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Abstract 
 

Scarring in the cornea obstructs the refraction of incoming light onto the retina causing 

visual disability. Both acute scarring and chronic fibrosis are characterized by an accumulation 

of disorganized extracellular matrix (ECM). Disorganized ECM is deposited into the wound by 

specialized cells termed myofibroblasts. Pathological myofibroblasts are characterized by the 

expression of the highly contractile alpha smooth muscle actin (a-SMA) and the av-family of 

integrins (avb1,b3, b5, b6). The persistence of myofibroblasts in a healing wound promotes an 

autocrine loop of TGFb activity, over contraction of tissue, deposition of fibrotic ECM proteins, 

and ultimately the generation of scar tissue.  

My work is focused on the relative contribute of the deubiquitinase, USP10 to scarring in the 

cornea. I found that after wounding an increase in the expression of USP10 leads to 

deubiquitination of integrins and a subsequent increase in integrin recycling and matrix 

deposition. Knockdown of USP10 in vivo after corneal wounding significantly reduced the 

presence of myofibroblasts and immune cells in the healing wound, and corneal scarring. 

Through a yeast 2-hybrid screen I also identified a novel USP10 interacting protein, the formin 

Daam1. I found that Daam1 sequesters USP10 on actin stress fibers inhibiting its activity. Under 

pathological conditions, the expression of both USP10 and Daam1 are increased. My data 

suggest that Daam1 acts as a cellular reservoir, adding a layer of homeostatic control over 

USP10 activity and integrin function. Although defects in protein degradation have been 

identified as a major contributor to many diseases, together, my studies indicate that protein 

degradation (ubiquitin) pathways need to be considered in the context of integrin biology and in 

the pathogenesis of fibrotic healing. 
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Abstract 

Corneal scarring is one of the leading causes of vision loss. The cornea is a transparent 

tissue that accounts for two-thirds of refractive power in the eye. An insult to the cornea causes 

a fibrotic response that directly contributes to the release of latent TGFb stored in the ECM, 

causing the differentiation of local and bone-marrow-derived cells into myofibroblasts. 

Myofibroblasts are contractile cells that participate in wound closure, however, in a 

regeneratively healed wounded, myofibroblasts have apoptosed. In contrast, the persistence of 

these cells in a healing wound promotes TGFb activation and the deposition of excess 

disorganized ECM and the subsequent formation of scar tissue. Wounding or treatment with 

TGFb increases the gene expression of the deubiquitinase (DUB), USP10. USP10 initially was 

identified as a DUB for p53 and many studies have implicated a role for USP10 in cancer 

progression. The Bernstein lab found that USP10 is also a DUB for the b chains of av-

containing integrin heterodimers. Alpha-v integrins play a central role in myofibroblast 

pathological adhesion, over-contraction, and TGFb activation. Previously the Bernstein lab 

demonstrated that av integrins are protected from intracellular degradation after wounding by 

upregulation of USP10, leading to integrin cell surface accumulation. In Chapter 1 I introduce 

the concepts behind wound healing, immune infiltration, fibrosis, corneal biology, and ubiquitin 

biology. In chapter 2, I discuss my data on the contribution of USP10-mediated integrin and 

fibronectin (FN) recycling. In chapter 3 I report on the inhibition of USP10 by the formin Daam1. 

In chapter 4, I demonstrate that the knockdown of USP10 limits scarring in vivo.  In chapter 5 I 

provide further context for my work in the fields of ubiquitin biology, integrin regulation, and 

disease states. 
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Introduction 

Visual health has a global effect on people’s livelihood and the sustained development of 

countries and their economies. Many countries suffer from poor access to proper high-quality 

affordable healthcare and vision is typically the first category to be overlooked. 2020, an 

estimated 600 million people had distance vision impairment and another 510 million with 

uncorrected near vision impairment (Burton et al., 2021). More than 90% of those with vision 

impairment have preventable or treatable conditions (Steinmetz et al., 2021). Of those cases of 

individuals with visual impairments, 45 million are blind (Ackland, 2017; Burton et al., 2021). 

Blindness due to a corneal occlusion is common and can occur due to injury and infection 

leading to vascularization of the cornea. At the anterior of the eye, the cornea is susceptible to 

changes in structure. The cornea consists of aligned collagen I fibrils interspersed with 

proteoglycans. The spacing of the collagen fibrils have a perfect refractive error to allow light to 

pass through (Spadea et al., 2016). Both acute scarring and chronic fibrosis are characterized 

by an accumulation of disorganized stiff extracellular matrix (ECM) (Ritchey, 2011). The human 

cornea consists of 5 main layers: epithelium, Bowman’s membrane, stroma, Descemet’s 

membrane, and endothelium (Figure 1.1). The stroma contains cells called keratocytes which 

are neural crest derived-cells that synthesize high levels of collagens I, V, and small leucine-rich 

proteoglycans such as keratocan and lumican (Jester, 2008). Keratocyte transparency is 

maintained with the expression of water-soluble enzymes called crystallin proteins (Gillespie et 

al., 2017; Jester, 2008). After wounding, keratocytes differentiate into fibroblasts or 

myofibroblasts, and the synthesis of crystallins and keratan sulfate proteoglycans stops (Wilson, 

2012). Instead, they secrete chondroitin sulfate proteoglycans and collagens type I and III, 

which do not maintain the cornea’s transparency (Shephard, 2004). These help to fill and close 

the wounded area. A stromal wound penetrates the epithelium, Bowman’s membrane, and at 

least part of the stroma. Stromal wounding induces apoptosis in the wound margin due to 

increased interleukin-1 (IL-1) (Wu and Chen, 2014). Initially, the wound is flooded with 
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neutrophils recruited from the limbal blood vessels. They are recruited within a few hours of the 

wound and assist in phagocytosing foreign debris and damaged cells (Marrazzo et al., 2011). 

