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PREFACE

Ever since I was young, [ wanted the title of “doctor”. As I approach the end of
this journey, I find it appropriate to reflect on how I got here and the challenges I faced
along the way. I knew of thrombosis from a relatively young age due to personal
circumstances, and I have been interested in genetics for as long as I can remember. Still,
I never thought I would be working in a lab investigating the genetic controls of this
deadly process.

My research investigating the genomic architecture of cell-type specific gene
regulation has been my life for nearly four and a half years, and it has not been without
struggles. I’ve faced experiments that refused to work, ELISA kits that turned out to be
faulty, grant rejections for nearly every grant I applied for, and the disaster of spilling
thousands of freshly autoclaved pipette tips in the elevator. Through it all, I have learned
how to confront failure, accept criticism, solve problems creatively, and navigate the
consequences of my own questionable choices. Despite the setbacks and roadblocks, I
feel proud of the work that I have done. I feel strongly that my work has expanded our
understanding of the genetic controls of clotting disorders but also will serve as a
steppingstone for more personalized medicine, helping those at risk for and affected by
thrombosis. Reaching this point has taken perseverance, growth, determination, and the

support of many, and I am deeply grateful.
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ABSTRACT

DISCOVERING THE GENOMIC ARCHITECTURE OF CELL-TYPE SPECIFIC

GENE REGULATION USING GENETICALLY DIVERSE STRAINS OF MICE
by

Adrianna Maria Jurek

Adviser: Randal Westrick, Ph.D.

In developed nations, thrombosis remains the most common cause of death, with
myocardial infarction (MI) and stroke causing the most fatalities in the United States.
Hemostasis, the highly regulated process of clot formation and dissolution, involves the
complex interactions of diverse cell types and regulatory molecules, including clotting
factors, fibrinolytic proteins, as well as components packed into vascular cells such as
platelets and endothelial cells. Proper balance of this system is vital to prevent blood loss
and unwanted clotting. Although the mechanisms of coagulation have been well
characterized, the genetic regulation of essential molecules in the cell types contributing
to hemostasis has not been well understood.

To address this gap, I investigated the genetic regulators of three important
coagulation and fibrinolysis molecules: Coagulation Factor V (FV), Plasminogen
Activator Inhibitor 1 (PAI-1), and Protein C (PC). The appropriate regulation of these
molecules is necessary for promoting hemostasis and fibrinolysis (the process of
dissolving a clot) in the correct balance to maintain the physiological “status-quo”.

I used inbred mice with natural differences in their antigen levels to generate four
genetically informative crosses. I measured the antigen levels for all three proteins in the

vil



plasma and platelets of the strains and received genotyping data using miniMUGA to use
in Quantitative Trait Loci (QTL) analyses to discover unique genetic regulators.

This approach revealed a significant locus on Chromosome 1 when analyzing the
plasma FV in one cross, and one significant and one suggestive locus when sex was
included as a covariate for platelet FV. For platelet PAI-1, a major locus on Chromosome
5 was identified in all 4 crosses with suggestive loci identified in three crosses. Lastly, a
suggestive locus on Chromosome 7 when using sex as an additive covariate was found
when analyzing PC levels in the plasma.

My findings offer improved insight into the cell-type specific regulatory pathways
of these essential coagulation molecules. Enhanced understanding of physiological and
pathogenic regulatory pathways may lead to future novel therapeutic strategies for

humans.
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CHAPTER ONE

INTRODUCTION

1.1 Cell-Type Specific Gene Regulation and Hemostasis

Thrombosis is the most common cause of death in developed countries, with
myocardial infarction (MI) and cerebrovascular accidents accounting for the majority of
deaths in the United States'. Under physiological conditions, the formation of a blood
clot is a tightly regulated process essential for hemostasis, which prevents bleeding
following vascular injury. The pathways responsible for clot formation and dissolution
are extremely complex, comprised of numerous regulatory molecules, including clotting
factors and fibrinolytic proteins. These molecules work in harmony to tightly control the
process of coagulation, ensuring that blood clots are formed where necessary and
dissolved when the blood loss has ceased?. Alterations in the normal levels of these
factors alter the body’s ability to regulate this complicated system, leading to thrombosis
or hemorrhage*.

In addition to these molecular regulators, several cell types play critical roles in
the hemostatic response. Hepatocytes, platelets (and their precursors, megakaryocytes),
and endothelial cells contribute to different aspects of clot formation and
regulation. Hepatocytes play a major role in both the synthesis and clearance of vital
circulating hemostatic proteins, and alteration of liver function can induce both pro- and
anti-coagulant changes to the hemostatic system™>S. Platelets are derived from

megakaryocytes, and their accumulation at the site of injury is one of the first steps in the



formation of a blood clot’®

. Platelets are also vital to the coagulation cascade,
contributing to platelet adhesion, activation, aggregation, and thrombin generation’.
Endothelial cells function in the coagulation cascade in both a pro- and anti-coagulant
manner upon vascular injury, helping to localize clotting to injured areas while
preventing the spread of clots to areas of the body where they are not needed.’ Disruption
of any of these cellular functions can affect the hemostatic balance and increase
susceptibility to hemorrhage or thrombosis.

As these cell types are the key players in the coagulation cascade, understanding
the nuances of gene regulation and expression for each cell type is vital for unraveling
both normal hemostatic control and pathogenic thrombosis. There have been many recent
advances in genomics and transcriptomics that have provided insight into how gene
regulation varies by cell type in the context of hemostasis and thrombosis. Several studies
have begun to uncover these genetic regulatory mechanisms and their association with
thrombotic phenotypes. For example, eQTL variants, including one linked to arterial
thrombosis '° and a regulator of platelet activation '!? have been identified. Another
example includes the Mvwf1 mutation in mice, which causes B4galnt2 expression to
switch from the intestinal epithelium to the vascular epithelium due to a cis-regulatory
switch. von Willebrand Factor, a critical protein in hemostasis, was found to be
abnormally glycosylated due to this switch, causing rapid clearance'.

There have been multiple studies showing the effect of MicroRNAs (miRNA) on
the expression of coagulant and anticoagulant proteins in the vascular endothelium.
Abherent expression of these miRNAs can lead to alterations in the coagulation cascade,

and both promote and inhibit the formation of thrombotic clots'*.
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The sex-linked disease Hemophilia B Leyden is characterized by a severe
hemorrhagic phenotype early in life due to extremely low factor IX (FIX) levels but
exhibits increased FIX levels and subsequent normal coagulation function after puberty.
Due to the presence of increased functional FIX levels later in life, Hemophilia B Leyden
is not caused by a structural deficit or a modification to the structural gene and instead
could be a result of altered regulatory elements affecting the early expression of FIX!?.

Additional studies have shown just how complex transcriptomic regulation is in
hemostasis. Kida et al. characterized transcription factor binding sites in a regulatory
region upstream of the coagulation factor XIII subunit A (FXIIIA) gene which controls
the expression levels of FXIIIA in megakaryocytes and monocytes'®. Multiple sites
playing key roles in the expression of FXIIIA were found within the promotor region, as
well as more nuanced control due to transcription factor binding in an enhancer/silencer
region'®. Another study shows that the three distinct expression levels of FXIIIA protein
in leukemic B-cell progenitors (BCP) seen in patients with BCP-acute lymphoblastic
leukemia are each associated with a distinct gene expression pattern. The differential
expression of FXIIIA corresponds with differential expression of multiple other genes,
suggesting there are common transcription factors regulating both FXIIIA and these
genes’ expression within BCPs!”.

Analysis of regulatory elements involved in the megakaryocyte-specific
expression of the thrombopoietin receptor gene reveals multiple factors that coregulate
this cell-type-specific expression. Important elements include GATA and ETS nuclear

factor binding sites; however, those elements alone are not enough to completely isolate



expression to megakaryocytes, and other factors are also required to cause total cell-type
specificity'®.

A similar complexity in regulation is observed in other megakaryocyte-specific
genes, such as oumw, part of a surface receptor protein complex involved in the activation
of platelets. Block et al. characterized the impact that nuclear factor binding sites in the 5'
flanking region of the aum gene have on its expression and proposed a model by which the
factors immediately upstream of the gene, specifically SP1, ETS, and GATA elements,
interact with each other and other proteins to promote transcription'®.

Together, these findings show how cell-type specific gene regulation contributes
to maintaining hemostatic balance, and how disruption to these regulatory networks can
lead to thrombosis or hemorrhage. However, many of the regulatory elements influencing
proteins involved in the coagulation cascade remain genetically uncharacterized. To
address this, my research focuses on three proteins with known roles in thrombosis:
Coagulation Factor 5 (F5, FV), Plasminogen Activator Inhibitor 1 (Serpinel, PAI-1), and
Protein C (Proc, PC) to investigate their cell-type-specific genetic control. To investigate
the genetic regulation of these proteins, we turned to inbred mouse strains with natural
variations in their protein levels. Due to their shared ancestry, the availability of
sequencing information®® and the novel combination of alleles due to meiotic
recombination, inbred mouse strains are extremely useful for this type of analysis. By
using F2 crosses of these mice, quantitative trait locus (QTL) analysis, genotyping data,
and measured antigen levels in F2 mice, we can better understand how these important
proteins are regulated and how they contribute to thrombosis. The workflow is shown in

Figure 1.
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CHAPTER TWO
IDENTIFICATION OF SIGNIFICANT REGULATORY LOCI FOR

MEGAKARYOCYTE AND HEPATOCYTE COAGULATION FACTOR V
EXPRESSION IN MICE

2.1 Introduction

FV is a critical protein in the coagulation cascade. In its active form (FVa), FV is
a necessary cofactor for activated factor X (FXa) in the prothrombinase complex, which
produces thrombin and amplifies coagulation?!. FV is also active in an anti-coagulant
manner with Protein S (PS) as a cofactor for activated protein C (APC), inhibiting
coagulation factor VIIIa (FVIIla)?? for tissue factor pathway inhibitor (TFPI) to inhibit
FXa?. In blood, FV is present in two compartments: 80% circulating in the plasma and
20% sequestered in the platelet alpha-granules®**°. In humans, FV is produced by the
liver hepatocytes, contributing to the FV circulating in the plasma pool. The plasma FV is
endocytosed by megakaryocytes and stored in platelet alpha granules®®?’. This differs in
mice, with the hepatocytes producing the circulating plasma FV?*, and the
megakaryocytes producing platelet FV directly®®. Platelet FV is prothrombotic and
increasing levels of platelet FV lead to decreased time to occlusion in a carotid artery

injury mouse model *°

. Deficiency in FV causes mucosal lining and post-trauma
bleeding, and complete FV loss is incompatible with life’.

Studies have shown that APC cleaves and inactivates FVa*! and TFPIa binds with
partially cleaved FV or platelet FV to prevent assembly of the prothrombinase
complex?32, Additionally, the FV Leiden (FVL) mutation, which is associated with

thromboembolic diseases and APC resistance®! is well documented??. Recently, PLXDC?2
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has been shown to correlate with the modulation of FV expression** and PSKH2 has been
found to play a role in the variability of FV activity®, but otherwise little is known about
the genomic regulation of this critical procoagulant and anticoagulant protein, which is
positioned at the center of coagulation. Here, we identified natural variations in platelet
and plasma FV levels of inbred mice and then used QTL mapping to identify genomic
loci regulating FV expression.

2.2 Methods

2.2.1 Mouse Strains

Five mouse strains were acquired from The Jackson Laboratory. C57BL/6J (B6,
Stock Number 000664), DBA/2J (DBA, Stock Number 000671), A/J (Stock Number
000646), CAST/EiJ (CAST, Stock Number 000735), and 129S1/SvImJ (129S1, Stock

Number 002448).

2.2.2 Generation of F2 Mice

Female DBA mice were outcrossed to male CAST mice to generate CASTD2F1
(F1) mice. Male and female F1 mice were intercrossed to generate the CASTD2F2 (F2)
generation. The F2 mice were then used in subsequent experiments. All experiments with
these mice follow the guidelines of Oakland University’s Institutional Committee on Use

and Care of Animals (IACUC).

2.2.3 Isolation of Plasma

Whole blood was collected via cardiac puncture from 15 B6, 15 DBA, 17 A/J, 14
129S1, 12 CAST, 19 F1, and 61 F2 mice and diluted 9:1 in 3.2% buffered sodium citrate
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(Medicago, Aniara Diagnostica) using the techniques detailed in Brake et al*¢. Briefly,
blood samples were centrifuged at 5000 x g for 10 minutes at room temperature. The
plasma supernatant was transferred to a new tube and then centrifuged for 10 minutes at
5000 x g at room temperature. Platelet Poor Plasma was stored at -80 °C until required for
experiments. An approximately equal number of males and females was used for each

strain (26 M and 35 F F2s).

