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Abstract
Human aortic endothelial cells (HAECs) have been observed to respond to fluid flow and
shear stress by activating different signalling molecules both in vitro and in vivo. An important
example of these flow-activated molecules is Smad2. Smad2 is a signalling molecule and
transcription factor that has shown to be indispensable for the maintenance of vascular integrity.
The aim of this study was to understand the effect of shear stress and Smad2 knockdown on
endothelial gene expression. HAEC were transfected with Smad2 siRNA, and exposed to steady
laminar shear stress (10 dyne/cm2). Our results showed that Smad2 siRNA and shear stress
significantly up-regulated genes involved in atherosclerosis, heart dysfunction, and angiogenesis.
Furthermore, Smad2 siRNA had a negative impact on athero-protective genes under static
conditions. This is the first reported Smad2 siRNA gene expression profile of endothelial cells.
Our findings suggest that Smad2 may a have a protective role against cardiovascular diseases.
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Chapter I

Introduction
Hemodynamic forces are essential for endothelial homeostasis, and play an important role
in the vascular remodelling and anatomy during healthy and diseased states. Shear stress also
modulates the expression of endothelial cells genes encoding adhesion molecules, growth
factors, transcription factors, coagulation and inflammatory molecules, among others. Laminar
flow and sustained high shear stress (10 dynes/cm2) causes activation and regulation of antiinflammation and anti-atherogenic genes, and is vital for vascular homeostasis. In contrast,
disturbed flow and oscillatory and recirculating low shear stress (4 dynes/cm2) lead to
unfavourable vascular responses that eventually result in cardiovascular diseases by enhancing
atherogenic genes.

We have previously shown that L-pSmad2 and pAkt levels increase as shear stress
increases and that the expression of these transcription factors was higher in thoracic aorta than
in the lesser curvature of the mouse.1, 2 We performed some preliminary gene expression profile
studies using Smad2 knockdown under static and a long period of shearing (20-h) in HAECs.

This thesis describes HAECs gene expression profile under the two main conditions (static
and flow), and Smad2 siRNA. HAECs were transfected with Smad2 siRNA treatment, followed
by high laminar shear stress exposure (10 dyne/cm2). The aim of our study was to understand the
effect of Smad2 knockout on gene expression in endothelial cells and its association with
cardiovascular diseases. This study shows the first Smad2 siRNA gene expression profile of
HAECs exposed to laminar shear stress. Smad2 knockout had a negative impact on athero1

protective genes in static conditions, whereas under flow, however Smad2 knockout induced upregulation of angiogenic activity. In addition, this is the first time that some genes are associated
with Smad2 signalling pathway. These findings suggest that expression of Smad2 may a have a
protective role against cardiovascular diseases.

I.I Hypothesis
This thesis focuses on the use of endothelial cells to understand flow effects on gene
expression. Human aortic endothelial cells (HAECs) were selected as the cell source owing to
the fact that they provide an excellent model system to study cardiovascular function and
disease, oxidative stress, and inflammation. We also have prior experience with this cell type.
Activation of Smad2 is flow-dependent in HAECs. Still there were some gaps in our
understanding of the effects of the Smad2 signaling pathway. These gaps led to some questions:
1. What effect did Smad2 have on ECs?
2. What effect did Smad2 have on ECs gene expression?
3. Did flow change gene expression compared to the static condition?
Such questions led to the main hypothesis:
1. Smad2 is involved in the response of human aortic endothelial cells gene expression
under flow.

I.II Thesis Objective
The specific aim of the project was developed to enable elucidation of the differentially
expressed genes involved in CVDs that can be modulated by shear stress and Smad2 knockout in
HAECs.

2

I. Determine the effect of Smad2 knockdown on HAECs gene expression under static and
flow conditions.

I.II Thesis Overview
This thesis will open with an overview of cardiovascular diseases, with a particular
emphasis on two examples—atherosclerosis and abdominal aortic aneurysms—that will be
discussed along with the summary of the current therapeutic interventions. An overview of how
hemodynamic forces affect signalling pathways—Smad2—, and their impact in cardiovascular
remodelling and anatomy during healthy and diseased states will be described (Chapter II).

The body of the thesis will be presented in the manuscript-style format and will encompass
one manuscript. The manuscript presented in this thesis (Chapter III) describes a study that was
undertaken to provide experimental knowledge of the effects of blood flow and shear stress on
endothelial cells, in terms of their gene expression in vitro. Previous findings by our research
group in HAECs, rats and mice, support the presence of a novel flow dependent Smad2
signalling pathway.

1, 2

Hypothesis, objectives, and results addressed in the manuscript are

discussed in depth in the discussion chapter (Chapter III). Chapter IV mainly includes basic
methodology and preliminary results of the effect of Smad2 and fluid flow in endothelial
NADPH oxidase isoform Nox4.

Finally, chapter V includes overall conclusions and future directions.

3

In summary, this thesis describes the first Smad2 siRNA gene expression profile of
HAECs. This work highlights the importance of Smad2 in cardiovascular diseases development
and maintenance. Furthermore, our findings will provide novel targets for future intervention
trial for vascular diseases detection and prevention.
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Chapter II

Literature Review
II.I Cardiovascular Diseases
Cardiovascular diseases (CVDs) are the leading cause of global morbidity and mortality
associated with several disorders that affect heart and blood vessels.3 In 2008, more than 17
million global deaths (about 30% of global mortality) were associated with CVDs.4 This number
is expected to rise to more than 23 million by 2030, with almost 80% occurring in low and
middle-income countries.3 According to the Public Health Agency of Canada and the Heart and
Stroke Foundation, heart disease and stroke are two of the three leading causes of death in
Canada (e.g. more than 1.37 million Canadians have heart disease), claiming more than 49,000
lives per year.4, 5 Increased deaths related to CVDs are attributed to different risk factors such as
ageing, urbanization and globalization.6 Mortality due to CVDs has declined in high-income
countries during the last three decades, but continues to increase in middle, lower-middle and
lower-income countries. People in low- and middle-income countries often do not have
prevention programmes, have less access to effective and equitable health care services, and are
more exposed to risk factors such as tobacco.6 On the other hand, according to the United
Nations projections, in 2025 there will be 1.2 billion elderly people worldwide, susceptible to
cardiovascular-related disorders.7, 8

The most important risk factors for CVDs are: unhealthy behaviours, national income,
exposure to air pollutants, stress, and genetics.8 Behavioural risk factors are responsible for about
80% of heart attacks and strokes. Unhealthy diet, physical inactivity, harmful use of alcohol and
tobacco use are the main behavioural risk factors.7
5

II.II Atherosclerosis
Is a slow and progressive condition that occurs when the arteries become clogged with
fatty deposits (called plaque).8 Atherosclerotic plaques are complex materials consisting of
smooth muscle cells, foam cells, collagen, cholesterol, calcium, and necrotic debris that build-up
on the artery wall.9 Plaques eventually increase in size causing the inner surface of the blood
vessels to become irregular, the lumen to become narrow, and blood flow to slow or stop.10
Thickening of the lumen also results in loss of elasticity, chronic inflammation, reduction of
smooth muscle cells, and altered immune system (macrophages and T-lymphocytes try to absorb
oxidized-LDL forming and accumulating foam cell).10 In time, plaques can open, triggering the
formation of a blood clot. This clot can move through bloodstream blocking flow to different
organs, such as the heart (heart attack) or the brain (stroke).

Atherosclerosis usually is asymptomatic until it severely blocks the artery (National Heart,
Lung, and Blood Institute). The risk factors that promote this disease have not been clearly
elucidated.11 Nevertheless, there is strong scientific evidence that correlates behavioural and
metabolic risk factors to the disease incidence.10 Within the behavioural factors there is tobacco
use, physical inactivity, unhealthy diet (rich in salt, fat, and cholesterol), harmful use of alcohol,
smoking, and oxidative stress. On the other hand, within the metabolic factors are hypertension,
diabetes, high blood pressure, overweight and obesity. Other risk factors are poverty and low
educational status, advancing age, gender, inherited disposition, and psychological factors (e.g.
stress, depression).10, 12, 13 Treatments for atherosclerosis are lifestyle changes (physical activity,
healthy diet, quit smoking, manage stress), medicines and medical procedures such as
angioplasty and coronary artery bypass grafting (National Heart, Lung, and Blood Institute).
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II.III Abdominal Aortic Aneurysms (AAA)
The aorta is the largest artery that carries oxygen and metabolic nutrients to the entire
body.14 It originates from the left ventricle of the heart and ascends for a short distance as the
ascending aorta, which then curves to form the arch of the aorta. The arch continues as the
descending thoracic aorta becoming the abdominal aorta, where it bifurcates into two smaller
arteries: right and left common iliac arteries.15 The abdominal aorta is a complex three layered
structure which contains elastin and collagen as supporting fibres, and cellular components of
smooth muscle and mesenchymal cells.16 The outermost layer is called tunica externa, which is a
connective tissue sheath; the middle layer is known as tunica media, and contains a framework of
smooth muscle and loose connective tissue. The innermost layer is the tunica intima, which
contains the endothelial lining and an underlying layer of connective tissue.17

The aorta can dilate or enlarge greater than 1.5 times its normal size, giving place to an
aortic aneurysm (AA).18 AAs are a progressive degeneration of the medial layer of the aortic
wall, which is characterized by the loss of the vascular smooth muscle cells (VSMCs),
destruction of the extracellular matrix (ECM) by matrix metalloproteinases (MMPs), and dense
infiltration of macrophages and lymphocytes.19-21 AA is considered a common health problem
with high mortality; because progressive dilation of the vascular wall could result in lethal aortic
rupture.22 It can be classified depending on their anatomic location into three types23
1. Abdominal aortic aneurysms (AAAs)
2. Thoracic aortic aneurysms (TAAs)
3. Thoracoabdominal aortic aneurysms (TAAAs)

7

The AAA is located in the segment of the abdominal aorta just below the kidneys, and has been
recognized as the most common location for arterial aneurysm formation.24

AAA is the 13th leading cause of death in the United States.25 It primarily affects the
elderly and is present in 5-10% of men over the age of 65 years in developed countries.26 AAAs,
are usually asymptomatic and are often diagnosed incidentally for other unrelated conditions.
The naturally history of AAAs is to expand until rupture occurs, and the aneurysm diameter is
the main determinant for rupture.27 Prothrombotic state and pathological remodelling of the
vessel wall are two specific characteristics of an abdominal aortic aneurysm. AAAs formation is
associated with a change in cellular composition, which culminate in breaking down of the wellorganized structural components of the aortic wall that provide support and stabilize the wall.28
Destruction of the intima, loss of smooth muscle cells from the media, infiltration of
inflammatory cells into the adventitia, increase of intraluminal thrombus, and progressive
expansion, characterize the disease. In conjunction, inflammatory cells lead to a marked upregulation of proteases such as matrix metalloproteinases (MMP-9 and MMP-12), a group of
enzymes produced within the plaques that compromise the integrity of the vascular wall through
degradation of elastin and collagen, the connective tissue matrix proteins.20,

29

In addition,

angiogenesis, which is new blood vessels development, plays an important role within the wall
of AAAs, where hypoxia and inflammation are involved as well. Uncontrolled angiogenesis has
been related to AAAs progression and rupture as well as damaged tissue in atherosclerosis.
During AAAs formation, the aorta three-layered structure is thickened; cell nutrition is decreased
by intra luminal thrombus leading to hypoxia within the layers. Hypoxic conditions lead to the
production of potent angiogenic factors: vascular endothelial growth factor (VEGF), nitric oxide
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synthase (NOS), etc. that are implicated in aneurysm formation. Pro-inflammatory cytokines
such as IL6, TNF-, TNF-, interferon gamma (INF), etc., are present in AAAs in high
amounts.30

The survival rate following rupture has remained disappointingly low at about only 15%.35
There is not effective medical therapy that can hold back aneurysm growth or prevent rupture.
The only current treatment is surgical intervention as no pharmacologic therapeutics have been
approved for use to stop or reverse the aortic remodelling process once diagnosed.31 Several
drugs (e.g., Doxycycline, Aspirin, Propranolol, etc.) that have anti-hypertensive, antiinflammatory or anti-matrix metalloproteinase properties showed to be effective to attenuate
aneurysm growth in animal models, whereas in human trials results where disappointing.
Moreover, anti-angiogenic drugs to target pro-inflammatory cytokines such as sFLT-1, a
competitive inhibitor of VEGF, showed decreased AAAs formation in mice, and Ets, a family of
transcriptional genes for angiogenesis, decreased AAAs development with decreased
angiogenesis and elastin destruction.30 Pharmacological prevention will be more effective, if the
molecular mechanisms and signalling pathways responsible for the vascular degeneration are
better understood.32 It is essential to increase our knowledge of the cellular and molecular basis
of the pathogenesis since are promising for potential clinical applications.

II.IV Association Between Atherosclerosis and AAAs
There are a few theories to explain the relationship between atherosclerosis and AAAs.
The first one suggests that aortic atherosclerosis leads to AAA formation as a pathological
response, considering them as equivalents.33 The most compelling argument for this theory
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focuses on arterial remodelling due to shear stress, where ECM remodelling promotes expansion
of the artery in an attempt to normalize lumen diameter.33 An alternative theory proposes that the
development of both pathologies is independent. They share environmental and genetic risk
factors, but the mechanisms involved are different. A third theory implies that either
atherosclerosis or AAA can develop first and subsequently stimulate the development of the
other.40, 48 To elucidate the relationship between AAA and atherosclerosis, in 2010, Johnsen et
al., examined the relationship between intimal atherosclerosis and aortic dilatation in a large
group of people. Considering their findings, the authors suggest that both diseases develop in
parallel.34 Nevertheless, more studies of this type are required to clarify the relationship between
these two CVD, in particular its therapeutic implications.