When neutrophils die, they release TGFb, which causes the recruitment of macrophages as well 

as the differentiation of peripheral keratocytes into motile fibroblasts and then specialized cells 

called myofibroblasts (Ley, 2017; Walraven and Hinz, 2018). Myofibroblasts have a 

characteristic increased expression of a-smooth muscle actin (a-SMA), which helps promote 

tissue contraction (Shephard, 2004). In a regeneratively healed wound, myofibroblasts have 

apoptosed, whereas the persistence of these contractile myofibroblasts causes the wound to 

heal fibrotically rather than regeneratively (Pakshir and Hinz, 2018). Myofibroblast contraction 

induces mechanical strain on the ECM, further activating TGFb, stored in a latent form in the 

ECM, which causes the recruitment of more myofibroblasts (Gillespie et al., 2017; Munger and 

Sheppard, 2011). This positive feedback loop causes the wound to heal in a stiff and 

disorganized manner, causing a scar (Figure 1.2). 

Previous work done in the Bernstein lab elucidated new mechanisms behind the 

accumulation of av integrins on the cell surface. The work began with identifying the urokinase 

(uPA) pathway as a regulator of myofibroblast differentiation and integrin avb5 as a key player 

in myofibroblast differentiation (Bernstein et al., 2007). When the gene expression of uPA or its 

receptor, uPAR, is knocked down, an increase in avb5 integrin cell surface expression 

promoting the differentiation of human corneal fibroblasts into myofibroblasts was observed 

(Wang et al., 2012). Similarly, dermal wound healing in uPAR knockout mice, causes an 

increase in the presence of collagen and myofibroblasts, and subsequent scarring (Kanno et al., 

2008).  The Bernstein lab found that integrin avb5 found in myofibroblasts derived from uPA 

knockdown cells  was post-translationally modified compared to fibroblasts, retaining less 

ubiquitin (Wang et al., 2012). From here, myofibroblasts generated by this method were 

subjected to RNAseq analysis (Gillespie et al., 2017). Searching for enzymes that would post-
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translationally modify integrins in the RNAseq data, the Bernstein lab determined that there was 

a specific group of DUBs that was upregulated after uPA knockdown (Gillespie et al., 2017). A 

secondary screen and analysis of this data discovered the DUB USP10, which was known to 

function in the endosomal pathway by regulating the CFTR receptor recycling (Bomberger et al., 

2009).  Collectively, the previous data from the Bernstein lab creates the understanding that the 

overexpression of the DUB USP10 causes a buildup of av, b1, and b5 integrin without 

upregulating the integrin gene expression, suggesting that USP10 post-translationally modifies 

these av integrins. Furthermore, that overexpression of USP10 in cells activates the TGFb 

pathway promoting an increase in the presence of alpha-smooth muscle actin stress fibers and 

fibronectin-EDA, both of which are typically found in scarring. When TGFb signaling was 

blocked after USP10 overexpression, scarring biomarkers were lost (Gillespie et al., 2017). 

Opposite to USP10 overexpression, knockdown of USP10 reduces integrin expression and 

related TGFb activity.  

 Although this work presents a novel mechanism for DUBs and their relationship to the 

integrin-mediated healing cascade, there is still a knowledge gap in understanding many 

aspects of USP10 biology. My project included the study of how USP10 overexpression affects 

integrin-mediated matrix recycling. Understanding how much integrin-mediated matrix recycling 

contributes to the overall matrix secreted by the cell and how that is affected by USP10 

overexpression is key to fully understanding the relationship between USP10, integrins, and 

matrix recycling. There is also a gap in the understanding of USP10-binding proteins and their 

function.  To understand this, we employed a yeast two-hybrid screen that lead to the discovery 

of a new binding partner, the formin Daam1. Characterizing this relationship is imperative to 

understanding how USP10 and Daam1 interact and how that affects USP10’s DUB activity. 

Finally, the relationship of USP10 and in vivo wound healing had never been studied. We 
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embarked on a study to reveal if knockdown of USP10 would improve fibrotic markers and 

scarring outcomes in the rabbit cornea.   

 

1. Wound Healing/Immune Response 

Wounding stimulates a cascade of events that ultimately closes the wound to prevent 

infection (Gonzalez et al., 2016). (Figure 1.3) Wound healing does not just refer to when you cut 

your finger, this happens inside your body continuously and goes mostly unnoticed (Walraven 

and Hinz, 2018). When tissue heals, it should retain its proper function (regenerative healing). 