2.2.4 Isolation of Platelets

Platelets were isolated from 18 B6, 14 DBA, 12 A/J, 17 129S1, 13 CAST, 20 F1,
and 85 F2 mice. Whole blood was diluted 20:1 with acid citrate dextrose/prostaglandin
E1 (ImM cocktail) during exsanguination by cardiac puncture®®. Blood was diluted 1:1
with buffered saline glucose citrate (BSGC, 129 mM NaCl, 13.6 mM Na3 citrate, 11.1
mM glucose, 1.6 mM KH2PO4, and 8.6 mM NAH2PO4; pH 7.3). The diluted blood was
centrifuged at 180 x g for 5 minutes at room temperature. Platelet Rich Plasma was
removed and centrifuged at 1000x g for 8 minutes at room temperature to pellet the
platelets. The supernatant was discarded, and platelets were lysed in
radioimmunoprecipitation assay buffer (RIPA; 50 mM Tris-HCI, 150 mM NaCl, 1.0%
Triton X-100, 0.25% sodium deoxycholate, 5.0 mM EDTA) and 10 pL/mL HALT
protease inhibitor cocktail (Thermo Fisher Scientific). Platelets were fully lysed and
resuspended by pipetting up and down gently until no platelet particles remained. The
lysed platelet samples were stored at -80°C until required for experiments. An
approximately equal number of males and females were used for each strain (40 M and

45 F F2s).



2.2.5 Genotyping by Mouse Universal Genotyping Array

Tail biopsies from all F2 mice, two DBA females, and two CAST males were
collected and stored at -80°C. The tail biopsies were sent in a 96-well plate to
TransnetY X to be genotyped using their Mini Mouse Universal Genotyping Array

(MiniMUGA, Cordova, TN)*’.

2.2.6 Measurement of FV Levels in Plasma and Platelets

Total FV protein concentration was measured by enzyme-linked immunosorbent
assay (ELISA) for plasma and platelets. Platelets were diluted 20x in RIPA buffer, and
platelet protein concentration was determined by the Pierce bicinchoninic acid protein
assay (Thermo Fisher Scientific). Platelet protein concentration was normalized to 25
pg/mL using blocking buffer (1X PBS, 0.05% Tween-20, 6% Bovine Serum Albumin
solution). Plasma was serially diluted with blocking buffer, 1:10 and then 1:25 for a final
dilution of 1:250. A Nunc Maxisorp (Thermo Fisher Scientific) 96 well plate was coated
with 50 uL of 1 pg/mL solution of GMA-755 Rat Anti-Murine monoclonal FV antibody
(Green Mountain Antibodies) in coating buffer (0.1M Carbonate pH 9.2) and left at 4°C
overnight. The plate was washed 3 times using a Biotek T50 plate washer, with 200
uL/well wash buffer (0.01% Tween-20 in 1X PBS) the next morning. 200 pL blocking
buffer was added to all wells and incubated at room temperature for 2 hours, then
washed. 50uL of samples and standard curve of recombinant FV purified from BHK-21
fibroblasts (obtained as a gift from Dr. Rodney Camire at Children’s Hospital of
Philadelphia) were added in duplicate to the plate and incubated for 1 hour at 37 °C. The
wells were then washed, and 100 pL of tagged detection antibody (Rat Anti- Murine FV
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GMA-752 antibody (100 pg/mL) (Green Mountain Antibodies) tagged using HRP
Conjugation Kit-Lightening Link-Abcam, diluted 1:4000 in blocking buffer) was added
to all wells and incubated at 37°C for 1 hour. The wells were then washed and 50 pL of
3,3",5,5'-Tetramethylbenzidine (TMB) was added to all wells in the dark and incubated
for 10 minutes at room temperature. The reaction was quenched with 25 pLL. 1N H>SOas.
The absorbance of each well was read immediately using the Biotek Synergy H1 plate
reader at 450 nm and standards were plotted on a log scale. Final measurements for the
platelets were calculated out to ng/pg of platelet protein, and plasma values were

multiplied by the dilution factor to obtain plasma levels.

2.2.7 Quantitative Trait Loci Analysis

Separate genome scans of platelet and plasma FV mice were performed on
separate groups of F2 mice using the r/qtl package ** to determine the presence of
regulatory loci controlling both platelet and plasma FV levels. Genotyping data were
received from TransnetY X MiniMUGA, with 3,825 and 3,885 informative markers
identified and used to discern DBA and CAST inheritance used for the plasma and
platelet QTL analysis respectively. A genome-wide scan was performed using scanone

with Hailey-Knott regression and an error rate of 0.001°®

. Biological sex was considered

as both an interactive and additive covariate. Significance thresholds were determined for
the logarithm of the odds (LOD) with 1000 permutations, and LOD scores over 50% and
95% of the permutation distribution were considered suggestive and significant,

respectively’®*°. QTL positions were determined using Bayesian 95% credible intervals.

Initial analysis was performed using the GRCm38 mouse build, and chromosome
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positions were converted to the GRCm39 build using UCSC LiftOver

(https://genome.ucsc.edu/cgi-bin/hgLiftOver).

2.2.8 Statistical Analyses

The graphed results are shown as mean + SEM. Graphs were generated using
GraphPad Prism (GraphPad Software), and statistical analysis was performed using a 1 or
2-way analysis of variance adjusted for multiple comparisons for groups 3 or larger, and
Welch’s or Student’s t-test were used for groups of two. A P value of <0.05 was
considered significant.

2.3 Results and Discussion

2.3.1 FV Antigen Levels

Plasma analysis (Figure 2A) revealed that CAST mice (132.6 ng/mL) had
significantly higher FV antigen levels than the 129S1 (86.67 pg/mL), and B6 (91.53
pg/mkL) strains (p = 0.0065, 0.0168, respectively). Although CAST and DBA (119.2
pg/mkL) strains had plasma FV levels that were not significantly different when analyzed
with both males and females in a single group, we analyzed F2 mice of this cross for
QTLs regulating plasma levels due to the sex-specific differences and found significant
differences in the DBA strain as well as the significant difference in FV antigen levels
between the female CAST and female DBA mice (Figure 2B).

FV antigen levels were highly variable in the platelets from the five strains
(Figure 2C). The two strains, DBA and CAST, used in our F2 cross had mean FV levels

of 4.814 and 3.277 ng/ug platelet protein, respectively (p=0.0033). Prothrombin Time

11


https://genome.ucsc.edu/cgi-bin/hgLiftOver

(PT) and Activated Partial Thromboplastin Times (aPTT) were not significantly different
between any of the strains, despite the significant differences in FV antigen levels*!.
When analyzing the Fl1s vs F2s, there were no significant differences observed
between the strains in plasma or platelet FV. There was also no significant difference
between the males and females of the F1 and F2 mice in the plasma. Interestingly, there
was no sex difference in the parental platelet FV levels, but a sex difference appeared

upon examination of the offspring generated by a cross between the parentals (F2s,

p<0.0001).
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Figure 2: Factor V Levels in Plasma (A) and Platelets (C) from Five Mouse
Strains. A) Plasma FV levels were significantly different in 129S1 and CAST
(p=0.0065) and B6 and CAST (p=0.0168). B) Plasma FV levels were significantly
different between the males and females in the DBA strain (p=0.0011). There is also a
significant difference between the DBA females and the CAST females (p=0.0004). C)
Platelet FV levels were significantly different in 129S1 and A/J (p=0.0001), 129S1 and
CAST (p=0.0166), A/J and B6 (p<0.0001), A/J and DBA (p<0.0001), B6 and CAST
(p=0.0005), and CAST and DBA (p=0.0033). D) Platelet FV levels in females are
significantly higher in the 129S1 (p=0.0322) and the B6 (p=0.0001) strains. We also
see a significant difference between the male CAST and male DBA mice (p=0.0336).
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Figure 3: FV Antigen Levels in F1 and F2s in the Plasma and Platelets. A) FV
plasma levels in the F1 and F2 mice. There was no significant difference between the
strains. Mean antigen levels for the F1 and F2s: 128.3 and 118.8 pg/ml respectively.
B) There was no significant sex difference within the strains. C) FV platelet levels in
the F1 and F2 mice. There was no significant difference between the strains. Mean
antigen levels for the F1s and F2s: 2.856 and 3.176 ng/ug Platelet Protein,
respectively. D) There is a significant difference in FV platelet antigen levels between
the F2 males and females (p<0.0001) and between he F1 females and the F2 females

(p=0.0177).

2.3.2 Identification of a Significant Chromosome 1 Regulatory Locus for Plasma FV

To identify genomic regions regulating plasma FV levels, a QTL analysis was
performed on 61 F2 mice. A significant peak was observed on Chromosome (Chr) 1 (LOD
5.24, significance threshold 4.21, p=0.00641, Figure 4A (Black graph)) from 95,095,725-
166,889,809. At the maximum peak on Chr 1 (main peak: 151,294,711 marker
gUNC1944082, range: 144,425,337-153,204,726), mice homozygous and heterozygous
for the DBA allele were associated with lower plasma FV when compared to those
homozygous for the CAST allele (p<0.0001 and p=0.0006, respectively, Figure 4C).
Considering sex as either an additive or interactive covariate had little impact on the
strength of the QTL on Chr 1 when considered independently, but when taken together in

a full model (LOD¥), we see an increase in the LOD score at the Chr 1 peak. The more
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significant peak is located at the Bayesian interval 95,095,725-166,889,809, with position
106,272,710 having the highest LOD score (max range: 106,272,710-116,168,330, LOD
6.789316, significance threshold 6.34, p=0.0246, Figure 4A (Blue Graph)). At the
maximum peak in the full model, mice homozygous and heterozygous for the DBA allele
were associated with significantly lower FV levels than those homozygous for the CAST
allele, (p<0.0001), similar to the results from initial QTL analysis. Unlike the initial QTL
run, we observed a significant difference between the males and the females of the mice
heterozygous for CAST/DBA (p=0.0416, Figure 4E). Interestingly, the initial QTL run
identified the significant peak at Chr 1 without including sex as a covariate, despite our
initial findings of sex specificity in the parentals. This could be due to the female CAST vs
DBA strain difference we observed in Figure 2B. When including sex as a covariate, the
peak strengthened, which was expected given our initial findings.

In mice, the FV gene is located on Chrl:163,979,407-164,047,846 (MGI,
GRCm39), which is included in the Bayesian-identified QTL region. However, the main
significance peak identified in the full model is in a transcriptionally rich region 57,706,697
bp upstream of the gene. It is highly unlikely that a Topologically Associating Domain
(TAD) regulating gene expression within their boundaries is responsible for regulating
plasma FV, given that the typical size of a TAD is 0.1-2 Mb**,

Although the region is large, we located a serpin cluster in the minimal significant
recombinant interval of the full QTL model. This serpin cluster includes Serpinb2 (PAI-
2), which is a known component of the coagulation cascade****. While no direct linkage
to FV has been reported, serpins generally bind and inhibit serine proteases*’ such as FXa

and XIa*® clearing them from the plasma and affecting their antigen levels. This
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interaction could potentially occur with FV or FVa in the prothrombinase complex or
some other similar mechanism, increasing its clearance from the plasma. Due to the large
number of potential causative variants located in the significant range, additional studies

are required to identify the precise genetic regulator.
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Figure 4: Plasma CASTD2F2 QTL Results. A) Initial QTL and LODr QTL with a
significant peak identified on Chr 1 with a LOD score 5.24, significance threshold
4.21, p=0.00641 (initial) and LOD 6.789316, significance threshold 6.34, p=0.0246
(Full Model). No suggestive peaks were seen. B) Zoomed in view of Chr 1 peak
from full model with significance threshold. C) Effect plot demonstrating that
individuals homozygous for CAST (BB) at marker gUNC1944082 have significantly
higher plasma FV when compared to those homozygous for DBA (AA, p<0.0001)
and heterozygous (AB, p=0.0006). D) There were no significant differences seen
regarding sex in the initial QTL model. E) In the full model, we saw a significant
difference in the mice heterozygous for CAST/DBA (p=0.0416) at the most
significant marker gJAX00007709.
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2.3.3 Identification of Sex Specific Platelet Regulatory Loci on Chromosomes 14 and 15

To identify genomic regions regulating platelet FV levels, a QTL analysis was
performed on 85 CASTDBAF2 mice. While no significant or suggestive peaks were
detected with the initial QTL scan, after using sex as an interactive covariate a significant
peak was observed on Chr 14 at position: 21,755,369-23,755,370 (LOD 3.52,
significance threshold 2.32, p=0.00641), with the most significant peak located at
position 22,728,735 (Figure SA & 5B). A suggestive peak was seen on Chr 15 at
position: 4,029,482-7,086,683 (LOD 1.64, suggestive 20% threshold 1.58, p value=
0.17844, Figure 5C), with the highest peak marker located at 4,758,870. On Chr 14, male
mice homozygous for DBA and CAST had lower platelet FV levels than females of the
same genotype for this marker (p<0.0001, Figure 6A). At Chr 15, the same trend was
seen, as well as the heterozygous females also had significantly higher FV than their male
counterparts (heterozygous: p=0.0068, homozygous DBA: p<0.0001, homozygous
CAST: p=0.0013, Figure 6B). When sex was used as an additive covariate (Figure 5D), a
suggestive Chr 2 peak at position: 25,299,872-181,438,313 was also present (LOD 3.66,
suggestive threshold 2.78, p=0.113, Figure 5E). The highest LOD score in the region was
marker gUNC4139799, located at position 143,901,800 (range:143,502,220-
146,651,920). The same trend from the interactive covariate scan is seen here. The male
mice had significantly lower FV levels than the females for all genotypes as shown in the
effect plots in Figure 6C (homozygous DBA: p=0.0011, heterozygous: p=0.0009,
homozygous CAST: p=0.0003). The known coagulation gene TFPI* is located on Chr 2
from 84,263,199-84,307,119 (MGI, GRCm39). Additionally, PLXDC2, a gene that plays
a role in the variability of plasma FV3, is also located on Chr 2: 16,361,115-16,760,650
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(MGI, GRCm39). However, these genes are located at a significant distance from our
mapped region, suggesting that any potential effects of these loci would be due to higher
order interactions of the type precipitated by the spatial organization of chromatin®.
Since these platelet regulatory loci were identified when investigating sex as a covariate
due to the significant sex difference seen in our F2s, a potential role of sex hormones like
estrogen in platelet FV level variation may be present.