Currently, there are not pharmacologic therapeutics approved to reverse aortic remodelling
process once diagnosed. Understanding and manipulating cell-specific expression of relevant
structural proteins and genes related to inflammation, matrix degradation, thrombosis, and
hemodynamic forces involved in atherosclerosis and AAA development, is a key element to
approach a medical therapy.35 A selective therapy where targeting mechanisms implicated on
inhibiting the growth and progression of these diseases, would have the potential to reduce the
rate of rupture and decrease the number of patients that undergo elective repair. Moreover,
integrating clinical imaging techniques will allow detailed examination of local morphological
and biomechanical characteristics of atherosclerotic lesions that may help for a better prediction
of the disease progression.36
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II.V Hemodynamic Forces
Blood is a non-Newtonian fluid (viscosity is dependent of the shear rate), that interacts
with the arterial geometries generating different hemodynamic forces, including fluid shear
stress, cyclic stretch, and hydrostatic pressure.36, 37 Shear stress is defined as the frictional force
arising from the blood flow that acts parallel to the vessel wall, and is proportional to the
viscosity and the velocity of the fluid and inversely proportional to the radius of the vessel.38, 39
To determine the magnitude of shear stress in the blood flow within the vessel HaagenPoisseuille equation is applied. Direct measurements and fluid mechanics analysis using parallelplate flow chambers, cone-and-plate viscometers, etc., of lesion-prone areas (branch points,
bifurcations, and curvatures) revealed that shear stresses is generally accepted to be  4
dynes/cm2, whereas lesion-free areas (straight part of the arterial tree) are revealed that shear
stress is about 10 dynes/cm2 (Figure 1.).39, 40

Figure 1. Illustration of the observed distribution of atherosclerosis (represented by gray
shading) in the arterial tree. Image adapted from VanderLaan et al., 2004.
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Wall shear stress acts on the arterial wall where endothelial cells (ECs) are located and
which form an interface between the vascular wall and the flowing blood.36, 41, 42 Among ECs
principal functions are the physiological control of lumen diameter, control of blood pressure,
regulation of vascular permeability, and vascular remodelling.41 Shear stress applied to ECs has
been investigated using in vitro models under different flow conditions: pulsatile flow, steady
flow, and oscillatory flow. The in vitro models that can be used are: parallel-plate flow
chambers, cone-and-plate viscometers, parallel disk viscometer, orbital shaker, and threedimensional computational fluid dynamics models.43-45

Flow waveforms and shear stress have a critical role in vascular remodeling and anatomy
during both, disease resistance and disease susceptibility. Alterations in vascular wall geometry
and composition that initiate atherosclerotic lesions, plaque progression, and eventually plaque
rupture are induced by changes in local flow conditions.36 Regions of arteries exposed to
disturbed blood flow (non-uniform and irregular oscillation and recirculation) such as at blood
vetions, branch points, and the inner wall of curvatures show low shear stress and intima
thickening.40, 46-49 Flow and shear stress regulate endothelial barrier function at these prone areas,
where macromolecular permeability, cell turnover inflammation, thrombosis, oxidative stress,
and aging are increased.50, 51 In contrast, straight arterial regions, such as the descending aorta
and abdominal aorta are exposed to high and laminar flow, and high shear stress.50

Endothelial cells respond to mechanical stimuli by converting them into intracellular
signals involved in the regulation of gene expression.50 ECs exposed to shear stress activate
different receptors present on the cell membrane such as G-protein couple receptors, integrins,
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ion channels, tyrosine receptor, serine/threonine receptors, growth factor receptors, etc. These
receptors will activate different signalling molecules such as protein kinases, inositol
triphosphate, nitric oxide (NO), and transcription factors such as nuclear factor-B (NF-B), that
can alter gene and protein expression, and cellular functions. ECs turnover contributes to the upregulation of pro-atherosclerotic genes and proteins that lead to atherosclerosis development and
progression. These genes involve adhesion molecules: intercellular Adhesion Molecule 1
(ICAM-1),

vascular

cell

adhesion

molecule-1

(VCAM-1),

inflammatory

genes,

metalloproteinases, and thrombospondin 1 (THBS1).52-56 On the other hand, ECs in straight part
of the arteries induce athero-protective responses such as cell alignment, vasodilation, inhibition
of inflammation and coagulation; and ECM protein preservation.57 Some of the genes expressed
under high shear stress and laminar flow are endothelial nitric oxide synthase (eNOS), and
krüppel-like factor 2 (KLF2).58, 59 In addition, high shear stress has been reported to limit AAA
growth in experimental animals.57, 60

Defining the correlation between regional hemodynamic forces and their interactions with
ECs function could help to develop new strategies to modify and/or prevent disease progression.
Moreover, understanding and manipulating cell-specific expression (e.g. using small interfering
RNA) of relevant genes will eventually contribute to the development of clinical outcomes for
atherosclerosis and AAA suppression.

II.VI Signalling Pathways
Endothelial cells regulate gene expression and cellular function. The process by which they
convert mechanical stimuli into biochemical responses within the cell is called mechano-
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transduction.1 Mechanotransduction signalling events can proceed through post-translational
modifications (ubiquitination, acetylation, and phosphorylation). These modifications occur on
lysine residues that are targets of ubiquitin and acetylation, and serine-threonine/tyrosine
residues, which can be modified by phosphorylation.61 Proteins called kinases are the ones
responsible to start the phosphorylation of various molecules by the action of hormones, growth
factors, integrins, and cytokines that act through cell surface receptors and their downstream
signalling pathways.62

As mentioned above, in conjunction with biochemical factors, hemodynamic forces have an
impact in endothelial biology, phenotype, and function.63, 64 Shear stress has an effect on ECs
membrane, and stimulates various surface receptors (G protein couple receptors, ion channels,
tyrosine kinase receptors, and serine/threonine kinase receptors), to activate different signaling
pathways implicated in the control of cell physiology and pathophysiology.65 Some of these
pathways are: Smad2, transforming growth factor beta (TGF-), and mitogen-activated protein
kinases (MAPK). These signalling pathways “crosstalk” between each other, meaning that can
interact with one another, but there are some missing parts that need to be understood to integrate
them into a unified theme.66 These pathways and their importance in cardiovascular diseases will
be discussed below.

II.VI.I Transforming Growth Factor Beta (TGF-)
Cellular phenotype and functions can be controlled by the action of transforming growth
factor beta (TGF-). TGF- is a homodimeric protein of 25 kDa implicated in development, and
normal physiological and disease processes by regulating cell proliferation, differentiation,
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migration, and apoptosis.67, 69 Disruption on this pathway associates with many diseases such as
cancer, atherosclerosis, AA, fibrosis, autoimmune response, and Marfan syndrome (genetic
disorder that affects the body’s connective tissue).67, 68, 70 TGF- signalling pathway plays an
important role in AAA pathogenesis.71 It has been shown to be down-regulated in human AAA,
where 92% patients shown decreased expression of TBRII mRNA.72 In experimental animals,
over-expression of TGF1 stabilized the aortic diameter of preformed AAAs and it is associated
with preservation of medial elastin, decreased macrophages and lymphocytes infiltration, and
MMPs expression.

TGF- β is secreted as a biologically inactive molecule termed latent TGF- β latent (LTGFβ), and can be activated by metalloproteases (MMP2/9), integrins (αVβ6 integrin), pH (acidic
conditions), thrombospondin-1 (TSP-1), and reactive oxygen species.73 Once active, intracellular
signaling by TGF- is mediated through the binding of the ligand to a transmembrane receptor
complex (TBRI and TBRII). There are seven types of receptor I referred as activin-receptor like
kinase (ALK1-7) and five types for receptor II.74 These receptors have serine/threonine kinase
activity and become active by phosphorylation. Once active, they phosphorylate several
molecules involved in different signalling pathways that can be dependent or independent of
each other. The TGF- cascade starts with the phosphorylation of TBRII that activates TBRI,
ALK-5 is phosphorylated by TBRI to activate Smad2/3 on its two serine residues at their
carboxyl terminal (C-terminus). Once Smad2 is phosphorylated it binds to Smad4 to form a
complex and translocate into the nucleus, where they regulate gene transcription, in cooperation
other transcription factors and co-repressors (Figure 2).67 In addition, TBRI also activates the
non-Smad pathways such as mitogen activated protein kinases (MAPKs), phosphoinositide 315

kinase (PI3K), and Rho-like GTPase, that can phosphorylate serine/threonine residues on
Smad2/3 linker region (L-pSmad2).67
TGF-β

Receptor
complex

Tβ-RII

Tβ-RI

Smad2/3

P
Smad2/3
Smad4
Nucleus

Figure 2. The transforming growth factor b signalling pathway. TGF-b binds to the receptor TbRII, which recruits and phosphorylates Tb-RI, leading to activation of Smad2/3 by
phosphorylation (P). Activated Smad2/3 forms a complex with Smad4 and translocate to the
nucleus. Together with co-activators, co-repressors and other transcription factors, the Smad
complex regulates gene expression.

II.VI.II Non-Smad Pathways
Non-Smad pathways activated by TGF- by phosphorylation or direct interaction are:
MAPK and PI3K/Akt, among others (Figure 3).75 The mitogen-activated protein kinases
(MAPKs) are intracellular serine/threonine kinases. They regulate diverse cellular responses
such as cell proliferation, motility, proliferation, and survival. Moreover, these enzymes can
regulate the activation of repression of nuclear transcription factors regulate gene expression,
mRNA stability and translation.75 The best-known MAPKs are the extracellular signal-regulated
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kinases 1 and 2 (ERK1/2), c-Jun amino- terminal kinases 1 to 3 (JUN1-3), and p38 (, , and
).67, 75

Phosphatidylinositol-3-kinases (PI3K) pathway is a family of lipid signal transducers. They
are essential for cell growth, proliferation, migration, apoptosis, regulation of membrane
trafficking, and receptor internalization.67,

76

TGF- involves protein kinase B (PKB), also

known as Akt through the activation of PI3K pathway. Akt is a serine/threonine-specific protein
kinase activated by receptor tyrosine kinases, integrins, cytokine receptors, and G-protein
coupled receptors. It has three isoforms (Akt1-3), and is phosphorylated at Ser 473 by the mTOR
complex 2 (mTORC2), which stimulates full enzymatic activity. Once activated, Akt activates
indirectly mTOR complex 1 (mTORC1), and modulates key downstream cellular processes such
as apoptosis, cell proliferation, growth and survival, transcription, and angiogenesis. 67, Several
studies have shown that disruption of PI3K/Akt pathway is associated with many human diseases
including CVDs, cancer, diabetes, and neurological diseases. Akt has a well-defined role in the
cardiovascular system where it regulates cardiac growth and coronary angiogenesis.77
Furthermore, knockout mice models of Akt1 in ApoE(-/-) have shown endothelial dysfunction in
which severe atherosclerosis develops from increased plaque vulnerability.78
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Figure 3. Signal transduction by TGF-β family members. The type II receptor phosphorylates
the type I receptor, leading to its activation. Subsequently, the type I receptor propagates the
signal into the cell by phosphorylating Smad2/3, which forms a complex with Smad4 and
translocate in the nucleus where by interacting with other transcription factors regulate gene
transcriptional responses (canonical Smad signaling pathway). In addition, the activated type I
receptors can activate non-Smad pathways (non-Smad signaling pathway) that are also involved
in gene transcription.

II.VI.III Smad2 Pathway
Sma- and Mad-related proteins (Smads) are intracellular proteins that act as signal
transducers and transcriptional factors. They form complexes and accumulate in the nucleus
where they can regulate the transcription of target genes.79 They have a crucial role in mediating
18

intracellular responses to TGF- and its related transcriptional factors.75 They are about 500
amino acids in length and consist of two globular domains connected by a variable-linker region.
Smads can be classified in three functional groups:
1. Receptor-regulated Smads (R-Smads)
2. Common mediator Smads (Co-Smads)
3. Inhibitory Smads (I-Smads)
There are five R-Smads (1-3, 5, 8) that contain a conserved C-terminus motif of serine positions.
These positions are: 464, 465, 467, where only the last two can be phosphorylated, and 464 is
required for Smad2 phosphorylation.67 R-Smads 2/3 are phosphorylated by TGF-, or activin
ligands, whereas Smad1, 5, 8 are phosphorylated by bone morphogenetic protein (BMPs) and
growth and differentiation factor (GDF). However, in ECs, Smad1, 3, and 8 can be
phosphorylated by ALK1. Smad4 is a Co-Smad, and can form heteromeric complexes with any
R-Smad, which then can accumulate in the nucleus and regulate positively or negatively gene
transcription (HUGO Gene Nomenclature Committee (HGNC), 2015). Smad4 is equally
distributed between the cytoplasm and the nucleus, whereas R-Smads are usually in the
cytoplasm.69 Smad6/7 are inhibitory Smads (I-Smads) that negatively regulate the TGF-
signalling pathway. They inhibit the activation of R-Smads primarily by inactivation of the
receptor complex or via competitive binding with Smad4 (Figure 4).80, 81 Animal models (e.g.,
apolipoprotein E–deficient (ApoE) knockdown mouse models and C57BL/6 mouse) that develop
lesions with some features of atherosclerosis have shown that Smad proteins expression are
present in the mice aortas by using immunostaining.82
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Figure 4. Schematic representation of TGF-β/SMAD and BMP/SMAD activation. TGF-β
receptors complex phosphorylates Smad2/3, whereas the corresponding BMP receptors
phosphorylate Smad1/5/8. All these R-Smads, subsequently, can form complexes with the
common-partner Co-Smad: Smad4. Smad6/7 (I-Smads) can inhibit the formation of this
complex.

Smad2 is a signalling molecule involved in the Smad signalling pathway. It is about 400-500
amino acid residues with a N-terminus or Mad-homology 1 (MH1) domain, a C-terminus or
Mad-homology 2 (MH2) domain, which are separated by a linker region. Each of the two
domains plays a specific role, MH1 has a role in Smad4 for nuclear transportation and MH2 is
responsible for gene transactivation. Smad2 has shown to be indispensable for maintenance of
vascular integrity and its complete removal in mouse embryos leads to death due to vascular
complications.83 Smad2 can be phosphorylated either on its C-terminal region or on its the linker
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region (L-pSmad2). C-terminal and L-region phosphorylation can be carried out by TGF- and
other kinases previously discussed. In 2011, our group proposed a novel flow dependent
signalling pathway involving Smad2. This pathway appears to influence gene expression in
cultured human aortic endothelial cells (HAECs), when exposed to fluid flow and moderate
pulsatile shear stress stimulation. Smad2 showed to be preferentially phosphorylated in its linker
region (ser245/250/255), and this was also found in the nucleus, indicating a likely role in
modifying gene expression (Figure 5).1 In vitro findings were preserved in vivo as well when
using surgically modified mice. L-pSmad2 expression shown to be higher at the high shear stress
region of the thoracic aorta compared to the lower shear stress region of the lesser curvature.2
Shear stress

P

MH1

Linker

MH2

Figure 5. Representation of L-pSmad2. Smad2 is a transcription factor with a N-terminus or
Mad-homology 1 (MH1) domain and a C-terminus or Mad-homology 2 (MH2) domain,
connected by a linker region Shear stress can activate Smad2 by phosphorylation on its linker
region (ser245/250/255).

These findings confirm that Smad2 is an interesting major component for future
therapeutic targets, and highlight the importance to study how is involved in the development
and prevalence of cardiovascular diseases.
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Chapter III

Smad2 siRNA affects HAECs Gene
Expression Under Flow
For this manuscript Linda Tamez contributed to the experimental design, data collection, and
analysis (figures, tables, etc.), and preparation of the manuscript.

Smad2 is involved in the response of vascular endothelial cells gene expression to fluid flow
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III.I Abstract
Human aortic endothelial cells (HAECs), respond to fluid flow by activating different
signalling molecules that can alter gene expression. Smad2 is a signalling molecule and
transcription factor is indispensable for maintenance of vascular integrity. HAECs were
transfected with Smad2 siRNA treatment and exposed to steady laminar shear stress (10
dyne/cm2). These experiments were performed with the end to understand the effect shear stress
and Smad2 knockout on gene expression and its association with cardiovascular diseases. This
study provides the first Smad2 siRNA gene expression profile of HAECs. Smad2 knockodown
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had an effect on genes involved in viral replication and cardiovascular development under static
conditions. Under flow, Smad2 knockdown had an impact on genes involved in angiogenesis,
thrombosis, cell adhesion, and inflammation. In addition, this is the first time that some genes are
associated with Smad2 signalling pathway. These findings suggest that expression of Smad2
may a have a protective role against cardiovascular diseases.