Issues arise when a wound or lesion in the body heals non-functionally with increased stiffness, 

called scarring or fibrosis (Darby et al., 2014; Walraven and Hinz, 2018). In the lungs, heart, 

liver, kidneys, and cancer, fibrosis has high morbidity and mortality (Walraven and Hinz, 2018). 

When fibrotic tissue forms in the eye due to an injury or surgery, it can affect vision. In 2019, 

more than 3300 clinical studies are listed on clinicaltrials.gov under “fibrosis”. Treatment options 

for organ fibrosis are very limited and often result in transplantation, leading to further 

complications (Walraven and Hinz, 2018).  Although the cornea is an avascular tissue and the 

focus of this dissertation, I will be explaining wound healing in both vascular tissues and the 

avascular cornea. 

 

1.1 Inflammatory response/neutrophil invasion 

In a vascularized model, the healing cascade starts as soon as a lesion occurs. Dermal 

wound healing, for instance, begins with the first stage, the inflammatory response (Gonzalez et 

al., 2016). The blood vessels that have been torn open by the wound are recognized by 

platelets. Platelets, which make up 1% of blood volume, flood the wound site and stick to the 

broken smooth muscle fibers through the interaction of the platelet glycoprotein Ib-IX-V receptor 

with collagen bound von Willebrand factor (Eisinger et al., 2018; Page, 2015). Platelets are 

small cells in the blood stream that activate the coagulation cascade, which is how the body 
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stops bleeding and begins to heal the wound. The coagulation cascade causes the release of 

factors like fibrinogen, von Willebrand factor, calcium, and others that contribute to the 

aggregation of platelets, recruitment of monocytes, and recruitment of lymphocytes (Eisinger et 

al., 2018). The rise in cytosolic calcium levels cause a conformational change of the platelets, 

ultimately causing them to bind with von Willebrand factor and soluble fibrinogen. The function 

of von Willebrand factor is to act as a mediator of platelet adhesion during vascular wounding 

and ultimately promotes platelet aggregation. Fibrinogen is a protein produced by the liver that 

is essential in the coagulation cascade. Fibrinogen will bind to platelets and facilitate them 

binding to each other, functioning as a hemostatic plug to stop bleeding (Budzynski, 1986). The 

aggregation of platelets in a wound causes the recruitment of neutrophils, which are the first 

immune cells to respond. Neutrophils are recruited by the release of pro-inflammatory cytokines 

from platelets like IL-1, histamine, and others. Although only cell fragments, neutrophils play a 

significant role in clotting the wound. They start to form a fibrin network which will close off the 

wounded vessels thus creating a barrier against infection and starting wound closure (Gonzalez 

et al., 2016). Neutrophils are constantly circulating in the blood to respond to invading 

pathogens quickly. Neutrophils show three main functions: phagocytosis, degranulation, and the 

release of nuclear material formed into neutrophil extracellular traps (NETs). NETs are as they 

sound, net like structures composed of DNA-histone complexes that are released by 

neutrophils. They are essential for defense against infection during wound healing (Masucci et 

al., 2020). Neutrophils also help regulate inflammation by producing cytokines like IL-1, tumor 

necrosis factor-alpha (TNF-a), and interferon-gamma (IFN-g) (Rosales, 2018). IL-1 is a family of 

cytokines known to be key signaling molecules mediating inflammation in the immune response. 

They are known to induce neutrophil infiltration, further release of pro-inflammatory cytokines, 

and recruit monocytes (Torre et al., 2002). Monocytes are the immune cell precursor to a 

mature macrophage. TNF-a is an inflammatory cytokine produced during inflammation 
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responsible for vasodilation, leukocyte adhesion to the epithelium, regulating blood coagulation, 

and directly contributing to oxidative stress at the site of inflammation. IFN-g is a pro-

inflammatory cytokine secreted as the primary activator of macrophages and assists in further 

stimulating neutrophils. The recruitment of neutrophils is within the first few hours after the 

wound occurs. The immune response causes localized inflammation that aids in protecting the 

tissues outside the wound and destroys the cells within the wound (Morrell, 2014). Although this 

may seem counterintuitive to healing, it is necessary to clean the wound of any damaged cells 

as replacing the wound with healthy tissue can be disrupted by dead or damaged cells. The 

wound healing process requires a high level of mitochondrial-driven adenosine triphosphate 

(ATP) to supply the necessary energy to repair and replace the damaged tissue. An essential 

component of ATP production in mitochondria is oxygen. Radical derivatives of oxygen 

produced during ATP production are known as reactive oxygen species (ROS) (Yang et al., 

2014). These derivatives contain a version of oxygen that is reduced with added electrons 

causing them to be highly reactive. Examples of ROS family molecules are hydroxyl (OH-) ions, 

hydrogen peroxide (H2O2), and superoxide anion (O2-). Neutrophils release these ROS 

molecules that aid in clearing the wound of debris. A benefit of ROS presence is it leads to the 

further recruitment of lymphocytes towards the wound site (Morrell, 2014). These lymphocytes 

will then release large amounts of pro-inflammatory cytokines like IL-1, TNF-a, IFN-g, and 

others (Larouche et al., 2018; Yan and Jurasz, 2016). This positive feedback loop will continue 

to secrete ROS to assist with pathogen defense and neutrophil and lymphocyte recruitment 

(Morrell, 2014). 