Our study is the first to demonstrate strain-dependent differences in FV
expression among laboratory mice. Future work aimed at fine mapping and identifying
the regulatory elements controlling platelet and plasma-specific FV expression will
increase our understanding of cell type—specific gene regulation and may reveal novel

targets or strategies for modulating FV in humans.
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Figure 5: Platelet CASTD2F2 Whole QTL with Sex as an Interactive
Covariate (A), and QTL Output with Sex as an Additive Covariate (D). A)
Whole platelet QTL with sex as an interactive covariate. A significant peak was
seen on Chr 14, and a suggestive peak was found on Chr 15. B) Zoomed in Chr 14
peak, LOD 3.52, significant threshold 2.32, p=0.00641. C) Zoomed in Chr 15 peak,
LOD Score 1.64, suggestive 20% threshold 1.58, p value=0.17844. D) Whole QTL
with sex as an additive covariate with a suggestive peak on Chr 2 E) Zoomed in
Chr 2 peak, LOD 3.66, suggestive threshold 2.78, p=0.113.
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Figure 6: FV Effect Plots at Chr 14 (A), 15 (B) and 2 (C). A) Individuals
homozygous for DBA (AA) and CAST (BB) at marker gUNC23694515 on Chr 14
showed a significant difference in sex (p<0.0001). B) The same difference was
seen at Chr 15 marker gUNC24956990 (AA p<0.0001, BB p=0.0013) but the
significant sex difference was seen in heterozygous individuals as well (AB
p=0.0068). C) At marker gUNC4139799 on Chr 2, the same trend is seen, with
males having statistically lower FV levels than the females at each genotype (AA
p=0.00117, AB p=0.0009, and BB p=0.0003).
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CHAPTER THREE
IDENTIFICATION OF SIGNIFICANT LOCI CONTROLLING PLASMINOGEN

ACTIVATOR INHIBITOR 1 LEVELS IN THE PLASMA AND PLATELETS OF
INBRED MOUSE STRAINS

3.1 Introduction

3.1.1 PAI-1 and Hemostasis

Intravascular blood clotting is due to many varying interactions between the
vasculature and several distinct components in blood, including plasma, platelets, and
other blood cells*®. After an injury, this clotting system activates to minimize the loss of
blood from the body. The developing clot depends on an equilibrium between platelets
and coagulation factors that favor clot formation, and the fibrinolytic system that opposes
clot formation®. The main mediator of clot dissolution is plasmin, a fibrinolytic protease
that is produced from its inactive form plasminogen®’. Plasminogen is converted to
plasmin by tissue plasminogen activator (tPA) and urokinase plasminogen activator
(uPA)*°. When inhibiting the fibrinolytic system to promote blood clot formation,
regulation can occur at either the plasmin level or the plasminogen activator (PA) level.
PAI-1 (gene name Serpinel) plays a significant role in fibrinolysis by inhibiting the
production of plasmin®'. PAI-1 is a major PA regulator, inhibiting both tPA and uPA to
prohibit clot dissolution®*>?. Low levels of PAI-1 cause a mild bleeding disorder first
discovered in Amish individuals>. In contrast, high levels of PAI-1 have been associated
with MI risk>* as well as deep venous thrombosis>. PAI-1 and other fibrinolytic
molecules play a major role in diseases such as diabetes>®, acute and chronic renal

diseases®’, and thrombosis®®. PAI-1 expression is constitutive or inducible in many cell

21



types and has been identified as a major participant in multiple disease processes™. In
addition, PAI-1 is expressed in adipose tissues®® and is one of the key molecules studied
in diabetes and obesity®. At a cellular level, PAI-1 regulates cell motility®!, affecting
tumorigenesis®?, hematopoiesis®, and the formation of bone marrow niches®. Many
conditions where PAI-1 plays a role have a high component of heritability, but little is
known about how the diseases are controlled genetically. Cell-type specific regulation of
PAI-1 could be an important missing piece of the puzzle for understanding these

diseases®. Brogren et al. show that platelets de novo synthesize active platelet PAI-1

A
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sequestered in the platelet alpha granules®” (Figure 7). Interestingly, this configuration is
the opposite of FV, which has 20% in the platelets and 80% in the circulation®***. PAI-1
expression in the megakaryocyte is responsible for producing the pPAI-1%.
Megakaryocyte PAI-1 is packaged in the platelet alpha granules. Platelets are then shed
from the megakaryocytes into the circulation. Genetic defects such as gray platelet
syndrome (caused by NBEAL?2 deficiency), resulting in severe platelet alpha granule
deficiencies, would presumably also dramatically reduce the total amount of alpha
granular contents in the platelets®®, such as PAI-1 and other proteins. Reductions in pPAI-
1 in gray platelet syndrome could play a role in the bleeding phenotype of this disease by
increasing the rate of fibrinolysis at injury sites where platelets are actively contributing

to the growing blood clot.

Multiple cell types may contribute to plasma PAI-1 expression. This contribution
may differ under normal conditions and conditions of acute or chronic illness such as
respiratory infections> or obesity/type 2 diabetes>®. PAI-1 is a glycosylated serine
protease inhibitory protein, based on variable glycosylation patterns®!, it is possible to
determine the cellular source of PAI-1 in the overall plasma pool. This was assessed for
adipocyte PAI-1 in humans®.

PAI-1 has a very unstable reactive center loop, so PAI-1 in circulation is rapidly
transformed into the inactive version, with an active half-life of 1-2 hours>""°. This also
occurs when PAI-1 binds to its target serine protease, forming a 1:1 stoichiometric
complex with the serine protease®!. Thus, PAI-1 is known as a suicide inhibitor’".
However, most of the plasma PAI-1 circulates in a complex with vitronectin, which

doubles its half-life to approximately 4 hours®!’2. Vitronectin is one of the most abundant
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proteins in the circulation’. In addition to binding with PAI-1, vitronectin acts as an
opsonin and is also called the complement S protein, serving as a main inhibitor of the

complement membrane attack complex’*.

3.1.3 Physiology and Pathophysiology and PAI-1

During normal physiological conditions, PAI-1 is maintained in the plasma in low
levels (5-20ng/ml) and is responsible for maintaining the hemostatic and fibrinolytic
balance in blood’>. When the body experiences blood loss, PAI-1 works to prevent the
clot necessary for stopping the bleeding from breaking down, keeping the blood inside
the body and maintaining hemostasis. While significantly higher or lower than average
PAI-1 levels can be the cause of disease, PAI-1 could potentially be used in the treatment
of individuals with bleeding disorders, enabling clots to form and remain intact more
easily. In addition, mutagenesis studies of PAI-1 have yielded PAI-1 molecules that are
extraordinarily more stable than the native PAI-1. These have been shown to inhibit
fibrinolysis more effectively’®.

The levels of PAI-1 are constantly changing in response to stimuli’> and many
pathophysiological conditions exhibit PAI-1 levels above or below the threshold of
normal. PAI-1 is linked to cardiovascular disease (CVD), cancer, inflammation,
neurodegenerative diseases (and more), and circulating levels can predict worse
outcomes in patients with these diseases®2. Increased levels of PAI-1 create a
hypofibrinolytic (prothrombotic) state, and this can lead to CVD including venous

thrombosis, ischemic heart disease, and stroke®?. Additionally, PAI-1 is elevated in
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individuals with type II diabetes, potentially due to obesity and insulin resistance>®.
Increasing adipose tissue, or adipogenesis, allows for inducers of PAI-1 to act more
readily on adipocytes, enhancing PAI-1 production from fat”’. In addition to adipose
production of PAI-1, insulin, proinsulin, and insulin-like growth factor 1 were found to
increase PAI-1 expression in HepG2 hepatocytes®. Since these proteins are increased in
individuals with type 2 diabetes with insulin resistance, PAI-1 expression from the liver
is enhanced, and in conjunction with adipose production, further elevates plasma PAI-1
levels. These increased levels of PAI-1 put obese individuals with diabetes at higher risk

for MI compared to their unaffected peers’®.

3.1.4 General Hematology Relevance

While PAI-1 plays a major role in thrombosis, high levels of this molecule have
implications for hematopoietic stem cell (HSC) regeneration®. In mice fed a high-fat
diet, the adipocyte population of the bone marrow expands, altering fibrinolysis by
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increasing the levels of PAI-1°°. The expansion of adipocytes in the hematopoietic cell

79,80 81,63

bone marrow niche’”"*" negatively impacts the process of hematopoietic regeneration
In obese mice that underwent myeloablation and subsequent HSC transplant, inhibition of
PAI-1 increased the regeneration of the HSC®. While these treatments appear to be
effective in strengthening regeneration, we do not know the impact that inhibiting
extracellular PAI-1 will have on intracellular PAI-1 (which is important for the

localization of hematopoietic stem progenitor cells®®). Understanding the genetic

regulation of PAI-1 will enable us to find new mechanisms for reducing PAI-1 in obese
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patients undergoing treatment of malignant hematological conditions, potentially

increasing the likelihood of a successful outcome for the patient®’.

3.1.5 PAI-1 as a Drug Target

PAI-1 is a versatile molecule produced by multiple cell types and plays prominent
roles in physiological and pathophysiological processes. Thus, there has been intense
interest in targeting PAI-1 therapeutically to reduce diseases such as CVD, diabetes,
cancer, etc. However, because of the multitude of functional effects PAI-1 has, fully
characterizing these is very important for any therapy targeting PAI-1 to prevent
deleterious side effects. In addition, a preferred strategy may be to target PAI-1 from a
particular cell type for maximum benefit. For example, in diabetes, targeting adipocyte
PAI-1 may be a superior strategy, as it is likely a large amount of the excess PAI-1 in the
plasma in these cases is coming from the adipocytes. Prior research has found that
pharmacological inhibition of PAI-1 in obese mice results in weight loss, as well as a
decrease in adipose volume®?. Specifically inhibiting this pool of PAI-1 may have greater
success for sustained weight loss, without impacting the overall pool of PAI-1 that is

needed for normal physiological functioning.

In the experiments described here, we use mouse genetics to map regulatory loci
for platelet and plasma PAI-1. We identify the major Chr 5 locus controlling pPAI-1 in

several additional inbred mouse strains, as well as several new PAI-1 regulatory loci.
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3.2 Methods

3.2.1 Mouse Strains

Five inbred mouse strains were obtained from the Jackson Laboratory: 129S1
(stock number 002448), A/J (stock number 000646), CAST (stock number 000928), B6
(stock number 000664), and DBA (stock number 000671). Additionally, 3 outcrosses
were obtained from the Jackson Laboratory: B6129SF1 (stock number 101043), B6AF1

(stock number 100002), and B6D2F1 (stock number 100006).

3.2.2 Generation of F2 Mice

Multiple crosses were performed to generate genetically informative F2 mice.
B6129SF1/J, B6AF1/], and B6D2F2/J mice were intercrossed to produce the B6129SF2,
B6AF2, and B6D2F2 progeny. Additionally, CAST males were crossed with DBA
females to produce the CASTD2F1 generation, and these F1 progeny were intercrossed
to produce CASTD2F2 mice. All protocols and care of these mice were approved by the
TACUC at Oakland University and comply with the principles of Laboratory and Animal

Care established by the National Society for Medical Research.

3.2.3 Isolation of Platelet Protein

Platelets were isolated from whole blood from the 5 inbred mouse strains, B6,
129S1, A/J, CAST, and DBA, as well as our F1 and F2 mice. Blood was collected via
cardiac puncture following the methods described by Brake et al.>* BSGC (129 mM
NaCl, 13.6 mM Na3 citrate, 11.1 mM glucose, 1.6 mM KH2PO4, and 8.6 mM
NAH2PO4; pH 7) was added to whole blood in a 1:1 ratio and was then centrifuged at

27



180 x g for 5 minutes at room temperature to separate the platelet rich plasma from the
red and white blood cells. Platelet rich plasma was obtained and centrifuged at 800 x g
for 8 minutes at room temperature to pellet the platelets. For future analysis, platelets
were lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NacCl, 1.0% Triton X-100, 0.25%
sodium deoxycholate, 5.0 mM EDTA) with 10uL/mL HALT protease inhibitor cocktail
(Thermo Fisher Scientific) and mixed until no platelets remained visible. This process is

136

also explained in Brake et al®. 20x dilutions were then prepared by placing 5ul of the

freshly lysed platelets into 95ul of RIPA buffer.

