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ABSTRACT
The purpose of this paper was to study the effects of mechanical signals on the
endothelial-to-mesenchymal transition (EndMT) of Human Pulmonary Microvascular Endothelial
Cells (HPMEC). This transition has been linked to the development of pulmonary fibrosis and
diseases of the vasculature such as pulmonary hypertension in humans. This transition is
characterized by the endothelial cell’s loss of cell-to-cell junctions, loss of endothelial markers
and gain of mesenchymal characteristics including increased contractility and motility.
Specifically examined was how the stiffness of the environment, in which the cells grow, affects
this transition. The examined range of stiffnesses models the different stiffnesses of tissue found
in the lung vasculature of humans. Various proteins found within endothelial cells, like VECadherin, were examined under both normal conditions and after treatment with transforming
growth factor beta (TGF-ß), an inducer of EndMT.
In order to analyze EndMT, HPMECs were plated onto polyacrylamide gels of varying
elasticities, and then EndMT was induced through treatment with TGF- ß. Various proteins in
both the control cells and those that have been treated with TGF-ß were analyzed through
techniques such as immunofluorescence staining and western blotting.
The expression and localization of the endothelial marker VE-cadherin was found to
decrease in TGF-! treated cells grown on a stiff substrate. Additionally, cell spread area increased
as a function of cell environment rigidity and all TGF-! treated samples exhibited a higher cell
spread area compared to the control samples. It was further determined that as rigidity of the
environment increased, the expression of the mesenchymal marker "-SMA increased as well.
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Chapter 1
Introduction
The endothelium is the single cell layer of mostly squamous epithelium that makes up the
inner cell lining of blood vessels and lymphatic vessels (1). The cells that make up the
endothelium are called endothelial cells and these cells are an integral part of the circulatory
system. Endothelial cells have many different functions within the body, including angiogenesis,
which is the formation of new blood vessels, inflammation, barrier function, and blood clotting.
Additionally, endothelial cells display a significant amount of plasticity, especially under
pathological conditions, and this includes a form of endothelial plasticity known as endothelialto-mesenchymal transition (EndMT) (2).
EndMT has been linked to multiple forms of fibrosis and vasculature diseases. However,
because this thesis is focused primarily on the transition of human pulmonary microvascular
endothelial cells (HPMEC) to mesenchymal cells, the focus of the study will be to observe how
this transition can contribute to the development of pulmonary fibrosis and diseases of the lung
vasculature, such as pulmonary hypertension, in humans. Pulmonary arterial hypertension is
characterized by cellular and structural changes of the small pulmonary arterioles, which include
the tightening of the blood vessels connected to or within the lungs. The constriction of the
microvasculature makes it more difficult for the heart to pump blood through the lungs, and over
time these affected vasculature can become stiffer and thicker leading to fibrosis. These structural
changes are almost always accompanied by an increase in the expression of the protein alpha
smooth muscle actin ("-SMA). It was thought that the resident vascular smooth muscle cells or
adventitial fibroblasts, through the process of dedifferentiation or differentiation respectively,
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were the source of this new over expression of "-SMA. However, now there is evidence
suggesting that pulmonary endothelial cells can transition to mesenchymal cells which express "SMA. Thus, it would be this endothelial transition that is leading to the pulmonary vasculature
restructuring and the subsequent increase in "-SMA expression. The proliferation of endothelial
and smooth muscle cells in the vasculature play an important role in the thickening and tightening
of the arterioles of the lungs leading to pulmonary hypertension (3).
Additionally, EndMT can lead to pulmonary fibrosis. Pathological fibrosis occurs
due to the excessive and uncontrolled production of extracelluar matrix (ECM) due to the
accumulation of a large number of myofibroblasts. Myofibroblast are derived from many
different sources in fibrotic tissue including EndMT. Typically, when tissue is injured it loses
mechanical integrity and in order to restore this mechanical strength many different cell types,
including endothelial cells, can acquire a reparative phenotype, the myofibroblast. However, as
the myofibroblasts repair the damaged tissue through the secretion of ECM, the tissue becomes
more rigid because myofibroblasts can only restore the mechanical tissue integrity, but they
cannot regenerate the damaged tissue. If this rigidity and ECM production become chronic, the
tissue can loose its function and fibrosis can occur (4). This overproduction of ECM can alter the
normal architecture of the organ, in this study the lungs, which can lead to eventual failure (5).
A recent research study showed that 15% of the lung fibroblasts found in the lungs of
mice with pulmonary fibrosis were derived from endothelial cells. This finding lends motivation
to this study for examining EndMT as a possible precursor to pulmonary fibrosis.
This transition of endothelial cells to mesenchymal cells can be induced through the
introduction of transforming growth factor TGF-!. During EndMT, resident endothelial cells
delaminate from the organized cell layer and invade the underlying tissue. This transition can be
characterized by the loss of endothelial cell characteristics and the increased expression of
mesenchymal characteristics. For example, endothelial cells have adherens junctions with VE-
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cadherin, but mesenchymal cells exhibit no cell-to-cell junctions. Further, endothelial cells
exhibit an organized cell layer and are not migratory; whereas mesenchymal cells do not have an
organized cell layer and are mobile. This delamination and transition process is illustrated below
in Figure 1.