 

1.2 Proliferative Stage and Fibroblast Recruitment 

The wound is now full of activated macrophages, cleared of harmful pathogens, and 

needs to be closed to prevent infection. In vascularized tissue, the proliferative stage involves 
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angiogenesis, forming a new fibrotic network of ECM, and re-epithelialization (Gonzalez et al., 

2016; Walraven and Hinz, 2018). Cells called keratinocytes make up the skin and exist in 

different levels of differentiation (Eckert, 1989). Keratinocytes are responsible for the toughness 

of your skin and alter it by changing the amount of keratin proteins produced. There are three 

layers of skin tissue, starting from the outside: the epidermis, the dermis, and a fat layer 

(subcutaneous fat). Keratinocytes start in the innermost layer of cells and progress towards the 

outer layer over time (Eckert, 1989; Reina, 2016). In different body regions, this can take up to a 

month (Reina, 2016). These cells are responsible for proliferating within the wound, which helps 

with filling the wound as it closes. As activated keratinocytes proliferate in the wound site, the 

formation of new capillaries and blood vessels, known as angiogenesis, allows blood flow to the 

area to supply oxygen and other nutrients necessary for wound healing (Gonzalez et al., 2016; 

Kumar et al., 2015). Cells called pericytes are embedded in the basement membrane and 

surround blood vessels. Pericytes play an essential role in the maturation and morphogenesis of 

vascular networks. Pericytes also are essential for the structural stability of the newly formed 

vessels (Yamazaki and Mukouyama, 2018). Studies suggest pericytes contact the endothelium 

and differentiate into fibroblasts during wound healing (Armulik et al., 2011; Gonzalez et al., 

2016). The production of new vasculature is an additional source of myofibroblasts, increasing 

the propensity for scar tissue to form. 

 

1.3 Myofibroblast Differentiation/TGFb Activation 

Approximately four days after the wound occurs, the granulation tissue forms. 

Granulation tissue has several characteristics that aid the proliferative stage: Increased 

fibroblast proliferation, high levels of collagen synthesis, overall increased ECM production and 

an increase in the production and release of TGF-b1. Specialized cells called fibroblasts are 

recruited and differentiated because of exposure to TGF-b1 within wounded tissue and are 
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essential for wound closure (Hinz et al., 2007; Pakshir and Hinz, 2018). Fibroblasts are cells 

that become activated based on the chemokines released and start to express a high level of a-

smooth muscle actin (a-SMA) expression (Darby et al., 2014). Once they are activated by TGF-

b1 and contain high levels of a-SMA, they are considered myofibroblasts. Myofibroblasts are 

specialized cells that are highly contractile and can produce ECM components to help fill the 

wound and physically contract the wound (Darby et al., 2014; Hinz et al., 2007). One of the most 

common fibrotic ECM proteins is the ED-A splice variant of FN (Hinz et al., 2007; Midwood et 

al., 2006). There are two forms of FN, ED-A and ED-B. The ED-A form is commonly associated 

with wound healing or scar tissue (Singh et al., 2010; Walraven and Hinz, 2018). Myofibroblasts 

will bind to the surrounding ECM through increased cell surface integrin presence and pull the 

matrix closed (Pakshir and Hinz, 2018). This causes stress on the ECM, which further activates 

and recruits myofibroblasts, increasing the contraction within the wound and release of 

cytokines (Hinz et al., 2007). TGF-b1 is considered the primary inducer of myofibroblast activity. 

In normal tissue, TGF-b1 is stored in its inactive form in the ECM by a latency-associated 

peptide (LAP). A protein called latent TGF-b binding protein (LTBP) (Figure 1.4 A & B) as the 

hand (integrin) opening the candy wrapper (LAP), activating TGF-b1 (Hinz, 2015). As seen in 

figure 1.4C, the ECM (rubber-band) pulls on the LAP, and as the strain on the rubber band 

increases, it releases TGF-b1 and activates it. The candy wrapper model shows how TGF-b1 is 

activated. The a-SMA acts as a contractile intracellular actin that pulls on the matrix, opening 

the LAP to release active TGF-b1 (Hinz, 2015). 