3.2.4 Isolation of Plasma

Plasma was isolated from whole blood from the 5 inbred mouse strains, B6,
129S1, A/J, CAST, and DBA, as well as CASTD2F1 and CASTD2F2 strains. Whole
blood was collected as described in Brake et al *® with a 9:1 ratio of 3.2% buffered
sodium citrate solution (Medicago, Aniara Diagnostica). Blood was centrifuged at 5000 x
g for 10 minutes, and platelet poor plasma was collected. This plasma was centrifuged
again at 5000 x g for 10 minutes to remove any lingering platelets/cells. The collected
plasma was stored at -80 °C until needed for further experiments. *®All plasma was
collected between 8 and 11 AM Eastern Standard Time to minimize any variation due to

the time of day®’.
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3.2.5 Measurement of PAI-1 Levels by ELISA

The 20x platelet dilutions were used to perform the Pierce™ bicinchoninic acid
(BCA) protein assay to determine the protein concentration of each individual platelet
sample. The output values from this assay were then multiplied by 20 to determine the
concentration of protein in each stock sample. These values were then used to normalize
the platelet samples to 150 ug/ml of platelet protein. Plasma samples were diluted 1:5 in
3% bovine serum albumin (w/v) in Tris Buffered Saline (pH 7.4). The Mouse PAI-1
Total Antigen Assay (Innovative Research) was used to determine the PAI-1 antigen
levels in each sample. The manufacturer’s protocol was followed for the assays, and the
plate was read at 450 nm on the Synergy H1 plate reader (BioTek). Each sample was
assayed in duplicate and the average for each sample was calculated using Gen5 software
with nonlinear regression parameters. The raw plasma PAI-1 levels were multiplied by
the dilution factor of 5. Platelet PAI-1 levels were calculated to pg/pg of platelet protein.

Males and females were assayed approximately equally for each strain.

3.2.6 Mouse Universal Genotyping Array Genotyping: Plasma

To locate areas in the genome that control PAI-1 levels, we genotyped DNA
samples from the parental strains, F1, and the genetically informative F2 mice. Tail
biopsies were prepared and sent to the company Transnetyx for DNA extraction and
subsequent genotyping. For the mice used for plasma PAI-1 QTL mapping, 1 CAST/EiJ
(M), 1 DBA/2J (F) and 57 CASTD2F2 (34 F, 23M) DNA samples from distinct mice

were genotyped using the MiniMUGA genotyping array*’.
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3.2.7 Mouse Universal Genotyping Array Genotyping: Platelets

Following the same procedures as above, tail biopsies were prepared and sent to
TransnetY X for DNA extraction and subsequent genotyping of 1 CAST/EiJ (M), and 2
DBA/2J (F), 3 C57BL/6J (F), 1 A/J (M), and 1 129S1/SvimJ (M), 82 CASTD2F2 (46 F,
36 M), 88 B6129SF2 (45 F, 43 M), 88 B6D2F2 (42 F, 46 M), and 88 B6AF2 (42F, 46M).

These mice were then genotyped using MiniMUGA?Y’.

3.2.8 QTL Analysis: Plasma

To discover loci regulating plasma PAI-1 levels in the CAST x DBA cross, 3,505
informative markers where the CAST and DBA mice had differing alleles were used to
perform a QTL analysis using R/qtl. A single locus QTL scan with sex as an interactive
covariate was performed with the “scanone” function using Haley-Knott regression and

1°8. To determine the significance threshold for the logarithm of the

an error rate of 0.00
odds (LOD) score, 1,000 permutations were performed and scores over 95% and 50% of
the distribution were significant and suggestive for linkage, respectively. These
thresholds have been recommended by Lander and Kruglyak *° and Abiola et al*’.
Position intervals were determined using LOD support intervals and 95% Baysian
credible intervals. The analyses were performed using positions from the CRCm38

mouse build, then converted to the GRCm39 build using the UCSC LiftOver Tool

(https://genome.ucsc.edu/cgi-bin/hgLiftOver).
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3.2.9 QTL Analysis: Platelet

The same analysis using the R/qtl package was performed on the 4 platelet
crosses, but the significance and suggestive thresholds were determined by running
permutations in each individual case. The number of informative markers used for each
cross are as follows: 3,534 for CAST x DBA, 3,133 for B6 x DBA, 3,282 for B6 x A/J,

and 3,011 for B6 x 129.

3.2.10 Mouse FM Analysis

For additional information and fine mapping, we ran the R/MouseFM package 4.
This package uses data from the Mouse Genomes Project database

(https://www.sanger.ac.uk/data/mouse-genomes-project/). Mouse strains with low pPAI-

1 values (B6, CAST, WSB/EiJ, KK/HiJ %) and strains with high pPAI-1 values (DBA,
A/J, 129, LEWES/Ei] *) were input as the strains for comparison, with the impact set as
“High”, “Moderate”, and “Low”. B6 was used as the reference strain. The output of this
analysis was single nucleotide polymorphisms (SNPs) that were the same in the “low”

strains but different in the “high” strains.

3.2.11 Statistical Analyses

The results of the analyses were presented as mean +- SEM. GraphPad Prism
(GraphPad Software) was used to create the graphs. To determine significance between
groups, a 1-way, 2-way and Brown-Forsythe/Welch’s analysis of variance adjusted using

Tukey’s, Sidak's and Dunnett’s post hoc tests were used, as well as Welch’s and Students
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t-test for comparisons between two groups. A P value of <0.05 was considered
significant.
3.3 Results

3.3.1 DBA, and 129S1 Mouse Strains have Significantly Increased pPAI-1 Expression

Compared to Other Mouse Strains

PAI-1 was measured from the platelet lysates from 5 inbred mouse strains (B6,
129, DBA, A/J, and CAST) to identify any variation in pPAI-1 levels (Figure 8A). Two
of the strains, DBA and 129, had very high levels of pPAI-1 (13.58 and 15.16 pg/ug
platelet protein, respectively), while B6 and CAST had very low levels of pPAI-1 (0.6910
and 0.5473 pg/ug platelet protein, respectively). The A/J mouse strain had intermediate
levels of pPAI-1 compared to the other 4 strains (5.669 pg/ug platelet protein). There
were significant differences between 129S1 and AJ (p=0.0004), 129S1 and B6, 129S1
and CAST, A/J and B6, A/J and CAST, A/J and DBA, B6 and DBA, and CAST and
DBA (p<0.0001). Additionally, there was a significant sex difference in the A/J and B6
strains, with females having higher pPAI-1 in both cases, as shown in Figure 8B (p=

0.0286 and 0.0306, respectively).
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Figure 8: Platelet PAI-1 Levels in Five Mouse Strains. A) Mean pPAI-1 levels
are as follows: 129S1: 13.58 pg/ug platelet protein, A/J: 5.669 pg/ug platelet
protein, B6: 0.6910 pg/ug platelet protein, CAST: 0.5473 pg/ug platelet protein,
and DBA: 15.16 pg/ug platelet protein. There is a significant difference between,
129S1 and B6, 129S1 and CAST, A/J and B6, A/J and CAST, A/J and DBA, B6
and DBA, CAST and DBA (p<0.0001), and A/J and 129S1 B6 (p=0.0004). B)
Sex difference in platelet PAI-1 levels in 5 mouse strains. A significant difference
was observed in the A/J and B6 strains, with females having higher pPAI-1 in
both cases (p=0.0.0286 and 0.0306 respectively).
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3.3.2 CAST Expresses Significantly Less Plasma PAI-1 Compared to the Other 4 Strains

PAI-1 was measured from the plasma of 5 inbred mouse strains (B6, 129, DBA,
A/], and CAST) to identify any variation in plasma PAI-1 levels. We saw significant
differences in B6 (3.438 ng/ml) and A/J (5.216 ng/ml, p=0.0171). CAST plasma PAI-1
antigen levels were significantly lower than the other 4 strains (129, A/J, DBA, B6:

p<0.0001, Figure 9A).
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Figure 9: Plasma PAI-1 Levels in Five Mouse Strains. A) Mean PAI-1
levels are as follows: 129S1/SvimJ: 4.389 ng/ml, A/J: 5.216 ng/ml, 3.438
ng/ml, CAST/EiJ: 0.8428 ng/ml, DBA/2J: 4.076 ng/ml. There are
significant differences between: 129S1/SvimJ and CAST/EiJ, A/J and
CAST/EiJ, DBA/2J and CAST/EiJ p<0.0001, A/J and C57BL/6J: p=0.0171,
C57BL/6J and CAST/EiJ: p<0.0001. B) Sex differences in plasma PAI-1
levels with no significant sex difference identified
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3.3.3 pPAI-1 Levels in F2 Crosses

To discover if the differences in pPAI-1 levels in our inbred strains were genetic,
we ordered B6D2F1, B6129SF1, and B6AF1 mice, which are crosses of our “low” pPAI-
1 level (B6) mice and our “high” and “intermediate” pPAI-1 level (DBA, 129, A/J) mice.
Additionally, we crossed the CAST strain (“low” pPAI-1) with the DBA strain (“high”
pPAI-1) to generate the CASTD2F1 strain. We then proceeded to cross our F1 mice to
generate B6D2F2, B6129SF2, B6AF2, and CASTD2F2, which are genetically
informative due to meiotic recombination. The F1s had intermediate pPAI-1 levels when
compared to the parentals (B6D2F1: 4.595 pg/ug platelet protein, B6AF1: 3.284 pg/ug
platelet protein, B6129SF1: 4.228 pg/ug platelet protein, CastD2F1: 10.91 pg/ug platelet
protein). All four F2 strains had pPAI-1 levels that fell into a trimodal distribution
(Figures 10A, 11A, 12A, and 13A), suggesting a semidominant Mendelian inheritance
pattern. The B6D2F2 (6.016 pg/ug platelet protein) had a highly segmented, trimodal
distribution. In comparison, the B6129SF2 (3.292 pg/ug platelet protein), B6AF2 (2.544
pg/ug platelet protein), and CASTD2F2 (14.05 pg/ug platelet protein) exhibited a greater
spread of values. Interestingly, the B6129SF2 distribution fell almost entirely below the
level of the 12951 strain, unlike the others. Additionally, the CASTD2F2 strain had

pPAI-1 antigen levels that exceeded the maximum antigen levels seen in the DBA strain.
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Figure 10: CS7BL/6J x 129S1/SvimJ F2 Platelet PAI-1 Levels and Sex
Differences. A) Levels in the Fls, and F2s. Mean antigen levels are as follows:
F1: 4.595 pg/ng platelet protein, F2: 3.292 pg/ug platelet protein. There is no
significant difference between the Fl1s and F2s. B) A significant sex difference is
seen within the F2s, with males having significantly higher pPAI-1 levels than the
females (p=0.032).
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Figure 11: C57BL/6J x DBA/2J Platelet PAI-1 Levels and Sex Differences. A) Fls
and F2s. Fairly distinct groupings are seen in the F2 strain, indicating potential
Mendelian inheritance. Mean antigen levels are as follows: F1: 4.595 pg/ug platelet
protein and F2: 6.016 pg/ug platelet protein. No significant difference was seen
between the strains. B) Sex differences in the strains, with no significant differences
identified.
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Figure 12: C57BL/6J x A/J Platelet PAI-1 and Sex Differences. A) F1 and
F2s, with a trimodal distribution seen in the F2’s. There is more of a spread
of values and the levels span the range of the B6 and A/J parental strains.
Mean antigen levels are as follows: F1: 3.284 pg/ug platelet protein andF2:
2.544 pg/ng platelet protein (p=0.0443). B) Sex differences in the strains,
with no significant difference seen within the F2s.
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Figure 13: CAST/EiJ x DBA/2J: Platelet PAI-1 and Sex Differences. A)
Fl1s and F2s with F2 levels exceeding the DBA range. A trimodal distribution
is less striking than in the DBA x B6 cross but still present here. Mean pPAI-
1 antigen levels are as follows: F1: 10.91 pg/ug platelet protein and F2:
14.05 pg/ng platelet protein. A significant difference is seen between the
strains (p=0.0458). B) Sex differences in the strains, no significant difference
observed.
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3.3.4 Plasma PAI-1 Levels in CASTD2F2 Cross

To discover if there were genetic factors controlling the levels of plasma PAI-1,
we crossed our “low” plasma PAI-1 strain (CAST) with the DBA strain to produce
CASTD2F1 mice. These F1 mice had an average plasma PAI-1 level of 5.077 ng/ml. To
generate genetically informative F2 mice, we crossed a male and a female CASTD2F1
mouse to create the CASTD2F2 generation. These F2 mice had an average plasma PAI-1
level of 5.001 ng/ml, with multiple values exceeding the levels of DBA. There were no
significant sex differences observed between males and females in any strain, as shown in

Figure 14B.
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Figure 14: CAST x DBA: Plasma PAI-1 Levels and Sex Differences. A)
Plasma PAI-1 levels in the F1 and F2 were seen to exceed levels of the DBA
parent. Mean antigen levels are as follows: F1: 5.077 ng/ml and F2: 5.001
ng/ml. B) No significant sex differences were seen in either of the strains.
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3.3.5 Identification of a Significant Locus Controlling pPAI-1 Levels by Analysis of

