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Abstract 

Fibrosis is a leading cause of mortality worldwide, accounting for 45% of deaths 

in the industrial world.  Fibrogenesis for multiple diseases and organs has been associated 

with the dysregulation of integrins and plays a role in different disease states.  Integrins 

are cell adhesion molecules that reside on the surface of cells as transmembrane proteins 

made of an alpha and beta subunit.  There are 24 known integrin molecules classified into 

different families depending on the subunits (i.e. αv family of integrins) or by the ligands 

they bind to (i.e. RGD binding family of integrins).  They play an important role in many 

different vital cell processes including migration, proliferation, differentiation, and 

apoptosis.  The integrins’ involvement in all of these processes can facilitate the 

communication between extracellular matrix, inflammatory cells, fibroblasts, and 

parenchymal cells through their ability to bind to extracellular matrix ligands, cell-surface 

ligands, and soluble ligands. Despite their critical role in fibrosis, integrin compensatory 

regulation is not fully understood.  The objectives of this study were to characterize how 

the αv integrins regulate each other in both a normal and pro-fibrotic environment in 

order or decipher any mutual regulation between the αv integrins and to assess if there is 

a good in vitro model to look at potential compensation mechanisms specifically in an 

inflammatory environment.  Antibody inhibitors and siRNA were used to manipulate the 

expression profiles of LX-2 cells that were incubated under normal culture conditions or 

after treatment with TGF-β, a known ligand for the αv integrins and a pro-fibrotic 

cytokine, to mimic a pro-fibrotic environment in vitro.  LX-2 cells are spontaneously 



 

immortalized human hepatic stellate cells and stellate cells are believed to play a role in 

fibrotic diseases of the liver.  Cells were analyzed by qPCR and flow cytometry to assess 

the changes in the integrin expression profile.  The integrin profile of LX-2 cells was not 

changed by antibody treatment targeting αvβ3 or αvβ5.  Upon knockdown of β3 or β5 

expression using small interfering RNA (si-RNA) treatment, a marked decrease in the 

cell surface expression of the αv subunit was observed without a change in the mRNA 

levels of the αv subunit.  Knockdown of β3 expression using si-RNA treatment did not 

affect the cell surface expression of αvβ5 and knockdown of β5 expression using si-RNA 

treatment did not affect the cell surface expression of αvβ3. Our data suggests the αv 

subunit pairs mostly with β3 and β5 and that under these normal conditions the αv 

subunit is not re-pairing with other subunits when knocked down. 
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Chapter I. 

Introduction 

Fibrosis is a leading cause of mortality worldwide, accounting for 45% of deaths 

in the industrial world (Friedman, Sheppard, Duffield, & Violette, 2013; Kim, Sheppard, 

& Chapman, 2017).  Fibrosis can affect multiple organs including the liver, heart, skin 

and kidney (Kim et al., 2017).  It is marked by tissue scarring caused by a buildup of 

collagen and loss of tissue architecture leading to organ dysfunction (Henderson et al., 

2013a; Kim et al., 2017).  The treatment landscape for fibrosis is severely lacking, with 

no current intervention to reverse or stop the progression of fibrosis with transplantation 

being one of the only viable options for treatment.  Due to the high cost, low availability, 

and high incidence of morbidity associated with transplantation, it is not always an option 

for patients until advanced disease progression and creates a huge unmet medical need 

(Henderson et al., 2013b).   

Broadly, fibrosis is the formation of scar tissue in response to an injury or insult.  

It can be a normal physiological response, such as in wound healing.  However, fibrosis 

can also lead to debilitating disease if it becomes pathological.  Fibrosis is marked by a 

buildup of fibrotic tissue and collagen within affected organs (Birbrair et al., 2014; 

Conroy, Kitto, & Henderson, 2016), but has a complicated pathology that can vary 

depending on the disease and organ in question.  All tissue fibrosis shares a few common 

factors.  A constant and consistent injury is required to start and maintain progressive 

fibrosis.  The initial injury appears to be caused by damage to the epithelium.  The insult 

can also be injury-triggered epithelial-to-mesenchymal transition, which is a change in 
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gene expression and the initiation of innate and adaptive immune responses causing the 

recruitment of neutrophils, monocytes and lymphocytes driving the formation of fibrosis.  

The damaged epithelium then leads to multiple possible responses:  a buildup of dead 

cells, dysregulation of metabolic pathways resulting in cellular stress, particularly 

endoplasmic reticulum stress, and changes in ATP production.  The last common factor is 

the interaction between integrins and TGF-β (Friedman et al., 2013).   

Fibrosis, though a necessary process in normal wound healing, when left 

unchecked, creates scar tissue on the organ that can impair function and possibly lead to 

death.  Normal fibrosis begins with the proliferation of tissue specific cells including 

stellate fibroblasts in the liver.  These cells are involved in forming the structure of 

different tissues in the body and are known to make the extracellular matrix (ECM) and 

excrete collagen.  During fibrogenesis, fibroblasts are differentiated into myofibroblasts, 

which are not a part of the normal function of the tissue but are activated in response to 

injury.  The differentiation of fibroblasts to myofibroblasts, which excrete ECM 

molecules including collagen, is thought to be promoted by TGF- β (Baum & Duffy, 

2011; Henderson et al., 2013b; Margadant & Sonnenberg, 2010).  The role of fibroblasts 

in wound healing is a normal and necessary function in all tissues, but when the injury is 

severe or persistent it can lead to fibrosis (Wynn & Ramalingam, 2012). 

Liver Fibrosis 

Fibrosis is a highly conserved response to injury to the liver and is therefore 

observed in many if not all types of chronic hepatocellular disease: hepatitis, 

nonalcoholic fatty liver disease, alcoholic liver disease, and autoimmune liver disease 
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(Seki & Schwabe, 2015).  Fibrotic disease in the liver is marked by the buildup of 

extracellular matrix (ECM) proteins which cause scaring on the liver due to changes in 

the hepatic architecture (Bataller & Brenner, 2005).  This scarring can lead to 

fundamental changes in hepatic function and if left unchecked leads to cirrhosis resulting 

in portal hypertension and increased risk of hepatocellular carcinoma (Bataller & 

Brenner, 2005; Tsuchida & Friedman, 2017).  Of note, nonalcoholic fatty liver disease 

(NAFLD) is one of the most common causes of chronic liver disease.  Nonalcoholic 

steatohepatitis (NASH) is a severe form of the disease marked by risk of progression to 

advanced fibrosis (Dulai et al., 2017; Singh et al., 2015).  

Hepatic stellate cells (HSCs) are key players in the development of liver fibrosis.  

HSCs were discovered by von Kupffer in 1876 and originally known as Kupffer cells.  In 

a healthy liver HSCs are non-proliferative and quiescent.  However, upon injury or 

stimulus in vitro they differentiate into myofibroblasts.  Myofibroblasts are pro-

inflammatory cells that can proliferate and contribute to the enhanced ECM production 

seen in liver fibrosis (Tsuchida & Friedman, 2017).  TGF- β is a key cytokine involved in 

the signaling pathway for fibrosis.  In HSCs, TGF- β triggers the production of collagen 

type I and III through the phosphorylation of the SMAD pathway (Bataller & Brenner, 

2005; Seki & Schwabe, 2015; Tsuchida & Friedman, 2017).  Collagens I and III are 

important components in the makeup of the ECM and increased levels are seen as liver 

fibrosis progresses (Bataller & Brenner, 2005). 

LX-2 Cells 
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Hepatic stellate cells (HSCs) are precursors to myofibroblasts in the liver and are 

known to play an important role in fibrogenesis.  With 82-96% of myofibroblasts 

developing from HSCs and the majority of the increased extracellular matrix proteins (i.e. 

collagen I and III) being produced by the differentiated myofibroblasts having an 

immortalized HSC cell line would become important to aid in in vitro work on hepatic 

fibrosis (Higashi, Friedman, & Hoshida, 2017; Wu & Zern, 2000).  Having an 

immortalized cell line would help to minimize the issues from using human primary cells 

including availability, variability between cultures and differences between species when 

using rodent primary HSCs.  In 2005 two cells lines were developed: LX1 cells using 

SV40 T antigen immortalization and LX-2 through spontaneous immortalization by 

growing the cells in low serum conditions.  Both cell lines retained many of the 

characteristics of primary HSCs including responding to TGF- β.  There are important 

differences between the lines that make LX-2 more useful for studying integrin 

regulation.  LX-2 cells are easily transfectable which makes them amenable to siRNA 

knockdown.  The cells are also quiescent and able to grow in low serum media making 

them a better model of a normal HSCs (Xu et al., 2005). 

Transforming Growth Factor-Beta 

TGF-β is a critical profibrotic cytokine that is globally released throughout the 

body in response to specific stimuli and circumstances.  TGF-β plays an important role in 

wound healing and other cellular processes, but in multiple diseases, TGF-β can 

contribute to fibrosis.  Humans express three different isoforms: TGF-β 1, TGF-β 2 and 

TGF-β 3 (Henderson et al., 2013a; Henderson & Sheppard, 2013). TGF-β 1 and TGF-β 3 
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are both able to be activated by integrins, which are a family of adhesion molecules that 

are expressed in every nucleated cell in the body.  Integrins play a vital role in many 

different cells functions and will be discussed in more depth below. Typically, all 

isoforms of TGF-β exist in the body in their inactive form, bound to the latency 

associated peptide (LAP) and stored on the ECM by TGF-β binding proteins which bind 

the LAP portion of the LAP- TGF-β complex until activated and released.  Activation can 

be caused by multiple pathways, including the alpha V integrins (Kim et al., 2017, 

Margadant & Sonnenberg, 2010).  The alpha V integrins are able to bind to the arginine-

glycine-aspartic acid (RGD) binding motif in the LAP portion of the LAP- TGF-β 

complex and releases the activated TGF-β (Henderson et al., 2013a; Henderson & 

Sheppard, 2013).  Of the three TGF-β isoforms, TGF-β 1 is the main isoform involved in 

the progression of fibrogenesis (Henderson et al., 2013a; Henderson & Sheppard, 2013).  

TGF-β 1 has been shown to be involved in fibrosis in multiple different organs, including 

the liver, heart, kidney, and skin.  For this study we used TGF-β 1.  It has also been 

shown to play an important role in development and homeostasis (Kim et al., 2017).    

Integrin Basics:  Signaling and Structure 

Integrins are cell-adhesion molecules that act as receptors for extracellular ligands 

at the plasma membrane and can act in a bi-directional manner leading to “inside-out” 

signaling (Hynes, 2002).  Integrin signaling plays a role in a variety of cell processes 

including apoptosis and survival, motility, migration, cell adhesion, proliferation, 

differentiation, and others (Shattil et al., 2010; Takada et al., 2007., Hynes, 2002).  

Signaling via integrins is also involved in multiple disease states including fibrosis, 

cancer, autoimmune diseases, and others (Kim et al., 2017; Nejjari et al., 2002). 



 

 6 

Structurally, integrins are non-covalently bonded heterodimer transmembrane 

proteins made up of the paring of one of 18 alpha subunits with one of 8 beta subunits 

forming a total of 24 known integrins (Barczyk, Carracedo, & Gullberg, 2010; Springer 

TA, Thompson WS, Miller LJ, Schmalstieg FC, 1984; Takada et al., 2007).  The alpha-

beta heterodimer pairing of the 24 known integrins is shown in figure 1 (Alex 

Lugovskoy, personal communication). Both the alpha and beta subunits consist of an 

ectodomain, a transmembrane domain, and a short cytoplasmic tail (Shattil et al., 2010).  

They also can exist in multiple confirmations (closed, intermediate, and open) that can 

affect the activation state and binding affinity of the integrin (Shattil et al., 2010). 
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Figure 1: The alpha-beta heterodimer pairing for the 24 known integrins 
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Integrins reside at the cell surface as transmembrane, non-covalent heterodimers 

consisting of an alpha and beta subunit (Barczyk et al., 2010; Springer TA, Thompson 

WS, Miller LJ, Schmalstieg FC, 1984; Takada et al., 2007).  During biosynthesis the 

alpha subunit and beta subunit are derived from separate precursors with separate genes.  

The alpha subunit will associate with the beta subunit as they mature.  Through multiple 

glycosylation steps starting in the endoplasmic reticulum proceeding through the Golgi 

apparatus the αβ heterodimer will be delivered to the surface.  It is important to note that 

even though integrin subunits are known to pair together they are not guaranteed to pair 

even if present in the same cell line (L Sastre, T K Kishimoto, C Gee, 2019; Sanchez-

madrid, Nagy, Robbins, Simon, & Springer, 1983; Springer TA, Thompson WS, Miller 

LJ, Schmalstieg FC, 1984).  

Integrins are a part of a large super family of proteins that are divided into smaller 

groups based on the subunit (alpha v, beta1, alpha 4 etc.) or the ligand that the integrin 

binds (e.g. laminin-binding, collagen-binding, and RGD binding integrins).  The majority 

of integrins are able to bind multiple endogenous ligands, and the RGD binding sequence 

plays an important role in the promiscuity of integrins because it is found in multiple 

ligands.  Although other binding motifs exist, the RGD binding motif is favored by the 

alpha V integrins.  Given that the alpha V integrins have been implicated as a prominent 

pathway in fibrogenesis through the activation of TGF-β, this pathway presents a 

promising path forward for treatment of fibrosis (Henderson et al., 2013b; Jonathan D. 