Figure 1: Endothelial to mesenchymal transition schematic. (From Arcingiegas, Frid, Douglas,
and Stenmark, 2010, 3)

Additionally, endothelial cells express specific marker proteins, but as the cell progresses
more to a mesenchymal state, the expression of these markers decreases and an increase in the
expression of mesenchymal markers is observed (2). Table 1 compares the specific marker
proteins expressed by endothelial cells and mesenchymal cells respectively.
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Table 1: Endothelial Cell and Mesenchymal Cell Markers (from Kalluri, Pontenta, and Zeisber,
2008, 2)
Endothelial Cell Markers

Mesenchymal Cell Makers

VE-Cadherin

FSP 1

CD31

"SMA

Tie1

Vimentin

Tie2

Fibronectin

VEGFR

Vitronectin

This thesis hypothesizes that the mechanical signals from the cell environment, in
addition the chemical signal TGF-!, may play a role in the transition of endothelial cells to
mesenchymal cells. The mechanical stiffness of tissue microenvironments can vary widely in the
body. For example, adipose or fat tissue is less rigid than muscle tissue, which is less rigid than
bone (6). Also, tissue stiffness can change within the same type of tissue when it is in a diseased
state.
The method by which cells adhere to their environment is important in understanding
how the stiffness of the environment affects EndMT. Cells adhere to their environment and to
other neighboring cells through various cell adhesion molecules, which are proteins located on
the cell surface. These cell adhesion molecules include integrins, which mediate cell to
extracellular matrix (ECM) (7) interactions with collagen, fibrinogen, fibronectin, and vitronectin
(8). Integrins are extremely important links between the ECM and the intracellular signaling
pathways which play roles in cell behaviors, like differentiation. Focal adhesions are another
important connector between the cell and its environment. Focal adhesions are made up of
clusters of integrin receptors and serve to connect the actin stress fibers to the ECM via the
association of integrins with linking proteins (9).
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When a cell is adhered to soft matrix, it is able to contract against the matrix and deform
it. The cell has only a few focal adhesions and little filamentous actin, which restricts the cell’s
ability to spread out over the matrix (6). The traction forces exerted by one cell are thought to
create perceived stiffening in the substrate, which causes the surrounding cells to come together
and form networks. However, when that same cell is placed on a stiffer matrix, the number of
focal adhesions increases and the cell is able to spread. Cells in this less compliant environment
prefer cell to substrate interactions and tend to not form networks (10). Cells have controlled
viscoelastic properties that are specific to the cell type and function and which are determined by
the cell’s inherent mechanical properties and the mechanical properties of the microenvironment.
Therefore, changes to the mechanical environment can result in altered cell function (6).
Thus, differentiation of many cell types, including endothelial cells, can be regulated by
matrix rigidity. Because environmental stiffness has been shown to regulate cell function, which
is also regulated by TGF-!, including differentiation, and tissues are known to become stiffer as a
disease progresses (6), changes in the environmental stiffness could also regulate TGF-! induced
cellular functions.
In this study, the impact of mechanical signals on the TGF-! induced endothelial to
mesenchymal transition was examined. HPMECs were grown on polyacrylamide (PA) gels of
four different stiffnesses (Young’s Modulus, E): 200 Pa, 1100 Pa, 4730 Pa, and 8730 Pa. These
PA gels mimic the vessel stiffness, which is much less stiff than a tissue culture polystyrene dish
(E= 3 GPa) or a glass slide where cells are traditionally grown. PA gels are typically inert to cell
adhesion, but can be activated and functionalized to allow for specific cell binding at the gel
surface. We expect that the cells plated on the softer, more compliant gels (E=200-1100 Pa) will
have a smaller spread area and more endothelial cell-to-cell connections due to the need to
increase mechanical input. However, those cells plated on the stiffer substrates (E=4000-9000
Pa), are expected to result in an increased cell area with increased cell migration because of
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decreased cell-to-cell interactions and an increased preference for cell-substrate interactions (10).
Data from endothelial and mesenchymal stains, as well as western blots, were examined to
compare the impact of the environmental stiffness on the cell phenotype.

