and NOR1™/~— apoE~'~ mice. Positive
antibody staining is red. Arrows indicate PCNA positive staining (scale bars 100uM). B.
Quantification of PCNA/macrophage double-positive areas at aortic root (*P<0.05 vs
NOR1**—apoE~"). C. Top: representative image of oil red O staining of BMM from
NORZ1-deficient or wild-type mice (scale bars 100uM). Bottom: spectrophotometric
quantification of oil red O staining of BMM from NOR1-deficient or wild-type mice. Values
are mean + SEM (*P<0.05).
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