Humphries, Adam Byron, 2012).   

The subset of integrins with an alpha V subunit include five members based on 

their beta heterodimer: beta1, beta3, beta5, beta 6 and beta8.  The alpha V integrins play 
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an important role in regulating TGF-β via their interaction with LAP.  It has been shown 

that inhibition of alpha V beta 6 and alpha V beta 8 integrins (αvβ6 and αvβ8) has the 

same impact on development as deletion of TGF-β, leading many to speculate that 

inhibition of alpha V integrins may have a similar impact on TGF-β activation in disease 

states.  TGF-β has been challenging to study due to its roles in multiple signaling 

processes and development.  Modulation of TGF-β signaling through integrins is 

particularly promising due to the possible gained specificity for disease states. 

(Henderson et al., 2013b). 

Others have shown that αvβ6 promotes tissue fibrosis in the lungs and the kidney 

through TGF-β activation.  However, αvβ6 was not shown to have any effect on liver 

fibrosis.  This is most likely due to αvβ6 being restricted in expression to epithelial cells.  

In a study done by Henderson et.al. using Pdgfrb-Cre deletion or pharmacological 

blockade of the alpha V integrins, they were able to identify the entire alpha V family as 

a potential target to treat fibrosis.  The Pdgfrb-Cre deletion model was protective against 

pulmonary, renal, and liver fibrosis; however, these protections were not the same when 

only one integrin was deleted or inhibited at a time.  Their study indicated that the alpha 

V family of integrins plays an important role in development and could be a possible 

treatment target of fibrosis in multiple organs (Conroy et al., 2016; Henderson et al., 

2013b).   

Different integrins are implicated in distinct pathologies of tissues fibrosis.  αvβ1 

has been shown to play a key role in pulmonary fibrosis and liver fibrosis (Reed et al., 

2015).  αvβ3 and αvβ5 have been shown to be upregulated in skin and cardiac fibrosis 

(Conroy et al., 2016; Sarrazy et al., 2014), αvβ6 has been shown to be upregulated in 
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liver, kidney and lung fibrosis (Conroy et al., 2016) and αvβ8 has been shown to play a 

role in lung fibrosis.   

Av integrin expression 

Integrins are widely expressed throughout the body.  However, this expression is 

cell type and cell environment specific (Barczyk et al., 2010).  Disease state can have a 

profound effect on the expression of integrins in various cell types.  Hepatic stellate cells, 

liver specific progenitors of myofibroblasts cells, are known to be involved in the disease 

progression of fibrosis and express four alpha V integrins (αvβ1, αvβ3, αvβ5 and αvβ8).  

It has also been shown that the expression of the alpha v integrins is upregulated when 

the cells are activated in vitro (Henderson et al., 2013b). 

Lung myofibroblasts express a αvβ1, αvβ3, and αvβ5 which, in conjunction with 

contractile force, activate TGF-β leading to lung fibrosis (Wipff, Rifkin, Meister, & Hinz, 

2007).  It has also been shown that αvβ3 and αvβ5 are expressed on pulmonary T 

lymphocytes, which are known to cause fibrosis in the lung in diseases such as 

scleroderma (Luzina et al., 2009).  αvβ6, whose expression is restricted to epithelial cells, 

has been implicated in both lung and kidney fibrosis, with evidence of being upregulated 

on epithelial cells in both organs (Breuss, Gillett, Lu, Sheppard, & Pytela, 1993; 

Henderson & Sheppard, 2013).      

In this study, we examine the expression profiles of alpha V integrins in relation 

to each other with no stimuli and in a profibrotic environment.  Knowing how the alpha 

V integrins expression profiles change in response to each other will further elucidate 
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how these integrins may affect disease states, leading to a more targeted drug 

development approach and helping to guide combination drug therapy.       

Integrin Regulation 

Integrins can exist in three different forms: closed, intermediate, and open.  They 

become activated by high affinity ligands that are extracellular, soluble, or cytoplasmic 

(Adair et al., 2005, Hynes, 2002) and then go through a conformational change via an 

outside-in signal.  This outside-in signal then triggers an inside-out signal promoting the 

various functions of integrins or creating a disease state (Ginsberg, Partridge, & Shattil, 

2005; Shattil et al., 2010).  It is thought that the open confirmation of the integrin is the 

active or high affinity confirmation (Luo, Carman, & Springer, 2007); however, there is 

evidence all three conformations are active or that it depends on the integrin in question.  

Specifically, evidence suggests αvβ3 can bind to one of its ligands in a bent formation 

(Adair et al., 2005).  

Within the integrin heterodimer, it is the beta subunit that is required for 

activation, with the alpha subunit playing more of a role in regulation (Ginsberg et al., 

2005).  When the alpha subunit has an I, or inserted domain, it contains a “metal-ion-

dependent adhesive site” (MIDAS) that binds Mg2+.   Occupancy of the MIDAS by Mg2+ 

results in a conformational change of the integrin allowing for the integrin to then bind 

with ligands and be activated (Lee, Rieu, Arnaout, & Liddington, 1995; Liddington & 

Ginsberg, 2002; Luo et al., 2007; Zent & Scichai, 2010).  The alpha I domain is only 

present in half of the alpha subunits available (aM, aX, aL, aE, a1, a2, a10 and a11) and 

for integrins classified as non-I-domain alpha subunit integrins (aV, a8, a5, and aIIb), 

there is a MIDAS binding site on the beta subunit that allows for activation.  This 
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MIDAS  is found in the space between the alpha and beta subunits (Luo et al., 2007; 

Takada et al., 2007; Zent & Scichai, 2010).   

An interesting aspect of integrin regulation is the feedback between integrins and 

their ligands, of particular interest is the regulation of TGF-β by alpha V integrins and 

alpha V integrin regulation by TGF-β.  TGF-β can affect integrin function in both, an 

indirect and direct manner.  TGF-β is known to regulate the expression of integrin ligands 

and integrin associated molecules having an effect on integrin activation (Margadant & 

Sonnenberg, 2010).  TGF-β has also been shown to both directly induce and 

downregulate integrin genes.  Stimulation with TGF-β has been shown to increase the 

αvβ3 expression in lung fibroblasts at both the mRNA levels and surface expression level 

(Margadant & Sonnenberg, 2010; Pechkovsky et al., 2008). We aim to shed light on how 

the alpha V integrin expression changes when exposed to this environment through the 

use of TGF-β as a pro-fibrotic environment mimic.  We also examine how the blockade 

of one integrin may affect the expression profile of other integrins in this environment.  

Taken together, this will allow for a better understanding of the effects of integrin 

inhibition and could be useful in target selection during drug development and 

consideration for combination therapy.   

It is possible these processes mentioned above form a loop in which integrins can 

also regulate TGF-β.  TGF-β is in complex with LAP which keeps TGF-β inactive.  All 5 

of the alpha V integrins are capable of binding to the RGD-binding motif in the LAP 

portion of the complex releasing active TGF-β (Conroy et al., 2016).  The deletion of the 

alpha V subunit results in similar results as if TGF-β were deleted from certain cells (e.g. 

conditional deletion of alpha V from immune system cells leading to autoimmunity, 
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inflammation, and cancer) (Lacy-Hulbert et al., 2007).  It has also been shown that some 

alpha V integrins have a tangible effect on TGF-β in a disease state, such as αvβ5 in 

pulmonary fibrosis or αvβ3 in scleroderma (Margadant & Sonnenberg, 2010).  In the 

same way that TGF-β can directly and indirectly activate integrins, integrins can 

indirectly regulate TGF-β signaling.  For example, when αvβ3 is depleted on dermal 

fibroblasts, there is an increase in TGF-β1 and β2 receptors leading to an increase in 

TGF-β signaling (Margadant & Sonnenberg, 2010; Reynolds et al., 2005). 

Integrins also appear to be regulated through interactions with other integrins.  

One way in which integrins do this is by clustering; this is where the integrin 

heterodimers interact with each other and form hetero-oligomers (Shattil et al., 2010).  It 

is thought that integrins form micro-clusters after outside-in signaling is induced by 

binding with the ligand and first going through a conformational change to activate the 

integrin (Ginsberg et al., 2005).  The integrins will cluster together in groups of three to 

four, usually the same type of integrin in a cluster (Wiseman, 2004) along with actins 

(Coyer et al., 2012).  These clusters are used by integrins to form focal adhesions that are 

used to form strong anchorage and traction for cells (Coyer et al., 2012).   

Lastly and of most relevance to this study, different integrins of the same family 

may regulate and potentially compensate for each other.  This form of regulation has not 

been studied in as much depth as others; however, there is a limited amount of evidence 

to support it occurs.  In a study looking at the ability of αvβ3 and αvβ5 to activate TGF-

β1 in cardiac fibroblasts, αvβ3 and αvβ5 were able to activate TGF-β1 and promote 

cardiac myofibroblast differentiation. They also found that αvβ3 and αvβ5 were 

upregulated in a TGF-β stimulated environment and down regulated when the TGF-β 
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signaling was blocked.  When examining which integrin or combination of integrins 

would activate TGF-β, they found that αvβ3 and αvβ5 were able to compensate for each 

other in both expression and function.  When αvβ3 was over expressed, the expression of 

αvβ5 was decreased, and vice versa.  The effect was stronger when one beta subunit was 

deleted completely from the system.  With compensatory upregulation, each individual 

integrin was able to maintain the activation level observed when both αvβ3 and αvβ5 are 

present.  When αvβ5 was knocked down, there was minimal effect on the activation and 

differentiation of cardiac myofibroblasts.  However, if both αvβ3 and αvβ5 were knocked 

down, there was a pronounced effect on activation and differentiation of cardiac 

myofibroblasts with close to a 50% reduction (Sarrazy et al., 2014).   

In a different study looking at the inflammation induced migration of CD4+ cells 

in the intestine, αvβ1 and αvβ3 were identified as being vital and the motility of these 

cells was found to be dependent on both αvβ1 and αvβ3 together, but it was possible for 

them to promote motility independently as well.  When αvβ1 was inhibited it was 

observed that αvβ3 was able to compensate for αvβ1’s function.  They also found that 

when all alpha V integrins were knocked down the motility could be compensated for by 

other RDG binding integrins (Overstreet et al., 2013).   

 In this study, we aim to characterize how the av integrins compensate for 

each other in both non-fibrotic and profibrotic environments.  We hope to do this by 

using a chosen immortal cell line that could be a good model for in vitro liver fibrosis.  

First, we use siRNA to knockdown a beta subunit and integrin specific antibody 

inhibitors to block an integrin at the surface.  We will then examine if the expression 

profile of the unmodified integrins changes in response to the blocked or knocked down 
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integrins.  We will then determine if the expression profile of integrins is changed in the 

presence of TGF-β, used to mimic a pro-fibrotic environment.  We hypothesize that in the 

knockdown condition there will be compensation for expression because of newly 

available av subunit.  Thus, the antibody inhibition should have little to no effect on the 

expression of other integrins because the integrins will still be paired.   
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Chapter II. 

Materials and Methods 

The following section both lists materials used, experimental methods and 

methods of data collection and analysis.  

Materials 

For cell culture the following media and supplements were used.  DMEM with 

Glutamax, Iscove’s Modified DMEM, and Modified IMEM were all purchased from 

Gibco (Dun Laoghaire, Co Dublin, A96 K7H7, Ireland).  DMEM, Penicillin 

Streptomycin solution and fetal bovine serum were all purchased from VWR (West 

Chester, PA).  McCoy’s 5a media and Nonessential Amino Acids were purchased from 

Corning Cellgro (Manassas, VA).  RPMI 1640 media was purchased from Hyclone 

(Logan, Utah).  X-Vivo 15 media was purchased from Lonza (Verviers, Belgium).  

Accutase was purchased from Biolegend (San Diego, CA). 

For the antibody inhibition and siRNA assays, the following reagents were 

purchased.  LEAF™ Purified anti-human CD51/61 Antibody (Clone 23C6) and Purified 

anti-human/rat CD51 (Integrin αvβ5) Antibody Clone P1F6 were purchased from 

Biolegend (San Diego, CA).  The MOPC-21 IgG control antibody was purchased from 

Bioxcell (West Lebanon, NH).  SilencerSelect for integrin subunit β3, β5, GapDH and 

negative control were purchased from Ambion (Foster City, CA).  Recombinant Human 

TGF-beta 1 Protein was purchased from R&D (Minneapolis, MN).  Optimem was 
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purchased from Gibco (Dun Laoghaire, Co Dublin, A96 K7H7, Ireland) and 

Lipofectamine RNAiMAX was purchased from Life Technologies (Carlsbad, CA).   

For the real time quantitative PCR, the following kits and reagents were 

purchased.  Taqman Gene Expression Assays and TaqMan Gene Expression Cells-to-CT 

Kit purchased from applied biosystems (Carlsbad, CA). PerfeCTa-FastMix II, Low ROX 

was purchased from Quantabio (Beverly, MA). 