Chapter 2
Procedure

Activating Glass Coverslips
22 mm square glass slides were incubated in a 0.1 M NaOH solution and rinsed with
deionized water (dH2O). The slides were then incubated in 2% (v/v) aminopropyl trimethoysilane
diluted in acetone, rinsed with acetone, incubated in 0.5% glutaraldehyde diluted in 1# PBS, and
rinsed with dH2O. 22 mm diameter circular glass coverslips were incubated in 2% (v/v)
dichlorodimethylsilane diluted in toluene and rinsed with methanol. After both sets of coverslips
were completely dry, they were placed in a desiccator. This was also the procedure used to
activate the 22x40 mm glass coverslips used for protein extraction for western blotting.

Polyacrylamide Gel Synthesis
To make the polyacrylamide (PA) gels, 40% acrylamide, 2% bis-acrylamide, and dH2O
were combined and the mixture was degassed. Then TEMED solution and a 10% (w/v) solution
of ammonium persulfate in dH2O were added to the degassed acrylamide solution. The final
solution was placed onto the activated square 22 mm glass slides, the round coverslip was placed
on top of the solution, and the solution was allowed to polymerize for 30 minutes. PA gels were
stored in 1# PBS at 4oC until ready to be used. Table 2 gives the compositions and corresponding
stiffnesses of the four samples that were examined in this study.
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Table 2: Expected Modulus of Elasticity after Polymerization of Relative Acrylamide and BisAcrylamide Concentrations (from Tse and Engler, 2010, 11)
Acrylamide %

Bis-Acrylamide %

E ± St. Dev (kPa)

3

0.03

0.20 ± 0.03

3

0.1

1.10 ± 0.34

5

0.15

4.47 ± 1.19

5

0.3

8.73 ± 0.79

Activating the PA Gels
The PA gels were activated with a 0.5 mM sulfo-SANPAH in 50 mM HEPES solution.
With the sulfo-SANPAH solution still atop the PA gels, the slides were placed under a UV light.
After 10 minutes, the PA gels were rinsed with HEPES solution. The PA gels were then
recovered with the sulfo-SANPAH solution, and again placed under the UV light for another 10
minutes. Then, the PA gels were rinsed with HEPES solution and treated with 10 µg /ml
fibronectin overnight at 4oC.

Cell Culture and Reagents
Human Pulmonary Microvascular Endothelial Cells (HPMEC) were cultured in Medium
199 1X supplemented with 10% fetal bovine serum (FBS), 0.3% Endothelial Cell Growth
Supplement (ECGS), and 0.5% PenStrep. The fibronectin treated PA gels were plated at 100,000
cells per 22-mm coverslip and 400,000 cells per 22x40 mm coverslip. 24 hours after initial
plating, the 10% FBS media was replaced with a 2% FBS media without ECGS. The control
slides were treated with a HCl/BSA solution and the experimental slides were treated with
10 µg/ml TGF-! for 48 hours.
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Immunofluorescence Analysis
For staining of cytoskeletal proteins, samples were fixed with 1:1 methanol/acetone at
-20oC, rinsed in PBS, blocked with 10% goat serum (Sigma), and incubated with the following
primary antibodies: "SMA (Sigma) or vimentin (Sigma). For all other staining, samples were
fixed with 4% paraformaldehyde, rinsed in PBS, blocked in a blocking buffer mixture of 5% goat
serum and 0.3% Triton-X-100 in PBS, and incubated with the following primary antibodies: VEcadherin (Cell Signaling) or FSP-1 (Abnova). Samples were then rinsed and incubated with
Alexa-conjugated secondary antibodies (Invitrogen), and nuclei were counterstained with
Hoechst 33342 (Invitrogen).