III. II Introduction
Blood flow induced shear stress plays a critical role in vascular remodeling and disease
resistance. Regions of arteries exposed to disturbed flow and low shear stress have increased
macromolecular permeability, inflammation, thrombosis, and oxidative stress.51 In contrast,
regions exposed to laminar flow and high shear stress promote endothelial cell (EC) alignment,
proliferation and survival, extracellular matrix (ECM) remodeling, vasodilation, and inhibition of
inflammation and coagulation.40, 58 The hemodynamic forces applied to the vessel walls depend
highly on arterial geometry; with straight regions exhibiting laminar flow and high shear stress,
while disturbed flow and low shear stress is found in curved regions or branch points.37

Shear stress may deform EC membranes, and stimulate various surface receptors (G
protein couple receptors, ion channels, tyrosine kinase receptors, transcription factors, and
serine/threonine kinase receptors) by phosphorylation, that activate mechano-signalling
pathways.66 The influence of shear stress on EC gene expression has been demonstrated both in
vitro and in vivo. Low and oscillatory shear stress modulates the expression of pro-atherogenic
genes such as genes that regulate: adhesion molecules (e.g., ICAM-1, PECAM-1/VE-cadherin,
and VCAM-1), inflammatory cytokines (e.g., IL-6, IL1B), and ECM remodelling (e.g., TIMP1
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and MMPs).53-55 Conversely, high shear stress and laminar flow up-regulate the expression
athero-protective genes such as those that regulate nitric oxide (e.g. eNOS and NOX4), growth
factors (e.g. FGF2), and transcription factors (e.g., KLF2 and KLF4).59 Both the pro-atherogenic
and the athero-protetive genes are regulated by signalling pathways including transforming
growth factor beta (TGF-), mitogen-activated protein kinases (MAPK), Sma- and Mad-related
protein 2 (Smad2), and oxidative stress.83 Understanding the role of hemodynamic forces in
initiating these pathways may help to develop new strategies to alter and/or prevent disease
progression.

The molecular and cellular mechanisms involved in arterial remodelling and repair in
response to hemodynamic forces need to be well understood to integrate them into a unified
theme.37, 75 In 2011, we proposed a novel flow dependent signalling pathway involving Smad2, a
signalling molecule that has shown to be indispensable for maintenance of vascular integrity.1 In
addition to the commonly known phosphorylation of Smad2 in its C-terminal region, carried out
by interaction with activated TGF- receptors, linker region phosphorylation of Smad2 (LpSmad2) can be initiated by shear stress.1 In human aortic endothelial cells (HAECs), Smad2
showed preferential phosphorylation in its linker region (ser245/250/255) when exposed to fluid
flow and moderate pulsatile shear stress stimulation. Furthermore, L-pSmad2 was found in the
nucleus, indicating a likely role in modifying gene expression.

It is known that Smad2 could be used as a therapeutic target for cardiovascular diseases,
but the signalling pathway (upstream and downstream) involved in Smad2 transcriptional
activity remains unclear. These two things lead us to some questions: what is the effect of Smad2
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on EC function? And how does flow affect the expression of Smad2 signalling molecules? This
paper focuses on the use of small interference RNA (siRNA) to elucidate Smad2 effects on
signal transduction and gene expression in response to flow.

III.III Materials and Methods
Cell Culture. Human aortic endothelial cells (HAECs) derived from an adult female donor (Lot
No. 0000337673) were cultured in Endothelial Cell Growth Medium-2 (EGM-2) supplemented
with 2% FBS (EGM-2, Lonza, Walkersville, MD). Cell cultures were grown on a 1% gelatinecoated tissue culture flask (CELLSTAR®, 75 cm2, 250 mL) and maintained in a humidified 95%
air-5% CO2 incubator at 37C. The cells were cultured to passage 4 and kept frozen in liquid
nitrogen until used. The experiments were conducted with HAECs in the 6th passage. A way to
calculate the oxygen delivery on the cell culture is by using Fick’s first law, which is used to
model transport processes. Under biological conditions, the law gives rise to the following
formula:
𝐹𝑙𝑢𝑥 = −𝑃(𝑐2 − 𝑐1 )
where P is the permeability for a given gas at a given temperature; C2-C1 is the difference in
concentration of the gas across the membrane for the direction of flow. For these experiments,
this law relates the diffusive flux from high concentrated regions to low concentration regions. In
one dimension, the law is:
𝐽 = −𝐷

𝜕∅
𝜕𝓍

where J is the diffusion flux; D is the diffusion coefficient;  is the concentration; and x is
position, the dimension of which is length.
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Flow Experiments. Three independent sets of experiments were performed, each consisted of
HAECs exposed to shear stress and a paired control with HAECs kept under static condition,
both for 20 hours. Confluent monolayers of HAECs were exposed to steady 10 dyne/cm 2 shear
stress in a parallel-plate flow chamber system. The flow chamber (20 x 10 cm glass slide)
consisted of a glass plate on which the cultured ECs rested, and a polycarbonate top plate
separated by a silicon rubber gasket and a metal frame, with inlet and outlet for exposing
cultured cells to oxygen and shear stress imparted by flow (Figure 6). All the parts were
assembled together as illustrated in Figure 7, with spring clamps, and a closed circuit was
arranged using a Masterflex Norprene Food tubing flow tube, where medium was constantly
circulated with a Masterflex peristaltic pump (Cole Parmer, Montreal, QC, Canada). The 10
dyne/cm2 shear stress was achieved by using size 15 tubing, where flow initiated at 0.8 dyne/cm2
and was increasing by 3 dyne/cm2 every 15 minutes until the desired shear stresses. This level of
shear stress is encountered under physiological conditions in the straight part of the aorta and
frequently used to study the effects of shear stress on ECs. The whole system was placed in a 5%
CO2 incubator at 37C, and pressure was maintained at 80  5 mmHg by adding 5% CO2 in air
(Praxair, Calgary, AB, Canada) to the media bottle (monitored by differential pressure sensors,
because a normal arterial blood oxygen levels range between 75 and 100 mmHg. Shear stress
was calculated using the equation below, and assuming fully developed laminar flow of a
Newtonian fluid, and length and width of the channel that is much greater than the height:
𝜏=

6𝑄𝜇
𝑤ℎ2

where Q is the volumetric flow rate,  is the fluid viscosity (3 cP), w is the channel width (6.2
cm), and h is the channel height (0.036 cm). The viscosity of EGM-2 flow media was increased
to 3.0 cP by adding 500,000 MW dextran (Spectrum Chemical Manufacturing, New Brunswick,
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NJ) to a concentration of 3% in the media, which was also used in static samples as well to
mimic blood’s viscosity. Our system yields a pulsatility index and frequency of 0.55 and 0.76 Hz
for a shear stress of 10 dyne/cm2.1 Pulsatility was calculated using equation below, by taking the
maximum velocity of the pump (A) and subtracting the minimum velocity (B) from it before
diving the quantity over the mean velocity (V mean):
𝑃𝑢𝑙𝑠𝑎𝑡𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =

𝐴−𝐵
𝑉𝑚𝑒𝑎𝑛

Steady flow was achieved with the use of a pulse dampener (Cole Parmer). Static conditions
were conducted under the same parameters (glass slides, temperature, media viscosity, etc.).
After 20 hours of exposure, RNA from flow and static conditions were collected for microarrays
and real-time reverse transcriptase-polymerase chain reaction (RT-PCR).

Polycarbonate plate

Silicone Gasket

Cultured Glass Slide
Metal Frame

Figure 6: Illustration for plate assembly for flow experiments. The polycarbonate plate sits on
top of the system, and has the media and CO2 input and outlet; then a silicone gasket provides
the chamber height and is on top of the cultured endothelial cells glass slide; finally a metal
frame is placed at the bottom of the parallel-plate flow chamber. Image credit: Alexander
Obrejanu.2
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Peristaltic Pump

Pulse Dampener

Media Reservoir

Parallel-Plate
Flow Chamber

Figure 7: Illustration of assembled flow system. Flow media is drawn from the media reservoir
by a peristaltic pump, and travels through a pulse dampener before reaching cells in the parallelplate flow chamber. Image credit: Alexander Obrejanu.

Transfection Experiments. Confluent T-75 flasks at passage 6 had 7.2 ml of fresh EGM-2
media for 30 min, (Santa Cruz Biotechnology Inc., Dallas, TX, USA) and then were transfected
for 4 hours with 0.3% PepMute siRNATransfection Reagent (pool of three target specific 19-25
nucleotides siRNAs) (SignaGen Laboratories, Ijamsville, MD, USA). Small RNAs are used to
regulate biological processes, and there are three different types: small interfering RINA
(siRNA), microRNAs (miRNAs), and Piwi-associated RNAs (psRNAs). For this study we used a
siRNA, because is a delivery tool formulated from simulation of virus cell penetrating peptides,
which provides more than 95% silencing efficiency of specific gene of interest. After 24 hours of
transfection, HAECs were plated on pre-treated glass slides and left for an additional 24 hours
before used for shear stress experiments and RNA extractions.
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RNA Extraction. Total RNA was isolated from HAECs following the mirVana miRNA
Isolation Kit with phenol protocol (Ambion, Carlsbad, CA, USA). Briefly, the cells were lysed in
a denaturing lysis solution. The lysate was then extracted with Acid-Phenol:Chloroform leaving
a semi-pure RNA sample. RNA purification was performed over a glass-fiber filter using
different washing solutions, and finally eluted with nuclease free water at 95C. After extraction,
RNA was quantified using the Quant-iT RiboGreen RNA Assay Kit (ThermoFisher
Scientific (Grand Island, NY, USA) which is one of the most sensitive detection dyes with linear
fluorescence detection (absorbance at 260 nm (A260)) in the range of 1-200 ng of RNA. 0.2
micrograms of total RNA was converted into double-stranded cDNA with qScript cDNA
Synthesis Kit (Quanta Biosciences, Inc., Gaithersburg, MD, USA), and was diluted to a final
volume of 20 l for RT-qPCR experiments.

DNA Microarray Analysis. A total of three replicates of each Control-A and Smad2 siRNA
static and shear stress conditions were used for this analysis. The RNA quality of integrity
number (RIN) (software tool designed to estimate the integrity of total RNA samples using their
entire electrophoretic trace) was measured with Agilent RNA 6000 NanoChip on 2100
Bioanalyzer (Agilent Technologies, Santa Clara, USA). The quantity was measured with
NanoDrop 1000 (NanoDrop Technologies, Inc, Wilmington, USA). From total extracted RNA,
100 ng of each sample was labelled with 3’ IVT Express Kit (Ambion, Carlsbad, CA, USA) and
hybridized to Affymetrix GeneChip Primeview Human Gene Expression Array (Affymetrix,
Inc., Cleveland, OH, USA) at 45°C for 18 hours. The hybridized array was then stained and
washed on Affymetrix GeneChip Fluidics_450 following manufacturer’s protocol and scanned
with Affymetrix GeneChip Scanner 3000 7G System. Array data files were generated with
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GeneChip® Command Console® Software (AGCC) and statistical significant analysis was
carried out on software of Partek Genomic Suite 6.0 (Partek Incorporated, St Louis, MO, USA).
The Fold Change between treatment and control was based on the p < 0.05. Clustering was on
probes significantly differently expressed genes (p < 0.05) between treatment and control groups.
The Primeview array was chosen because it provides comprehensive whole-genome gene
expression analysis (more than 20,000 genes), demonstrates high performance, and with strong
signal and fold change correlation between sample replicates. The background was determined
from the intensity reading around the spotted areas by using Biometric Research Branch-Array
Tools. Comparisons were made between the static and shear filters from the same set; and the
mean intensity was used as the reference to normalize the results obtained. As a quality control
we used the PepMute siRNA Transfection Reagent alone and under s tatic conditions to verify
that our transfection tool was efficient. The results showed the same behaviour as the Control-A
siRNA static conditions (data not shown).

Real-time PCR. Quantitative reverse transcription PCR (RT-pPCR) is a method where RNA is
first transcribed into complementary DNA (cDNA) by reverse transcriptase from total RNA or
messenger RNA (mRNA). After completion of cDNA synthesis, 200 ng of cDNA template was
loaded in a 96-well plate for quantitative RT-PCR to be carried out with TaqMan Fast
Advanced Master Mix (Applied Biosystems, Carlsbad, CA, USA). Primers for VCAM, FGF2,
ENG, KLF4, and NOX4 where obtained from Applied Biosystems (Carlsbad, CA, USA).
Primers had FAM and VIC dyes labels and were used according to the manufacturer’s
instructions. B2M was used as the reference gene. The PCR reaction was carried out by heating
for 2 min at 50C, and then at 95C for 20 seconds for polymerase activation, followed by 40
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cycles of denaturation (95C, 1 s), and annealing and extension (60C, 20 s) using a ViiA 7 RealTime thermocycler. The PCR products were analyzed using Qiagen-SA Biosciences RT2
ProfilerTM PCR Array Data Analysis with three replicates of each condition by performing 2 -Ct
based fold-change calculations. We decided to used the microarray and the RT-qPCR (gold
standard for nucleic acid quantification) instead of the next generation sequencing (Illumina,
SOLiD, etc.), because these last techniques are more expensive, have a short read ( 400
nucleotides), and still need to be considered in conjunction with high-throughput sequencing for
comparison.

Statistical analysis. The obtained data was expressed as mean  standard deviation. Statistical
analysis was determined by a two-sample t-test assuming unequal variances. The statistical
significance and the threshold value used to screen differentially expressed genes was a fold
change  2 and a p value of  0.01 for static and flow experiments. For the flow experiments we
decided to include an extra table (Table 7), which had a different statistical significance where
the fold change was  1.5 and the p value of  0.05. We reduced the threshold to be able to find
genes related to our area of interest: cardiovascular diseases. The genes found were involved in
inflammation, angiogenesis, coagulation, cell adhesion, and oxidative stress. All data was done
in triplicates.

III.IV Results
Differentially expressed genes in ECs under static conditions.
To characterize the transcriptional response driven by Smad2 in endothelial cells, HAECs
were transfected with either scrambled (Control-A) or specificity-validated Smad2 small
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interfering RNA (siRNA). Genome-wide microarray gene expression profiles were analyzed 20
hours after transfection and exposure to static and steady 10 dyne/cm2 shear stress conditions.
The microarray studies were performed to examine fold change differences for each gene
between two classes. The results of statistical analysis showed that 986 genes have a significant
difference (p  0.01 and a 2-fold change) between the sheared and static samples of Smad2
siRNA; 42 genes when comparing the Control-A siRNA with the Smad2 siRNA under static
conditions, and 158 genes for the Control-A siRNA and Smad2 siRNA (Figure 8).

Down-regulated

Diferrentially expressed genes

Up-regulated2
100

92

80
66
60
34

40
20

8

0

Static

Flow

Figure 8. HAECs differentially expressed genes by the effect of Smad2 knockout under static
and steady conditions, and Control-A siRNA vs Smad2 siRNA under both static and steady
conditions (p  0.01 and a 2-fold change).

Furthermore we compared the effect of the Smad2 siRNA treatment on gene expression at
each condition. The heatmap shown in Figure 9 depicts expression levels of the forty-two
regulated genes (p  0.01) when using Smad2 siRNA compared to the Control-A siRNA under
static conditions. Among the 42 genes approximate 78% of the genes were increased more than
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2-fold and 20% were down-regulated to less than half. On the Smad2 siRNA samples one of
them does not look like the other two even if it was used the same donor, same conditions, and
all the samples had a good quality RNA. These could be avoided by having more than three
replicates to have fewer differences between the samples.