B6D2F2 Mice

To determine the genetic regulators of PAI-1 in the platelets, we began by
analyzing 88 B6D2F2 mice. We identified a highly significant peak on Chr 5, position
132,347,199-139,851,575 (LOD 30.24572, significance threshold 4.14, p<0.0001, Figure
15A). The most significant peak was seen at 135,957,994 (range 135,957,994-
137,141,954). At the most significant position on Chr 5 (Figure 15B), individuals
homozygous for B6 (AA) had low pPAI-1, heterozygous (AB) individuals had an
intermediate level of pPAI-1, and those homozygous for DBA (BB) had a high level of
pPAI-1 (p<0.0001, Figure 15C). These levels mirror the results seen in Figure 8A. When
including sex as an interactive covariate two significant peak were found, one on Chr 2
(max peak 28,890,012, marker S2J021157890, LOD 2.64, significance threshold 2.55,
p=0.0363) and the other on Chr 5 in the same position as the initial QTL (LOD 2.62,
p=0.0395). Multiple suggestive peaks were identified on Chr 1 (LOD 2.07, 20%
suggestive threshold 1.69, p=0.1233), Chr 6 (LOD 2.18, p=0.1053), Chr 9 (LOD 2.35,
p=0.0756), and Chr 15 (LOD 2.09, p=0.1159). At Chr 2, there is a significant sex
difference between the males and females heterozygous for CAST/DBA (p=0.01, Figure

15E).
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Figure 15: QTL Results from B6 x DBA Cross. A) Whole QTL for the B6 x
DBA cross, with a highly significant peak on Chr 5 (LOD 30.24572, significance
threshold 4.14, p<0.0001). B) Zoomed in Chr 5 peak, with the most significant
point towards the end of the chromosome around the 135,929,140 bp range. C)
Effect plot showing pPAI-1 differences for individuals homozygous for B6 (AA),
heterozygous (AB), and homozygous for DBA (BB). pPAI-1 levels increase in
mice with 1 or 2 DBA alleles, consistent with semi dominance (p<0.0001 in all
comparisons). D) No sex differences were seen at any genotype. E) Significant
sex difference is seen in the heterozygous mice (AB, p=0.01).
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3.3.6 Identification of Significant and Suggestive Loci by QTL Analysis: B6AF2 Platelet

To determine if there are any significant or suggestive loci responsible for
controlling the pPAI-1 levels in the B6AF2 mice, 86 mice were used to perform QTL
analysis (Figure 16A). We identified a significant peak on Chr 5 position 132,140,479-
140,991,055 (LOD 16.18556, significance threshold 4.03, p<0.0001, Figure 16B) with
the most significant peak located at position 137,141,894 (range 135,957,994-
137,927,402). We also identified a suggestive peak on Chr 7, position 4,785,973-
144,627,107 (LOD: 3.187459, suggestive threshold: 2.67, p=0.23, Figure 16C). The most
significant peak was seen at 143,113,393 (range 142,698,225-144,609,243). When
examining sex as an interactive covariate, we identified a significant peak on Chr 8§,
Bayes range 13,175,534~ 33,479,184 (LOD 3.09, p=0.0278) and a suggestive peak on
Chr 14, range 19,364,360-124,693,448 (LOD 1.79, p=0.1871). There were no additional
peaks when examining sex as an additive covariate. When examining the effect plot seen
in Figure 17A, we see that at Chr 5, those homozygous for B6 (AA) have extremely low
pPAI-1 and those homozygous for DBA (BB) have high pPAI-1 (p<0.0001), mirroring
the results from the original parental strain antigen levels. When comparing those results
to the effect plot for Chr 7, we see an opposite trend, with individuals homozygous for
DBA having lower pPAI-1 levels than the homozygous B6 mice (p=0.0045). In Figures
17C and 17D, effect plots for Chrs 8 and 14 have similar pPAI-1 levels for all genotypes,
but males homozygous for B6 have significantly higher pPAI-1 than females at Chr 8

(p=0.0024).
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Figure 16: QTL Results for B6 x AJ Cross. A) Whole QTL from the B6 x AJ
cross with a highly significant peak on Chr 5 (LOD: 16.18556, p<0.0001) and a
suggestive peak seen on Chr 7 (LOD: 3.187459, p=0.23). B) Zoomed in Chr 5
peak, with maximum at position 137,141,894. C) Zoomed in Chr 7 peak, with
most significant peak located at position 143,113,393.
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Figure 17: Effect Plots for Chr S (A), 7 (B), 8 (C), and 14 (D) for the B6 x A/J
Cross. A) At the significant locus at Chr 5, individuals homozygous for B6 (AA)
have low levels of pPAI-1, heterozygous individuals (AB) have intermediate levels of
pPAI-1, and those homozygous for A/J (BB) have highest levels of pPAI-1 (AA vs
AB & AA vs BB, p<0.0001, AB vs BB p=0.0058). B) An opposite trend is seen at
Chr 7, with those homozygous for B6 having higher pPAI-1 levels than those
homozygous for A/J (p=0.0045). Heterozygous mice had pPAI-1 levels significantly
less than mice homozygous for B6 (p=0.0034). C) At the Chr 8 locus, there is not
much difference seen in the levels of pPAI-1, though the males have higher levels in
the mice homozygous for B6 (p=0.0024). D) At Chr 14, there is little difference in
mean pPAI-1 regardless of the genotype or sex.
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3.3.7 Identification of Significant and Suggestive Loci by QTL Analysis: B6129SF2

Platelet

Eighty-Seven B6129SF2 individuals were used to run a QTL analysis to identify
loci responsible for controlling pPAI-1 levels (Figure 18A). We observed a highly
significant peak on Chr 5 (LOD 18.79, significance threshold 4.10, p<0.0001, Figure
18B) from position 137,141,834-137,197,019, with the most significant peak seen at
position 137,141,834. A suggestive peak was found on Chr 3, position 10,193,334-
128,424,439 (LOD 2.75, suggestive threshold 2.73, p=0.479, Figure 18C), with the peak
position located at 11,505,930 (Range 10,193,334-14,592,100). Another suggestive peak
was found on Chr 10 position 57,665,056-91,831,182 (LOD 3.934802, p=0.0767, Figure
18D), with the peak location at 82,454,554 (range 79,629,912-82798,816). The last
suggestive peak was found on Chr 13, position 3,611,536-51,414,126 (LOD 2.779797,
p=0.4575) with a maximum peak at position 31,461,951 (range 30,974,649-32,825,519).
When examining sex as an additive covariate, no additional peaks were found. When
investigating sex as an interactive covariate, two additional significant peaks were
identified. The first was located on Chr 1 position 3,479,313-151,155,360 with a
maximum position of 25,737,069 (LOD 2.85, significance threshold 2.38, p=0.0448).
The second was located on Chr 18, position 3,745,244-46,378,685 with a maximum peak
at position 15,116,711 (LOD 2.62, p=0.0288). Two suggestive peaks (alpha < 0.2) were
also seen when investigating sex as an interactive covariate, Chrs 2 (LOD 1.73,
p=0.1392), and 17 (LOD 1.52, p=0.1994). The effect plot seen in Figure 19A shows
similar trends to the original parental antigen levels at Chr 5, with those homozygous for
B6 (AA) having no pPAI-1 and those homozygous for DBA (BB) having high pPAI-1
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antigen levels (AA vs AB and AA vs BB, p<0.0001, AB vs BB, p=0.0003). In Figure
19B, DBA homozygotes have significantly higher pPAI-1 than heterozygotes (p=0.0043)
at Chr 3. At Chr 10, heterozygous mice have significantly higher pPAI-1 than B6
homozygotes (p<0.0001, Figure 19C). At Chr 13, DBA homozygotes have significantly
higher pPAI-1 levels than heterozygotes and B6 homozygotes (p= 0.0097 and 0.0026
respectively, Figure 19D). There were no significant differences between genotypes at
Chrs 1 and 18, but males had significantly more pPAI-1 in the DBA homozygotes at Chr
1 (p=0.0003) and B6 on Chr 18 (p=0.0003). These Chrs could be potential modifiers of

the B6129SF2 mice, making their antigen levels lower than the 129S1 strain.
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Figure 18: Results from QTL Run on B6 x 12951 Cross. A) Whole QTL from B6 x
12951 cross with peaks on Chrs 5, 3, and 10. B) Zoomed in peak on Chr 5 with
threshold, most significant peak is located at position 137,141,834 (LOD 18.79,
significance threshold 4.10, p<0.0001). C) Zoomed in Chr 3 peak with thresholds, with
largest peak located at position 11,505,930 (LOD 2.75, suggestive threshold 2.73,
p=0.479). D) Zoomed in Chr 10 peak with thresholds, with maximum peak located at

position 82,454,554 (LOD 3.934802, p=0.0767).
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Figure 19: Effect Plots for the B6 x 129 Cross. A) Chr 5 contribution of pPAI-1
levels at Chr 5 locus. Those homozygous for B6 (AA) have the lowest amount of
pPAI-1, the heterozygous mice (AB) had intermediate levels of pPAI-1, and the
mice homozygous for DBA had the highest levels of pPAI-1 (AA vs AB and AA
vs BB, p<0.0001, AB vs BB, p=0.0003). These results mirrored the results seen
in the parental strains. B) pPAI-1 levels at Chr 3, with pPAI-1 levels higher in the
DBA homozygotes than the heterozygotes (p=0.0043). C) pPAI-1 levels at Chr
10, with the heterozygous mice having the highest levels of pPAI-1, significantly
higher than those homozygous for B6 (p<0.0001). D) pPAI-1 levels at Chr 13,
with those homozygous for DBA having significantly higher pPAI-1 levels than
those with AA and AB genotypes (p=0.0026 and 0.0097 respectively). E) pPAI-1
levels at Chr 1, with little variation in pPAI-1 levels between genotypes. A
significant sex difference was seen in the mice homozygous for DBA (p=0.0003)
F) pPAI-1 levels at Chr 18, with similar pPAI-1 levels between the genotypes.
Males had significantly more pPAI-1 in the mice homozygous for B6 compared
to females (p=0.0003).
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3.3.8 Identification of Significant and Suggestive Loci by QTL Analysis: CASTD2F2

Platelet

To determine the genetic loci responsible for controlling the levels of PAI-1 in the
platelets of the CASTD2F2 mice, we performed a QTL analysis on 88 individuals (Figure
20A). We identified one significant locus on Chr 5 (Figure 20B) position 134,521,494-
139,851,535 (LOD 12.30, significance threshold 4.17, p<0.0001) with the most
significant peak located at position 136,055,994 (Range 136,055,994-138,188,122). We
also identified two suggestive peaks, one on Chr 11 (LOD 2.95, suggestive threshold
2.64, p=0.332, Figure 20C) position 3,305,458-112,932,044 with a main peak at position
9,305,458 (Range 3,376,486-10,546,636) and Chr 12 (LOD 2.76, p=0.422, Figure 20D)
11,349,537-73,485,148, maximum peak at position 26,773,871 (Range 26,339,041-
27,290,391). When investigating sex as an interactive covariate, we identified a peak at
Chr 6 (LOD 1.99, Suggestive alpha <.2 threshold LOD 1.78, p=0.145) position
4,204,842-137,304,850 with a maximum peak at position 4,204,824. There were no new
peaks identified when including sex as an additive covariate. In Figure 13A, we see that
there are CASTD2F2 mice with pPAI-1 antigen levels exceeding the level of the DBA
parental strain. When using those mice with a CAST allele at the Chr 5 locus as an
interactive covariate, the peak from Chr 11 became significant. At Chr 11, the maximum
peak at position 23,305,456 (LOD 13.2, Significance threshold LOD 9.97, p=0.00427).
Additionally, the peak seen on Chr 6 when running sex as an interactive covariate was
also seen when using the CAST allele as an interactive covariate. The main peak on Chr
6 was seen at position 32,321,915 and had a LOD score of 10.5 (p=0.04056). When
investigating these peaks further, we identified the same trend as seen in the parental
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antigen levels at Chr 5 (Figure 21A), with the mice homozygous for DBA (AA) having
variable and high pPAI-1, and those homozygous for CAST (BB) having extremely low
pPAI-1 levels (AA vs AB, p=0.0032, AA vs BB and AB vs BB, p<0.0001). ). The
opposite outcome is shown in Figure 21B at the Chr 11 peak, with mice carrying two
CAST alleles having higher pPAI-1 than those with two DBA alleles (p=0.0010). pPAI-1
antigen levels for hetrozygous mice at Chr 12 were significantly lower (p=0.0379) than
mice homozygous for DBA, as shown in Figure 21C. There were no significant sex

differences on Chrs 5, 11, or 12 within any genotype.
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Figure 20: CASTD2F2 Platelet PAI-1 QTL Results. A) Whole QTL from CAST x
DBA cross with thresholds. Peaks were seen at Chrs 5, 11 and 12. B) Chr 5 Peak
with thresholds, maximum peak at position 136,055,994 (LOD 12.30, significance
threshold 4.17, p<0.0001). C) Chr 11 peak with thresholds. Most suggestive peak
found at position 9,305,458 (LOD 2.95, suggestive threshold 2.64, p=0.332). D) Chr
12 peak with thresholds. Most suggestive peak was located at position 26,773,871
(LOD 2.76, p=0.422).
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Figure 21: CASTD2F2 Platelet PAI-1 Expression Levels. A) pPAI-1 levels at Chr 5.
When mice are homozygous for DBA (AA), we see the highest antigen level, when
heterozygous (AB) we observed an intermediate antigen level, and when homozygous
for CAST, we observed the lowest pPAI-1 levels (AA vs AB, p=0.0032, AA vs BB and
AB vs BB, p<0.0001). This mirrored the levels seen in the parental strains. B) pPAI-1
levels at Chr 11 peak. We observed the opposite trend at this peak, with those
homozygous for DBA (AA) having the lowest pPAI-1 levels, the heterozygous mice
(AB) had an intermediate amount, and those homozygous for CAST had the highest
amount of pPAI-1 (BB) (AA vs BB p=0.0010 & AA vs AB, p=0.0009). C) pPAI-1
levels at Chr 12. Similar pPAI-1 levels were observed between the homozygous
genotypes, with the heterozygous mice having significantly lower pPAI-1 levels when
compared to CAST homozygotes (p=0.0379).