 

1.4 Integrin Activity and Wound Healing 

Integrins are an essential part of myofibroblast-ECM attachment. Integrins are 

heterodimeric transmembrane proteins that act as matrix receptors to create a link between the 

intracellular cytoskeleton and ECM. These proteins are different from other cell surface proteins 
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because they typically bind with a lower affinity but can be 10 to 100 fold higher in concentration 

on the cell surface (Alberts, 2002). As pictured in figure 1.5, integrins have an alpha and beta 

chain that protrude into the extracellular space and bind various ECM proteins for many different 

functions (Alberts, 2002; Ameneshelami, 2005). Integrins that have become activated and 

bound to their ligand can affect gene expression. For example, a clustering of integrins on the 

cell surface can cause increased expression of focal adhesion kinase (FAK). Focal adhesions 

are part of the adhesive contact between the ECM and intracellular cytoskeleton phosphorylated 

by FAK. This phosphorylation then increases the propensity for Src binding (Alberts, 2002). Src 

is a family of protein kinases that are well-known proto-oncogenes and play essential roles in 

cell survival, proliferation, and motility (Roskoski, 2004). These Src kinases then phosphorylate 

FAK, creating more sites where intracellular signaling proteins can bind (Alberts, 2002). So, 

integrins are essential for signaling pathways and making contact with the ECM for activating 

TGF-b1 and myofibroblast contractility (Hinz, 2015; Walraven and Hinz, 2018). Recent studies 

have shown that the levels of av integrin increase with increased TGF-b1 and a-SMA 

expression (Gillespie et al., 2017). av integrins are known to associate with the ECM and are a 

big part of wound healing (Gillespie et al., 2017). This suggests that when a wound is healing, 

the amount of surface level av increases, increasing the ability of myofibroblasts to bind to the 

ECM and exert their contractile force (Gillespie et al., 2017; Walraven and Hinz, 2018). The 

increase of cell surface integrins is also directly related to the expression level of DUBs. DUB 

expression increases after a wound increases preventing integrins from intracellular degradation 

and recycling them back to the cell surface (Phillips et al., 2021). Interestingly, integrins are 

internalized and recycled with the ECM they bind before internalization, thus suggesting DUB 

expression is a novel method to control scarring and fibrosis (Phillips et al., 2021).   

Integrins like a5b1 bind the RGD sequence of FN and influence cellular functions like 

migration, proliferation, and differentiation (Bridgewater et al., 2012). Integrins are endocytosed 
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through clathrin-dependent or independent pathways. Clathrin mediated endocytosis utilizes 

vesicles coated with a unique protein called clathrin. Clathrin is a self-assembling protein 

recruited from the cytoplasm to the cell membrane of eukaryotic cells. It forms a protein coat 

that functions to help sort proteins and contribute to endocytosis (Mousavi, 2004). In contrast, 

clathrin independent endocytosis does not rely on clathrin to enter the cell. One method of 

clathrin independent endocytosis is through the recognition of ubiquitinated cell surface 

substrates. Integrins are ubiquitinated while they are still in the cell membrane and can be 

internalized through the use of clathrin independent carriers (CLIC) (Sigismund et al., 2005). 

Clathrin-dependent endocytosis of integrins helps regulate cell migration and the turnover of 

focal adhesions. The endocytosis of integrins is regulated by small GTPase Rab family of 

proteins. Rab proteins are the largest branch of the Ras superfamily of GTPases. Rabs regulate 

the docking and fusion of transport vesicles by cycling between a guanosine diphosphate (GDP) 

bound state in the cytosol to a membrane bound guanosine triphosphate (GTP) form (Martinez, 

1997). For example, a5b1 is internalized on Rab21 positive vesicles, an early endosomal 

marker (Bridgewater et al., 2012; Simpson et al., 2004). Other small GTPase Rab proteins 

involved in recycling loops of integrins are Rab4, Rab11, and Rab25 (Bridgewater et al., 2012).  

Cell surface integrins are continuously endocytosed and recycled back to the plasma membrane 

(Caswell and Norman, 2006). How they are recycled affects how fibroblasts will migrate, and a 

large part of this is Rab11a and Rab25 mediated recycling of integrin a5b1 (Caswell et al., 

2008). There is other data to suggest integrins will act together to bind matrix. It seems that the 

av integrins will bind faster but weaker with the matrix, giving time for the slower a5b1 integrins 

to bind. This was done using single-cell force microscopy, and they were able to determine that 

avb5 signals a5b1 to bind to increase the adhesion strength (Bharadwaj et al., 2017). Before 

FN internalization, FN is cleaved by membrane-type matrix metalloproteinase 1 (MT1-MMP or 

MMP14). Cells lacking MMP14 demonstrated a slower turnover and endocytosis of FN (Shi and 
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Sottile, 2011). This suggests that the internalization of integrins with FN relies on MMP14 

activity and integrin internalization and trafficking play a significant role in controlling ECM 

recycling and remodeling (Shi and Sottile, 2011). Integrins, after internalization, are targeted for 

degradation by ubiquitination (Lobert et al., 2010). 

 

1.5 EMT and Wound Healing 

The source of myofibroblasts is mainly the resident tissue surrounding the wound site 

(Darby et al., 2014). However, there are three different subpopulations of dermal fibroblasts 

found in wound sites: papillary fibroblasts (about 300µm deep), reticular fibroblasts (deep 

dermis, thick collagen fibers in parallel with skin surface), and hair follicle associated fibroblast. 