Control

Smad2

Figure 9. Heatmap illustrating 42 differentially regulated genes between Control-A siRNA and
Smad2 siRNA samples under static conditions. Red indicates up-regulation and blue downregulation. Increased color intensity indicated stronger differential regulation.

The top eight genes which up-regulation was greater than 3-fold change or downregulation of less than half under static conditions are listed in Table 1. The up-regulated genes
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are mainly involved in antiviral activity and breast cancer progression. On the other hand, downregulated genes are related to inflammation, vascular remodelling, angiogenesis, atherosclerosis,
signal transduction, cellular functions, among others.
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Table 1. Differential gene expression of Smad2 siRNA transfected HAECs under static conditions (p 0.01)1
Foldchange

Gene

Parametric
p-value

Up-regulation
0.001 Exhibits antiviral activity against hepatitis C
0.001 Inhibits viral replication of stomatitis virus
0.001 Inhibits translation and viral replication
0.002 Confers resistance to influenza virus infection

Interferon-induced protein 44-like (IFI44L)
Myxovirus (Influenza virus) resistance 2 (mouse) (MX2)
Interferon-induced protein with tetratricopeptide repeats 1 (IFIT1)
Myxovirus (Influenza virus) resistance 1, interferon-inducible
protein p78 (mouse) (MX1)
Epithelial stromal interaction 1 (breast) (EPSTI1)
Insulin-like growth factor binding protein 5 (IGFBP5)

5.54
5.21
4.55
4.12
3.71
3.64

0.001
0.001

Growth differentiation factor 6 (GDF6)

3.54

0.0005

Transgelin (TAGLN)

3.21

0.0001

SMAD family member 2 (Smad2)
Interleukin 1, beta (IL1B)
Myosin VIIA and Rab interacting protein (MYRIP)
Coxsackie virus and adenovirus receptor (CXADR)
Tumor necrosis factor (ligand) superfamily, member
(TNFSF15)
Interleukin 6 (interferon, beta 2) (IL6)
Cholinergic receptor, nicotinic, alpha 1 (muscle) (CHRNA1)
Gap junction protein, alpha 4, 37kDa (GJA4)

15

Function

Effector downstream of Krüpprel-like factor 8 in breast cancer metastasis
Overexpression is associated with increased survival of breast cancer patients.
Increases cell survival, and inhibits cell migration MCF-7 human breast cancer
cells
Inhibits osteogenic differentiation of MSCs, mutations are associated with
abnormal eye development
May be involved in the migration of epithelial cells. Overexpression is
associated with tumour suppressor

Down-regulation
0.068
 1e-07 Overexpression inhibits proliferation of gingival epithelial cells. Indispensable
for maintenance of vascular integrity
0.29
0.001 Mediator of the inflammatory response
0.31
0.003 Involved in retinal pigment epithelium melanosome trafficking
0.38
0.0006 Determines epithelial cell adhesion and homeostasis
0.39
0.003 Role in pathophysiology of diverticulitis. Induce apoptosis in ECs, inhibits
ECs proliferation, and may function as an angiogenesis inhibitor
0.43
0.004 Role in pathological role in various immune diseases
0.43
0.007 Found in stage I lung adenocarcinoma
0.44
0.007 Mutations are associated with atherosclerosis and high risk of myocardial
infarction

National Center for Biotechnology Information (NCBI) 1
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Gene ontology analysis of Smad2 siRNA responsive genes under static conditions
Based on the genes shown in Figure 8, we carried out functional ontology analysis using
the Biometric Research Branch (BRB)-Array Tools. We identified the biological functions
significantly affected (p  0.01) by Smad2 siRNA knockdown. Smad2 siRNA treatment had an
effect on a considerable number of Gene Ontology Biological Processes (BP) compared to the
Molecular Functions (MF) and Cellular Component (CC). The top significantly affected gene
ontology (GO) information is listed in Table 2. Under static conditions, the GO term on CC that
had more observed/expected genes was integral component of plasma membrane, for MF was
cytokine receptor binding; and for BP was cellular response to type I interferon.

We further analyzed significantly altered (p  0.05) gene ontology terms defined by Smad2
knockdown. Exposed cells to static conditions had 880 GO terms out of 3, 956 (293 of CC, 413
of MF, and 3250 of BP), which passed the 0.05 significance threshold. The top 22 GO terms
selected by their association with the signalling pathways of our interest, CVD, etc., are listed in
Table 3. We found that the largest category of genes (n=92) affected by Smad2 siRNA treatment
are those involved in positive regulation of MAPK cascade, followed immune response activity
signal transduction (n=86), and cytokine receptor binding (n=68). Smad2 is a transcription factor
that crosstalk with different signalling pathways, and is involved in the maintenance of vascular
integrity. Indeed, we identified terms such as: acute inflammation response, response to ROS,
VEGF production, cardiac muscle cell and pericardium development, protein kinase B
signalling, regulation of blood coagulation, among others.
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Table 2. Gene ontology (GO) of Smad2 siRNA transfected HAECs under static conditions (p
0.01)
GO ID

Observed
genes

Observed/Expected
genes

cell junction
intrinsic component of plasma membrane
integral component of plasma membrane
Molecular Function
cytokine receptor binding
peptidase activity, acting on L-amino acid peptides
transmembrane transporter activity
transporter activity
Biological Process

9
8
8

2.17
2.63
2.74

9
9
8
8

6.4
4.15
3.33
2.48

response to organic substance
cell surface receptor signaling pathway
cellular response to chemical stimulus
defense response
multi-organism process
cellular response to type I interferon
transforming growth factor beta receptor signaling pathway
cellular response to transforming growth factor beta stimulus
response to transforming growth factor beta
regulation of secretion
inflammatory response
positive regulation of transport
type I interferon signaling pathway
response to bacterium
regulation of hormone levels
regulation of response to external stimulus
muscle structure development
negative regulation of protein metabolic process

59
58
52
51
50
9
9
9
9
9
9
9
8
8
8
8
8
8

2.39
2.19
2.4
3.34
3.72
12.51
4.91
4.49
4.41
3.13
2.92
2.29
11.39
3.62
3.56
2.14
2.11
2.1

GO Term
Cellular Component

GO:0030054
GO:0031226
GO:0005887
GO:0005126
GO:0070011
GO:0022857
GO:0005215
GO:0010033
GO:0007166
GO:0070887
GO:0006952
GO:0051704
GO:0071357
GO:0007179
GO:0071560
GO:0071559
GO:0051046
GO:0006954
GO:0051050
GO:0060337
GO:0009617
GO:0010817
GO:0032101
GO:0061061
GO:0051248
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Shear stress and Smad2 knockdown had a bigger impact in HAECs gene expression
compared to the static
When comparing Smad2 siRNA with the Control-A siRNA under steady 10 dyne/cm2
results, we found that 158 genes were significantly changed (p  0.01). Sixty-six genes out of the
158, were up-regulated more than 2-fold, whereas 92 genes were down-regulated to less than
half (Figure 10). In Table 4 are listed the top eight up- and down-regulated genes shown on
Figure 3. Smad2 siRNA treatment up-regulate genes related to cellular processes, cell adhesion,
thrombosis, etc. under flow and shear stress exposure, whereas it down-regulates genes involved
in cell adhesion, proliferation, differentiation, etc.

Figure 10. Volcano plot showing differentially expressed genes between Control-A siRNA and
Smad2 siRNA samples under steady 10 dyne/cm2 for 20 h. Data of genes that were not classified
as differentially expressed are plotted in black and gray. In blue are the genes that are
significantly changed after siRNA transfection.
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Table 3. HAECs GO terms of Smad2 siRNA treatment under static conditions (p 0.01)

GO:0005126
GO:0005160
GO:0032602
GO:0005125

GO
Ontology
MF
MF
BP
MF

GO:0007183
GO:0060039
GO:0002757
GO:0043491
GO:0005178
GO:0001885
GO:0030193
GO:0043410
GO:0055013
GO:0070851
GO:0060393
GO:0032147
GO:0000302
GO:0004930
GO:0010573
GO:0006809
GO:0002526
GO:0046332

BP
BP
BP
BP
MF
BP
BP
BP
BP
MF
BP
BP
BP
MF
BP
BP
BP
MF

GO ID

GO Term
cytokine receptor binding
transforming growth factor beta receptor binding
chemokine production
cytokine activity
SMAD protein complex assembly
pericardium development
immune response-activating signal transduction
protein kinase B signaling
integrin binding
endothelial cell development
regulation of blood coagulation
positive regulation of MAPK cascade
cardiac muscle cell development
growth factor receptor binding
regulation of pathway-restricted SMAD protein phosphorylation
activation of protein kinase activity
response to reactive oxygen species
G-protein coupled receptor activity
vascular endothelial growth factor production
nitric oxide biosynthetic process
acute inflammatory response
SMAD binding

No. of
genes
68
12
21
50
6
8
86
37
30
21
25
92
15
34
18
66
38
46
13
24
30
31

Representative genes
SMAD2, IL6, IL1B, CXCL11, TNFSF15
SMAD2
IL6, IL1B, KLF4, SNAI2
IL6, GDF6, IL1B, TNFSF15, CXCL11,
CXCL6, CXCL12, CXCL10
SMAD2, PMEPA1
SMAD2
DDX60, IRF7, RSAD2
IL6, IGFBP5, IL1B, KLF4
S1PR3, FAP, CXADR
S1PR3
FAP
IL6, IL1B, CXCR7
FHOD3, CXADR
IL6, IL1B
GDF6, PMEPA1
IL1B, TNFSF15
IL6, KLF4
S1PR3, P2RY6, CXCR7
IL6, IL1B
IL6, IL1B, KLF4
IL6, IL1B
SMAD2, PMEPA1
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Smad2 siRNA exposed to flow has a bigger effect on the GO terms when compared to static
We performed functional ontology analysis to identify the GO categories related to Smad2
knockout under flow (p  0.01). We found that expected/observed genes in the GO categories
(BP, CC, and MF), were higher when exposed to flow. Smad2 siRNA treatment at 10 dyne/cm2
affected on its majority the Gene Ontology Biological Processes (BP) as well as the static results.
The main BP terms are involved in regulation of the immune system, cell adhesion, and cell
proliferation. According to the Broad Molecular Significant Database, the top twenty-two GO
Terms affected by the Smad2 siRNA treatment, are listed in Table 5. Smad2 knockdown under
flow had a impact on the GO terms observed/expected genes. For CC the main GO term was side
of membrane; for MF was chemokine receptor binding, and for BP was regulation of toll-like
receptor signaling pathway.

Exposure of cells to flow showed that 702 out of 3,956 GO terms passed the 0.05
significance threshold. Additionally, considering the approach of this study, we selected the main
22 GO terms listed on Table 6. Then most affected term by Smad2 siRNA treatment was
cytokine receptor binding (n=68), followed by transforming growth factor beta-receptor
signaling pathway (n=64), and platelet activation (n=61). Smad2 knockdown under flow is
involved in chronic inflammation, inactivation of MAPK activity, negative regulation of protein
serine/threonine kinase activity, regulation of protein kinase B signaling, among others. On table
7 are listed the genes related to inflammation, angiogenesis, coagulation, cell adhesion, and
oxidative stress. These genes are of our interest because they play an important role in processes
involved in cardiovascular diseases development and progression. For this table, which we used
a different statistical significance where the fold change was  1.5 and the p value of  0.05.
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Table 4. Differential gene expression of Smad2 siRNA transfected HAECs under steady 10 dyne/cm2 conditions (p 0.01)1
Gene

Foldchange

Parametric
p-value

Function

Solute carrier family 9, subfamily A (NHE3, cation proton
antiporter 3), member 3 regulator 2 (SLC9A3R2)
Thrombomodulin (THBD)
Interferon, epsilon (IFNE)
Glucoside xylosyltransferase 1 (GXYLT1)
Mal, T-cell differentiation protein-like (MALL)

4.09

Up-regulation
0.004 Plays a role in intestinal sodium absorption

3.86
3.82
3.57
321

0.001
0.0001
0.0002
0.001

LIM and senescent cell antigen-like domains 2 (LIMS2)
Frizzled family receptor 4 (FZD4)

3.11
3.1

0.0004
0.001

Transcription factor EC (TFEC)

2.84

0.008

Selectin E (SELE)

0.048

SMAD family member 2 (Smad2)

0.049

Chemokine (C-C motif) ligand 20) (CCL20)
Leukemia inhibitory factor (LIF)

0.15
0.15

Chemokine (C-X-C motif) receptor 7 (CXCR7)
Guanylate binding protein 1, interferon-inducible (GBP1)

0.17
0.18

Radical S-adenosyl methionine domain containing 2 (RSAD2)
Chemokine (C-X-C motif) ligand 5 (CXCL5)

0.18
0.18

Is an endothelial-specific type I membrane receptor that binds thrombin
Diseases associated with this gene include dengue hemorrhagic fever
Adds the first xylose to O-glucose-modified residues in the epidermal growth factor
Encodes an element of the machinery for raft-mediated trafficking in endothelial
cells and interacts with caveolin-1
Encodes a member of focal adhesion proteins which interacts with ILK
May play a role as a positive regulator of the Wingless type MMTV integration site
signaling pathway
Plays roles in survival, growth and differentiation

Down-regulation
0.001
Is thought to be responsible for the accumulation of blood leukocytes at sites of
inflammation by mediating the adhesion of cells to the vascular lining
Overexpression inhibits proliferation of gingival epithelial cells. Indispensable for
 1emaintenance of vascular integrity
07
0.001 Displays chemotactic activity for lymphocytes
0.002 Involved in the induction of hematopoietic differentiation in normal and myeloid
leukemia cells, induction of neuronal cell differentiation, etc.
0.009 Co-receptor for human immunodeficiency viruses (HIV)
4.72e- Bind guanine nucleotides
05
0.0005 Related to antiviral activity against Influenza A
0.002 Is proposed to bind the G-protein coupled receptor chemokine receptor 2 to recruit
neutrophils, to promote angiogenesis and to remodel connective tissues. Is thought
to play a role in cancer cell proliferation, migration, and invasion

National Center for Biotechnology Information (NCBI) 1
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Table 5. Gene ontology (GO) of Smad2 siRNA transfected HAECs under steady 10 dyne/cm2
conditions (p 0.01)

GO ID

GO Term

Observed
genes

Observed/Expected
genes

9
8

2.29
2.56

56
9
8
8

2.51
3.09
6.01
3.1

99
61
58
55
53
9
9
9
9
9
9
9

2.11
2.09
2.03
2.37
2.31
9.06
3.58
3.31
2.82
2.42
2.39
2.23

9
9
9
8
8
8
8
8
8
8
8
8
8
8
8

2.18
2.12
2.07
4.02
3.56
3.48
3.40
3.06
2.78
2.73
2.64
2.64
2.59
2.55
2.55

8
8
8

2.47
2.43
2.35

Cellular Component
GO:0098590
GO:0098552
GO:0005102
GO:0001664
GO:0042379
GO:0050839
GO:0009605
GO:0002684
GO:0050776
GO:0022610
GO:0007155
GO:0034121
GO:0042098
GO:0010810
GO:0032944
GO:0050730
GO:0002443
GO:0051091
GO:0043542
GO:0045765
GO:0032970
GO:0002819
GO:0070372
GO:0032481
GO:0070371
GO:0008543
GO:0050731
GO:0002449
GO:0071774
GO:0044344
GO:0001890
GO:0050670
GO:0002460