pg PAI-1/ug Platelet Protein
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3.3.9 Identification of Suggestive Loci by QTL Analysis: CASTD2F2 Plasma

In order to determine the genetic regulators of plasma PAI-1, 60 CASTD2F2 mice
were used for QTL analysis (Figure 22A). We identified three suggestive peaks on Chrs
5, 6 and 16. The first peak was identified on Chr 5 (LOD 3.27, Suggestive Threshold
2.74, p=0.257, Figure 22B) at position 119,006,045-150,335,225, with the most
significant peak position at 143,145,835 (Range 142,488,289-144,293,742). The next
peak was identified on Chr 6 (LOD 3.60, p=0.163, Figure 22C) position 129,801,463-
148,829,618, with main peak at position 145,930,906 (Range 145,930,898-148,829,608).
The last suggestive peak was found at Chr 16 (LOD 2.77, p=0.483, Figure 22D) position
4,275,270-24,903,974 with the main peak at position 10,838,422 (Range 10,143,610-
10,656,286). When sex as an additive and interactive covariate was considered, no new
loci were identified. The effect plots shown in Figure 23A-B display a similar finding to
the QTL analyses of many of the other crosses seen in this paper, with one effect plot
mirroring the parentals (Figure 23A) and the other having the opposite trend (Figure
23B). The third effect plot (Figure 23C) shows plasma PAI-1 antigen levels similar to

Chr 5 seen in Figure 23A.
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Figure 22: Results from CASTD2F2 Plasma QTL. A) Whole QTL from
CAST x DBA cross with thresholds. Suggestive peaks are seen at Chrs 5, 6,
and 16. B) Suggestive peak seen at Chr 5. Maximum peak located at
position 143,145,835 (LOD 3.27, suggestive threshold 2.74, p=0.257). C)
Suggestive peak seen at Chr 6. Highest peak location at position
145,930,906 (LOD 3.60, p=0.163). D) Suggestive peak seen at Chr 16.
Maximum peak located at position 10,838,422(LOD 2.77, p=0.483).

57



Chromosome 5

2>

30 *

20

%% # "
¢ sod o
°

®

104 Chromosome 16

PAI-1 (ng/ml)

w
o
]

[ 13

T
i T
AIA AIB BIB

Em 204 o :

= o0 .

b L]
B Chromosome 6 & 104

o
o
1
[ ]
[ ]

PAI-1 (ng/ml)
>
1
[ ]
[ ]

a ...
0 $ 4
AIA AB BB

Figure 23: Effect Plots for Plasma CASTDBA QTL at the Identified Suggestive
Loci * indicates an outlier from ROUT outlier test. A) Plasma PAI-1 levels at Chr 5
peak. Those homozygous for DBA (AA) had the highest PAI-1 levels, those
heterozygous (AB) had intermediate levels, and those homozygous for CAST (BB) had
the lowest levels of PAI-1 (AA vs AB p=0.0382, AA vs BB p=0.0011, BB vs AB
p=0.0101). This mirrored the plasma PAI-1 levels in the parental strains. Five outliers
were seen in AAs and 2 were seen in ABs. B) Plasma PAI-1 level at the Chr 6 locus.
An opposite trend from Chr 5 was observed here, with those homozygous for DBA
having a lower PAI-1 antigen level than those homozygous for CAST, though this
difference is only trending in significance (p=0.1071). Heterozygous mice had lower
PAI-1 than CAST homozygotes as well, but this was also only trending towards
significance (p=0.0808). Two outliers were seen in AAs and 2 outliers were seen in
ABs. C) Plasma PAI-1 levels at the Chr16 locus. The levels of plasma PAI-1 were
similar to those seen at Chr 5 for all 3 genotypes. We observed a single data point for a
male CAST homozygous mouse that is an outlier. There are also 2 outliers in the AB
strain.
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3.3.10 Fine Mapping of the Chr 5 Locus Reveals Candidate SNPs for Controlling pPAI-1

Expression

Using the data from our previous publication®, comparative sequence analysis of
the LEWES and the five “B6-like” mouse strains in the 1.6 Mb interval on Chr 5 revealed
511 known SNPs unique to LEWES, which are putative candidates for increased pPAI-1
expression®®. This same region was identified in my crosses. This region contains the
Serpinel gene, suggesting that a platelet/megakaryocyte specific Serpinel cis eQTL is
predominantly responsible for expression differences between LEWES and B6 mice as
well as B6 vs DBA, B6 vs 129S1, B6 vs A/J, and CAST vs DBA. As shown in the
phylogenetic tree (Figure 24), we used the haplotype relationships between the mouse
strains and used the strains that we fully characterized for pPAI-1 levels for fine mapping
analysis using the mouse fine mapping QTL program called MouseFM®’ to identify and
return a variant list of potential candidates. This analysis yielded two primary candidate
SNPs responsible for pPAI-1 regulation within the Chr 5 locus, both of which are located
within the congenic fragment (Table 1). These SNPs are predicted to control splicing, so
the differential regulation of splicing leading to nonsense mediated decay may be one
mechanism by which cell-type specific regulation of PAI-1 expression (and other genes)

is governed.
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Figure 24: Phylogenetic Tree for the Serpinel Locus on Chr 5. DBA, 1298‘1": AJJ
mice are distantly related to the B6 strain at this locus. DBA is also distantly related to

CAST at this locus.
Chr 5 Nucleotide dbSNP Name Reference Variant
Position, Build 39 (bp) Genotype Genotype
137,096,765 rs49619335 T G
138,190,092 rs29778434 A C

Table 1: Putative SNV’s Responsible for Chr 5 pPAI-1 “ON/OFF” Switch
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3.4 Discussion

Plasma or Platelet Cross IChromosome Bayes Range LOD Score| p value | Significant/Suggestive? QTL Type

Platelet B6 x DBA 5 132,347,199-139,851,575 | 30.24572 | p<0.0001 Significant Initial

Platelet B6x A/J 5 132,140,479-140,991,055| 16.18556 | p<0.0001 Significant Initial

Platelet B6x A/J 7 4,785,973-144,627,107 | 3.1874589 | p=0.23 Suggestive Initial

Platelet B6x A/] 8 13,175,534- 33,479,184 3.09 p=0.0278 Significant Sex Interactive Covariate
Platelet B6 x A/J 14 19,364,360-124,693,448 1.79 p=0.1871 Suggestive Sex Interactive Covariate
Platelet B6 x 12981 5 137,141,834-137,197,019|  18.79 | p<0.0001 Significant Initial

Platelet B6 x 129S1 3 10,193,334-128,424,439 275 p=0.479 Suggestive Initial

Platelet B6 x 12981 10 57,605,056-91,831,182 | 3.934802 | p=0.0767 Suggestive Initial

Platelet B6 x 129S1 13 3,611,536-51414,126 | 2.779797 | p=04575 Suggestive Initial

Platelet B6 x 12981 1 3,479,313-151,155,360 2.85 p=0.0448 Significant Sex Interactive Covariate
Platelet B6 x 129S1 18 3,745,244-46,378,685 2.62 p=0.0288 Significant Sex Interactive Covariate
Platelet CAST x DBA 5 134,521,494-139,851,535|  12.3 p<0.0001 Significant Initial

Platelet CAST x DBA 11 3,305,458-112,932,044 2.95 p=0.332 Suggestive Initial

Platelet CAST x DBA 12 11,349,537-73,485,148 2.76 p=0.422 Suggestive Initial

Platelet CAST x DBA 6 4,204,842-137,304,850 1.99 p=0.145 Suggestive Sex Interactive Covariate
Platelet CAST x DBA 11 Max : 23,305,456 132 |p=0.00427 Significant CAST Allele Interactive Covariate
Platelet CAST x DBA 6 Max: 32,321,915 10.5 | p=0.04056 Significant CAST Allele Interactive Covariate
Plasma CAST x DBA 5 119,006,045-150,335,225|  3.27 p=0.257 Suggestive Initial

Plasma CAST x DBA 6 129,801,463-148,829,618 3.6 p=0.163 Suggestive Initial

Plasma CAST x DBA 16 4,275,270-24,903,974 2.71 0.483 Suggestive Initial

Table 2: Summary of Significant and Suggestive Peaks from PAI-1 QTL Scans

In this chapter, I described studies of PAI-1 antigen levels in 5 inbred mouse
strains, and the use of mouse genetics for mapping loci controlling PAI-1 expression. My
findings are summarized in Table 2. We mapped a significant QTL peak on Chr 5,
similar to the results seen in our previous paper®, seen in the pPAI-1 QTL of all four F2
crosses. These Chr 5 peaks overlapped each other, with the absolutely most significant
Chr5 peaks all within 1,180,000 bp of each other. Taking advantage of the relatedness of
the mouse strains, we constructed a phyologenetic tree of the relationships of the strains
specifically at the Chr 5 locus, and then used the MouseFM program to deliver a list of
putative causative variants. These variants were not associated with areas of open
chromatin, but rather potentially affected splicing, so we hypothesize that aberrent
splicing leading to nonsense mediated decay is the mechanism for lowering platelet PAI-

1 at this locus. However, this is yet to be investigated.
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While a peak was identified on Chr 5 in the CASTD2F2 QTL in the plasma, it
was not significant and the position was not as close to the other peaks identified. This

may be due to the smaller sample size, decreasing the power of analysis®®®

and thus peak
significance, or the multiple cellular sources contributing to the total pool of plasma PAI-
19991 Jeading to more complex genetic control.

While Chr 5 is the most significant peak that we indentified in all of our F2
crosses, we identified numerous suggestive peaks, unique to each cross, since the QTL is
limited to the gene pool used to generate the mice of interest®?. If, according to our
hypothesis, the Chr5 locus works as an on/off switch for pPAI-1 levels, these additional
suggestive loci are likely contributing to the spread of antigen values in mice inheriting 1
or 2 permissive alleles for pPAI-1 expression at the Chr 5 locus, something that is evident
in our effect plots. We also noticed a distinct lack of spread in the B6D2F2 pPAI-1
antigen level, as seen in Figure 11A, the antigen values fall into a clear trimodal
distribution. The other crosses seen in Figures 10A, 12A, 13A, and 14A have more of a
spread of values, while still maintaining the trimodal distribution.

Despite the significant difference in the pPAI-1 levels of these 5 strains, there is
comparatively little difference in the plasma PAI-1 levels between the strains we
measured. 12951, DBA, A/J, and B6 all have similar plasma PAI-1 levels. A notable
exception is the CAST strain, which has significantly less plasma PAI-1 than all other
strains (Figure 9A). B6 also has significantly less plasma PAI-1 when compared to the
A/J strain. The findings from this study align with the findings from our previous study,

that the PAI-1 structural gene or promoter are not responsible for the variation in the

pPAI-1 levels of these mouse strains.
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When investigating the CAST x DBA cross, we identified several F2 mice with
PAI-1 antigen levels exceeding the level of either of the parental strains. When the effect
plots in Figure 21A and 21B are examined, an opposite trend in the pPAI-1 levels
emerges. At the Chr 5 locus, the trend mirrors the parental strains while at Chr 11,
individuals homozygous for the DBA allele have lower levels of pPAI-1 than those
homozygous for the CAST allele. Transgressive segregation as seen here could be
explained by epistatic interaction between Chrs 5 and 11, causing these novel pPAI-1
values. This phenomenon is explained in Prows et al and Shockley et al®>*. The same
novel phenotypes are observed in the CASTD2F2 plasma QTL, with Chr 5 mirroring the
measured phenotypes and Chr 6 exhibiting an opposite effect, although neither of these
peaks reached statistical significance. Similar trends are observed in the B6AF2 and

B6129SF2, although the measured values do not exceed those of either parent.
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CHAPTER FOUR
PLASMA PROTEIN C EXPRESSION EXHIBITS SIGNIFICANT VARIABILITY IN

MICE, WHILE COMPLETE PROTEIN C DEFICIENCY IS RESISTANT TO
GENETIC SUPPRESSION

4.1 Introduction

PC is a vitamin K-dependent zymogen that is an essential negative regulator of
blood coagulation. Activation of the PC pathway occurs, generating activated protein C
(aPC) at the endothelial surface®®. aPC subsequently downregulates coagulation by
proteolytically inactivating the FVa and FVIIla bound to the endothelial cell membranes,
thereby diminishing additional thrombin generation. aPC activity is increased by the
interaction of cofactors such as the endothelial protein C receptor (EPCR) and protein S
(PS), which accelerate the degradation of FVa and FVIIIa by 20-fold*®*’. In synergy with
protein S, nonactivated FV also participates as a cofactor for the aPC-mediated
degradation of FVIIIa®®.