Microscopy and Analysis
Samples were imaged using a 20 # air objective on a Nikon Eclipse Ti-E inverted
fluorescence microscope equipped with a Photometrics HQ2 CCD camera. Five images were
taken for each sample for a given staining experiment. Pseudo-colored fluorescence images were
overlaid using Image J software by stacking the TX-RED and DAPI fluorescence images. The
projected cell area was also computed using Image J software by outlining the cell and then
having the program calculate the area.
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Protein Extraction from Cells Cultured in Tissue Culture Dishes
Cells were plated in a 10-cm tissue culture dish and cultured as described previously.
After 48 hours, the cells were rinsed with ice cold PBS and then were scraped off of the dish in
1mL of PBS. The collected cells were then spun down at 800 rpm for 5 minutes. The PBS was
aspirated off, RIPA solution with protease inhibitors (RIPA with 1% EDTA and 1% Halt
solution) was added to the cells, and the suspension was left on ice for 30 minutes. Then, the
sample was spun down at 13000 rpm for 15 minutes at 4oC, the protein was collected, and stored
at -80 oC until ready to be used.

Protein Extraction from Cells Cultured on PA Gels
PA gels made on large 22 x 40 mm glass coverslips were activated and plated with
HPMECs as described previously. 48 hours after TGF-! or HCl/BSA treatment, the cells were
rinsed with ice cold PBS, the lids of the 10-cm tissue culture dish were inverted onto the ice, and
RIPA solution was added to the inverted dish. The PA gels were then inverted cell-side down
onto the RIPA solution for 5 minutes. Then for 5 minutes the PA gel was scraped against the lid
with a cell scrapper. Afterwards, the excess RIPA buffer was squeezed out from underneath the
coverslip, the coverslip was removed, and the RIPA solution was collected. The sample was
incubated for 30 minutes on ice and then spun down at 13000 rpm for 15 minutes at 4oC. The
protein was then collected from the vial and stored at -80 oC until ready to be used.

Protein Quantification
The protein concentration was determined by using a Pierce BCA Protein Assay Kit and
a Spectramax Plus 384 micro plate reader and Softmax Pro software. Wells of a 96-well plate
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were filled with the working reagent (50:1 ratio of reagent A to B). Wells were then filled with
nine bovine serum albumin (BSA) standards of various concentrations that had been diluted with
RIPA buffer solution. Protein and a 1:10 protein dilution were also added to wells with working
reagent. The plate was then incubated at 37 oC and then the absorbance was measured at 582 nm.
The protein concentration was determined by comparison of the absorbance values with that of
the calibration BSA standards using a BSA standard curve.

Gel Electrophoresis
A 10% tris-glycine gel (Invitrogen) was used to separate the lysate from both control and
TGF-! samples. 2X sample buffer (Novex tris-glycine SDS sample buffer) and 10X reducing
agent (NuPage) were added to the protein sample and the sample was placed in a heat block at 95
o

C to denature the samples. The gel was run at 120 V for approximately 2 hours using Novex

Tris-Glycine SDS Running Buffer in an Invitrogen Novex mini-cell powered by a BioRad Power
Pac HC.