GO:0018105
GO:0030595
GO:0018209

plasma membrane region
side of membrane
Molecular Function
receptor binding
G-protein coupled receptor binding
chemokine receptor binding
cell adhesion molecule binding
Biological Process
response to external stimulus
positive regulation of immune system process
regulation of immune response
biological adhesion
cell adhesion
regulation of toll-like receptor signaling pathway
T cell proliferation
regulation of cell-substrate adhesion
regulation of mononuclear cell proliferation
regulation of peptidyl-tyrosine phosphorylation
leukocyte mediated immunity
positive regulation of sequence-specific DNA binding
transcription factor activity
endothelial cell migration
regulation of angiogenesis
regulation of actin filament-based process
regulation of adaptive immune response
regulation of ERK1 and ERK2 cascade
positive regulation of type I interferon production
ERK1 and ERK2 cascade
fibroblast growth factor receptor signaling pathway
positive regulation of peptidyl-tyrosine phosphorylation
lymphocyte mediated immunity
response to fibroblast growth factor
cellular response to fibroblast growth factor stimulus
placenta development
regulation of lymphocyte proliferation
adaptive immune response based on somatic
recombination of immune receptors built from
immunoglobulin superfamily domains
peptidyl-serine phosphorylation
leukocyte chemotaxis
peptidyl-serine modification
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GO:0010632
GO:0032956
GO:0050870
GO:0030217
GO:1902105

regulation of epithelial cell migration
regulation of actin cytoskeleton organization
positive regulation of T cell activation
T cell differentiation
regulation of leukocyte differentiation

8
8
8
8
8

2.35
2.32
2.18
2.07
2.04
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Table 6. HAECs GO terms of Smad2 siRNA treatment under steady 10 dyne/cm2 conditions (p 0.05)
GO ID
GO:0005126

GO
Ontology
MF

GO Term

GO:0007160

BP

cell-matrix adhesion

55

GO:0005125

MF

cytokine activity

50

GO:0034341

BP

response to interferon-gamma
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GO:0000188
GO:0030168
GO:0071901
GO:0007183
GO:0005178
GO:0035690
GO:0008277
GO:0033627
GO:0005160
GO:0033613
GO:0043551
GO:0002544
GO:0060841
GO:0023061

BP
BP
BP
BP
MF
BP
BP
BP
MF
MF
BP
BP
BP
BP

inactivation of MAPK activity
platelet activation
negative regulation of protein serine/threonine kinase activity
SMAD protein complex assembly
integrin binding
Cellular response to drug
regulation of G-protein coupled receptor protein signaling pathway
cell adhesion mediated by integrin
transforming growth factor beta receptor binding
activating transcription factor binding
regulation of phosphatidylinositol 3-kinase activity
chronic inflammatory response
venous blood vessel development
signal release

12
61
37
6
30
12
35
17
12
26
11
6
6
74

GO:0007179

BP

transforming growth factor beta receptor signaling pathway

64

GO:1902911
GO:0005667

CC
CC

protein kinase complex
transcription factor complex

26
48

GO:0051896

BP

regulation of protein kinase B signaling

31

cytokine receptor binding

No. of
genes
68

Representative genes
SMAD2, IL12A, IFNE, TRAF1, CCL2, 5, 20, CX3CL1,
CXCL1, 2, 3, 5, 6, 10, 11, LIF, CSF2, 3, BAMBI,
TNFSF18, IL1B, ENG, IL6, IL1A
VCAM1, PLAU, NINJ1, LYVE1, ADAM15, TEK,
ITGA6, HPSE, PPM1F, ACVRL1
IL12A, IFNE, CCL2, 5, 20, CX3CL1, CXCL1, 2, 3, 5,
6, 10, 11, LIF, CSF2, 3, FGF2, TNFSF18, IL1B, IL6,
AREG, IL1A
GBP1, VCAM1, IRF1, HLA-F, ICAM1, GBP2, CCL2,
CCL5, IFITM12
PRKCA
GNG2, PRKCA, THBD, F2RL2, IL6, VWF, RAPGEF4
PRKCA, PKLA, CDKN10, IRAK3, IL1B
SMAD2
VCAM1, ICAM1
CD69, PPM1F, ANKRD1, EGR1, IL1B
PRKCA, KCTD12, ADRB2, CCL5
PLAU, ICAM1, CCL5, ITGA6, PODXL
SMAD2, BAMBI, ENG
SMAD2, BEX1, P1TX2, BHLHE41
TEK, FGF2, KLF4, FLT1
VCAM1, ADORA2B, CCL5
ACVRL1, PITX2, ENG, FOXF1
PRKCA, SELT, FZD4, LIF, ABAT, IL1B, CCL5,
GPR68, IL6, RAPGEF4
SMAD2, CDKN1C, LTBP2, BAMBI, TFDP2, ACVRL1,
CCL2, ID1, ENG
CDK12, ENG, CCND2, RAPGEF4
SMAD2, BEX1, KLF4, ANKRD1, TFDP2, SOX18,
PITX2, FOXF1
TEK, IL6, CSF3, IGFBP5, HPSE, KLF4
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Static vs steady Smad2 siRNA network analysis
Previous results showed specific changes on gene expression depending on static or steady
condition. We further compared static vs steady Smad2 siRNA and analyzed the differentially
expressed up-regulated genes and their neighbours considering protein-protein interactions using
the Cytoscape software platform using integrated Complex Traits Networks (iCTNet). Figure 11
shows a  5-fold network analysis of Smad2 knockdown where nodes with different shapes and
colors present Smad2 several types of relationships (p  0.01). This network clearly indicates the
importance of Smad2 and its phenotype-SNP association, protein-protein interaction, diseasetissue, tissue-gene and drug-gene relationships. Among the differentially expressed genes
affected by flow and the Smad2 siRNA treatment are: ADAM metallopeptidase with
thrombospondin type 1 motif, 1 (ADAMTS1), adrenoceptor beta 2, surface (ADRB2), activating
transcription

factor

3

(ATF3),

nuclear

factor,

interleukin

3

regulated

(NFIL3),

phosphatidylinositol binding clathrin assembly protein (PICALM), and Kruppel-like factor 4
(KLF4). In their majority, these genes are transcription factors involved in inflammation, organ
morphology and functions, cellular stress response, circadian rhythm, endocytosis, proliferation,
differentiation, and mutations on these genes are associated with different diseases such as
cancer, asthma, diabetes, and Alzheimer. Some of neighbour genes are myeloid differentiation
primary response 88 (MYD88), G protein-coupled receptor kinase 5 (GRK5), SMAD family
member 3 (SMAD3), plasminogen activator, urokinase (PLAU), interleukin 1, beta (IL1B),
cubilin (intrinsic factor-cobalamin receptor) (CUBN), and vascular endothelial growth factor
receptor 2 (VEGFR2). These down-regulated genes are cytokines, signal transducers,
transcriptional factors, etc. that regulate different signaling pathways implicated in immune
response, inflammation, cellular proliferation differentiation, apoptosis, and angiogenesis. The
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biological systems and specific tissues impacted by Smad2 knockdown are the respiratory and
urinary systems, eye, breast skin, and pancreas among others. In addition, flow and siRNA
transfection are also involved in the development of different diseases such cardiovascular
diseases. Interestingly, the therapeutic drugs associated with Smad2 knockdown are thrombolytic
drugs to treat hear attacks such as Urokinase and Reteplase, Coagulation Factor VIIa to treat and
prevent bleeding episodes, beta blockers to treat high blood pressure and heart failure such as
Carvedilol and Propranolol, and Bretylium as an antiarrhythmic agent; whereas Procaterol,
Bambuterol, Formoterol, Irbuterol, and Fenoterol are adrenergenic agonists designed for the
treatment of asthma and chronic obstructive pulmonary disease (COPD). One thins that is
important to mention is that one of the limitations of the iCTNet is that it only shows the
interactions of the gene of interest and what is already known and published. This is a reason
why we were not able to identify on the iCTNet interactions of Smad2 and other genes found on
our microarray analysis.

For a better visualization, Figure 12 illustrates an ICTNet sub-network of static Smad2
siRNA vs steady Smad2 siRNA and its first-degree neighbours (only differentially expressed
genes are shown). There were six up-regulated genes (red) and seven down-regulated genes
(blue). The up-regulated genes are mitogen-activated protein kinase 9 (MAPK9), zinc finger,
FYVE domain containing 9 (ZFYVE9), myocyte enhancer factor 2A (MEF2A), zinc finger E-box
binding homeobox 2 (ZEB2), ADP-ribosylation factor GTPase activating protein 3 (ARFGAP3),
jun proto-oncogene (JUN). These genes are involved in different cellular processes such as
apoptosis, cell proliferation, differentiation, etc.; that interact with SMAD and TGB- signaling
pathways. Mutations on these genes can cause coronary artery disease 1 with myocardial
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infarction (ADCAD1) and Hirschsprung disease/Mowat-Wilson syndrome. On the other hand,
down-regulated genes are: transglutaminase 2 (TGM2), retinoic acid receptor, beta (RARB),
cyclin-dependent kinase 4 (CDK4), SMAD specific E3 ubiquitin protein ligase 2 (SMURF),
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Table 7. Differential gene expression of Smad2 siRNA transfected HAECs under steady 10 dyne/cm2 conditions (p 0.05)1
Gene

Foldchange

Parametric
p-value

Function

Up-regulation
0.004 This gene encodes a homodimeric transmembrane protein, which is a major
glycoprotein of the vascular endothelium. Mutations in this gene cause vascular
dysplasia
0.001 The encoded protein is thought to control the G1-to-S transition of the cell cycle
following DNA damage by mediating the tumor suppressor gene p53
0.0001 ADAM family members are type I transmembrane glycoproteins known to be
involved in cell adhesion and proteolytic ectodomain processing of cytokines and
adhesion molecules
0.0002 Nitric oxide is a reactive free radical that acts as a biologic mediator in several
processes. Variations in this gene are associated with susceptibility to coronary
spasm

Endoglin (ENG)

2.5

Kruppel-like factor 4 (gut) (KLF4)

2.22

ADAM metallopeptidase domain 15 (ADAM15)

2.12

Nitric oxide synthase 3 (NOS3)

1.83

vascular cell adhesion molecule 1 (VCAM1)

0.17

0.001

fibroblast growth factor 2 (basic) (FGF2)

0.38

signal transducer and activator of transcription 1 (STAT1)

0.63

 1e07
0.001

Down-regulation
This type I membrane protein mediates leukocyte-endothelial cell adhesion and
signal transduction, and may play a role in the development of artherosclerosis and
rheumatoid arthritis
This protein has been implicated in diverse biological processes, such as limb and
nervous system development, wound healing, and tumor growth
his protein mediates the expression of a variety of genes, which is thought to be
important for cell viability in response to different cell stimuli and pathogens

National Center for Biotechnology Information (NCBI) 1
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Figure 11: Gene functional association network for up-regulated genes and neighbours of static
versus steady Smad2 siRNA ( 5-fold change, p  0.01). Node types are represented by shape
and color. Triangles (red): up-regulated gene expression; (blue): down-regulated gene
expression; (gray): not covered by microarray data; circles: diseases; squares: therapeutic drugs;
hexagons: tissues.
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SMAD family member 3 (SMAD3), notch 4 (NOTCH), transforming growth factor beta-receptor
associated protein 1 (TGFBRAP1). They can regulate signalling in embryonic morphogenesis,
cellular growth, proliferation, differentiation, and apoptosis, and crosstalk with MAPK and
Smad2 pathways. Mutations on these genes may be related to hepatitis B, celiac disease, and
schizophrenia development. Another thing important to consider is that four out of six upregulated genes are associated with cardiovascular diseases (ZFYVE9, ARFGAP3, MEF2A,
ZEB2, and JUN), whereas only one out of seven down-regulated is related to this type of disease.

Figure 12. Smad2 ICTNet sub-network for static Smad2 siRNA vs Smad2 siRNA steady. Nodes
with blue borders were down-regulated under flow conditions and Smad2 knock-down, whereas
nodes with red borders were up-regulated.

Validation of microarray data by quantitative real time PCR
Finally, we selected genes that showed a statistically significant difference between the
sheared and control samples (p  0.05 and 1-5 fold-change). First, we chose genes according to
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their functional categories and their association with cardiovascular diseases. Among the selected
genes we found integrins, adhesion molecules, growth factors, metalloproteinases, protein
kinases, cytokines, chemokines, and transcription factors; all involved in cell adhesion, ECM
remodelling, inflammation, oxidative stress, angiogenesis, and coagulation. From those genes,
we singled out four genes, two up-regulated genes (ENG and KLF4), and two down-regulated
genes (VCAM1 and FGF2) depending on their importance and association with this project.
Verification of the microarray results was performed by using RT-qPCR, were data was
normalized to beta-microglobulin (B2M) reference gene. Up-regulated genes and VCAM1
indicated the same expression pattern in real time PCR with comparable fold change values as
that microarray data (Figure 13). In the case of FGF2 results showed it was not significantly
changed considering a fold change of  1.5.
6
4
2

Fold-change

0
KLF4

ENG

VCAM

FGF2

-2

RT-qPCR

-4

Microarray

-6
-8
-10
-12

Figure 13: Gene expression analysis comparing microarray results versus RT-qPCR. HAECs
were treated with Control-A and Smad2 siRNA under static and 20 h flow exposure. A
normalized ratio (Y-axis) of more than 0 indicates up-regulation, whereas a ratio of less than 1
indicates down-regulation. X-axis is represented by the gene names. P value  0.05 and 1.5 foldchange.
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After verifying the microarray results with RT-qPCR, individually gene expression
analysis was performed (figure 14). Control siRNA treatment of all four genes: VCAM1, FGF2,
ENG, and KLF4, were compared with the Smad2 siRNA using a p value of 0.05 and a fold
change of 1.5. VCAM1, ENG, and, FGF2 showed no significant difference between the two
treatments, whereas KLF4 was significantly higher under flow when using Smad2 siRNA
treatment compared to the control.