There are also fibrocytes (circulating fibroblasts in the blood) recruited with inflammatory cells 

that can adapt a myofibroblasts phenotype based on the cytokines present from the 

inflammatory stage (Darby et al., 2014). Another source of myofibroblasts can be differentiated 

epithelial or endothelial cells undergoing epithelial to mesenchymal transition (EMT). EMT 

occurs when the epithelial cells undergo genetic morphological changes that cause them to be 

motile ECM-producing cells. Three types of EMT end with different biological outcomes: called 

types 1,2, and 3 (Shu and Lovicu, 2017). Type 1 EMT is activated during embryogenesis and 

tissue morphogenesis. Type 2 EMT is typically activated during tissue regeneration and wound 

healing but also is active abnormally due to dysregulated inflammatory responses in organ 

fibrosis (Shu and Lovicu, 2017). This can lead to organ failure when constant inflammation in 

cases like sustained liver fibrosis from heavy abuse of alcohol (Lackner and Tiniakos, 2019; Shu 

and Lovicu, 2017). Type 3 EMT occurs in cells that undergo epigenetic changes that cause 

them to become invasive and metastatic, which can result in tumor growth. One factor that 

pushes epithelial cells to go through EMT is increased levels of TGF-b1. In figure 1.6, epithelial 
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cells go from being rectangular and regular and rectangular to irregular and high levels of a-

SMA stress fibers (Shu and Lovicu, 2017).   

 

1.6 Beginning of Scar Formation 

A scar occurs due to the deposition of disorganized ECM proteins, like FN, collagen, and 

others. The formation of ECM is a fundamental component of providing structural support to 

cells and helping regulate cell adhesion, migration, proliferation, and differentiation. ECM is a 

three-dimensional network built from macromolecules like collagen, FN, and others that create a 

meshwork of support for cells (Wight, 2017). Throughout the body, ECM is constructed to fit the 

needs of each tissue. For example, in the eye, the sclera, which is the white outer coating of the 

eye, has a less organized but thick and strong ECM to support the eye. In contrast, the stroma 

of the cornea has a highly organized and transparent ECM to allow light to pass through 

(Medeiros et al., 2018). Wound healing involves the secretion of matrix from the cells moving 

into the wound, termed provisional matrix. The provisional matrix was first identified by R.A. 

Clark as his work identified this initial matrix form during epidermal cell migration in skin wound 

healing (Barker and Engler, 2017). They described the ECM during wound healing as thick 

fibrin- and FN rich immediately following the injury. The FN-rich ECM allows for higher cell 

migration levels, whereas the collagen IV, known as the basement membrane collagen, is laid 

down later in wound healing inhibits this migration (Barker and Engler, 2017). After wound 

closure, the fibrin and FN deposited by myofibroblasts disappears, thus restoring the basement 

membrane (Martin, 1997). In vascular tissue, the provisional matrix fills with serum clotting 

factors like the a-granules from platelets. The goal is to provide a base layer of ECM to recreate 

the stable network disrupted by the injury. Since the cornea is avascular, these clotting factors 

are not present. However, the wound site populates with cytokines that elicit a response from 

the surrounding fibroblasts to start producing a similar provisional matrix to skin. The FN and 
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fibrin assist in the migration of cells to help fill the wound and close it (Ljubimov and 

Saghizadeh, 2015). Although closing the wound avoids infection, scarring resulting from a 

buildup of fibrotic ECM in the tissue leads to loss of functionality (Walraven and Hinz, 2018). 

 FN is secreted as a disulfide-bonded dimer that consists of three repeating modules: I, II, 

and III (Figure 1.7) (Pankov and Yamada, 2002). It is either produced as soluble plasma-FN 

(pFN) or deposited as insoluble fibrils known as cellular-FN (cFN) (White and Muro, 2011). FN 

contains binding domains to cell surface molecules such as integrins and ECM components like 

collagen, FN itself, and others (Wierzbicka-Patynowski and Schwarzbauer, 2003). FN must be 

activated for fibril assembly to occur (Schwarzbauer, 1999). Activation of FN typically will occur 

through interactions with cell surface receptors like integrins. One specific interaction is the 

canonical FN binding a5b1 integrin recognizing the RGD (Arg-Gly-Asp) sequence on the type 

III9 repeat (Wierzbicka-Patynowski and Schwarzbauer, 2003). The N-terminal 70 kDa fragment 

contains the assembly domain required for the generation of fibrils. Without this domain, the 

fibrils cannot form (Schwarzbauer, 1999). Figure 1.7 depicts the repeats found in FN and the 

binding sites for fibrin, collagen, FN itself, and heparin. (Wierzbicka-Patynowski and 

Schwarzbauer, 2003) Type III modules are the most prevalent form in humans and contain two 

different splice variants (White and Muro, 2011). These splice variants are differentiated by 

alternative splicing of two type III exons called Extra Domain A and Extra Domain B (ED-A and 

ED-B). pFN does not contain these spliced forms, however, cFN does (White and Muro, 2011). 

The FN-EDA is used as a cellular marker for fibrosis, and its expression is associated with 

persistent pathological myofibroblasts, the cells that produce fibrotic matrix. FN-EDA expression 

is downstream of PI3K/AKT activation in several cell types. Previous studies show FN and 

associated integrins are upregulated by TGF-b1 mediated FAK activation. TGF-b1 is known to 

have several other effects, one of which is the protection of myofibroblasts from apoptosis by 

activating PI3K/AKT (Horowitz, 2007). A side effect of activating this pathway is an increase in 
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alpha-smooth muscle actin (a-SMA) expression, suggesting a high level of myofibroblast 

differentiation and activity. These highly contractile differentiated fibroblasts are the key players 

in wound healing. Myofibroblasts are masters of secreting matrix and closing the wound by 

pulling on the surrounding matrix (Abdalla et al., 2013). 