Detection antibodies for αvβ3 were purchased from Miltenyi Biotec (Bergisch 

Gladbach, Germany), αvβ5 were purchased from R&D (Minneapolis, MN), αvβ6 and 

αvβ8 were made in house. Detection antibodies for αv were purchased from Biolegend 

(San Diego, CA) and β1 was purchased from Invitrogen (Carlsbad, CA).  DPBS 

purchased from Corning Cellgro (Manassas, VA) and Heat inactivated FBS purchased 

from Gibco (Dun Laoghaire, Co Dublin, A96 K7H7, Ireland).  Lastly, Quantum Simply 

Cellular were purchased from Bang’s Laboratories, Inc. (Fishers, Indiana). 

Cell Culture  

All cells lines were purchased through the American Type Culture Collection 

(ATCC) unless noted otherwise.  Cell lines were maintained under sterile conditions at 

37°C with 5% CO2 using media recommended by the ATCC.  The cell lines used were as 

follows: small air way epithelial cells (SAEC), which were immortalized at Morphic 

Therapeutic by Dr. Richard Chen, and A549 both grown in Dulbecco Modified Eagle 

Medium supplemented with 10% fetal bovine serum and 100 U/ml penicillin and 100 

µg/ml streptomycin.  WI-38 cells grown in Dulbecco Modified Eagle Medium 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml 

streptomycin and 4mM L-glutamine. SW480 cell line was grown in Dulbecco Modified 
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Eagle Medium supplemented with 10% fetal bovine serum, 100 U/ml Penicillin and 100 

µg/ml Streptomycin and 1% non-essential amino acids.  LX-2 cells were grown in 

Dulbecco Modified Eagle Medium containing glutamax and supplemented with 10% 

fetal bovine serum for 24 hours post thaw then switched to Dulbecco Modified Eagle 

Medium containing glutamax and supplemented with 2% fetal bovine serum, 100 U/ml 

penicillin, and 100 µg/ml streptomycin for the rest of the culture duration.  U-251 MG 

cells grown in Dulbecco Modified Eagle Medium with zinc and supplemented with 100 

U/ml penicillin and 100 µg/ml streptomycin.  HT-29 cells grown in McCoy’s 5a Medium 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml 

streptomycin.  Lastly, HL-60 which was grown in Iscove's Modified Dulbecco's Medium 

supplemented with 20% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml 

streptomycin.   

Real Time Quantitative PCR 

The SV 96 Total RNA Isolation System from Promega was used for the integrin 

expression profiling using the protocol provided by the manufacturer.  Briefly, media was 

aspirated from cells.  Cells were then washed with PBS and detached using accutase and 

quenched with Dulbecco Modified Eagle Medium containing glutamax supplemented 

with 2% fetal bovine serum.  1,000,000 cells of each cell line were then collected and 

pelleted in a 96 well plate.  Lysis buffer with β-mercaptoethanol was added to lyse the 

cells.  The cell lysate was then added to the binding plate on top of the vacuum manifold.  

The lysis buffer was pulled through and the vacuum was released.  Wash buffer with 

ethanol was added and pulled through the vacuum.  The DNase incubation mix (yellow 

core buffer with MnCl2 and DNase I) was prepared directly before use and incubated 



 

 19 

with the sample for 10 minutes at room temperature.  The reaction was stopped with stop 

solution and pulled through with the vacuum.  The samples were then washed again with 

wash buffer and the buffer was pulled through with the vacuum manifold.  The samples 

were dried for 10 minutes under vacuum.  The Purified RNA was then eluted with 

nuclease free water into a PCR plate using a centrifuge.  cDNA was prepared using 

qScript cDNA SuperMix from Quantabio.  qPCR was run using PerfeCTa-FastMix II, 

Low ROX, Taqman assay mix and PCR Grade water.  It was run on the QuantStudio 5. 

The Taqman Gene Expression Cells-to-Ct Kit from ambion was used to collect 

cDNA for the anti-body inhibition assay and the siRNA assays.  Briefly, media was 

aspirated from cells in 24 well cell culture treated plates.  Cells were then washed with 

ice cold PBS, detached using accutase, and quenched with Dulbecco Modified Eagle 

Medium containing glutamax supplemented with 2% fetal bovine serum.  The detached 

cells were transferred to a deep well 96 well plate and pelleted.  The pellet was then 

washed with ice cold PBS and re-suspended in 5µl of fresh PBS. After transferring to a 

PCR plate, lysis buffer with DNase I was added to the cells and incubated at room 

temperature for 5 minutes.  Then stop solution was added and incubated at room 

temperature for 2 minutes.  cDNA was prepared by mixing 20 µl of cell lysate with 50 µl 

of 2X RT Buffer, 5 µl of 20X RT Enzyme Mix and 25 µl of nuclease free water per well.  

This mixture was then incubated on a thermal cycler at 37°C for 60 minutes followed by 

95°C for 5 minutes.  qPCR was run using PerfeCTa-FastMix II, Low ROX, Taqman 

assay mix and PCR Grade water using QuantStudio 5 with the following settings UDG 

incubation (hold) for 2 minutes at 50°C for one repetition, enzyme activation (hold) at 
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95°C for 10 minutes for one repetition and PCR (cycle) for 40 repetitions at 95°C for 15 

secs from cycle.  Then at 60°C for 1 minute.  

Flow Cytometry 

Media was aspirated from cells in 12 well cell culture treated plates.  Cells were 

then washed with PBS, detached using accutase, and quenched with Dulbecco Modified 

Eagle Medium containing glutamax and supplemented with 2% fetal bovine serum.  Cells 

were then transferred to a deep well 96 well plate, centrifuged at 300 g for 5 minutes, and 

washed with PBS.  Cells were then re-suspended in 50 µl of DPBS supplemented with 

2% heat inactivated fetal bovine serum and kept on ice.  Cells were then stained on ice 

for 30 mins with a fixable viability dye (eFluor 780) and an antibody dye specific for 

each integrin or an isotype control (Table 1) in DPBS supplemented with 2% heat 

inactivated fetal bovine serum.    
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Table 1. Antibodies used for flow analysis 

 

 

 

Integrin or integrin 
Subunit Anti-Integrin or Subunit Antibody Clone Isotype Antibody 

Used Isotype Clone Anti-integrin and 
isotype antibody vendor 

αv anti CD51 NKI-M9 Mouse IgG1, κ MOPC-173 Biolegend 
β1 anti CD29 MEM-101A Mouse IgG1  P3.6.2.8.1 Invitrogen 
αvβ3 anti CD51/CD61 23C6 Mouse IgG1 IS5-21F5 Miltenyi Biotec 
αvβ5 anti-αvβ5 P5H9 Mouse IgG1  11711 R&D 
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Cells were then washed with 1mL of DPBS supplemented with 2% heat 

inactivated fetal bovine serum.  Then they were re-suspended in fixation buffer and 

incubated at room temperature for 20 minutes.  Next, the cells were washed in DPBS 

supplemented with 2% heat inactivated fetal bovine serum and re-suspended in 200 µl of 

DPBS supplemented with 2% heat inactivated fetal bovine serum. 

Integrin Expression Profiles 

To assess the integrin expression profiles of the various cell lines, 300,000 cells 

were collected and analyzed according to the flow cytometry protocol listed above.  

1,000,000 cells were collected and analyzed according to the SV Total RNA Isolation Kit 

protocol described above. 

siRNA Preparation and Delivery 

siRNA was prepared according to the protocol for Silencer Select Pre-Designed, 

Validated, and Custom Designed siRNA.  Briefly, siRNA was dissolved in nuclease free 

water at a concentration of 10 µM.  It was then diluted using Opti-MEM medium for a 

final assay concentration of 5 pmol per well.  Lipofectamine RNAiMAX Reagent was 

prepared according to protocol for Lipofectamine RNAiMAX Reagent.  Briefly, 

Lipofectamine RNAiMAX was diluted with Opti-MEM medium for a final assay 

concentration of 5 pmol per well.  The diluted siRNA and the diluted lipofectamine 

RNAiMAX were added together at a 1:1 ratio to create the siRNA-lipid complex and 

incubated at room temperature for 5 minutes.  The complex was then added to cells and 

allowed to incubate for 72 hours before flow cytometry or qPCR analysis.     
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siRNA assays 

The siRNA knockdowns were performed using the LX-2 cells grown in Dulbecco 

Modified Eagle Medium containing glutamax and supplemented with 2% fetal bovine 

serum without penicillin or µg/ml streptomycin.  Cells were seeded at 45,000 cells per 

well in 12 well cell culture treated plates and allowed to grow until 50-70% confluent for 

flow cytometry analysis.  Cells were seeded at 25,000 cells per well in 24 well cell 

culture treated plates and allowed to grow to 50-70% confluence for qPCR analysis.  

Once at the appropriate cell density the cells were treated with 5 pmol per well of siRNA 

for either β3, β5, scramble control, or GapDH.  Cells in the 12 well plates were treated 

for 72 hours then harvested according to the flow cytometry protocol above.  Flow 

cytometry analysis was performed using the Miltenyi MACSQuant 10 instrument.  Cells 

in the 24 well plates were harvested according to the Cells-to-CT qPCR protocol above 

and run on the QuantStudio 5 instrument. 

Antibody Inhibition assays  

The antibody inhibition assays were performed using the LX-2 cells grown in 

Dulbecco Modified Eagle Medium containing glutamax and supplemented with 2% fetal 

bovine serum without penicillin or streptomycin. Cells were seeded at 45,000 cells per 

well in 12 well cell culture treated plates and allowed to grow until 50-70% confluent for 

flow cytometry analysis.  Cells were seeded at 25,000 cells per well in 24 well cell 

cultured treated plates and allowed to grow to 50-70% confluence for qPCR analysis.  

Once at the appropriate cell density, the cells were treated with 5 ug/ml of antibody 

inhibitors for either αvβ3 (LEAF™ Purified anti-human CD51/61 Antibody - Clone 

23C6), αvβ5 (Purified anti-human/rat CD51 (Integrin αvβ5) Antibody - Clone P1F6), or 
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an isotype control (MOPC-IgG antibody – Clone MOPC-21).  All antibody inhibitors 

were prepared in Dulbecco Modified Eagle Medium containing glutamax and 

supplemented with 2% fetal bovine serum without penicillin or streptomycin.  Cells in 

the 12 well plates were treated for 72 hours then harvested according to the flow 

cytometry protocol above.  Flow cytometry analysis was performed using the Miltenyi 

MACSQuant 10 instrument.  Cells in the 24 well plates were harvested according to the 

Cells-to-CT qPCR protocol above and run on the QuantStudio 5 instrument. TGF-Β 

treatment with siRNA and Antibody Inhibition 

For the treatment with TGF-Β the assays were run as stated above but were also 

treated with 2.5 ng/mL of Transforming Growth Factor Beta (TGF-B) (Recombinant 

Human TGF-beta 1 Protein Hek expressed from R&D).  

Fluorescence Quantitation beads 

To count the surface level receptors, Quantum™ Simply Cellular® anti-Mouse 

IgG beads were used according to the protocol provided by Bangs Laboratories, Inc.  

Briefly, the kit includes four sets of beads with increasing amount of receptor and one 

that is blank.  The beads are labeled with the integrin dyes in excess in DPBS 

supplemented with 2% heat inactivated fetal bovine serum.  The beads are incubated with 

the dye for 30 mins at room temperature and protected from light.  They are then washed 

three times with 1 ml of DPBS supplemented with 2% heat inactivated fetal bovine serum 

and spun at 2500 g for 5 mins.  They are then resuspended in 200 µl of DPBS 

supplemented with 2% heat inactivated fetal bovine serum and run on the MACSQuant 

10 instrument. The Antibody Binding Capcity (ABC) for each antibody or siRNA study 

was calculated from linear regression of the MFI values on the bead standards.  
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Fluorescence Quantitation beads work by measuring the antibody binding capacity for 

the different capture antibodies used in the study, as opposed to distinct antibodies. 

Data Collection, Analysis and Statistics 

Data was collected from MACSQuant 10 and Quantstudio 5 instruments.  Flow 

cytometry data was analyzed using FLOWJO V10 and the mean fluorescence intensity 

(MFI) used was the geometric mean.  All qPCR was normalized to beta actin.  Graphpad 

PRISM was used to graph and derive statistics such as the standard error of the mean 

(SEM). 
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Chapter III. 

Results 

Integrins are involved in multiple disease states including fibrosis.  Understanding 

the regulation and compensation will be important in disease understanding and 

potentially in the development of treatments.  In the following experiments we examined 

the expression profiles of the alpha v integrins in multiple cell lines.  We further 

examined the possibility of compensation of αvβ3 and αvβ5 in LX-2 cells using antibody 

inhibitors or siRNA alone as well as with TGF-β, a surrogate for disease state. 

Integrin Expression Profile 

Multiple cell lines were profiled for integrin expression at the mRNA and cell 

surface level to select for an appropriate model to examine changes in integrin 

expression.  To begin this study, we explored the integrin profiles of multiple different 

cell lines.  We began by examining the mRNA expression profiles of 12 cells lines: LX-

2, HT-29, U-251 MG, SW480, HepG2, HT-1080, HL-60, SAEC, A549, WI-38, TFK-1 

and Jurkat.  To do this we used the SV 96 Total RNA Isolation System from Promega.  