VCAM1
A

ENG
B

5

4

Fold-change

4
Fold-change

5
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Fold-change
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Figure 14. Individually gene expression analysis between the control and Smad2 siRNA using
RT-qPCR. VCAM1 (A), ENG (B), FGF2 (C), and KLF4 (D) were analyzed using a p value of
0.05 and a fold change of 1.5.
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Table 7. List of selected genes used for microarray verification by RT-qPCR.
Gene
Name

VCAM1

FGF2

ENG

KLF4

Regulation

Type of Flow

Altered by
Smad2
Pathway

Cell Type

References

Up-regulation

Oscillatory shear stress

HAECs

Chappell et al., 1998

Up-regulation

Non-directional flow

Human carotid
bifurcation tissue

Endres et al., 1997 and Nakashima et al., 1998

Up-regulation

Low and oscillatory shear stress

Mice tissue

Suo et al., 2002

Down-regulation

Steady shear stress

HAECs

Tamez-Vielma et al., 2015

Down-regulation

Pulsatile flow

ECs

Patel et al., 20133

No significant change

Steady shear stress

HAECs

Tamez-Vielma et al., 2015

Up-regulation

Steady shear stress

Mice tissue

Seghers et al., 2012

Up-regulation

Steady shear stress

HAECs

Tamez-Vielma et al., 2015

Down-regulation

Disturbed flow

HAECs

Jiang et al., 2014

Up-regulation

Steady shear stress

HAECs

Tamez-Vielma et al., 2015

Yes

Yes

Yes

Yes
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III.V Discussion
The regulation of gene expression in physiological and pathophysiological conditions is a
fundamental problem in medicine. Advances in molecular genetics and computational biology
allow the analysis of gene expression profiles in health and disease conditions. The microarray
technology represents a powerful and efficient tool for rapid and quantitative analysis of
thousands of genes.84 This molecular technique lets us have an in-depth study of different gene
expression profiles and interactions among a cell’s distinct components in normal and disease
states. DNA microarray technology has been successfully applied to studies in many conditions,
e.g., human breast cancer development, human inflammatory diseases, and human
cardiovascular diseases among others.85, 86 The information on cardiovascular gene expression
profile obtained from microarrays can lead to new experimental analysis to unravel the complex
regulatory mechanisms in physiological and pathophysiological conditions.

Shear stress modulates the expression of ECs genes encoding adhesion molecules, growth
factors, transcription factors, coagulation and inflammatory molecules, among others. We have
previously shown that L-pSmad2 and pAkt levels increase as shear stress increases, and that the
expression of these transcription factors was higher in thoracic aorta than in the lesser curvature
of the mouse.1, 2 We performed some preliminary gene expression profile studies using static and
a long period of shearing (20-h) in HAECs, to elucidate the genomic programming of ECs in
response to sustained shear stress and Smad2 knockout.

Shear stress modulates the expression of EC genes. These genes encode to different
cytokines, integrins, growth and transcription factors involved in cell adhesion, inflammation,
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oxidative stress, coagulation and angiogenesis. From all genes that were significantly changed by
Smad2 siRNA under static or steady conditions, we mainly focused on the major movers and the
ones involved in cardiovascular diseases.87-89 Our findings show that up-regulated genes
involved in viral replication such as IFI44L, MX2, and EPSTI1 are also up-regulated in patients
with systemic lupus erythematosus (SLE).90 Previous results have shown that when knocking
down the expression of a polyoma virus implicated in tumor formation, down-regulates Smad2
causing a decrease in apoptosis. Meaning that this virus employs mechanisms to inhibit apoptotic
responses of the host and letting the tumor to keep growing. On the other hand, IFI44L and
EPST11 overexpression is involved in systemic lupus erythematous autoimmune disease and its
leading cause of death is due to accelerated atherosclerosis.145 In addition, the growth factor
IGFBP5 is up-regulated in ovarian cancer tissues; whereas is down-regulated in human retinal
pigment epithelium cells through MAPK signalling pathway.91 TAGLN is involved in the
organization and maintenance of cytoskeleton architecture and its expression of TAGLN is
induced by TGF-β1 and its overexpression has been found in endometriotic lesions and in
passive Heymann nephritis rat kidneys.92 These results support our findings where genes
involved in autoimmune diseases and cancer are up-regulated and indicate a possible role of
Smad2 knockout in blocking antiviral activity and cancer suppression. Nevertheless, there is no
information linking any of these genes with cardiovascular diseases progression and/or
development.

On the other hand, down-regulated genes are involved in inflammatory response,
vascular integrity, and angiogenesis. IL-6 is the major effector of inflammation in cardiac
hypertrophy and has been reported to be down-regulated by Smad2 via TGF-B in leukocytes and
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intestinal epithelial cells.93, 94 TNFSF15 modulates vascular homeostasis and is down-regulated
in sites of neovascularization indicating that it may play a role as an angiogenic inhibitor, but it
has been found to be up-regulated on peripheral blood mononuclear cells of Keshan disease.95, 96
Dysregulation of IL-1B is involved in atherosclerosis progression and its expression was
reported to be up-regulated in human leucocytes.97 CXADR is indispensable for normal
development of cardiomyocytes, and its low expression and knockout is involved in cardiac
muscle abnormalities, regional apoptosis, and arrhythmias.98-100 GJA4 is highly expressed in ECs
of healthy arteries, and siRNA of this gene in apolipoprotein E-deficient mice increases
susceptibility of atherosclerosis meaning that it might participates in the protective effect of high
laminar shear stress.101 Smad2 is indispensible for maintenance of vascular integrity and its
complete removal in mouse embryos leads to death due to vascular complications.102 Previous
findings support that genes mainly involved in cardiac defects are down-regulated. In addition,
genes related to inflammatory response are the only genes related to Smad2 signalling pathway
via TGF-. Our findings show that Smad2 siRNA may have a negative impact on atheroprotective genes.

Since relatively long periods of sustainable shear stress mimics the flow conditions in the
arteries, the current study mainly focuses on the effect of 20-h laminar SS in HAECs gene
expression. Our results show that 158 genes were significantly changed by shear stress and
Smad2 knockdown (p  0.01). Based on fold-change significance we selected the most relevant
genes according to their relationship with cardiovascular diseases and their functional activity.
Up-regulated genes are involved in cell adhesion, inflammation, angiogenesis, and coagulation.
ITGA5 is an integrin down-regulated by laminar shear stress and which expression increases
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with tumour aggressiveness indicating that it may promote tumour invasion.102 ITGA8 is related
to angiogenesis and promotes VSMC differentiation in vitro; mutations of this gene are
associated with chronic kidney disease and Schizophrenia.103 ADAM15 is a metalloproteinase
up-regulated by flow and is related to rheumatoid arthritis, cancer, and thrombosis; it regulates
endothelial permeability via Src/Erk signalling pathway; and it may play a role in regulation of
vascular genes related to atherosclerosis.104-107 ENG is involved in angiogenesis, vascular
homeostasis, and cardiovascular system development; it regulates Smad2 expression which
inhibits angiogenesis; it enhances eNOS expression; and its expression is increased in patients
with atherosclerosis.108-110 SLC9A3R may play a role in angiogenesis showing to be up-regulated
in brain microvessels endothelium and it has not a significant change in porcine endothelial cells
exposed to 30  15 dynes/cm2.111 THBD is involved in reducing blood coagulation, cellular
proliferation, adhesion, and inflammation, HUVECs exposed to different shearing showed to
have a THBD up-regulation.58,

112

PECAM-1 is involved in leukocyte migration and

angiogenesis and it is consider as a potential target for protection against atherosclerosis because
it reduces atherosclerotic lesion in ApoE mice, and PECAM-1 siRNA reduces expression of
VCAM-1 with low shear stress.113 ADAMTS1 has an anti-angiogenic activity and its involved in
inflammatory processes; its expression is increased in atherosclerotic lesions; it supresses FGF2
activity; and its expression increased under laminar flow in HUVECs.114-116 DUSP4 is a
phosphatase which overexpression display heart dysfunction and positively regulates Akt/mTOR
signallin.117 NOS3 generate NO in vascular endothelium to regulate vascular tone; impaired NO
causes hypertension and atherosclerosis; and it decreases with high shear stress.117-119 Previously
studies have shown that ITGA5 and eNOS are down-regulated by shear stress, opposite to our
findings; this could be by the regulation of Smad2 knockout and not by shear stress. Laminar
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shear stress has shown to play a vasoprotective role by the up-regulation of a number of atheroprotective genes that will prevent inflammation, coagulation, and angiogenesis such as PECAM1 and THBD. On the other hand, ENG, SLC9A3R, ADAMTS1, and DUSP4 overexpression is
related on atherosclerosis, heart dysfunction, and angiogenesis. Smad2 siRNA induces upregulation of angiogenic activity, which is associated with atherosclerotic lesions and plaque
rupture.120 Furthermore, genes such as MALL and LIMSE are not well studied and there was not
much information available, suggesting a novel interactions of Smad2 transcription factor.

It was noteworthy that high shear stress decreased the expression of many genes involved
in inflammation, cellular adhesion, coagulation, and angiogenesis. SELE plays a role in
inflammation and atherosclerotic plaque progression; its down-regulation protects against
chronic inflammation by recruiting leukocytes to the site of injury; it has increased expression in
human rupture cerebral aneurysm; and it can be inhibited by TGF- in ECs at transcription level
by the action of Smads.121-123 VCAM-1 has a role in atherosclerosis and rheumatoid arthritis; it
can be up-regulated by low shear stress, whereas its down-regulation is due to laminar shear
stress.112, 124, 125 FGF2 regulates angiogenesis and cell differentiation; it can be overexpressed in
cardiac injury ischemia and when exposed to flow.125-126 STAT-1 plays a role in pathophysiology
of CVDs specifically in atherosclerotic plaque formation and rupture; and it regulates positively
IL-6 in the heart.127 CXCL5 is overexpressed in atherosclerosis.128 In contrast with the upregulated genes under flow, down-regulated genes by Smad2 siRNA supports previous studies
where shown that physiological levels of shear stress triggers athero-protective genes. Genes
whose expression is increased during CVD such as atherosclerosis (plaque development and
rupture) and aneurysms; and/or related to pro-inflammation are down-regulated by laminar shear
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stress and Smad2 siRNA. All genes except for SELE and PLAU are usually down-regulated by
laminar shear stress. This indicates that Smad2 siRNA may have an effect over these two genes.

When we compared up-regulated genes ( 5-fold) of Smad2 siRNA static versus steady
using iCTNet we found genes involved in a variety of biological responses such as inflammation
(ADAMTS1)129; transmembrane proteins related to diseases such as asthma, obesity and diabetes
(ADRB2)130; cellular stress (ATGF3)131; and cell proliferation and differentiation with
atheroprotective properties (KLF4).132, 133 These up-regulated genes had first neighbours such as
PLAU and IL-1B previously discussed. Diseases related to Smad2 siRNA and organs affect are
celiac disease and CVD; and respiratory system, pancreas, eye, respectively. Drugs that were
identified with Smad2 knockout were Urokinase, and Reteplase dissolve blood clots by
converting plasminogen to plasmin which triggers proteolysis to precipitate thrombolysis.134, 135
Carvedilol and Propanolol are -blockers to treat high blood pressure, hypertension, myocardial
infarction among others. They block the binding of Norepinephrine to 1/2 adrenorgenic
receptor slowing heart rhythm and blood pressure.136, 137 Bretylium is an anti-arrhythmic agent
that blocks the release of Noradrenaline by inhibition of voltage-gated K (+) channels to treat
tachycardia and ventricular fibrillation (from DrugBank DBO1158). Procaterol, Bambuterol,
Formaterol and Fenoterol are 2 adrenergic receptors agonists which cause bronchodilation
through relaxation of the smooth muscle in the airway to treat asthma.138, 139 This iCT Network
gives us an insight of all the signalling pathway, phenotype-SNP associations, protein-protein
interactions, disease/tissue, tissue-gene and drug-gene interactions that are impacted by either
high shear stress or Smad2 siRNA or both.
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To have a better understanding of the specific genes triggered by Smad2 either by
increasing or decreasing their expression, we made an iCTNet sub-network with the first-degree
neighbours. These results showed six up-regulated genes and seven down-regulated genes. Upregulated genes are MAPK9 involved in pathogenesis of cardiac vascular disease and
hypertension140; ZFYVE9 interacts with Smad2 and enables Smad2 interaction with Smad4141;
MEF2A involved muscle development, neuronal differentiation, cell growth, and apoptosis, and
mutation in this gene can cause autosomal infarction142; and JUN which regulate cellular
proliferation and apoptosis, is an oncogene transcription factor, and supresses Smad2
transcriptional activity.143,

144

Between the down-regulated genes are SMAD3 that supresses

STAT1 and is involved in cardiac development 149; Notch4 overexpression and mutations trigger
vascular patterning defects, and its expression can be decreased by IL-1B, mutations can cause
CVD148; TGFBRAP1 acts as a chaperon between Smad2 and Smad4, and it has a role in
vascular development and remodelling.150 The genes that were directly associated with CVD are:
NOTCH4, ZFYVE9, MEF2A, ZEB2, JUN, and ARFGAP3. All genes except for NOTH4 were
up-regulated genes by Smad2 siRNA treatment. MAPK9 is the only up-regulated gene that does
not show any relationship with CVD on the iCTNet; nevertheless previous studies have reported
the opposite; although is the only overexpressed gene that does not have a direct interaction with
Smad2. For the down-regulated genes only NOTCH4 was considered to be involved in CVD
even though Smad3 and TGFBRAP1 have a direct interaction with Smad2 signalling pathway.

Current publication guidelines require that microarray results should be confirmed by
second technique such as RT-qPCR, which is generally used as the “gold standard”. To verify
our microarray results, we selected four genes (VCAM-1, FGF2, ENG, and KLF4) that were
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related to Smad2 signalling pathways and also that were modulated by shear stress. .All our
samples were normalized to B2M reference gene. VCAM-1, ENG, and KLF4 expression using
RT-qPCR showed to corroborate microarray results. Thus FGF2 which was down-regulated in
the microarrays, on the PCR assay showed no significance (1.5 fold-change). This may be
because RT-qPCR is more specific and accurate than microarrays. When analyzing each gene
individually using RT-qPCR, KLF4 was significantly higher when comparing the control siRNA
versus the Smad2 siRNA treatment. It has been shown that KLF4 plays an important role in
proliferation, apoptosis, differentiation, and tumour suppression.146 Also KLF4 is an important
anti-inflammatory and antithrombotic atheroprotective transcription factor that can be upregulated in regions with unidirectional flow, whereas in areas of disturbed flow is supressed. 147,
148

Nitric oxide synthase 3 (NOS3) is essential for regulation of vascular tone and can be

regulated by KLF4. When cells are exposed to non-directional flow (curvatures and branches of
the aorta), there is endothelial DNA hypermethylation which supresses KLF4 and its
downstream targets NOS3 and thrombodulin leading to the development of cardiovascular
diseases (figure 15).147

This study shows the first Smad2 siRNA gene expression profile of HAECs induced to
laminar shear stress. Under static conditions Smad2 knockout showed to have a negative impact
on athero-protective genes. When HAECs were exposed to flow, Smad2 siRNA induced upregulation of angiogenic activity, which is associated with progression of atherosclerosis.
Nevertheless, there were some genes that haven been associated before with Smad2 signalling
pathway. These findings suggest that expression of Smad2 may a have a protective role against
CVD.
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Non-uniform flow
And low shear stress
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Figure 15. Illustration of the role of KLF4 in the cardiovascular system. In the thoracic aorta
where we have uniform flow KLF4 is up-regulated, whereas in the curvatures is down-regulated.
Down-regulation of KLF4 is caused by a non-uniform flow and low shear stress. This leads to
the down-regulation of other genes involved in oxidative stress and thrombosis that have shown
to be related to cardiovascular diseases.
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Chapter IV

Smad2 and Fluid Flow Induce Changes in
Endothelial NADPH Oxidase Isoforms
For this manuscript Linda Tamez contributed to the experimental design, data collection, and
analysis, and preparation of the manuscript.
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IV.I Abstract
Hemodynamic forces, such as blood flow and shear stress play an important role in the
vascular remodelling and anatomy during healthy and diseased states. A non-uniform and
irregular distribution of wall shear stress modulates the expression of endothelial cell genes and
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proteins in vitro and in vivo. Smad2, a signaling molecule and transcriptional factor, and the
NADPH oxidase isoform Nox4, an enzyme primarily regulated at the transcriptional level,
influence different signaling pathways related to cardiovascular diseases. In this study we used a
partial carotid ligation mouse model to create a region of low shear stress and disturbed flow in
one carotid. Tissue immunostaing of the right and left carotids 20 h after surgery showed a slight
difference on the morphology and cell phenotype, and Nox4 expression was present in both
carotids. Also, from a human abdominal aortic aneurysm, we were able to find endothelial cells.
But further analysis using different antibodies need to be performed to get a better understanding
of the Smad2 and oxidative stress pathways. Some of the findings of this study supported the
crosstalk between the Smad2 and redox pathways. However, further investigations are needed on
the protein expression in vivo to provide novel targets and potential guidance for future
intervention trial for disease detection and prevention.