Western Blotting
Following electrophoresis, the gel, a nitrocellulose membrane, and blot paper were
washed in 1X transfer buffer (Novex tris-glycerine transfer buffer 25X, 20% methanol, remainder
dH2O). Inside of a BioRad Transblot SD transfer cell, the presoaked blot paper was overlaid with
the nitrocellulose membrane. Then the gel was placed over the nitrocellulose membrane with a
second piece of blot paper laid over it. The semi-dry transfer was run at 12 V for approximately
1.5 hours. The nitrocellulose membrane was then removed, incubated in Ponceau S solution to
visualize protein transfer to the membrane, rinsed with dH2O, and then soaked in TBST solution
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(Tris-saline, 1% Tween 20). The membrane was blocked in 5% skim milk in TBST solution and
was incubated in the appropriate primary antibodies overnight at 4 oC. Samples were then rinsed
with TBST and incubated with HRP-conjugated secondary antibodies (Cell Signaling).

Western Blot Imaging and Detection
The blot was imaged using chemiluminescence and the Pierce ECL reagent. Each sample
was incubated in the reagent for 1 minute prior to imaging using a FluorChem FC2 imager (Cell
Biosciences). Each sample was imaged at a 3 minute exposure time.

Chapter 3
Results and Discussion

Staining for Endothelial Markers
A preliminary study was done to show that cells treated with TGF-! and grown on a
stiffer substrate would exhibit a decreased expression of endothelial markers, specifically VEcadherin, compared to the TGF-! treated cells grown on less stiff environments. Images of these
cells are shown in Figure 2.

TGF-!
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8730 Pa

4470 Pa

1100 Pa

200 Pa

Control

Figure 2: Immunofluorescenece microscopy images of VE-cadherin expression in cultured on
different stiffness PA gels treated with and without TGF-!.
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Figure 3: Quantification of the projected cell area as a function of matrix rigidity.

Figure 2 illustrates that the cells plated and grown on less stiff environments exhibited a
smaller spread area and more cell to cell connections. In contrast, those cells grown on the stiffer
substrates have an increased cell area with increased cell migration because of decreased cell to
cell interactions and an increased preference for cell-substrate interactions. Figure 3 quantifies
the cells areas of the cell in the different environments. As is shown, the cells grown on the stiffer
environments exhibit larger cell spread areas compared to the cells grown in less stiff
environments. Additionally, this quantification revealed that the TGF-! treated cells grown at
every PA gel stiffness displayed a larger cell spread area compared to the control cells. This is
because the cells that were treated with TGF-! appear to undergo EndMT, and thus, exhibit loss
of these cell-to-cell junctions, increased cell-matrix interactions, and the acquisition of migratory
properties.
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It is also important to note the relative expression and localization of VE-cadherin shown
by the different cell samples in this experiment.

TGF-!

8730 Pa

200 Pa

Control

Figure 4: Expression levels and localization of VE-cadherin varying as a function of matrix
ridgity. VE-cadherin (red), nucleus (blue).

As can be seen in Figure 4, the expression of VE-cadherin is relatively constant between the
control and TGF-! samples grown in the less stiff environment. Although the cell spread area
appears different due to the TGF-! treatment, the localization of VE-cadherin at cell-cell
junctions remains comparably constant. However, when the control and TGF-! sample for the
stiffer environment are compared, there is a stark contrast in VE-cadherin expression. In the
control sample, VE-cadherin expression is high compared to the TGF-! treated sample where the
VE-cadherin expression is decreased as shown by the decreased fluorescence intensity.
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Additionally, VE-cadherin localization differs between control and TGF-! treated cells in the
stiffer environment as shown by the less obvious red outline around the TGF-! treated cells. This
supports the hypothesis that TGF-! treated cells in stiffer environments show decreased
expression of endothelial markers due to the stiffer environments ability to offer more support
and allow for greater motility which, in turn, results in fewer cell-to-cell junctions.

Staining for Mesenchymal Markers
Because of the decrease in VE-Cadherin expression seen for TGF-! treated cells grown
on the stiffer substrate, endothelial cells were then stained for the mesenchymal marker "-SMA as
an additional confirmation that cells were undergoing EndMT

TGF-!