Cells were used straight from culture and we examined the mRNA expression for the αv, 

β1, β3, β5, β6 and β8 subunits.  Integrin subunits were not considered to be expressed if 

its CT value was 32 or higher.  This initial mRNA analysis was used to narrow down the 

list of cell lines from 12 to 8 (LX-2, HT-29, U-251 MG, SW480, HL-60, SAEC, A549, 

WI-38).  These cells went on to further surface level expression testing.   
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The 8-cell line panel consisted of cell lines that could be used as models for many 

different disease states.  We used mRNA and surface expression to evaluate the integrin 

expression profiles of the following cells lines (Table 2 and 3).   LX-2 cells are a human 

hepatic stellate cell line and is considered a good in vitro model for normal human liver 

cells (Xu et al., 2005).  When examining the mRNA expression for LX-2 cells, we found 

that there was mRNA level expression of αv, β1, β3 and β5 with a low chance for β6 and 

β8 (Table 2, Fig.2D).  We were unable to examine the surface level expression of αvβ1 

integrin by flow cytometry and had to examine the subunits separately because of a 

limitation in available reagents.  We were then able to confirm surface level expression of 

subunits αv, β1 and integrins αvβ3 and αvβ5 but LX-2 cells did not display surface 

expression of αvβ6 or αvβ8 (Table 3, Fig. 4).  HT-29 cells are an epithelial colon cell line 

and are a model for colorectal adenocarcinoma.  At the gene expression level these cells 

showed mRNA expression of αv, β1, β5, β6 and β8 (Table 2, Fig. 2A).  The surface 

expression of subunits αv, β1 and integrins αvβ5, αvβ6, and low expression of αvβ8 was 

confirmed at the surface by flow analysis (Table 3).  U-251 MG cells are a human brain 

pleomorphic/astrocytoid which are an in vitro model for human glioblastoma 

astrocytoma.  When looking at the mRNA expression, we saw there was expression of 

αv, β1, β3, β5 and β8 (Table 2, Fig. 2E).  We were able to confirm the surface expression 

of subunits αv, β1 and, integrins αvβ3, αvβ5 and αvβ8 (Table 3, Fig. 3).  SW480 are 

epithelial colon cells and can be used as an in vitro model for Dukes' type B colorectal 

adenocarcinoma.  When examining the mRNA expression, we found expression of αv, 

β1, β5, β6 and β8 (Table 2, Fig.2G).  Surface expression of subunits αv, β1 and integrin 

αvβ5 was confirmed (Table 3).  HL-60 is a promyeloblast peripheral blood cell lines and 



 

 28 

is an in vitro model of acute promyelocytic leukemia.  At the gene expression level these 

cells showed expression of αv and β1 (Table 2, Figure 2H); however, the surface level 

expression only confirmed the expression of β1 (Table 3) meaning this line does not 

express any of the αv integrins.  The next cell line we looked at was SAEC which are 

small airway epithelial cells and are a normal in vitro model for lung cells.  When 

looking at the gene expression profile of these cells we found that there was mRNA level 

expression of αv, β1, β3, β5 and β8 (Table2, Fig. 2C).  With flow cytometry we were able 

to confirm surface expression of subunits αv, β1, and integrins αvβ3 and αvβ5 (Table 3).  

A549 which are also lung epithelial cells but are an in vitro model for lung carcinoma.  

At the genetic level we saw potential expression of αv, β1 and β5 and a low chance of β3, 

β6 and β8 (Table 2, Fig. 2F).  At the surface level we were able to confirm the expression 

of subunits αv and β1 and integrins αvβ5 (Table 3).  The last cell line we examined was 

WI-38 which is a lung fibroblast and is a model for a normal lung cells in vitro.  When 

examining the mRNA expression of this cell line we saw potential expression of αv, β1, 

β3, β5 and β8 (Table 2, Fig.2B).  Via flow were able to confirm surface expression of 

subunits αv and β1 and integrins αvβ5 (Table 3). 
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Table 2. mRNA expression of integrin subunits 

 mRNA Expression of Integrin Subunits  
Cell Line αv β1 β3 β5 β6 β8 
HT-29 +++ +++ - +++ +++ +++ 
WI-38 +++ +++ +++ +++ - +++ 
SAEC +++ +++ +++ +++ - +++ 
LX-2 +++ +++ +++ +++ ++ ++ 
U-251 MG +++ +++ +++ +++ - +++ 
A549 +++ +++ ++ +++ ++ ++ 
SW480 +++ +++ - +++ +++ +++ 
HL-60 +++ +++ - - - - 
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Table 3. Surface  expression  of  integrin  subunits  or  integrins  by  flow  cytometry  analysis. 

 

 

 Surface Expression of Integrin Subunits or Integrin  
Cell Line αv β1 αvβ3 αvβ5 αvβ6 αvβ8 
HT-29 +++ +++ - +++ +++ +++ 
WI-38 +++ +++ - +++ - - 
SAEC +++ +++ +++ +++ - - 
LX-2 +++ +++ +++ +++ - - 
U-251 MG +++ +++ +++ +++ - +++ 
A549 +++ +++ - +++ - - 
SW480 +++ +++ - +++ - - 
HL-60 - +++ - - - - 
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Figure 2. Integrin mRNA expression profiles in selected cell lines.   

mRNA level expression of integrin subunits in selected immortalized cell lines represented by ΔCT value using beta actin as a 
housekeeping gene. ΔCT of HT-29 cells (A) ΔCT of WI-38 cells (B) ΔCT of SAEC cells (C) ΔCT of LX-2 cells (D) ΔCT of U-251 MG 
cells (E) ΔCT of A549 cells (F) ΔCT of SW480 cells (G) ΔCT of HL60 cells (H).
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Cell Line Selection  

Based on the expression profile data we narrowed down the choice of cell lines to 

U-251 MG and LX-2 for further testing, to determine the suitability of the cell line for 

use in disease state models with TGF-β.  TGF-β is a pro-inflammatory cytokine known to 

be a key factor in the development of fibrosis (Henderson et al., 2013a; Henderson & 

Sheppard, 2013).  We wanted to choose a cell line with a clear surface expression profile 

of multiple integrins that would respond to treatment with TGF-β to mimic a pro-fibrotic 

environment in vitro.  We used collagen mRNA expression throughout the study as a 

control to mark the cell line response to TGF-β treatment (Henderson et al., 2013a; Kim 

et al., 2017). 

U-251 MG showed strong surface expression of three integrins, αvβ3 (Table 3, 

Fig.3C), αvβ5 (Table 3, Fig.3D) and αvβ8 (Table 3, Fig.3F), and a strong profile with 

integrin subunits αv (Table 3, Fig. 3A.) and β1 (Table 3, Fig. 3B).  Upon further testing 

with the U-251 MG line we saw that it did not respond to TGF-β (Data not shown).  

There was no effect in any mRNA level expression including collagen (COLA1A) which 

is known to have a strong response to TGF-β and play a crucial role in the development 

of fibrosis (Data not shown).  However, when we switched to using the LX-2 cells, they 

responded well to TGF-β treatment with a 1.5-2-fold increase in COLA1A after 24 hours 

(Data not shown).  LX-2 cells have a clear but less pronounced integrin surface 

expression profile, meaning it has a lower MFI than the U-251 MG cells for the same 

integrins, of αvβ3 (Fig.4C) and αvβ5 (Fig. 4D) and strongly express the integrin subunits 

αv (Fig.4A) and β1 (Fig.4B).  The TGF-β treatment response was examined and 

optimized using 4 different media conditions and two different time points.  We used (1) 
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Dulbecco Modified Eagle Medium with glutamax supplemented with 2% FBS, (2) 

Dulbecco Modified Eagle Medium with glutamax supplemented with 0.2% BSA, (3) X-

Vivo 15 media, and (4) Dulbecco Modified Eagle Medium with glutamax without FBS.  

We then allowed the cells to grow in these conditions for 48 hours and treated with TGF-

β for 24 hours or allowed the cells to grow for 24 hours in the media and treated for 48 

hours with TGF-β.  We found that using the normal LX-2 cell media (Dulbecco Modified 

Eagle Medium with glutamax supplemented with 2% FBS) and treating the cells for at 

least 48 hours gave the best response to TGF-β.  We decided to move forward with these 

conditions (Data not shown). 
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Figure 3. U-251 MG Representative example for surface level expression of integrins.  
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Representative flow cytometry data for the surface expression of integrin subunits and integrin heterodimers on U-251 MG cells. αv 
subunit expressed at the surface (A) β1 subunit expressed at the surface  (B) αvβ3 integrin expressed at the surface  (C) αvβ5 integrin 
expressed at the surface (D) αvβ6 integrin not expressed at the surface (E) αvβ8 integrin expressed at the surface (F). 
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Figure 4. LX-2 Representative example for surface level expression of integrins.   



 

 37 

Representative flow cytometry data for the surface expression of integrin subunits and integrin heterodimers on LX-2 cells. αv subunit 
expressed at the surface (A) β1 subunit expressed at the surface  (B) αvβ3 integrin expressed at the surface  (C) αvβ5 integrin 
expressed at the surface (D) αvβ6 integrin not expressed at the surface (E) αvβ8 integrin not expressed at the surface (F)
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Antibody Inhibition Assays 

The purpose of examining the effects of antibody inhibition in addition to 

treatment with TGF-Β was to assess if the surface level of integrins change in response 

blocking one but not the other.  We used antibody inhibitors for αvβ3 and αvβ5 and 

monitored for changes in mRNA and surface level expression of integrins αvβ3, αvβ5, 

and integrin subunits αv and β1 in response to the blocking.  Given that the flow 

detection antibodies and blocking antibodies are the same clone the antibodies could be 

working in two ways: 1.) the blocking antibodies are downregulating the surface 

expression of the integrin or 2.) they could, simply, be occupying the same space on the 

integrin blocking it from being seen by the detection antibodies.  We also examined the 

expression of these integrins in response to inhibition with the antibodies and exposure to 

TGF-β to see if the response of the integrins changes in response to a pro-fibrotic 

environment.  Important to note in the following experiments is that fluorescence 

quantitation beads work by measuring the antibody binding capacity for the different 

capture antibodies used in the study, as opposed to distinct antibodies antibody binding 

capacity (ABCs) will be referred to as ABCs. 

We found the expression of αv increased at the mRNA and surface level when 

exposed to TGF-β but was unchanged in response to antibody inhibition of αvβ3 or αvβ5 

under either normal or the TGF-β condition.  β1 expression was also increased at the 

mRNA level in response to TGF-β, but this increase was not reflected at the surface level 

after 72 hours.  β1 expression did not change in response to antibody inhibition of αvβ3 

or αvβ5 at the mRNA or surface level.  We were able to see that the antibody inhibitor for 

αvβ3 worked at the surface.  Expression of β3 was downregulated when exposed to TGF-
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β at the mRNA level.  This change was not seen in αvβ3 at the surface at the 72-hour 

timepoint.  We were also able to see that the αvβ5 antibody inhibitor worked at the 

surface level.  At the mRNA level β5 was unaffected by either antibody inhibitor.  

However, when exposed to TGF-β there was an increase in β5, and this increase was 

reflected in the surface level expression at the 72-hour timepoint.   

The mRNA expression level of the αv subunit did not change in response to 

treatment with antibody inhibitors for αvβ3 or αvβ5 alone for 72 hours, however when 

TGF-β was added there was a three-fold increase in mRNA expression of the αv subunit.  

When treated with only the antibody inhibitor for αvβ3 the fold-change for the αv subunit 

was 1.20±0.146, indicating no change in expression when treated with the αvβ3 inhibitor.  

When treated with the antibody inhibitor for αvβ3 and TGF-β the fold-change for the αv 

subunit was 2.97±0.331, indicating an increase in expression of the αv subunit when 

treated with TGF-β.  When treated with only the antibody inhibitor for αvβ5 the fold-

change for the αv subunit was 1.04±0.112, showing no increase in expression.  When 

treated with the antibody inhibitor for αvβ5 and TGF-β the fold-change for the αv subunit 

was 2.77±0.273, indicating an increase in expression of the αv subunit when exposed to 

TGF-β.  These results were consistent with treatment with the isotype control treatment.  

After LX-2 cells were treated with the IgG control alone for 72 hours the fold change was 

1.000±0.00, when TGF-β was added the fold-change was 2.43±0.179, showing an 

increase in expression of the αv subunit when exposed to TGF-β (Table 4, Fig. 5A). 

The surface level expression for the αv subunit showed a similar pattern to the 

changes in mRNA expression.  We saw no increase in surface level expression of the αv 

subunit after treatment with the antibody inhibitors for αvβ3 or αvβ5 alone for 72 hours, 
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but the addition of TGF-β lead to a two-fold increase in surface level expression.  When 

exposed to only the antibody inhibitor for αvβ3, the mean MFI for the αv subunit is 

5.12±0.492 (Fig. 6A). This MFI represents 18,800±2,670 ABCs per cell as determined by 

a standard curve of the anti-αv antibody with quantitative beads (Fig.7A).  With antibody 

inhibitor for αvβ3 and TGF-β, the MFI for the αv subunit is 11.92±1.655 (Fig. 6A) and 

this is calculated to represent 63,100±7.80 surface receptors per cell (Fig.7A).  When 

treated with only the αvβ5 antibody inhibitor, the MFI for the αv subunit is 4.59±0.440 

(Fig. 6A) representing 15,600±2,260 receptors (Fig.7A) on the surface.  When exposed to 

the αvβ5 antibody inhibitor and TGF-β, the MFI was 13.02±0.735 (Fig. 6A) representing 

68,200±5,400 receptors (Fig.7A) on the surface.  After treatment with the IgG control 

antibody, the MFI for the αv subunit was 4.05±0.172 representing 11,800±785 receptors 

(Fig. 7A) without TGF-β treatment and the MFI was 13.4±0.40 (Fig. 6A) representing 

71,400±5,400 receptors with TGF-β treatment.   