Defects in the PC pathway are associated with an increased risk of thrombosis,
with severe PC deficiency manifesting as disseminated intravascular coagulation (DIC)
and purpura fulminans (PF). While rare, untreated complete deficiencies of PC are
neonatal lethal in humans, and mice lacking PS and EPCR deficient mice exhibit severe
embryonic lethal phenotypes®1°!. PC heterozygosity occurs at higher frequencies,
exhibiting prothrombotic predispositions that can interact with other hemostatic variants
to cause severe thrombotic disease!®?.

Perturbations of the PC pathway (APC resistance due to the FVL variant) also

dynamically interact to reduce bleeding risk'®. As such, the PC pathway is a promising
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therapeutic target for bleeding disorders such as hemophilia!®

. We used mouse genetic
techniques to identify loci that control PC expression. We also sought to identify
heterozygous loss-of-function mutations that could rescue the PC deficient phenotype by
implementing a dominant sensitized ENU mutagenesis screen based on the perinatal
lethal Proc™" deficient phenotype. Our results suggest that the Proc”” phenotype is not
modifiable by dominant (presumably loss of function) mutations, while heterozygous PC

deficiency is sensitive to prothrombotic strain modifier genes that induce lethality in this

genotype.

4.2 Methods
4.2.1 Mice
C57BL/6J (stock number 000664), 129S1/SvIimJ (stock number 002448), DBA/2J
(stock number 000671), A/J (stock number 000646), CAST/EiJ (stock number 000735),
and BALB/cJ (BALB, stock number 000651) were purchased from The Jackson
Laboratories. 3 deficient mice were a generous gift of Dr. George Broze!®. The Proc
deficient mice were a generous gift from Dr. Francis Castellino'%. 73" and Proc* mice

were backcrossed greater than 8 generations to C57BL/6J for these studies.

4.2.2 Effects of Strain Modifier Genes on the Proc” Genotype

To investigate the A/J, DBA, and 129S1 strain backgrounds on the Proc deficient

phenotype, B6 Proc”

“were crossed to these purebred strains to create F1 mice. F1 males
and females were then intercrossed to create F2 generation mice. All mice were

maintained on normal chow in specific pathogen-free (SPF) facilities. All animal care and
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experimental procedures complied with the principles of Laboratory and Animal Care
established by the National Society for Medical Research and were approved by the

Oakland University and University of Michigan Committee on Use and Care of Animals.

4.2.3 Protein C ELISA: Plasma

To discover whether differences exist in the plasma Protein C levels of the pure
inbred strains, plasma was collected from 129S1, A/J, B6, CAST, and DBA mice using
the methods described in Brake et al*6. Male CAST mice were outcrossed with female
DBA mice to generate CASTD2F1 mice. The F1 mice were then intercrossed to produce
genetically informative CASTD2F2 mice. Plasma samples were collected from these F1
and F2 mice as well. These plasma samples were then assayed using the Mouse
Coagulation Factor XIV/Protein C ELISA from RayBiotech (Peachtree Corners, GA).
Plasma samples were diluted 5000x and added to the ELISA plate in duplicate. The plate

was read at 450 nm on the BioTek Epoch Plate Reader/Spectrophotometer.

4.2.4 Genotyping and QTL Analysis

Tail biopsies from 1 CAST, 1 DBA 14 CASTD2F1, and59 F2 mice were
collected and sent to TransnetyYX (Memphis, TN) for genotyping by the MiniMUGA
genotyping array’’. QTL analyses were subsequently run using phenotypic data from the
Protein C ELISA in conjunction with the genotyping data from MiniMUGA as inputs for
the R/qtl program*® to determine if significant loci responsible for controlling the levels
of PC in the plasma could be identified. Scanone with Hailey-Knott regression and an

error rate of 0.001°® was used to perform a genome-wide QTL scan. Significance
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thresholds were determined using 1000 permutations to determine LOD thresholds, and
95% and 50% of the distribution of permutations were considered significant and
suggestive, respectively. Biological sex was used as both an interactive and additive
covariate. Chromosome positions were converted using UCSC LiftOver from GRCm38

to GRCm39 (https://genome.ucsc.edu/cgi-bin/hgLiftOver).

4.2.5 RNA Extraction and gPCR

In order to investigate the RNA levels of Proc in the inbred strains, heart, lung,
and liver samples were collected from 6 12951, 6 A/J, 13 wildtype (B6), 6 CAST, and 6
DBA mice and preserved in RNA Later (Sigma-Aldrich, St. Louis, MO). RNA was
extracted using the RNeasy Plus Universal Mini Kit (Qiagen, Germantown, MD).
Quantification of RNA was done using the RNA 600 Nano Kit (Agilent, Santa Clara,
CA) and the Agilent Bioanalyzer. Complementary DNA (cDNA) was generated from the
collected and quantified RNA by adding 4puL of SuperScript VILO MasterMix
(Invitrogen, Waltham, MA), Diethyl pyrocarbonate treated (DEPC) water, and enough
RNA to make the final concentration of total RNA 1ug. cDNA was diluted to 1 ng/uL by
adding 2 pL of cDNA to 98 uL of RNase-free water and stored at -20°C. To perform the
RT-qPCR, 1puL of diluted cDNA, 20 uM primers, SuL. SsoAdvanced supermix (BioRad,
Hercules, CA), and DEPC water was added to PCR tubes for a total volume of 10 puL per
well (96-well Hard-Shell PCR Plates, BioRad, Hercules, CA). Proc was used as the gene
of interest, and GusB and Actb were used as the reference genes for normalization of
expression in all tissue types. Additionally, expression of the target gene was scaled to
the wildtype B6 mice for improved statistical accuracy. The Bio-Rad CFX Connect
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(Hercules, CA) was used to perform the reactions, and data analysis was completed using

Qbase+ and GraphPad Prism.

4.2.6 Genotyping and Phenotyping

DNA was isolated from tail biopsies as previously described!’®. Mice were

1797 Mice were

genotyped for Proc using conditions and primers reported in Jalbert ez. a
genotyped for F3 deficiency as previously reported'®®. Mice were phenotyped by

assessing their survival, weight, and gross appearance at weaning age.

4.2.7 ENU Mutagenesis and Breeding

The ENU mutagenesis procedure was conducted as previously reported!®®. 99
Proc*" mice were intraperitoneally injected with three weekly doses of ENU (90 mg/kg)
over a period of 3 years. After a 10-week recovery period, each mutagenized Proc™"
mouse was bred to Proc™” for the screen (Figure 22) on the B6 genetic background to
produce G1 generation offspring. These mice were genotyped at two weeks of age. Mice
of the Proc”" genotype surviving greater than three weeks of age were considered to carry

one or more suppressor mutations.

4.2.8 Candidate Suppression of Proc” by F3*" Deficiency

F3*" mice were crossed with Proc*~ mice to generate double heterozygous Proc*”
F3* mice. The double heterozygous mice were then crossed back to Proc™ B6 mice to

test the effect of F'3 haploinsufficiency on the Proc™" lethal genotype.
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4.2.9 Statistical Data Analysis

All experiments were performed blinded to genotype. Statistical differences
among the potential progeny of mouse crosses were determined using the y? test.
Statistical differences in the measured PC levels between the different strains were

assessed by ANOVA with adjustment for multiple comparisons.

4.3 Results and Discussion

4.3.1 The Proc”” Phenotype is Not Suppressible by Dominant ENU-Induced Mutations

Due to the high prevalence of thrombotic cardiovascular disease, the
identification of VTE genetic risk factors is essential for its diagnosis and treatment. Our
ENU treated Proc™" male mice (GO generation) crossed with non-mutagenized Proc*”
females were expected to produce one quarter Proc”” G1 conceptuses carrying the Proc”
genotype. These crosses generated a total of 962 weaning age G1 progeny. (Figure 25).

/

We observed no Proc™ offspring at weaning due to previously described perinatal lethal

/

thrombosis!?. Based on the expected number of Proc”" conceptuses (~321) and our

previously observed ENU-induced mutation rate'% these Proc”

" conceptuses were
predicted to carry ~20,865 new mutations that altered the coding sense in total (or with an
overall total of ~2,086,500 ENU induced mutations)!?!1°_ Despite this genome coverage,
not a single Proc”” mouse survived to weaning age. In contrast, we previously reported a
sensitized ENU mutagenesis screen for dominant suppressors of a different perinatal
lethal blood clotting phenotype based on a genetic interaction between FVL
homozygosity (F5"'") and haploinsufficiency for (Tfpi”")!%. This screen produced one

live F5Y" Tfpi*" for every 70-progeny analyzed, (~14 per thousand mice generated). The
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increased phenotypic severity of Proc”” was initially regarded as an advantage of the
Proc”” phenotype, as suppressors of increased strength would be generated. However,
given the approximate 1X whole genome mutation coverage, the results of our sensitized
suppressor screen suggested that dominant mutations capable of restoring viability to the

Proc”” phenotype would occur rarely or not at all.

Proc*-

Proc** Proc*- roc’-
Expected: 33% 67% 0%
Observed: 32% 68% 0%
N=962 (311) (651) (0)

Figure 25: Description of the Proc Mutagenesis Screens. The
mating scheme and observed distribution of the Proc screen.
Proc*" male mice were mutagenized with ENU and bred with non-
mutagenized Proc’ females. No Proc’ progeny were observed in
the 962 progeny analyzed.
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4.3.2 F'3 Haploinsufficiency Fails to Suppress Proc Deficiency

To test whether F3*~ could similarly suppress Proc” lethality, we bred the F3"-
mice onto the Proc” background. As shown in Table 3B, no surviving weaning age Proc™
F3" mice were observed. We previously demonstrated that haploinsufficiency for F3
suppresses the lethal thrombosis of the F5Y" Tfpi* genotype'®®. Our experiment
demonstrated that unlike F5%" Tfpi*", the Proc’~ phenotype is not responsive to

reductions in F3™".

4.3.3 Proc Haploinsufficiency is Thrombotic on a Mixed B6129S1 Genetic Background

We analyzed progeny from F1 Proc*” matings on 3 mixed genetic
backgrounds!'®>!!!. The resulting Proc genotype distribution from the B6A/J and B6DBA
intercrosses was consistent with complete lethality of Proc”" mice, similar to the
observations from Proc”" x Proc™" on the purebred B6 (Figure 25 and Table 3A).
However, analysis of progeny on the background B6129S1 revealed not only an absence
of Proc” but also a statistically significant reduction of Proc™” mice (p<0.05). Several
previous reports have documented enhanced thrombosis for 129S1 compared to other

mouse strains, including in the setting of F5 Leiden!!>!3,
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A.

Parental genotypes

+/-
+/-
B6A/
Proc genotype Expected % Observed
+H+ 22 33.3% 23
+/- 435 66.7% 44
-/- 0 0.0% 0
Total 67 100.0% 40
B6DBA
Proc genotype Expected % Observed
+H+ 5 33.3% 6
+/- 11 66.7% 10
-/- 0 0.0% 0
Total 16 100.0% 16
B6129S1
Proc genotype Expected % Observed
++ 13 33.3% 22
+/- 27 66.7% 18*
-I- 0 0.0% 0
Total 40 100.0% 40
B.
Parental genotypes
Proc genotype TF genotype
+/- +-
+/- +/+
Proc genotype TF genotype Expected % Observed %
+H+ +/- 254 14.3% 31 17.4%
+H+ +H+ 254 14.3% 38 21.4%
+/- +/- 50.9 28.6% 47 26.4%
+/- +/+ 50.9 28.6% 62 34.8%
- +/- 25.4 14.30% 0 0.00%
- ++ 0 0.00% 0 0.00%
Total 178 100.0% 178 100.0%

Table 3: Weaning Age Survival of Proc” Progeny. A) Survival of Proc™”

weanlings is unaffected on the B6-A/J and B6-DBA mixed genetic

backgrounds but significantly decreased the B6-129S1 genetic background

<0.01). B) Survival of Proc” is unaffected by F3™".
p y
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4.3.4 129S1 Exhibits Low Plasma Protein C Antigen Levels

We next analyzed plasma Protein C levels by ELISA and found that the 129S1
strain exhibited the lowest Protein C levels of any strain, with significant differences
between 129S1 and DBA (p=0.0019), as well as between the CAST and DBA
(p=0.0181), as seen in Figure 26A. We then analyzed the sex differences within each
strain and discovered a significant difference in B6 (p=0.0037), CAST (p=0.0025), and
DBA (p<0.0001), with male mice having higher plasma Protein C antigen levels in all

three cases, as shown in Figure 26B.
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Figure 26: Plasma Protein C Antigen Levels in Five Mouse Strains. A) Plasma
Protein C levels in parental mouse strains. Significant differences were seen in the
129S1 and DBA strain (p=0.0019) and the CAST and DBA strain (p=0.0181). B)