8730 Pa

200 Pa

Control

Figure 5: Expression levels of "-SMA vary as a function of matrix rigidity.
"-SMA (red), nucleus (blue).
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Figure 6: Quantification of the expression levels of "-SMA varying as a function of matrix
rigidity.
Figure 5 illustrates the expression of "-SMA in control and TGF-! treated cells and Figure 6
exhibits the quantification of this "-SMA expression as a function of environmental stiffness. As
can be seen in Figure 5, "-SMA is only expressed in TGF- ! treated cells grown in the stiffer
environments. Figure 6 reveals that none of the control sample showed any level of expression of
"-SMA and that only the samples treated with TGF- ! and grown on stiff matrices showed
expression. This follows what was shown in the previous VE-cadherin staining experiment. The
VE-cadherin experiment showed the loss of endothelial markers in TGF- ! treated cells in stiffer
environment. This experiment shows that as endothelial markers are lost, mesenchymal markers,
like "-SMA, should are obtained. Unfortunately, the results shown in Figures 5 and 6 were not
reproducible in subsequent experiments.
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Additionally, two other mesenchymal markers, Vimentin and FSP1, were tested. A
preliminary stain was done on cells grown on glass slides and not on PA gels in order to gauge if
the stain would be successful.

!"#$%"&

'()*+

Figure 7: Expression levels of FSP-1 in control and TGF- ! treated cells grown on glass slides.
FSP-1 (red), nucleus (blue).

As shown above in Figure 7, FSP1 stained samples revealed little or no expression in
both the control and TGF-! treated samples. In order to observe any expression at all, the slides
had to be imaged at a high exposure time of 23 seconds which indicated that any observed
expression may be the result of background noise.
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Figure 8: Expression levels of vimentin in control and TGF- ! treated cells grown on glass slides.
vimentin (red), nucleus (blue)

Control and treated cells stained for vimentin both exhibited expression as is illustrated in
Figure 8. However, any difference between the expression levels for the control and TGF-!
samples were unable to be identified. Therefore, staining for FSP-1 and vimentin proved
inconclusive and further experiments on PA gels were not conducted at this point in time for
these mesenchymal markers.

Western Blotting
Because staining for mesenchymal markers was challenging, western blots were used to
observe and quantify the protein expression. First, an experiment was performed using control
and TGF-! cell protein extracted from a cell culture grown in a tissue culture dish and not on
gels.
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Figure 9: Western blot for EndMT markers for cells cultured on tissue culture plastic

As Figure 9 illustrates, the endothelial marker, VE-cadherin, expression for the control
and the TGF-! sample were similar. However, the mesenchymal marker, "-SMA, shows much
higher expression in the TGF-! sample compared to the control sample. Also, the HPRT protein
is found in both control and TGF-! treated cells and thus acts as a control to ensure that
consistent sample loading was achieved. Because of the uniform HPRT expression, it can be
assumed that the loadings for the control and TGF-! samples were equivalent and any changes in
expression seen between the control and TGF-! treated cells is reflective of the amount of protein
expressed in the sample and not a result of differing levels of total protein analyzed.

Chapter 4
Conclusion and Future Work
It was shown through staining that the expression and localization of the endothelial
marker VE-cadherin decreases in TGF-! treated cells grown on a stiff substrate. Further, it was
determined that the cell spread area also increased as a function of cell environment rigidity and
that all TGF-! treated samples exhibited a higher cell spread area compared to the control
samples. Initial stainings for mesenchymal markers showed that as rigidity of the environment
increases the expression of the mesenchymal marker "-SMA increases as well. Unfortunately,
these results were not able to be reproduced and staining for other mesenchymal markers,
vimentin and FSP-1, did not show any clear distinction between control and TGF-! treated
samples. A western blot of protein extracted from cells grown on a plastic tissue culture dish
revealed increased expression for "-SMA, a mesenchymal marker, in the TGF-! treated samples.
In the future, it is recommend that a western blot be performed using protein that was
extracted from cells grown on both soft and stiff PA gel environments for control and TGF-!
treated cells. The goal of this western blot will be to determine if this change in environment
rigidity can lead to an increase in "-SMA expression in the TGF-! treated samples as was shown
in the previous western blot with protein from plastic cell tissue dishes. Additionally, this western
blot will be used to compare the level of expression of the endothelial and mesenchymal markers
based on matrix rigidity and compare control and TGF-! treated samples.
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