The mRNA expression level of the β1 subunit did not change when treated with 

antibody inhibitors for αvβ3 or αvβ5 alone for 72 hours.  Treatment with TGF-β did 

result in a 2-fold upregulation in mRNA expression of the β1 subunit at a 72-hour 

timepoint.  When LX-2 cells were treated with only the antibody inhibitor for αvβ3 the 

fold-change for the β1 subunit was 1.11±0.088, indicating no change in expression of the 

β1 subunit.  When treated with the antibody inhibitor for αvβ3 and TGF-β the fold-

change for the β1 subunit was 1.85±0.161, indicating a slight increase in the β1 subunit 

when exposed to TGF-β.  When treated with only the antibody inhibitor for αvβ5 the 

fold-change for the β1 subunit was 1.09±0.114, indicating no change in expression of the 

β1 subunit.  When treated with the antibody inhibitor for αvβ5 and TGF-β the fold-
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change for the β1 subunit was 1.81±0.110, indicating a slight increase in the β1 subunit 

when exposed to TGF-β.  When treated with the IgG isotype antibody the fold-change 

was 1.000±0.00, when TGF-β was added the fold-change was 1.594±0.085.  This data is 

consistent with the previous data the antibody inhibitor treatment had no effect on the 

mRNA expression, but TGF-β caused an increase in mRNA expression in the β1 subunit 

(Table 4, Fig 5B). 

The changes seen at the mRNA level are not reflected in the surface level 

expression of the β1 subunit, where there was no change in the expression of the β1 

subunit when treated with either the antibody inhibitors alone or with TGF-β.  When 

exposed to only the antibody inhibitor for αvβ3, the mean MFI is 66.7±3.73 (Fig. 6B) 

representing 1,160,000±76,700 (Fig. 7B) receptors.  When exposed to the antibody 

inhibitor for αvβ3 and TGF-β, the MFI is 75.8±7.08 (Fig. 6B) representing 

1,300,000±138,000 receptors (Fig. 7B) on the surface.  When treated with only the αvβ5 

antibody inhibitor, the MFI for the β1 subunit is 65.8±3.66 (Fig. 6B) representing 

1,100,000±84,600 receptors on the surface (Fig. 7B).  When exposed to the αvβ5 

antibody inhibitor and TGF-β, the MFI is 75.1±3.31 (Fig. 6B) representing 

1,300,000±84,486 receptors on the surface (Fig. 7B).  Although more β1 is being 

produced at the mRNA level there does not appear to be a change in the surface level 

expression of β1 at 72 hours.  After treatment with the IgG control antibody, the MFI for 

the β1 subunit was 63.5±3.27 (Fig. 6B) representing 1,110,000±74,900 (Fig. 7B) 

receptors, when TGF-β treatment was added the MFI was 82.3±11.0 (Fig. 6B) 

representing 1,450,000±22,300 (Fig. 7B) receptors.   
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At the mRNA level the expression of β3 does not change when the LX-2 cells 

were exposed to antibody inhibitors for αvβ3 or αvβ5 at 72 hours, however when TGF-β 

treatment was added there was about a 1.6-fold decrease in mRNA level expression of 

β3.  When LX-2 cells were treated with only the antibody inhibitor for αvβ3 the fold-

change for the β3 subunit was 1.10±0.067, indicating no increase or decrease in 

expression of the β3 subunit.  When treated with the antibody inhibitor for αvβ3 and 

TGF-β the fold-change for the β3 subunit was 0.618±0.079, indicating a decrease in the 

β3 subunit when exposed to TGF-β at the mRNA level.  When treated with only the 

antibody inhibitor for αvβ5 the fold-change for the β3 subunit was 1.03±0.087, showing 

no change in expression when exposed to the antibody alone.  When treated with the 

antibody inhibitor for αvβ5 and TGF-β the fold-change for the β3 subunit was 

0.605±0.052, indicating a decrease in expression at the mRNA level when exposed to 

TGF-β.  When treated with the IgG isotype antibody the fold-change was 1.000±0.00, 

when TGF-β was added the fold-change was 0.576±0.034 (Table 4, Fig. 5C). 

The changes seen at the mRNA level are not reflected in the surface level 

expression, at the 72-hour timepoint there is no change in the surface level expression of 

αvβ3 when only exposed to antibody inhibitors or when TGF-β is added.  When exposed 

to only the antibody inhibitor for αvβ3 the, mean MFI for αvβ3 surface expression is 

0.267±0.267 (Fig. 6C), with such a low MFI the ABCs were calculated to be negative 

and are treated as 0 (Fig. 7C).  When exposed to the antibody inhibitor for αvβ3 and 

TGF-β, the MFI is 0.127±0.525 (Fig. 6C) with such a low MFI the ABCs were calculated 

to be negative and are treated as 0 (Fig. 7C).  This data indicates that the blocking 

antibody did work at the surface level.  When treated with only the αvβ5 antibody 
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inhibitor the MFI for the αvβ3, integrin is 2.49±0.407 (Fig. 6C) representing 

28,300±6,900 receptors (Fig. 7C) on the surface.  When exposed to the αvβ5 antibody 

inhibitor and TGF-β, the MFI is 2.48±0.463 (Fig. 6C) this is calculated to represent 

27,900±8,270 surface level receptors (Fig. 7C) on the surface.  At the mRNA level there 

is a decrease in the production of β3, it is not reflected at the surface level at 72 hours.  

After treatment with the IgG control antibody, the MFI for αvβ3 was 1.82±0.514 (Fig. 

6C) representing 23,800±6,340 (Fig. 7C) receptors without TGF-β, and the MFI was 

2.61±0.348 (Fig. 6C) representing 30,200±6,180 receptors with TGF-β (Fig. 7C). 

At the mRNA level the expression of β5 does not change when the LX-2 cells 

were exposed to antibody inhibitors for αvβ3 or αvβ5 for 72 hours, however when TGF-β 

treatment was added there was about a 2.5-fold increase in mRNA level expression of β5.  

When LX-2 cells were treated with only the antibody inhibitor for αvβ3 the fold-change 

for the β5 subunit was 1.23±0.101, indicating no change in mRNA expression.  When 

treated with the antibody inhibitor for αvβ3 and TGF-β the fold-change for the β5 subunit 

was 2.54±0.063, indicating a marked increase in expression of the β5 subunit in the 

presence of TGF-β.  When treated with only the antibody inhibitor for αvβ5 the fold-

change for the β5 subunit was 1.15±0.121, showing no change in mRNA expression of 

the β5 subunit when treated with antibody only.  When treated with the antibody inhibitor 

for αvβ5 and TGF-β the fold-change for the β5 subunit was 2.61±0.094, indicating an 

increase in expression of the β5 subunit at the mRNA level.  When treated with the IgG 

isotype antibody the fold-change was 1.000±0.00, when TGF-β was added the fold-

change was 2.26±0.026 (Table 4, Fig. 5D). 
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The changes seen at the mRNA level are reflected in the surface level expression, 

where we see a 2-fold increase in expression of αvβ5 when treated with TGF-β, but the 

antibody inhibitors appear to have no effect on surface expression levels.  When exposed 

to only the antibody inhibitor for αvβ3, the mean MFI for αvβ5 surface expression is 

0.970±0.087 (Fig. 6D), calculated to be 4,350±538 receptors (Fig. 7D) on the surface.  

When exposed to the antibody inhibitor for αvβ3 and TGF-β, the MFI is 2.26±0.049 (Fig. 

6D), representing 15,100±653 receptors (Fig. 7D).  When treated with only the antibody 

for αvβ5, the MFI for the αvβ5 integrin is 0.487±0.118 (Fig. 6D) calculated to be 

655±655 receptors (Fig. 7D) on the surface.  When exposed to the αvβ5 antibody 

inhibitor and TGF-β, the MFI is 0.500±0.046 (Fig. 6D) calculated to be 647±1,560 

receptors on the surface (Fig. 7D).  These numbers indicate that the αvβ5 antibody 

inhibitor worked at the surface level.  At the mRNA level there is an increase in the 

production of β5, and it is reflected at the surface level at 72 hours.  After treatment with 

the IgG control antibody, the MFI for αvβ5 was 0.967±0.131 (Fig. 6D) representing 

4,350±646 (Fig. 7D) without TGF-β, the MFI was 2.66±0.061 (Fig. 6D) representing 

18,500±401 (Fig. 7D) with TGF-β treatment. 
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Figure 5. mRNA expression of integrins in response to treatment with antibody  

inhibitors and TGF-β.  

Expression of integrin subunits αv(A) β1(B) β3(C) β5(D) at the mRNA level when 
exposed to antibody inhibition for αvβ3 or αvβ5 alone or with TGF-β.  Data is 
represented as an average ± the SEM of the ΔΔCT using as a housekeeping gene beta 
actin.   
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Figure 6. Surface expression of integrins in response to treatment with antibody  

inhibitors and TGF-β. 

Expression of integrin subunits αv(A) β1(B) or integrin heterodimers αvβ3 (C) αvβ5(D) 
at the surface level when exposed to antibody inhibition for αvβ3 or αvβ5 alone or with 
TGF-β.  Data is represented as an average ± the SEM of the MFI of the integrin stain 
minus the MFI of the isotype. 
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Figure 7. ABCs of integrins in response to treatment with antibody inhibitors and  

TGF-β. 

ABCs of integrin subunits αv(A) β1(B) or integrin heterodimers αvβ3 (C) αvβ5(D) at the 
surface level when exposed to antibody inhibition for αvβ3 or αvβ5 alone or with TGF-β.  
Data is represented as an average ± the SEM of ABCs determined using Fluorescence 
Quantitation beads.  Note: All negative ABCs were reported as zero. 
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Table 4. ΔCT and fold-change values for mRNA analysis for the antibody inhibition assays 

 

 

 

 

 

Condition αv ΔCT 
±SEM 

αv Fold-
Change 
±SEM 

β1 ΔCT 
±SEM 

β1 Fold-
Change 
±SEM 

β3 ΔCT 
±SEM 

β3 Fold-
Change 
±SEM 

β5 ΔCT 
±SEM 

β5 Fold-
Change 
±SEM 

αvβ3 antibody 0.00655 
±0.00083 

1.20 
±0.146 

0.093 
±0.021 

1.11 
±0.088 

0.00315 
±0.000402 

1.10 
±0.067 

0.00465 
±0.000736 

1.23 
±0.101 

αvβ3 antibody 
w/TGF-β 

0.0160 
±0.0012 

2.97 
±0.331 

0.151 
±0.025 

1.85 
±0.161 

0.00171 
±0.0000507 

0.618 
±0.079 

0.00958 
±0.00109 

2.54 
±0.063 

αvβ5 antibody 0.00555 
±0.000692 

1.04 
±0.112 

0.088 
±0.0187 

1.09 
±0.114 

0.00289 
±0.000405 

1.03 
±0.087 

0.00424 
±0.000628 

1.15 
±0.121 

αvβ5 antibody 
w/TGF-β 

0.0150 
±0.00096 

2.77 
±0.273 

0.149 
±0.0263 

1.81 
±0.110 

0.00170 
±0.000158 

0.605 
±0.052 

0.00988 
±0.00145 

2.61 
±0.094 

MOPC 
antibody 

0.0055 
±0.000579 

1.000 
±0.00 

0.082 
±0.0132 

1.000 
±0.00 

0.00288 
±0.000446 

1.000 
±0.00 

0.00379 
±0.00051 

1.000 
±0.00 

MOPC 
antibody 
w/TGF-β 

0.0134 
±0.0014 

2.43 
±0.179 

0.131 
±0.0226 

1.594 
±0.085 

0.00163 
±0.000165 

0.576 
±0.034 

0.00852 
±0.00107 

2.26 
±0.026 
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siRNA knockdown assays 

We wanted to examine the changes in gene and surface level expression when a 

genetic knockdown was used to mimic changes that could occur in disease states or with 

gene expression modulating therapies.  To do this we used siRNA for β3 or β5 in LX-2 

cells and monitored changes in the mRNA and surface level expression of integrins αvβ3 

and αvβ5 and integrin subunits αv and β1.   

The main takeaway from the siRNA experiments was, when LX-2 cells are 

treated with siRNA for β3 or β5 we see a clear decrease in surface level expression of the 

αv subunit.  However, the siRNA treatment does not affect the mRNA level of the αv 

subunit.  Interestingly, when TGF-β is co-treated with siRNA for β3 or β5 the surface 

level of the αv subunit is not decreased as clearly as with the no TGF- β and siRNA 

treatments.  Also, of interest are the results concerning the β3 mRNA expression.  