The main composition of a scar is collagen, and fibroblasts produce collagen. In the corneal 

stroma, the main type of collagen present is collagen I. It is synthesized from keratocytes in the 

form of procollagen, which contains two additional peptides. Enzymes known as procollagen 

proteinases remove the two extra peptides, forming collagen (Hovakimyan et al., 2012). That 

collagen molecule undergoes post-translational modifications that promotes fibril formation and 

then fibers. This process is regulated by the enzyme lysyl oxidase and causes the oxidation of 

lysines and hyroxylysines, causing the aldehyde groups to crosslink in both an intra- and 

intermolecular mechanism. (Hovakimyan et al., 2012)    

Collagens are abundant ECM molecules used for structural integrity by cells. Collagens can 

be denoted as fibrillar or non-fibrillar, and that depends on how they interact with each other and 

the surrounding ECM. For example, fibrillar collagens I, III, and V form heterotrimeric structures 

that cause them to assemble into fibrils (Midwood et al., 2006). Interestingly, type I and III 

collagen rely on type V collagen for the formation of fibrils. However, type III collagen is 

secreted by fibroblasts and is known to be associated with fibrotic matrix. Type III collagen is 

necessary for the fibril formation of collagen I. Type I collagen is the most commonly found 

collagen in skin, bones, cornea, tendons, and more (Naomi et al., 2021). Type V collagen is a 

major contributor to the matrix in the healthy corneal stroma, interstitial matrix of muscles, bone 

matrix, and many more locations throughout the body (Roulet et al., 2010). Non-fibrillar 

collagens, like collagen IV, will form a three-dimensional structure that resembles a chain linked 

fence. Type IV collagen is also known as basement membrane collagen and provides a scaffold 

for the assembly and stability of the ECM (Barker and Engler, 2017). More angiogenesis also 

occurs within the newly deposited ECM stimulated by the endothelial cells ability to migrate and 
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proliferate. As previously stated, forming a new vasculature provides proper oxygen and nutrient 

delivery to the newly developing tissue. The formation of new vasculature also causes the 

recruitment of more immune cells to the wound site (Gonzalez et al., 2016). Alongside these 

processes, with exposure to specific cytokines, epithelial cells will migrate towards the center of 

the wound to attempt to fill it. This process is called re-epithelialization and involves participation 

from keratinocytes and migrating epithelial cells (Gonzalez et al., 2016; Pastar et al., 2014). The 

epidermal cells surrounding hair follicles remove the damaged cells and coagulation matrix. A 

study focused on these epidermal cells showed they serve as a pool for keratinocytes during the 

healing process (Li, 2007). They reported a stretching of the projections of the keratinocytes and 

loss of ECM-cell and cell-cell connections. The migration of epithelial cells fulfills the purpose of 

re-epithelialization and stops when the keratinocytes regain contact and form the basement 

membrane (Gonzalez et al., 2016; Li, 2007). 

 

1.7 Remodeling Stage – Reepithelialization/Anti-inflammatory response 

The third and final stage of wound healing begins two to three weeks after the initial injury 

and can last over a year. The main goal of this stage is to regain normal tissue structure and 

remodel the tissue to create a scar that is not as vascular and stiff (Gonzalez et al., 2016). At 

this point in wound healing, inflammation is reduced and the ECM matures to create an 

environment suitable for a more functional scar. As stated above, the keratinocytes will 

proliferate until they regain contact. Once they touch, the epithelial migration stops and new 

stratified epidermis starts to form within the wound (Martin, 1997). Deposited ECM from the 

myofibroblasts in the proliferation stage will be modified to increase the functionality of the 

tissue. The type III collagen previously deposited is degraded and type I collagen replaces it. 

Collagen fibers also become thicker and more parallel with each other, resulting in increased 

tensile strength of the tissue (Gonzalez et al., 2016). These events all work towards creating a 

“normal” tissue and is aided by the production of anti-inflammatory cytokines like TGF-b1 that 



      
 

18 

lower the production of pro-inflammatory factors and immune cells (Atri et al., 2018; Gonzalez et 

al., 2016). The blood vessels in this area also disappear due to apoptosis and exposure to TNF-

a and IL-1 (Mendonça, 2009). Increased vascularization can make the tissue less “normal” and 

cause the inflammatory response to persist and contribute to a stiffer scar (Gonzalez et al., 

2016). Myofibroblasts are essential for wound contraction and will play a significant role in this 

stage to regain tissue composition. 