IV.II Introduction
IV.II.I Oxidative Stress
Oxidative stress reflects an imbalance between reactive oxygen species (ROS) and a
biological system's ability to detoxify the reactive intermediates or to repair the resulting
damage.151 Cellular redox state is an important functional parameter able to modulate signalling
pathways, gene expression, apoptosis, and cell growth. Furthermore oxidative stress is thought to
be linked to certain cardiovascular diseases, since oxidation of low-density lipoprotein (LDL) in
the vascular endothelium is a precursor to plaque formation.152
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The NADPH oxidase (nicotinamide adenine dinucleotide phosphate-oxidase) is the major
source of ROS species in vascular cells.153 It is a superoxide producing enzyme present in
vascular endothelial cells that regulates the vascular tone and contributes to the development of
atherosclerosis.153 NOX family of NADPH oxidases isoforms (Nox 1, 3, 4 and 5), are enzymes
that transport electrons across the plasma membrane and generate superoxide and other
downstream ROS. NOXes physiological functions include host defense, cellular signalling,
regulation of gene expression, ECM regulation, kinase activation, growth cell division, activation
of MMPs, and cell differentiation.153 Increased NOX activity also contributes to a large number
or pathologies, in particular cardiovascular diseases and neurodegeneration.153 The involvement
of NOX enzymes in cardiovascular physiology and pathophysiology has been suspected for a
long time. In ECs, Nox4 isoform appears to be the most abundant isoform, but also Nox2 has
been described.154, 155

Hemodynamic forces also alter endothelial redox state.156 Several studies have shown that
continuous exposure of ECs to pulsatile and steady laminar shear stress differentially affects
endothelial oxidative mechanisms.157 NOX oxidases seem to be the predominant sources of ROS
in ECs under shear stress.158 In vitro experiments using ECs under steady laminar flow (5
dyne/cm2) led to transient induction of Nox4 activity, and bovine aortic endothelial cells exposed
to oscillatory shear stress also showed up-regulation of Nox4.159, 160 However, prolonged shear
stress (30 dyne/cm2, for 24 h) down-regulates Nox2.161 Huang et al., showed that pulsatile shear
stress down-regulates Nox2 and Nox4 mRNAs.162
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There have been recent findings linking redox pathway with Smad2 pathway. Douda et
al., reported that Akt activation is dependent on Nox2-mediated ROS production. Nox2 inhibitor
diphenyleneiodonium (DPI) completely suppresses Akt activation.163 Cucoranu et al., showed a
new role for NADPH oxidase in TGF beta induced Smad2/3 phosphorylation, and that Nox4
subunit in cardiac fibroblasts is up-regulated by TGF-. Nox4 siRNA also partially prevented
chronic TGF-1-induced Smad2/3 expression suggesting that oxidase-dependent ROS
production controls fibroblast differentiation.164 However, the exact mechanism of how this
occurs remains unanswered.

Findings above indicate there is a relationship between Smad2 and redox pathways.
These two pathways have an effect on endothelial cell remodelling under shear stress. Findings
in this study support that there is link between Smad2 and Nox2, and that Nox4 is affected by
flow and shear stress. Nevertheless, more studies have to be performed to validate the presented
results.

IV.II.II In vivo Models
To gain insight into the initiation and propagation of early disease, biologically relevant
mouse models have been created.165 These models have been used to examine the role of shear
sensitive genes and proteins in atherogenesis, and they include:
1. Naturally occurring atheroprone regions of arterial tree 165
2. Partial ligation of carotid 165
3. Complete ligation of common carotid artery 165
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4. Perivascular shear modifier cuff placed around common carotid artery in mice deficient
in apolipoprotein E (ApoE KO) 165

Complete ligation of common carotid artery results in no flow through the left common
carotid artery (LCA) and may be associated with endothelial denudation and thrombosis. For this
project the partial carotid ligation model was used in normal C57BL/6 mice. This model has
been described as a model of flow reduction. It has been used in vascular remodelling studies,
specifically for study of shear-mediated vascular inflammation and atherogenesis.165, 167 In this
technique, three of the four caudal branches of LCA are ligated to induce substantial flow
reduction in LCA (Figure 16).167 It creates three distinct regions of shear stress: lower shear
(proximal to the cuff), high shear (inside the cuff), or oscillatory shear (distal to the cuff).166
Cheng et al., showed that the region of oscillatory shear stress had high average shear stress
compared to the region of low average shear stress which did not have an oscillatory shear stress
component. Korshunov and Berk showed that this surgery in C57BL/6 mice induces outward
remodelling of LCA with intima-media-adventitial thickening.167 Moreover; carotid remodelling
by partial ligation involves extracellular matrix reorganization and macrophage infiltration. In
2009, JO et al., reported that partial carotid ligation of ApoE KO mice causes disturbed flow, and
induces atherosclerosis within two weeks upon feeding a high-fat diet. Also, they showed that
RNA isolation is useful to determine gene expression changes occurring in carotid intima in
response to changes in shear stress.

We tested our in vitro experiments using mouse models because it closely replicates the
disease mechanism and physiologic complexity of the human condition.
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Figure 16. Simplified diagram of a partial carotid ligation surgery. Ligations are made on three
branches of the LCA, which include the ECA, ICA, and OCA while leaving the superior thyroid
artery (STA) open. Image credit: A. Obrejanu from Nam et al., 2009.

IV.III Materials and Methods
Most materials and methods were previously described in chapter IIII.
IV.III.I In vitro Experiments
Cell Culture. Human aortic endothelial cells (HAECs) derived from an adult female donor were
cultured in Endothelial Cell Growth Medium-2 (EGM-2) supplemented with 2% FBS (EGM-2,
Lonza, Walkersville, MD). Cell cultures were grown on a 1% gelatin-coated tissue culture flask
(CELLSTAR®, 75 cm2, 250 mL) and maintained in a humidified 95% air-5% CO2 incubator at
37C. The cells were cultured to passage four and kept frozen in liquid nitrogen until used. The
experiments were conducted with HAECs in the 6th and 7th passages.
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Flow Experiments. Between three and six independent sets of experiments were performed,
each consisted of HAECs exposed to shear stress and a paired control with HAECs kept under
static condition, both for 20 hours. Confluent monolayers of HAECs were exposed to steady 10
dyne/cm2 shear stress in a parallel-plate flow chamber system. After 20 hours of exposure,
cytoplasmic and nuclear proteins from flow and static conditions were collected for western blot
analysis.

Transfection Experiments. Confluent HAEC between 6 and 7 passages had 7.2 mL of fresh
EGM-2 media for 30 minutes, (Santa Cruz Biotechnology Inc., Dallas, TX, USA). HAEC’s
cultured in T-75 flasks were transfected with 20 nM Smad2 siRNA for 4 hours in 0.3% PepMute
siRNA Transfection Reagent SignaGen Laboratories, Ijamsville, MD, USA). After 4 hours
media with transfection siRNA was aspirated and replaced with 12 mL of fresh EGM-2 media.
After 24 hours cell were plated on pre-treated glass slides (as described in flow experiments) and
left for 24 hours before used as described above in flow experiments for cytoplasmic and nuclear
protein extractions.

Protein Extraction. Glass plates supporting HAECs were transferred into a 243 x 243 x 18 mm
bioassay dish (Nunc, Rochester, NY, USA). Cytoplasmic/membrane and nuclear proteins were
harvested by first rising the plates twice with cold PBS to remove remaining media or cytosolic
proteins respectively. Plates were visualized on a Nikon inverted microscope with 10X objective
and digital camera (DAGE-MTI, Michigan City, IN, USA) to verify monolayer integrity. Lysing
buffer: cold-MES buffered saline solution [MBS: 25 nmol/1 MES; 0.15 mol/1 NaCl (pH 6.5);
0.05% Triton-X 100 (Sigma-Aldrich), 4% protease inhibitor (Roche Applied Science, Laval, QC,
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Canada), and 1% phosphatase inhibitor cocktail (Thermo Scientific-Pierce, Rockford, IL)] was
added to harvested HAECs for 1 minute to then be collected and stored on ice. Plates were rinsed
another time with a lysis buffer without Triton and added to the lysis sample. For nuclear
proteins an extra step was added: to remove nuclei from the glass a cell scrapper was used
followed by collection and storage on ice of the proteins. A second volume of MBS was added,
and the scrapping and collection repeated. A final wash of the glass plates was performed with
an additional MBS volume, and this was also added to the nuclei sample. A volume of 10% SDS
was added to nuclear proteins to achieve a final SDS concentration of 0.1% in the samples.
Protein fractions were concentrated to a final volume of 100 L using Amicon Ultra
Centrifugal concentration tubes (Millipore, Billerica, MA), and stored at -80C until analysis.

Western Blotting. Protein concentrations were determined by the BCS protein assay kit
(Thermo Scientific-Pierced, Rockford, IL, USA). Samples were denatured using a loading buffer
(6% SDS, 15% glycerol, 2% -mercaptoethanol, 75mM Tris-HCl, pH 7) for 30 min at 40C.
Once samples were denatured, cytoplasmic proteins were size separated in 10% SDS-PAGE
polyacrylamide electrophoresis gel (Bio-Rad, Mississauga, ON, Canada) and electro-transferred
to a 0.2 M nitrocellulose membrane (Pall, Port Washington, NY, USA). Membranes were
cross-linked by fixing the membranes in 0.5% glutaraldehyde in PBS for 15 min. Afterwards,
blot membranes were blocked for 45 minutes with 5% non-fat milk in TBS, and primary
antibodies were applied at an appropriate dilutions in blocking agent to incubate on a platform
shaker overnight at 4C. The antibodies used and obtained from Cell Signalling Technology
(Danvers, MA, USA), were L-psmad2 (phospho-Smad2 Ser245/250/255), Smad2, phospho-Akt
Ser473, Akt, Nox4, Nox2, and -tubulin. After washing the primary antibody, the membrane
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was incubated at room temperature for 45 minutes with secondary antibodies: anti-mouse or antirabbit IgG-HRP (horseradish peroxidase-labeled) conjugated. Immunoreactivity was detected by
using ECL Advanced Detection Reagents and imaged with a Chemi-Smart gel-doc system. Band
quantification was performed with Labworks Software.

IV.III.II In vivo Experiments
Partial Carotid Ligation Surgery. Based on the 2009 JO et al., work, we used a partial carotid
ligation surgery mouse model (normal C57BL/6 mice). A ventral midline incision,
approximately 1 cm in length, was made followed by a blunt dissection through the muscle,
which exposed the branches of the arteries of the left common carotid (LCA), including the
internal and external carotids (ICA and ECA), the occipital artery (OA), and the superior thyroid
artery (STA). All the branches except the STA were ligated with 6-0 silk sutures. Dr. Mary
McDonald, Dr. Linda Anderson, and Jeannine Turnbull performed the surgeries. After 20 hours
of surgery, carotid arteries from the surgery side were obtained as a model of disturbed flow with
characteristics of low and oscillatory wall shear stress. Carotid arteries from the non-surgical side
were used as controls. Mice received Buprenorphine (0.1 mg/kg) prior to surgery, and again 12
hours after surgery for pain relief. Animals were anesthetised with Isoflurane (5% induction, 1.5
% maintenance) before having their fur shaven around the incision area in the neck and
disinfected with Betadine. To identify the differences of flow velocity and direction after the
surgery, Darrel Belke performed high-resolution ultrasound measurements through pulsewave
Doppler imaginary acquired using a VisualSonics Vevo 770 ultrasound system (VisualSonics
Ins., Toronto, Ontario, Canada), 18 hours after surgery. A transducer (RMV-704, frequency
range of 20-60 MHz) was used at a transmitting frequency of 30 MHz. Mice were perfused

71

transcardially with PBS and 4% paraformaldehyde (PFA) (Acros Organics-Thermo Fisher
Scientific) 20 h after surgery. Aortas and carotids were removed and further fixed in cold 4%
PFA-PBS for 24 hours for further analysis. The University of Calgary Health Sciences Animal
Care Committee approved experiments on mice under Animal Care Committee protocol ACC
Certification AC13-0167. Surgeries were performed at the surgical suite of the Animal Resource
Center facility.

Human Abdominal Aortic Aneurysms. We had one patient with an abdominal aortic aneurysm
(AAA). The vascular surgeon Dr. Randy Moore generously provided the sample. Before surgery
Dr. Elena Di Martino created a map of the aneurysm based on a previous CT scan, to be able to
compared different sections of the sample (Figure 17). After the aneurysm tissue was removed
from the patient it was cut in small pieces from different sections of the aneurysm. Tissue pieces
were fixed with 5% formaldehyde to be then transported to the Cellular and Molecular
Bioengineering Research Laboratory at the University of Calgary for tissue immunostaining.

Tissue Immunofluorescence. After removing mice and human samples, they were fixed in cold
4% PFA-PBS (Acros Organics-Thermo Fisher Scientific) for 24 h. Samples were then washed
twice using phosphate-buffered saline solution (PBS), cleaned, and cut in sections for staining.
Sections were transferred to wells of a 48-well plate and permeablized 10 min at room
temperature with 500 l of 0.15 Tritox X-100 in PBS. Four washes with 500 l PBS were the
next step to then proceed with an overnight blocking at 4ºC with 5% rabbit serum in PBS, and
then rinsed twice with 3% bovine serum albumin fraction V (thermo Fisher Scientific) in PBS
and blocked in the same solution for 2 h at 4ºC. After removing the blocking solution, for the
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mice tissue 250 L of primary antibody solution (Nox4) was added, and for the human tissue
250 L of primary antibody solution [VEGF-R2 (vascular endothelial growth factor receptor 2)]
was then added to the samples overnight at 4ºC on a rocker. The first antibody was then removed
by rinsing the tissue samples with 500 l of a 3% BSA-PBS solution four times. After the
washes, a goat anti-rabbit/mouse secondary antibody that fluorescently labeled with Alexa Fluor
647 (1:500), were applied to the tissue samples and incubated for an hour at room temperature on
a rocker. The secondary antibody solution was removed by repeating the washing steps. Nuclear
staining was conducted with a working solution of Hoechst 33258 Dye (Invitrogen) prepared at 1
g/mL and added to the wells to incubate the samples in the dark room for 15 min at room
temperature. Samples were washed again using PBS to mount them afterwards en face on a
microscope slide with Prolong Gold Antifade Reagent (Invitrogen). The mounted slides dried in
the dark overnight. Detection was accomplished by excitation of fluorophores with wavelengths
analogous to Cy3 dye. Samples were imaged using an Olympus FluoView FV1000 confocal
laser-scanning microscope (Markham, ON, Canada) and accompanying FluoView software
(version 3.1b), using an Olympus 20x objective at 3x digital zoom. Robert D. Shepherd, mainly
performed these experiments. Our summer student Jessica Withell (May 2013 - September
2013), and myself helped out on some of the steps and analysis.