Previously we saw that when LX-2 cells were treated with TGF-β there was a 

downregulation of the mRNA, but this was not seen at the surface level.  Under the 

siRNA conditions we saw that when cells were treated with siRNA β5 and TGF-β there 

was no downregulation of β3 mRNA.  However, there is a decrease in mRNA β3 

expression seen in the control groups (Scramble siRNA and siRNA for GapDH).  The 

results for β1 and β5 were similar to what was seen in the antibody inhibitions assays.  

There was a small increase in mRNA expression for β1, but this change was not seen at 

the surface level.  mRNA expression for β1 was not affected by treatment with siRNA for 

β3 or β5 at the mRNA level or the surface level.  mRNA for β5 was increased when 

exposed to TGF-β, and this change was also seen in the surface expression of αvβ5, 

neither mRNA or surface expression of β5 was affected by treatment with siRNA for β3. 
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When LX-2 cells were treated with siRNA for β3 the mRNA level of the αv 

subunit was not changed, however, the surface level expression was decreased by about 

half.  In contrast, when TGF-β was added to the treatment the mRNA and surface level 

expression of the αv subunit both increased.  Although the surface level increase in the 

siRNA conditions with TGF- β were less pronounced than in the control group.  We also 

were able to see a sufficient knockdown of β3 at the mRNA level.  After treating with a 

scramble siRNA as a control the fold-change for the αv subunit was 1.00±000, when 

TGF-β was added the fold-change was 2.12±0.103 indicating an increase in expression 

when treated with TGF-β.  When LX-2 cells were treated with only siRNA for β3 the αv 

subunit did not change at the mRNA level compared to the scramble control, the fold 

change of the αv subunit when treated with siRNA for β3 was 1.08±0.063.  When TGF-β 

was added to the treatment the fold-change was 2.63±0.153, showing an increase in 

mRNA expression of the αv subunit when exposed to TGF-β (Table 5, Fig. 8A).   

At the surface level we see some interesting effects on the αv subunit when 

treated with siRNA for β3 and β5 and TGF-β.  When only the scramble siRNA was used, 

the mean MFI for the αv subunit was 7.02±0.910 (Fig. 9A) representing 32,600±6,250 

(Fig. 10A) receptors.  Treatment with scramble siRNA and TGF-β, resulted in an MFI of 

11.9±2.36 representing 61,500±11,300 receptors.  Showing an increase in surface 

expression when TGF-β was added to the treatment.  When only siRNA for β3 was used 

there was a 2-fold decrease in the MFI of the αv subunit to 3.75±0.464 (Fig. 9A) 

representing 10,100±3,180 (Fig. 10A) receptors.  Treatment with siRNA for β3 and TGF-

β resulted in an MFI of 10.4±2.80 representing 51,500±14,700, again showing an 
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increase in expression of the αv subunit at the surface, though not at pronounced at the 

increase in the scramble control group.   

The effect on the expression profile of the αv subunit after treatment with siRNA 

for β5 was similar to that of siRNA for β3.  When treated with only siRNA for β5 there 

was a two-fold decrease at the surface level that was not consistent with the mRNA 

expression, which remained unchanged.  However, the addition of TGF-β resulted in an 

increase at the mRNA level and the surface level of the αv subunit.  When LX-2 cells 

were treated with only siRNA for β5 the αv subunit did not change at the mRNA level 

compared to the scramble control.  The fold-change for the αv subunit was 0.836±0.046, 

indicating no change in mRNA expression in αv when β5 was knocked down.  When 

treated with siRNA for β5 and TGF-β the fold-change was 2.44±0.077, showing an 

increase in αv at the mRNA level in the presence of TGF-β (Table 5, Fig. 8A).   

At the surface level we see some interesting effects of treating with siRNA for β5 

and TGF-β, similar to the effect we saw when the cells were treated with siRNA for β3.  

When treated with siRNA for β5 alone, the MFI was 3.94±0.538 (Fig. 9A) representing 

11,400±3,700 (Fig. 10A) receptors.  Resulting in a 2-fold decrease in surface expression 

of the αv subunit.  However, when TGF-β was used the decrease in surface level αv was 

much less than when treated with siRNA for β5 alone.  When cells were treated with 

scramble siRNA and TGF-β, the MFI was 11.9±2.36 (Fig. 9A) calculated to be 

61,500±11,300 (Fig. 10A) receptors.  When siRNA for β3 and TGF-β, was used the MFI 

was 10.4±2.81 (Fig. 9A) representing 51,500±14,700 (Fig. 10A) receptors on the surface.  

Lastly, treatment with siRNA for β5 and TGF-β the MFI was 8.85±2.55 (Fig. 9A) 

representing 41,100±13,500 (Fig. 10A) receptors on the surface. 



 

 52 

The surface level expression of the β1 subunit was not affected by treatment with 

siRNA for β3 or β5 or when TGF-β was added to the treatment.  The addition of TGF-β 

did cause an increase in the β1 subunit at the mRNA level, which we also saw in the 

antibody inhibition assays.  When LX-2 cells were treated with only siRNA for β3 the β1 

subunit did not change at the mRNA level compared to the scramble control.  When 

treated with a scramble siRNA the fold change in the normal condition was 1.01±0.074, 

when TGF-β was added it increased to 1.59±0.022.  The fold-change for the β1 subunit 

after treatment with siRNA for β3 was 0.997±.003, showing no change in mRNA 

expression of the β1 subunit when β3 is knocked down.  When treated with siRNA for β3 

and TGF-β the fold-change was 1.62±0.022, indicating a slight increase in β1 mRNA 

expression when treated with TGF-β (Table 5, Fig. 8B).  The addition of the TGF-β 

resulted in about a 1.5-fold increase in mRNA expression of the β1 subunit, this change 

was not reflected in the surface expression of β1.  The surface expression of the β1 

subunit did not change when β3 was knocked down.  When treated with the scramble 

siRNA, the mean MFI for the β1 subunit was 106±9.22 (Fig. 9B) representing 

1,960,000±171,000 (Fig. 10B).  When treated with the scramble siRNA and TGF-β, the 

MFI was 111±10.3 (Fig. 9B) representing 1,990,000±129,000 (Fig. 10B) receptors.  

When only siRNA for β3 was used, the MFI was 104±6.86 (Fig. 9B) representing 

1,910,000±127,507 (Fig. 10B) receptors.  When TGF-β and siRNA for β3 was used, the 

MFI was 121±4.71 (Fig. 9B) representing 2,170,000±146,700 (Fig. 10B) receptors.   

When LX-2 cells were treated with only siRNA for β5 the β1 subunit did not 

change at the mRNA level compared to the scramble control.  The fold-change for the β1 

subunit was 0.786±0.099, indicating no change in mRNA expression when treated with 
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siRNA for β5.  When treated with siRNA for β5 and TGF-β the fold-change was 

1.39±0.130, indicating a slight increase in mRNA expression of β1 when treated with 

siRNA for β5 and TGF-β (Table 5, Fig. 8B).  The addition of the TGF-β resulted in about 

a 1.5-fold increase in mRNA expression.  When only siRNA for β5 was used the surface 

expression of β1 did not change, the MFI was 81.5±7.56 (Fig. 9B), calculated to be 

1,500,000±140,000 (Fig. 10B) receptors.  After treatment with siRNA for β5 and TGF-β 

the MFI was 128±11.1 (Fig. 9B) representing 2,280,000±135,000 (Fig. 10B) receptors.  

The addition of TGF-β did not result in a higher β1 surface level expression after 72 

hours when treated with siRNA.  

Treating LX-2 cells with siRNA for β3 resulted in almost a complete knockdown 

of the β3 subunit at the mRNA level, this corresponded to an almost complete 

knockdown of αvβ3 at the surface of the cells.  Treatment with siRNA for β5 did not 

have any effect on the mRNA or surface expression levels of β3 or αvβ3.  We also saw, 

when the LX-2 cells were treated with TGF-β and siRNA for β5, no change in the mRNA 

level of β3.  These findings differ from the decrease we saw in the antibody inhibition 

assays.  After treatment with a scramble siRNA the fold change for the β3 subunit mRNA 

was 1.00±0.00, after TGF-β was added the fold-change was 0.692±0.078, showing a 

similar result to the decrease we saw in the antibody inhibition experiments.  When LX-2 

cells were treated with only siRNA for β5 the β3 subunit did not change at the mRNA 

level compared to the scramble control.  The fold-change for the β3 subunit was 

0.786±0.080, indicating no change in the mRNA expression of the β3 subunit.  When 

treated with siRNA for β5 and TGF-β the fold change was 0.763±0.100 indicating no 

change in the mRNA expression of the β3 subunit.  The fold-change for the β3 subunit 
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was 0.112±.026, indicating a sufficient knock down of the β3 subunit at the mRNA level 

when using the siRNA for β3.  When treated with siRNA for β3 and TGF-Β the fold-

change was 0.110±0.017, indicating that the knockdown of β3 was sufficient in the 

presence of TGF-β as well (Table 5, Fig. 8C). 

When only the scramble siRNA was used, the mean MFI for the αvβ3 integrin 

was 2.68±0.384 (Fig. 9C) representing 33,600±8,330 (Fig. 10C) without TGF-β, with 

TGF-β the MFI was 3.00±0.535 (Fig. 9C) representing 37,600±8,800 (Fig. 10C) 

receptors.  When treated with only siRNA for β3, the MFI was 0.670±0.151 (Fig. 9C) and 

the ABCs were calculated to be negative and were treated as 0 which was indicative of a 

knockdown at the surface (Fig. 10C).  When siRNA for β3 and TGF-β was used, the MFI 

was 1.40±0.260 (Fig. 9C) represented to be 6,040±5,870 (Fig. 9C) receptors, indicating 

that the siRNA worked at surface level.  When only siRNA for β5 was used the surface 

expression of αvβ3 integrin did not change, the MFI was 2.07±0.150 (Fig. 9C), calculated 

to be 20,400±3,250 (Fig. 10C) receptors.  When TGF-β and siRNA for β5 was used, the 

MFI was 2.48 ±0.347 (Fig. 9C), representing 28,000±709 (Fig. 10C) surface receptors.  

Unlike the antibody treatment results, where there is a very clear downregulation of β3 in 

response to TGF-β, here there is no change between the normal and the TGF-β condition.   

Treating LX-2 cells with siRNA for β5 resulted in almost a complete knockdown 

of the β5 subunit at the mRNA level, this corresponded to an almost complete 

knockdown of αvβ5 at the surface of the cells.  Treatment with siRNA for β3 did not 

affect the expression level of either the mRNA or surface level expression.  The addition 

of TGF-β did result in an increase in β5 and αvβ5 expression at both the mRNA and 

surface level.  When LX-2 cells were treated with only siRNA for β5 the β5 subunit 
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showed an almost complete knockdown.  The fold-change for the β5 subunit was 

0.066±0.002, showing a marked decrease in mRNA expression of the β5 subunit when 

treated with siRNA for β5 only.  When treated with siRNA for β5 and TGF-β the fold-

change was 0.076±0.018, showing clearly that the knock down of β5 worked in both the 

normal and TGF-β conditions (Table 5, Fig. 8D).  After treatment with a scramble siRNA 

the fold change for the β5 subunit was 1.00±0.00, when TGF-β was added the fold 

change was 1.36±0.291.  When LX-2 cells were treated with only siRNA for β3 the fold-

change for the β5 subunit was 1.06±0.118, indicating no increase or decrease in mRNA 

expression of β5 when exposed to siRNA for β3 alone.  When treated with siRNA for β3 

and TGF-β the fold-change was 1.36±0.358, indicating a small increase in β5 at the 

mRNA level (Table 5, Fig. 8D).   

Treatment with siRNA for β5 resulted in a knockdown at the surface level of 

αvβ5 integrin with an MFI of 0.197±0.052 (Fig. 9D), the ABCs were calculated to be 

negative and were treated as 0 (Fig. 10D).  After treatment with siRNA for β5 and TGF-

β, the MFI was 0.440±0.140 (Fig. 9D), and the ABCs were calculated to be negative and 

were treated as 0(Fig. 10D), which indicates that the knockdown of β5 resulted in 

knockdown of αvβ5 in both conditions.  The surface expression of the αvβ5 integrin was 

not changed when siRNA for β3 was used.  When treated with only the scramble siRNA, 

the mean MFI for the αvβ5 integrin was 2.02±0.307 (Fig. 9D) representing 8,410±706 

(Fig. 10D) receptors.  After treatment with siRNA for β3 and TGF-β, the MFI was 

2.55±0.075 (Fig. 9D) representing 16,900 (Fig. 10D) surface level receptors.  When only 

siRNA for β3 was used, the MFI was 2.05±0.287 (Fig. 9D) representing 8,680±894 (Fig. 
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10D).  When siRNA for β3 and TGF-β was used, the MFI was 2.82±0.260 (Fig. 8D) 

representing 19,400±2,220 (Fig. 10D). 
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Figure 8. mRNA expression of integrins in response to treatment with siRNA and  

TGF-β.   

Expression of integrin subunits αv(A) β1(B) β3(C) β5(D) at the mRNA level when 
exposed to siRNA for β3 or β5 alone or with TGF-β.  Data is represented as an average ± 
the SEM of the ΔΔCT using as a housekeeping gene beta actin.    