Sex differences are seen in B6 (p=0.0037), CAST (p=0.0025), and DBA
(p<0.0001)
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4.3.5 Protein C QTL Analysis Identifies Suggestive Sex Specific Regulatory Locus

QTL analysis of 59 CASTD2F2 individuals with 3,544 total markers was

completed using R/qtl*®

. We did not identify any significant or suggestive peaks when
running the initial QTL analysis, as seen in Figure 27A. However, when considering sex
as an additive covariate, we identified a suggestive peak on Chr 7 (LOD 3.054308,
suggestive threshold 2.80, p= 0.339) at marker gJAX00632646. The maximum
suggestive position range is 16,231,833-17,733,925. When examining the effect plot seen
in Figure 28 A, the antigen levels at each genotype are surprising. While our Figure 26A
shows DBA individuals having a significantly higher amount of plasma Protein C than
the CAST individuals, the opposite is seen here in Figure 28A. Individuals homozygous
for the CAST allele (BB) have a higher plasma PC level than those homozygous for the
DBA allele (AA), though the effect is not significant. This finding could be due to
biological sex being a strong covariate, confounding the effects of the Chr 7 locus until
sex is considered as a covariate. We may be seeing a “purer” allelic effect when
controlling for sex. This means the CAST allele could increase the PC levels, despite
having a lower mean antigen concentration when compared to the DBA strain. When
investigating sex as an interactive covariate, no significant peaks were observed. When
using the suggestive threshold of p<0.5, nearly all Chrs have a suggestive peak. This

could be due to the increased complexity of our model being penalized for not increasing

the fit of the model''*.
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Figure 27: QTL Results from the CASTD2F2 Protein C Cross. A) Whole
QTL, with no significant or suggestive peaks seen. B) QTL with sex as an
additive covariate. Chr 7 reaches suggestive threshold LOD 3.054308,
Suggestive threshold 2.80, p=0.339. C) QTL with sex as an interactive
covariate, with no peaks reaching significance. Nearly all Chrs reach the
50% suggestive threshold (bottom dotted line), and 7 Chrs reach the 20%
threshold (middle dotted/dashed line).
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Figure 28: Effect Plots from Chr 7 Peak in CAST x DBA
Cross. A) Those homozygous for CAST (BB) have higher
Protein C antigen levels than those homozygous for DBA
(AA), which is different from what was seen in the parental
strain data. This difference is not significant, though. B) There
is still a strong Male/Female sex difference in all genotypes
(AA: p=0.0006, AB & BB: p<0.0001).
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4.3.6 Proc RNA Expression Differences

RT-gPCR analysis of lung tissue RNA collected from 36 individuals revealed a
significant difference between expression of the Proc gene in B6 wildtype and DBA mice
(p=0.0135), as seen in Figure 29A. Additionally, liver RNA analysis from 37 individuals
demonstrated a significant difference in Proc expression between A/J and CAST mice
(p=0.0362) as seen in Figure 29B. The expression difference in A/J and DBA mice is also
trending towards significance (p=0.0511). Analyzing additional mice with these
genotypes would likely provide more compelling results. We examined the sex
differences within each strain and tissue type and discovered no statistically significant
differences in Proc gene expression between male and female mice. Identical RNA
analysis was performed on heart tissue collected from 30 individuals. Interestingly, RT-
qPCR showed negligible expression of the Proc gene across all strains in the heart. This
is likely due to the composition of heart tissue, where cardiomyocytes comprise
approximately 80% of the heart by volume!'®. Protein C is activated on the surface of

endothelial cells!'®

, so the reduced number of these cells could lead to virtually no
observable expression found in the heart within normal RT-qPCR parameters.
Furthermore, we found that 129S1 (p=0.0117) and A/J (p=0.0050) had greater Proc
expression in the liver compared to the lungs, as seen in Figure 30. The difference in
expression of Proc between the liver and the lung is also trending towards significance in

DBA mice (p=0.1376). This could indicate a regulatory mechanism that acts in a tissue-

specific manner that could be explored in future studies.
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Figure 29: Proc Gene Analysis. A) Relative expression of lung tissues
obtained from RT-qPCR by normalizing to both reference genes (Actb, GusB)
and wild-type mice, showing significant differences between the wild type
and DBA strains, p=0.01355. B) Relative expression of liver tissues obtained
from RT-qPCR by normalizing to both reference genes (Actb, GusB) and wild-
type mice, showing significant differences between the A/J and CAST strains,
p=0.0362.
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Figure 30: Tissue-Specific Expression Difference of Proc. The relative
expression of Proc was measured to compare tissue-specific differences
in the liver and lung, using RT-qPCR and normalization techniques.
Significant differences were observed in the 129S1 strain (p=0.0117), and
the A/J strain (p=0.0050), with liver tissues having greater Proc
expression. This trend is consistent across all strains except wild-type,
indicating the likelihood of a tissue-specific regulatory mechanism.
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CHAPTER FIVE

DISCUSSION AND FINAL THOUGHTS

Thrombosis and medical maladies caused by thrombosis are the most common
causes of death in the United States'. While blood clotting is an essential natural process,
disruption of the complex process of coagulation can lead to thrombosis or
hemorrhage®?. The mechanisms of coagulation are well understood, but cell-type specific
genetic control is not well studied. My work has uncovered novel insights into the genetic
regulation of the important coagulation and fibrinolytic proteins FV, PAI-1, and PC.

While FV is a vital protein in the coagulation cascade, currently, only two genes
have been implicated in the regulation of FV, PLXDC2%* and PSKH2%’. PLXDC2 is
located on Chr 2, but a significant distance away from our identified QTL peak. This
doesn’t entirely exclude it as a possible regulator based on our studies, as it isn’t an
absolute requirement that the minimal significant region houses the regulatory variant!!’,
Additionally, since FV is not produced in megakaryocytes in humans, instead

being taken up from the plasma?®-?’

, it would be interesting to assess additional strains to
determine whether there are any that have no FV in the platelets. Another avenue of
research for platelet FV includes analyzing whether full length FV is stored in the mouse
platelets, or if the FV is partially cleaved and activated. In humans, platelet FV is
packaged in a partially cleaved and activated form?°, so investigating whether this also
holds for mouse platelets can help us better generalize from mice to humans. Since we

have only assessed 5 of the 37 mouse strains®*, our investigations could reveal mice with

varying levels of FV, possibly one or more that are human-like. This could provide more
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information on the regulation of platelet FV, which is delivered directly to the site of
growing thrombi.

PAI-1 is at the center of many diseases®>>¢, but it is largely unknown how pPAI-1
(which accounts for ~90% of circulating PAI-1%7) participates in blood clotting, even
though it is delivered directly to the site of the thrombus. With the findings of my work,
we can begin to address this gap in knowledge. We have identified the highly significant
Chr 5 locus, serving as an “ON/OFF” switch for pPAI-, and have mouse strains with
“high”, “medium”, and “low” levels of PAI-1 in the platelets. Allelic variation in pPAI-1
expression may modulate the balance between coagulation and fibrinolysis in a context-
dependent manner. Understanding these allele specific effects is vital, particularly
considering evidence suggesting that platelet hyperactivity and resistance to fibrinolysis
are major contributors to the pathological thrombosis, M1, stroke, and pulmonary
embolism®?.

Since PAI-1 is such an important molecule and involved in many diseases, it is
not surprising that there has been development of potential inhibitors of this molecule!'®.
Continuation of the research detailed in this manuscript could allow us to identify new
drugs that can target pPAI-1 in a cell type specific manner. Small molecule screens can
be completed on megakaryocytes to identify if there are any that can reduce the level of
pPAI-1 to physiological levels in humans, thus reducing thrombosis risk.

PC deficiency is a severe phenotype’®, and also a promising target for treatment of
hemophilia'®. The drug Drotrecogin Alfa was used to treat patients with baseline PC
deficiency in septic shock, and while initially promising'!®, the drug was eventually

removed from the market as the findings were not replicated in later studies'?’. While
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there was consistent benefit to mortality when this drug was used, it was still removed
from the market for reasons that may not be able to be answered. Investigating how this
molecule is controlled in a cell-type specific manner could allow us to develop a more
targeted drug to modulate the levels of PC when there is a deficiency.

In all three cases, further fine mapping is needed to investigate the precise genetic
control of these important hemostasis molecules. One way to accomplish this is to use the
R/MouseFM package®* as we did for the PAI-1 crosses. This package uses data from the

Mouse Genomes Project (https://www.sanger.ac.uk/data/mouse-genomes-project/). We

can take strains with low levels of protein, intermediate levels, and high levels and input
them as strains for comparison with the impact set as “high,” “moderate” and “low”. The
output of this analysis is a single nucleotide polymorphism (SNPs) that are the same in
“low” strains but different in “high” strains. This information could provide us with SNPs
to investigate in the genomic loci found from our QTL analysis and lead us to the specific
SNP responsible for the varying levels in the mouse strains. Adding markers and
performing additional crosses could also help with mapping and/or identification of the
causative variant.

Additionally, increasing the sample size in all cases can increase the power of our
analysis. By increasing our sample size, we can potentially increase the number of
significant loci'?!. This may help us resolve the loci of our already significant peaks to a
narrower genetic range. Also, suggestive peaks may reach significance, allowing us to
identify potential modifiers of our three proteins more precisely.

Overall, the results from our research give a better understanding of the cell-type

specific genetic regulation of important coagulation molecules. Additional studies are
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needed to identify specific genetic regulators and eventually apply our findings to help

humans at risk for thrombosis.
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APPENDIX A

IACUC APPROVAL FOR MOUSE STUDIES
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[ I\ R ; : Caitlyn Conley <conley@oakland.edu>
_‘ M‘ 'd. M‘G‘mﬂ—- .

Committee Action Record — New or De Novo IACUC Protocol # 2022-1164 Approval

1 message

eSirius3GWebServer <no-reply@esirius.cayuse.com> Tue, Apr 5, 2022 at 4:17 PM

To: adamayoub@oakland.edu, ajurek@oakland.edu, arodionova@oakland.edu, cdschneider@oakland.edu,
riwestrick@oakland.edu

A

Reference: IACUC Protocol # 2022-1164
Protocol Title: Comparative Analysis of Platelet Gene Expression in Inbred and Pregnant Mice
Principal Investigator: Westrick, Randal

Approval Period: 04/04/2022 - 04/04/2025

Dear Professor Westrick, Randal:

The Institutional Animal Care and Use Committee (IACUC) has reviewed the original proposal, noted the required
modifications provided by you upon committee's request (if applicable), and approved the project referenced above.

The proposed activities are approved for a period of three years, starting 04/04/2022 and ending 04/04/2025, and
assigned the approval # IACUC-2022-1164. Please be aware that protocols expire at 12:01 AM on the expiration
date. Ninety (90) days before the protocol approval expires, Cayuse will send you an alert email prompting you to submit
a De Novo application to renew the project, if desired.

Any unanticipated problems, changes in, or halting of the activities proposed in the project, as described, must be
promptly reported to the IACUC Administrator.

In addition, all faculty, staff, and students involved in the project must be trained and qualified to conduct the project in a
responsible manner. Please note, in this regard, that you, the Principal Investigator, are fully responsible at all times.

Please let me know if you have any questions.
Sincerely,

Janet Schofding Animal Research Facility Manager and IACUC Administrator

**This protocol is currently expired, but was active during the completion of the
experiments. Animals from this protocol were transferred to protocol 2023-1201 after the

expiration of the protocol.

86



Caitlyn Conley <conley@oakland.edu>

—WMGMH_
Committee Action Record — New or De Novo IACUC Protocol # 2023-1201 Approval
1 message

eSirius3GWebServer <no-reply@esirius.cayuse.com> Tue, Aug 8, 2023 at 9:08 AM
To: riwestrick@oakland.edu

cayuse
\//: Animal Oversight

Reference: IACUC Protocol # 2023-1201
Protocol Title: The Identification and Characterization of Thrombosis and Atherothrombosis Modifier Genes
Principal Investigator: Westrick, Randal

Approval Period: 08/08/2023 - 08/08/2026

Dear Professor Westrick, Randal:

The Institutional Animal Care and Use Committee (IACUC) has reviewed the original proposal, noted the required
modifications provided by you upon committee's request (if applicable), and approved the project referenced above.

The proposed activities are approved for a period of three years, starting 08/08/2023 and ending 08/08/2026, and
assigned the approval # IACUC-2023-1201. This is your formal approval notice; please save it for your records.
Be aware that protocols expire at 12:01 AM on the expiration date. Ninety (90) days before the protocol approval
expires, Cayuse will send you an alert email prompting you to submit a De Novo application to renew the project, if
desired.

Any unanticipated problems, changes in, or halting of the activities proposed in the project, as described, must be
promptly reported to the IACUC Administrator.

In addition, all faculty, staff, and students involved in the project must be trained and qualified to conduct the projectin a
responsible manner. Please note, in this regard, that you, the Principal Investigator, are fully responsible at all times.

Please let me know if you have any questions.
Sincerely,

Janet Schofding
Animal Research Facility Manager and IACUC Administrator

**This protocol is still active and houses all of our animals now.
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