Statistical analysis. The obtained data was expressed as mean  standard deviation. The ratios
of active to total species were calculated for each detectable lane in the western blotting
membrane results. The control used in cytoplasmic samples was -tubulin. Nuclear proteins
samples have not been analyzed yet. Blot to blot comparison was accomplished via standard
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samples. Statistical analysis was determined by a two-sample t-test assuming unequal variances.
For all data we had at least four replicates.

IV.IV Results
The main objective of this study was to determine whether shear stress and Smad2
siRNA treatment had an effect on the expression of Smad2, L-pSmad2, Akt, p-Akt, Nox4, and
Nox2 in vitro and in vivo. As mentioned above, we used cell culture, flow experiments, and
western blot for the in vitro samples; whereas for the in vivo experiments we used mice and
human samples for tissue immunofluorescence.

Figure 17. CT scan map from a human abdominal aortic aneurysm sample. The figure represents
the left and right aneurysm sides, which were divided is different parts for further analysis.
Image credit: Samaneh Nobakht from Dr. Di Martino’s Lab.
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Steady flow affects NOX expression on HAECs transfected with Smad2 siRNA in vitro
Total levels of all proteins were normalized to the control -tubulin, and then they were
normalized with phosphorylated species (data not shown). Nox4 gene expression was found to
be up-regulated in transfecting Smad2 siRNA treated cells. The PCR results showed no
significant change (figure 18). Western blots on cytoplasmic samples of Smad2 siRNA treated
and untreated static and flow-exposed cells were incomplete. Further analysis of the samples is
needed to complete the study.

Nox4
3
2.5
2

Fold-change

1.5
1
0.5
0
-0.5

Smad2 steady

Smad2 static

Control-A steady Control-A steady

-1
-1.5

Figure 18: Nox4 gene expression analysis using RT-qPCR. HAECs were treated with Control-A
and Smad2 siRNA under static and 20 h flow exposure. A normalized ratio (Y-axis) of more
than 0 indicates up-regulation, whereas a ratio of less than 1 indicates down-regulation. X-axis is
represented by the gene name: Nox4. P value  0.05 and 1.5 fold-change.

Phenotypic changes were found between the control and ligated murine carotids
To determine if magnitude and waveform had an impact at protein expression levels, a
mouse model was used for this purpose. Reverse flow was induced by a partial carotid ligation to
the left common carotid (LCA). Five black C57BL/6 mice had the surgery, but only three
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survived for the ultrasound analysis. The other two mice died because of tumour formation
(reasons unknown). We were able to compare the LCA with the control, the right common
carotid (RCA), through ultrasound after surgery. One (mouse two), out of the three mouse
ultrasounds, showed representative results where waveform patterns were very different when
comparing the control versus the ligated carotid (figure 18). To determine the expression of our
proteins of interest in vivo, we mimicked our in vitro results, by harvesting triplicates of the RCA
and LCA carotids after 20 h of surgery to compare the expression of Nox4 between the control
and the ligated artery (figure 19). The results obtained between the control and the surgically
modified arteries with the immunostaining did not show major differences. There is a slightly
difference on the morphology and cell phenotype: the control cells look well defined, elongated,
and aligned; whereas in the left carotid cells look more rounded, which is what we would expect
from cells that were exposed to lower oscillatory flow. On the other hand, Nox4 expression is
higher in the nucleus of the cells on the control side compared to the left side. More replicates re
needed to corroborate what we found.

Endothelial cells were found on the human abdominal aortic aneurysm tissue sample
As mentioned on the methodology section, we had one patient with an abdominal aortic
aneurism (AAA). After we had the aneurysm map, computational fluid dynamics were used to
evaluate the shear stress values on the different sections. Shear stress values ranged from 0.2535
Pa in RP7 to 0.9887 Pa in LP1 (Figure 20). The pieces that were tested for the presence of
endothelial cells were taken from different sections but we were mainly interested in LP1 and
RP1, since LP3 down was covered in thrombus. Based on these results some sections from LP1
and RP1 were selected to cut into small pieces to fix them with 5% formaldehyde for tissue
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immunostaining. Some of these tissue samples were incubated with VEGF-R2 (vascular
endothelial growth factor receptor 2) antibody to see if there was any presence of endothelial
cells before trying to detect the expression of our proteins of interest. Endothelial cells were
present in some pieces of the LP1 and RP1 sections (Figure 21 and figure 22 respectively). The
blue on these figures represent the Hoechst 33258 (secondary-antibody), which shows cell nuclei
and the white is the VEGF-R2 receptor antibody. Interestingly, no significant results were found
from the second staining set since it appears that the secondary antibody may have stained nonspecifically (See Figure 23).
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A

Mouse 2 Right Carotid

B

Mouse 2 Left Carotid

Mouse 2 Right Carotid
Mouse 2 Left Carotid

PW Doppler Flow

PW Doppler Flow

PW Doppler Flow

PW Doppler Flow
Figure 19. Representative ultrasound image of the control (RCA) and ligated carotid artery
(LCA) of a C57BL/6 mouse after 18 h of a partial carotid ligation surgery. Doppler was aligned
with angle of vessel as indicated by the yellow circle and arrow. Figure A represents the control
(non-ligated) where flow was unidirectional; whereas figure B (ligated-common artery) showed
reverse flow. VisualSonics Vevo 770 ultrasound system with RMV-704 transducer was used at a
transmitting frequency of 30 MHz. Image credit: Darrel Belke.
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Hoechst 33258 staining

Nox4 staining

Control
(right carotid)

Surgically modified
(left carotid)

Figure 20. Mice tissue immunostaining after 20 h of surgery. Control and surgically modified
carotids were analyzed to compare the expression of Nox4. Nuclei staining was with Hoechst
332258 and antibody to Nox4 with Alexa Fluor 555 labeled secondary antibody.
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A

B

Figure 21. Wall shear stress magnitude distribution on the anterior side of a human AAA
sample. Figure A represents the left side of the aneurysm, whereas figure B shows the right side
of the aneurysm. Wall shear stress magnitude was measured in Pascals. This CT scan and
computational fluid dynamics were based on the AAA map shown previously. Image credit:
Samaneh Nobakht from Dr. Di Martino’s Lab.

Figure 22. Confocal Microscopy image of LP1. (A) Nuclei counterstained with Hoechst 33258,
(B) antibody to VEGF-R2 with Alexa Fluor 647 labeled secondary antibody, and (C) merge
channel with arrows pointing to what appear to be endothelial cells (white surrounding blue
nuclei). Image credit: Jessica Withell.
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Figure 23. Confocal Microscopy image of RP1. (A) nuclei counterstained with Hoechst 33258,
(B) antibody to VEGF-R2 with Alexa Fluor 647 labeled secondary antibody, and (C) merge
channel which shows what appears to be a group of endothelial cells (many blue nuclei
surrounded by white). Image credit: Jessica Withell.

Figure 24. Confocal microscopy image of LP1. (A) nuclei counterstained with Hoechst 33258,
(B) antibody to VEGF-R2 with Alexa Fluor 555 labeled secondary antibody, and (C) merge
channel showing that the red appears in areas where cells are not present. Image credit: Jessica
Withell.

IV.V Discussion
Human aortic endothelial cells were transfected with Smad2 siRNA and were also
exposed to flow. These experiments were performed for the purpose of understanding the effect
not only of flow, but also of the Smad2 small interference RNA at protein expression levels.
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Shepherd et al., in 2011 and Obrejanu, 2013 thesis work, showed that in both in vitro and in vivo
(mice and rats), Smad2, which is a signalling molecule indispensable for vascular integrity, could
be phosphorylated in its linker region (L-pSmad2) by the presence of shear stress. This led them
to believe that L-pSmad2 may be a potential target to help in the prevention of CVD. They also
found that there was a crosstalk between the Smad2 pathway and the Akt pathway. This meant
that Smad2 was involved in the regulation of other signalling pathways, including oxidative
stress. In order to verify previous results found in our laboratory, we decided to knockdown
down the expression of Smad2 to gain a better insight on how the Smad2 pathway works. After
20 h of flow exposure, cytoplasmic and nuclear proteins were harvested for protein analysis. Our
results were inconsistent and this is the main reason why results were not shown. In order to
improve our results, we need to repeat our experiments and get more replicates. Nox4 gene
expression showed no significant results when using Smad2 siRNA transfection on HAECs. We
were expecting a Nox4 up-regulation when using Smad2 siRNA treament, because we believe
Smad2 confers protection against cardiovascular diseases, and its suppression could lead to an
overexpression of Nox4 which is related to the development of cardiovascular diseases.150,151
One possibility could be that signalling pathways crosstalk between each other and there may be
compensatory mechanisms that confer protection when Smad2 expression is suppressed. Further
analysis using more sample replicates need to be performed to corroborate our results. Also, as
mentioned in the introduction, there have been recent findings linking the redox pathway with
Smad2 and Akt pathways. These findings are related to the TGF- activation and how it leads to
the activation of Smad2, but not about the L-pSmad2 activation by shear stress. This is the first
study linking Nox4 and Nox2 expression with L-pSmad2 under flow. Nevertheless, more studies
have to be performed to validate the presented results. Nevertheless, as mentioned above more
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studies on this area need to be performed to corroborate our results.

In vitro studies were tested in vivo using mouse models to get a better idea of the disease
mechanism and its physiologic complexity of the human condition. To determine the magnitude
and waveform effect on protein expression levels, a mouse model was used. Reverse flow was
caused by a partial carotid ligation to the left common carotid (LCA). Our lab previously
investigated the difference in protein expression between the low shear stress region of lesser
curvature aortic arch where also flow has a non-uniform pattern; and the thoracic aorta where
there is uniform flow and high shear stress in rat and mice tissue. The results showed that LpSmad2 and p-Akt levels were higher where uniform flow is present, compared to the lesser
curvature where flow is non-uniform. Before testing our antibodies we needed to make sure that
surgeries went well by using ultrasound. Our results showed what were expecting, non-uniform
flow on the LCA compared to the control and we got to harvest the carotids 20 h after surgery,
same as with in vitro studies. However, a very small number of mice were tested because some
of them had developed tumours and those results would have not been reliable because different
molecules are expressed during atherosclerosis compared to tumour progression. Despite our
difficulties, this model is a really good option to study the role of flow on endothelial cells.

For the human abdominal aortic aneurysm samples there do appear to be endothelial cells
present in the AAA tissue. Tedesco et al., have shown that VEGF-R2 is not only present on
endothelial cells, but also smooth muscle cells. Taking this into account though we are still led to
believe that we found endothelial cells since the VEGF-R2 antibody stain was around round
nuclei, whereas smooth muscle cells have more elongated nuclei. Further studies need to be
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performed with other EC antibodies to verify results. Also, since endothelial cells look to be
present in areas that were exposed to different values of shear stress they can be used to evaluate
the effect of shear stress on all the proteins of interest. This may allow us to determine whether
or not the previous reported results found in cells and animals (increased shear stress leads to
increased L-pSmad2 levels) have any relevance in humans. In addition, this was the very first
patient analyzed in our facilities. The protocol may need some improvements, as well as more
practice from the laboratory members. These two things, and the testing with different
concentrations of the antibodies used, would allow a better handling of the samples, to avoid
removing endothelial cells while cutting the tissue samples; and to avoid getting non-specific
binding. Also, it is very hard to get patients with the same characteristics and conditions, and it is
of extreme importance to get more samples from different patients to demonstrate our results are
consistent.

There are still many experiments that need to be done in order to have a better
understanding on how flow and shear stress affect the expression of the Smad2 and its crosstalk
with other molecules in vitro and in vivo. Mechanisms by which different flow patterns promote
or inhibit the development and progression of atherosclerosis are not completely understood.
These studies are a step providing critical insight of the molecular mechanisms responsible of the
leading cause of death: cardiovascular diseases.
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Chapter V

Conclusions and Future Directions
The main functions of the endothelium are to maintain anti-coagulant properties, regulate
vascular tone and permeability, and contribute to arterial remodelling. The endothelium also
plays an important role in focal localization of atherosclerotic lesions to regions of low shear
stress.

The current study was undertaken to explore how Smad2 siRNA alters endothelial gene
expression in the presence of fluid flow. To our knowledge, this was the first study to investigate
Smad2 knockdown using siRNA in endothelial cells. The major novel findings in this thesis are
that:
1. Flow exposed cells were more responsive to Smad2 siRNA that cells under static
conditions in terms of number of differentially expressed genes.
2. KLF4 is a transcription factor that confers protection against CVD development, and
Smad2 knockdown up-regulated its expression under flow.

We belive Smad2 confers protection against CVD in the context of health, but the exact
mechanisms by which it acts as an athero-protective molecule still remains unclear.
Understanding the effects of flow and shear stress on ECs gene expression, structure and
function will provide the molecular basis for a better understanding of atherosgenesis.

To further investigate the role of Smad2 gene expression under flow and its correlation
with disease development, the mechanism behind the cooperation between Smad2 signalling
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pathways and its crosstalk pathways should be examined to determine the final outcome of
cellular response to flow and shear stress. More replicates of each condition used for this study
should be added to have more consistent results. In addition, some of the limitations of the
microarrays and the RT-PCR techniques used for these experiments are: the access and cost; lack
of rigorous standards for data collection, analysis, and validation; the sample quality and
quantity; and operator variability.156, 157 To improve the results and to get more accurate data,
next generation sequencing techniques (e.g., serial analysis of gene expression (SAGE)), could
be used, as well as western blots for protein analysis. These techniques will be improved in the
future and will lead to more advanced knowledge to approach a better diagnosis and prognosis in
cardiovascular diseases.

Finally, knockout animal models that closely replicate atherosclerosis and AAA
mechanisms and physiologic complexity of human condition will help to the design and
interpretation of human studies to gain insight into the initiation and progression of early
atherosclerosis. The results we obtained on the in vivo experiments are the first step to get a
better insight and understanding of how Smad2 and the Noxes are expressed in surgically
modified mice. We established the basic methodology and obtained preliminary data. A time
point of 20 h was used to mimic the in vitro results, but it would be beneficial to perform longer
time points for comparison. Nox4 was not analysed before and better results may be seen suing
new antibodies for the Noxes as they become available. The surgical partial carotid ligation
technique was challenging and required a significant number of practice surgeries. Other mouse
models should be evaluated for comparison and verification of obtained results. For future
analysis we will need more mice tissue to compare and verify the obtained results.
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Results presented in this thesis may lead to clinical approaches for pharmacological
intervention of targeting towards Smad2 signalling pathway and the different implicated
molecules in this signalling network for treatment of a variety of cardiovascular diseases.
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