 



 

 58 

 

Figure 9. Surface expression of integrins in response to treatment with siB3, siB5 and 

TGF-β. 

Expression of integrin subunits αv(A) β1(B) or integrin heterodimers αvβ3 (C) αvβ5(D) 
at the surface level when exposed to siRNA for β3 or β5 alone or with TGF-Β.  Data is 
represented as an average ± the SEM of the MFI of the integrin stain minus the MFI of 
the isotype. 
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Figure 10. ABCs of integrins in response to treatment with siB3, siB5 and TGF-Β. 

ABCs of integrin subunits αv(A) β1(B) or integrin heterodimers αvβ3 (C) αvβ5(D) at the 
surface level when exposed to siRNA for β3 or β5 alone or with TGF-β.  Data is 
represented as an average ± the SEM of ABCs determined using Fluorescence 
Quantitation beads. Note: All negative ABCs were reported as zero. 
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Table 5. ΔCT and fold-change values for mRNA analysis for the siRNA knockdown assay  

 

 

 

Condition αv ΔCT 
±SEM 

αv Fold-
Change 
±SEM 

β1 ΔCT 
±SEM 

β1 Fold-
Change 
±SEM 

β3 ΔCT 
±SEM 

β3 Fold-
Change 
±SEM 

β5 ΔCT 
±SEM 

β5 Fold-
Change 
±SEM 

si-
Scramble_NT 

0.0104 
±0.00156 

1.000 
±0.00 

0.110 
±0.032 

1.01 
±0.074 

0.00423 
±0.00149 

1.000 
±0.00 

0.00862 
±0.00243 

1.000 
±0.00 

Si-Scramble 
_TGF-β 

0.0219 
±0.0034 

2.12 
±0.103 

0.176 
±0.0572 

1.59 
±0.0222 

0.00299 
±0.00127 

0.692 
±0.078 

0.0104 
±0.000651 

1.36 
±0.291 

         

si-β3_NT 0.0113 
±0.00223 

1.08 
±0.063 

0.114 
±0.0408 

0.997 
±.003 

0.000546 
±0.000303 

0.112 
±.026 

0.00972 
±0.00383 

1.06 
±0.118 

si-β3_TGF-β 0.0268 
±0.0027 

2.63 
±0.153 

0.180 
±0.0562 

1.62 
±0.022 

0.000504 
±0.000246 

0.110 
±0.017 

0.0101 
±0.00045 

1.36 
±0.358 

si-β5_NT 0.00867 
±0.0015 

0.836 
±0.046 

0.0827 
±0.0205 

0.786 
±0.099  

0.00323 
±0.00114 

0.786 
±0.080 

0.000555 
±0.000138 

0.066 
±0.002 

si-β5_TGF-β 0.025 
±0.0031 

2.44 
±0.077 

0.145 
±0.0322 

1.39 
±0.130 

0.00327 
±0.0014 

0.763 
±0.100 

0.000569 
±0.0000311 

0.076 
±0.018 

si-
GapDH_NT 

0.0083 
±0.00078 

0.816 
±0.076 

0.122 
±0.0288 

1.16 
±0.133 

0.00365 
±0.00161 

0.806 
±0.082 

0.00854 
±0.002 

1.02 
±0.057 

si-
GapDH_TGF-
β 

0.018 
±0.0016 

1.79 
±0.141 

0.179 
±0.0505 

1.16 
±0.133 

0.00263 
±0.00137 

0.566 
±0.106 

0.00824 
±0.000818 

1.05 
±0.178 
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Chapter IV 

Discussion 

The goal of this study was to examine the changes in the integrin expression 

profiles of immortalized cell lines when one or more integrins are blocked or knocked 

down in a normal environment and a pro-inflammatory environment. We began this 

experiment by looking at different integrin profiles of cell lines that could be used as 

models for different disease states in vitro.  Based off the integrin profiles we picked the 

LX-2 cell line, it had the desired integrin profile and showed a good response to TGF-β 

making it a good in vitro model for integrin expression and maturation as TGF-β has 

many different roles in both normal homeostasis and in different disease states 

(Henderson et al., 2013a; Henderson & Sheppard, 2013).  To study the changes in the 

integrin expression profile we used antibody inhibitors specific for αvβ3 and αvβ5, 

siRNA specific for β3 and β5, and TGF-β to mimic a pro-inflammatory environment.  

Most notably, surface levels of the αv subunit decreased when the cells were treated with 

siRNA for β3 and β5.  Interestingly, β5 was increased at the mRNA level when exposed 

to TGF-β and this resulted in an increase in the expression of the αvβ5 integrin at the 

surface.  In contrast, the β3 subunit was decreased at the mRNA level but the change in 

β3 was not translated to the surface during these experiments.  Similarly, the β1 subunit 

was increased at the mRNA level but the β1 subunit was not increased at the surface. 

Overall, the expression of specific integrins were not affected by the blocking or 

knockdown of other integrins in LX-2 cell lines in vitro.  Interestingly, in a normal 
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environment (no TGF-β treatment) the knockdown of β3 or β5 resulted in a change in the 

surface level expression of the αv subunit by roughly half, but this change was not 

reflected at the mRNA level where the same amount of the αv subunit was produced.  In 

the TGF-β environment there, may be, a slight decrease in the surface level expression of 

the αv subunit.  However, it is less clear than the decrease in the normal environment 

particularly with a large error for the TGF-β treated groups.  More testing would be 

beneficial to ascertain what if any changes are taking place in the TGF-β environment 

with β3 or β5 knockdown.  The difference between the normal and pro-inflammatory 

environments could be reflective of differences in integrin surface expression in disease 

states, but further testing would be needed.  We also observed some novel differences in 

β3 expression. Neither β3 gene expression nor the surface expression of αvβ3 changes in 

response to anti-αvβ5 antibody inhibition, but β3 mRNA expression does change in 

response to TGF-β treatment.  At the mRNA level there is a decrease in β3 when under 

anti-αvβ5 and TGF-β treatment, this decrease does not make it to the surface at the 72-

hour timepoint, but longer incubation times may provide observable downregulation at 

the surface as well.  Additional studies in long term cultures or in vivo may probe the 

impact of β3 mRNA decreases on surface expression.  The difference in β3 gene 

expression and surface expression is also not seen as clearly when treated with siRNA 

alone or siRNA and TGF-β.  In both instances the decrease in β3 expression was only 

seen in the control groups and not in the groups treated with siRNA for β5, this may 

allude to an instance where there is compensation by β3 when β5 is knocked down (Fig. 

7C&D, Fig. 8C&D, Fig. 9C&D).  Another primary finding is that β5 is increased when 

exposed to TGF-β but does not appear to be affected by antibody inhibition or siRNA 
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treatment.  The increase in β5 is seen at the mRNA level and an increase in avb5 at the 

surface level when anti-αvβ3 inhibitor or siRNA for β3 is used with TGF-Β treatment.  

To further expand on the findings in this study we will examine what these finding may 

suggest, how they fit into current literature, and what further experimentation may be 

warranted.  

The primary novel finding of these studies was that the αv subunit was reduced at 

the surface level in response to treatment with siRNA for β3 and β5.  The αv subunit 

decreased by 2-3-fold. Sarrazy et al observed that αvβ3 and αvβ5 can compensate for 

each other in function and expression in mouse primary cardiac fibroblasts.  They saw 

that when αvβ3 was over expressed, the expression of αvβ5 was decreased, and vice 

versa.  They also saw that when a β subunit was knocked down in their system, the 

changes in expression of the other integrin were stronger and more pronounced.  With 

this compensatory mechanism in place the integrins were able to also compensate for 

each other in function allowing the system to function as expected (Sarrazy et al., 2014).  

The rodent cardiac fibroblast data lead us to originally hypothesize that by knocking 

down one of the β subunits, the free αv subunits would re-pair with a different β subunit 

and increase surface expression of the new integrin: either αvβ1 αvβ3 or αvβ5, in this 

case; however, we did not observe this in our studies.  We saw that in the antibody 

inhibition condition, neither of the treatments caused a surface or mRNA level change in 

the αv subunit expression.  There was, however, an increase in the αv subunit at the 

mRNA level and the surface level when TGF-β was added to mimic a fibrotic 

environment. It is important to note that this difference could be a result of working with 
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different cell types, hepatic stellate cells verses cardiac fibroblasts, or it could be a 

species difference. 

When LX-2 cells were treated with siRNA for either β3 or β5 alone the αv 

subunit expression was unchanged at the mRNA level but decreased at the surface level.  

This finding suggests two things: (1) that in LX-2 cells in vitro the αv subunit pairs 

predominantly with β3 or β5 at the surface and (2) when the β3 or β5 is not paired with 

its β subunit of choice it will not come to the surface.  This finding suggests that treating 

with an antibody or small molecule inhibitor would not result in a fundamental change in 

the expression profile on the integrins and that targeting one or more integrins involved in 

a disease would, likely, be a useful strategy.  However, if using a targeted siRNA 

treatment there may be changes in the integrin expression profile at the surface level that 

would need to be further explored to fully understand, especially in a disease state given 

that when the LX-2 cells were treated with siRNA and TGF-β there was limited data to 

show that there could be compensation of β3 when β5 is knocked down.  Future studies 

utilizing protein-protein interaction studies could confirm the surface stoichiometry and 

regulation of the αv subunit with β3 and β5.  Performing functional assays to assess what 

if any the change in surface expression of the αv integrins is having will be vital to future 

work on this project.   

Unfortunately, we were unable to quantify the expression of the αvβ1 heterodimer 

at the surface level, due to a lack of available reagents.  Based on the decrease in the αv 

subunit and that the β1 subunit did not change at the mRNA or surface level in the 

normal condition we can infer that there is not any new αvβ1 at the surface at the 72-hour 

time point.  We also observed that the amount of αvβ5 at the surface is not changed in the 
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normal condition.  Therefore, under these specific conditions, it appears that the αv 

subunit does not compensate for the knockdown of one by re-pairing with another β in 

LX-2 cells in vitro.  Future studies in primary cultured hepatocytes may provide 

additional evidence of these phenomena.  It may be the case that throughout the 

immortalization process some mechanism(s) of integrin regulation was lost and that the 

αv subunit will re-pair as seen by Sarrazy et al in primary cardiofibroblasts from mice or 

the regulation could be a tissue specific difference(Sarrazy et al., 2014).  An important 

future study would be to explore the effects knocking down the β subunits and antibody 

blockade in vivo.  Additional work could focus on the ability of the subunits to re-repair 

and compensate in expression and/or function for each other.  Specifically, it would be 

interesting to see if a double knock down of β3 and β5 would cause even more of the αv 

subunit to decrease at surface level.  It would be beneficial to re-run these experiments 

when an αvβ1 specific antibody for FACS analysis becomes available to have a direct 

examination of what is occurring with αvβ1 at the surface under these conditions. 

When LX-2 cells were treated with siRNA for β3 or β5 and TGF-β the surface 

level of αv appears to have decreased slightly, but a large margin of error makes it hard to 

discern what the actual change maybe.  There is also an overall increase in αv when 

treated with TGF-β.  The change in surface level αv expression in the siRNA and TGF-β 

condition is also much less prominent than, when the β3 and β5 were knocked down in 

the normal condition.  This could be indicative of changes in integrin expression we 

might see in a disease state like fibrosis (Kim et al., 2017, Margadant & Sonnenberg, 

2010), where integrin expression might be upregulated or downregulated on the surface 

and at the genetic level.  It could also, potentially, be related to the feedback loop 
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between TGF-β and integrin expression.  Treating cells with TGF-β is known to affect 

the expression of integrins on some cell lines.  In human lung fibroblasts TGF-β has been 

shown to increase αvβ3 at the mRNA and surface level (Margadant & Sonnenberg, 2010; 

Pechkovsky et al., 2008).  In this case, when adding TGF-β to an altered cell system it 

may be causing an increase in expression of other αv integrins at the surface, αvβ1, αvβ3 

or αvβ5.  This finding will need more testing to elucidate the changes that are happening 

under this treatment.  Re-running these experiments when an αvβ1 specific antibody 

appropriate for flow cytometry analysis is available would be useful in further 

understanding the αvβ1 surface expression and if any changes are taking place.  Re-

running this experiment with better or different reagents would be useful to examine 

αvβ1 at the surface.   

Related to TGF-β treatment, another novel finding was how β5 and αvβ5 

responded when treated with TGF-β.  The β5 subunit was upregulated at the mRNA level 

when treated with TGF-β, this was then reflected at the surface level with an upregulation 

of αvβ5.  The mRNA and surface level expression profile of the β5 and αvβ5, 

respectively, do not appear to be affected by the expression of other subunits or integrins 

under these conditions and the upregulation is seen in both the antibody and the siRNA 

conditions.  αvβ5 is known to be a factor in some fibrotic diseases, it is also known to 

interact with the LAP portion of TGF-β complex (Kim et al., 2017, Margadant & 

Sonnenberg, 2010).  Upregulation of αvβ5 has been shown in skin and cardiac fibrosis 

(Conroy et al., 2016; Sarrazy et al., 2014).  This upregulation of β5 and αvβ5 could be 

indicative of an upregulation in a disease state in the liver where TGF-β is activated, 

NASH, cirrhosis or hepatitis for example (Benedict & Zhang, 2017).  The TGF-β causing 
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an increase in expression of integrin αvβ5 could be part of a bigger feedback loop 

between αvβ5 and TGF-Β.  αvβ5 would activate TGF-β and allow it to set off a signal 

cascade that is involved in the development of fibrosis and the increase in activated TGF-

β in the system leads to an upregulation of β5 and αvβ5.  A similar loop has been 

suggested in skin fibrosis where an overexpression of αvβ5 is seen to cause an increase in 

activated TGF-β (Asano, Ihn, Yamane, Jinnin, & Tamaki, 2006; Margadant & 

Sonnenberg, 2010).  A future experiment could examine if an overexpression of αvβ5 in 

LX-2 resulted in an activation of latent TGF-β.  It would also be useful to do examine if 

the TGF-β that was activated by αvβ5 was causing an increase in β5 and αvβ5 

expression.  These experiments may provide insight into if αvβ5 would be a good target 

for drug development.   

We observed a novel discrepancy between the expression of β3 and β1 at the 

mRNA and the surface level when treated with TGF-β.  β3 was decreased when treated 

with antibody inhibitors and TGF-β at the mRNA level.  However, this decrease was not 

reflected in αvβ3 at the surface level.  This could be because of integrin turnover rates 

and the αvβ3 that was already expressed had not yet been turned over from the surface at 

72 hours.  So, given more time the decrease of αvβ3 might be observed at the surface.  

What is also interesting about this decrease is that it is not observed or marginal in the 

siRNA with TGF-β treatment.  There is a decrease of β3 when exposed to the scramble 

siRNA and the siRNA for GapDh with TGF-β but that same decrease is not seen when 

LX-2 cells are exposed to siRNA for β5 and TGF-β.  This could mean that when β5 is 

knocked down there is an increase in expression of β3 that could be working to make up 

for the loss of expression of β5.  Additional studies could confirm this hypothesis.  It is 
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also of note that there has been increases in the expression of αvβ3 in HSCs cultured 

from mice after being treated with thioacetamide or carbon tetrachloride to induce liver 

fibrosis in vitro.  They examined mRNA levels and used radiolabeled cRGDfK to 

visualize the expression of αvβ3 at different stages of fibrosis.  Overall, they saw an 

increase in both αvβ3 and β3 that correlated to the stage of fibrosis (Li et al., 2011).  This 

differs from our data in that we see a clear decrease in β3 expression at the mRNA level 

when exposed to a pro-fibrotic cytokine, TGF-β.  Although these studies use different 

methods and a different cell line further testing with a different species in vivo will be 

needed to decipher the expression profile of αvβ3 in a fibrotic liver and assess what effect 

this has on the progression of the disease.  It would also be useful to test in primary 

human hepatic stellate cells to see if using a primary line would make for a better model 

in vitro. 

One weakness of these studies is the lack of available reagents to detect the αvβ1 

heterodimer at the surface of the cells through flow cytometry analysis.  We do see that at 

the mRNA level there is an increase in β1 expression when exposed to TGF-β.  However, 

there does not appear to be a change in surface level expression of β1.  Similar, to the 

αvβ3 data it may simply need more time for the integrins to turnover and make it to the 

surface.  However, given that the αvβ5 integrin is seen to be upregulated at the gene and 

surface level it may be more likely that there is not an upregulation of β1 at the surface or 

that better detection reagents are needed.  In the future we could attempt to use 

immunoprecipitation to pull down the αv and β1 subunits together but the issue with this 

method is that it is done using a lysate and therefore we cannot see how much off the 

integrin is at the surface versus how much is waiting to or will not make it to the surface.   
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Although the appropriate tools to fully investigate the surface expression of the 

αvβ1 heterodimer do not exist, we were able to estimate the expression profile of the 

integrin using what we know about the expression profile of integrins in LX-2 cells.  The 

αvβ1 heterodimer has been measured in LX-2 cells by others using immunoprecipitation 

(Richard Chen, Personal Communication).  Based on Dr. Chen’s findings and this study, 

LX-2 cells express αvβ1, αvβ3 and αvβ5 but not αvβ6 or αvβ8.  We calculated the 

expression of αvβ1 by subtracting the ABCs of αvβ3 and αvβ5 from the total amount of 

the αv subunit expressed at the surface of LX-2 cells in the presence and absence of TGF-

β (Tables 6 and 7).  Overall, the expression of αvβ1 does not seem to be affected by the 

treatment with antibody inhibitors or siRNA.  Our calculations suggest αvβ1 is 

upregulated in the presence of TGF-β, suggesting αvβ1 may play an important role in 

disease states.  In this calculation of αvβ1, each ABC value was set at one integrin 

receptor although an ABC value could represent two integrins if a particular antibody is 

able to simultaneously bind to two integrins.  In any case, the calculation of αvβ1 

suggests that LX-2 cells without TGF-β treatment likely express very little αvβ1 at the 

cell surface as indicated by the control conditions.  When LX-2 cells are treated with the 

control antibody, the calculated number of αvβ1 integrins on the cell surface is -

16,300±1,370 per cell, suggesting low surface expression of αvβ1 under these conditions.  

When treated with TGF-β and the control antibody, the calculated αvβ1 number is 

22,700±10,900 per cell.  This is approximately one third of the total αv subunit and 

shows a clear increase similar to that seen in the αvβ5 integrin when treated with TGF-β.  

Antibody blocking masks the quantification of surface receptors leading to a greater 

potential for artifacts.   
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Treatment with siRNA provided similar effects as those observed with antibody 

blocking.  When cells were treated with scramble siRNA, αvβ1 surface expression was 

estimated to be low as evident with a calculated αvβ1 number of -9,470±7,080 per cell.  

The addition of TGF-β resulted in a slight increase of estimated surface αvβ1 to 

4,680±2,530 per cell.  The effect is most easily observed in the control group that used 

siRNA for GapDH, here we see αvβ1 number of receptors is 4,080±12,200.  This ABC in 

the siRNA control, again indicates little to no expression of the αvβ1 heterodimer.  With 

the supplementation of TGF-β, the calculated surface expression of αvβ1 increased to 

26,700±16,300. The increase in the presence of TGF-β was similar in magnitude as was 

observed with the antibody inhibition assays.  After knockdown of β3 or β5 expression 

using siRNA, the calculated number of αvβ1 proteins increase when treated the TGF-β.  

The estimated surface receptor expression for αvβ1 increases from 1,420±4,070 to 

17,350±10,800 when treated with TGF-β under the β3 subunit knocked down.  When 

siRNA for β5 is used, a similar trend is observed with ABCs increasing from -

9,020±1,780 to 8,720±8,550 when treated with TGF-β.  Both conditions follow the same 

trend observed where in the absence of TGF-β, the αv subunit is pairing mostly with β3 

and β5 but surface expression appears to increase for αvβ1 when LX-2 cells are exposed 

to TGF-β.  Others have already demonstrated that αvβ1 has a critical role in the fibrosis 

pathway.  In a study done in both liver and kidney fibrosis, a small molecule inhibitor for 

αvβ1 was able to attenuate the fibrosis in both organs by interfering in the interaction 

between TGF-β and αvβ1 (Reed et al., 2015).   

Another observation from these calculations is the αv subunit comes out to be less 

than the combined total of the αvβ3 and the αvβ5 integrins in almost every condition.  An 
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explanation for this could have to do with the way fluorescence quantitation beads work.  

Fluorescence quantitation beads work by measuring the antibody binding capacity for the 

different capture antibodies used in the study, as opposed to distinct receptors.  It could 

be that the αv capture antibody is able to bind more than one receptor at a time, while the 

αvβ3 and the αvβ5 antibodies are able to bind a single protein each causing the amount of 

reported αv on the surface to be skewed lower than it is.  

There are many exciting directions this research can progress.  A few important 

experiments would be run the siRNA with TGF-β again and get a better grasp of what is 

happening to the integrin expression profile.  It would also useful to run all the 

experiments for longer to try to assess the full changes that are made with the αvβ3 and 

β1 integrins.  As mentioned above doing both surface expression and 

immunoprecipitation would also be useful in elucidating the changes in expression of the 

integrins.  Using both would give a better insight into the total expression profile as well 

as what the surface expression is.  This might allow us to have some further idea of what 

changes will be made or have the potential to be made.  Once the expression profile is 

understood better, running a functional assay (e.g. a TGF-β activation assay, cell 

adhesion) would be very useful.  This would allow us to understand what these changes 

in expression mean in terms of net activity.  The down regulation of αvβ3 might result in 

less activation of TGF-β, but it could be that the upregulation of αvβ5 makes up the 

difference for the loss of TGF-β activation caused by the down regulation in αvβ3.  Also, 

when the reagents become available it would be very useful to re-run these experiments 

with an antibody that can detect the surface expression of αvβ1 specifically. It would also 

be interesting to see if a double knock down of β3 and β5 would cause even more of the 
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αv subunit to decrease at the surface level.  Another important aspect to explore would be 

to look at integrin expression profiles and compensatory mechanisms in primary human 

stellate cells and then see if the results are like what was observed in this study or if the 

mechanisms are altered with immortalized cells.  Primary cells could be a better model to 

look at this system.  Through these future tests we will be able to further elucidate how 

the system reacts to changes in integrin expression.  We will be able to ascertain if there 

is an outside force that causes the subunits to re-pair and compensate for expression 

and/or function in vivo.  The in vivo work would be particularly interesting and important 

given the important role integrins play in epithelial-to-mesenchymal transition and the 

upkeep of the ECM (Tsuchida & Friedman, 2017).  Exploring other modes of regulation 

for integrins, including, contractile force and clustering to assess if these aspects of 

integrin regulation have an effect of the integrin profile under normal or pro-fibrotic 

conditions (Shattil et al., 2010).  Also, that integrins are surface level transmembrane 

molecules that interact frequently with the outside cell environment.  Being able to look 

at the changes and interactions the integrins are having in this complicated environment 

would be vital to fully understanding the impact these changes are having.   

In summary, we found the expression of specific integrins were not affected by 

blocking antibodies or knockdown of other integrins in LX-2 cells in vitro.  We did see 

an increase in the mRNA and surface level expression of the αv subunit in response to 

treatment with TGF-β under both the antibody inhibition and siRNA conditions.  

Interestingly, we saw that when treated with siRNA for β3 or β5 alone there was a 

decrease in surface level expression of αv that was not seen at the mRNA level and was 

much less prominent in the siRNA and TGF-B conditions at the surface level.  We 
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observed other interesting findings in relation to TGF-β exposure with the 

downregulation of the β3 subunit at the mRNA level, this was not reflected at the surface 

at 72 hours.  We also saw that β5 and αvβ5 were upregulated at the mRNA level and 

surface level, respectively, when exposed to TGF-β.  Lastly, we saw that when exposed 

to both siRNA for β5 and TGF-β the downregulation of β3 was not seen at the mRNA 

level.  The difference between the normal and pro-inflammatory environments could be 

reflective of differences in integrin surface expression in disease states, but further testing 

will be needed.  Our data suggests the αv subunit pairs mostly with β3 and β5 and that 

under these normal conditions the αv subunit is not re-pairing with other subunits when 

knocked down. 
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Table 6. Potential αvβ1 surface expression based on the difference in total αv surface expression and total αvβ3 and αvβ5 expression in 
the antibody inhibition assays where each ABC equals a single integrin receptor 

Condition Ave. ABCs αv Ave. ABCs αvβ3 Ave. ABCs αvβ5 
Ave. Total 
ABCs 
αvβ3&αvβ5 

Potential αvβ1 Expression 

αvβ3 antibody 18,900 0 4,400 4,400 14,500±2,960 
αvβ3 antibody w/TGF-β 63,100 0 15,100 15,100 48,000±8,440 
αvβ5 antibody 15,600 28,300 655 29,000 -13,400±8,400 
αvβ5 antibody w/TGF-β 68,200 27,900 674 28,600 39,600±13,140 
MOPC antibody 11,800 23,800 4,300 28,100 -16,300±1,370 
MOPC antibody w/TGF-β 71,400 30,200 18,500 48,700 22,700±10,900 

Note: All negative ABCs were reported as zero. 
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Table 7. Potential αvβ1 surface expression based on the difference in total αv surface expression and total αvβ3 and αvβ5 expression in 
the siRNA knockdown assays where each ABC equals a single integrin receptor 

Condition Ave. ABCs αv Ave. ABCs αvβ3 Ave. ABCs αvβ5 Total ABCs 
αvβ3&αvβ5 Potential αvβ1 Expression 

si-Scramble_NT 32,600 33,600 8,410 42,010 -9,470±7,080 
si-Scramble_TGF-β 61,500 37,600 16,900 54,500 4,680±2,530 
siβ3_NT 10,100 0 8,680 8,680 1,420±4,070 
siβ3_TGF-β 51,500 6,000 19,400 25,400 26,000±9,000 
siβ5_NT 11,400 20,400 0 20,400 -9,020±1,780 
siβ5_TGF-β 41,100 28,000 0 28,000 13,100±10,400 
siGapDH_NT 34,100 28,400 14,700 43,100 -4,080±12,200 
siGapDH_TGF-β 81,000 28,200 12,900 41,100 40,000±13,400 

Note: All negative ABCs were reported as zero. 
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