 

1.8 Avascular Wound Healing 

With an understanding of wound healing in the dermis, a non-vascularized model shares 

similar characteristics with a few key differences. The cornea is a highly organized portion of the 

eye that’s structure allows for the passage of light through to the retina (Wilson, 2012). Clear 

vision relies on the unobstructed transmission of light (Spadea et al., 2016). Disease, surgery or 

an injury that causes wound healing can cause irreversible damage to the cornea. As previously 

stated, the cornea is composed of 5 layers, starting with the outside, epithelium, Bowman’s 

layer, stroma, Descemet’s membrane, and the endothelium (Figure 1.1). The shape of the 

cornea is a vital part of light refraction, responsible for approximately two-thirds of the refraction 

to the retina (Wilson, 2012). The cornea is also essential for protecting the contents inside the 

eye and maintaining the intraocular pressure. The epithelium is important for protecting the 

stroma against pathogens and other foreign material that could cause damage. 

 

1.9 Inflammatory, Proliferative, and Remodeling phases in the Cornea  

A superficial epithelial wound is unlikely to cause a scar unless there is a breach in the 

bottom of the epithelium (Spadea et al., 2016; Wilson, 2012). The Bowman’s layer is directly 

below the epithelium and is composed of randomly arranged collagen fibers (Medeiros et al., 

2018; Wilson, 2012). This layer can scar and affect vision if the scar forms in a central location 

on the eye. The largest part of the cornea is the stroma. It is highly organized and makes up 
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approximately 90% of the cornea’s thickness (Musselmann, 2006; Wilson, 2012). Any sort of 

disruption in this layer by a wound or surgery will most likely cause a loss of vision and possibly 

permanent blindness (Wilson, 2012). Below the stroma lies Descemet’s membrane. Descemet’s 

membrane is a thin layer that helps maintain the cornea's curvature with its strength and is 

composed of endothelial cell secretions (Wilson, 2012). The endothelium is a thin layer made up 

of a mosaic pattern of hexagonal-shaped cells (Medeiros et al., 2018). This is important 

because the endothelium is responsible for preventing swelling and the buildup of fluid that 

could cause opacities in the stroma. Any loss of endothelial cells leads to edema in the cornea 

and possible blindness (Medeiros et al., 2018).  

 As previously stated, the cornea's transparency is essential for its intended function, 

refracting light to the back of the eye. The complex organization of collagen fibrils is how the 

cornea maintains its transparency. The collagen fibrils are composed of mainly type I and V and 

arranged in thin filaments (25-35nm) to make up thick layers (200-250nm) (Michelacci, 2003; 

Wilson, 2012). The critical factor about these collagen fibrils is they do not scatter light as much 

as thicker fibrils. The layers of collagen make up a matrix concentrated with proteoglycans, 

keratocytes, and glycoproteins. Keratocytes are specialized dormant fibroblast cells that reside 

between the thick collagen layers and secrete collagen to maintain the integrity of the cornea 

(Musselmann, 2006). Corneal tissue engineering has failed thus far due to the nanoscale 

organization of the collagen in the stroma. The strength and clarity is due to complex 

arrangements aided by the proteoglycans, which are composed of a protein core and 

glycosaminoglycan side chain. The proteoglycans present in the ECM of the stroma are decorin, 

lumican, mimican, and keratocan (Michelacci, 2003). The function of these proteoglycans is to 

aid chemical signaling by binding various signal molecules such as growth factors, cytokines, 

and others. In the cornea, they function to maintain its transparency. Proteoglycans can aid in 

cellular processes like proliferation, adhesion, migration, differentiation, and more (Michelacci, 

2003). Experiments done using mice with a homozygous null mutation for lumican formed 
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corneal opacities suggest the presence of proteoglycans is essential for maintaining the 

transparency (Michelacci, 2003; Wilson, 2012).   

 When a wound breaches the basement membrane of the epithelium and goes into the 

stroma, the wound healing response will start. The inflammatory stage begins with the action of 

recruited neutrophils through the limbal blood vessels. They are recruited to the wound site 

within a few hours after initial wounding and start phagocytosing foreign debris and damaged 

cells. Neutrophils also release ROS into the tissue to help clear the wound of any foreign debris 

(Marrazzo et al., 2011). When those neutrophils die, they release TGF-b1 which causes the 

recruitment of macrophages and the differentiation of surrounding keratocytes into fibroblasts 

and further into myofibroblasts (Ley, 2017; Walraven and Hinz, 2018). As previously stated, the 

macrophages will further differentiate into M1 and M2 depending on the time point since the 

wound and the myofibroblasts will produce large amounts of ECM and show high levels of a-

SMA expression (Ley, 2017; Walraven and Hinz, 2018). The distinct difference in this stage is 

the source of immune cells and myofibroblasts. The limbal cells are the closest vascularized 

network, so that is how the neutrophils arrive at the wound site (Marrazzo et al., 2011). There is 

no vasculature directly feeding the cornea, so there is no direct access for active immune cells 

to access the wound site (Torricelli et al., 2016). Therefore, they are brought in through the 

limbal system. With the neutrophil apoptosis occurring, TGF-b1 levels increase within the 

wound, causing more myofibroblast production. There is also a limited route for the 

myofibroblasts, and the bone marrow recruited myofibroblasts must go through the limbal 

vessels as well (Torricelli et al., 2016). Moving into the proliferative phase, the tissue-resident 

keratocytes have differentiated into myofibroblasts fill the wound. (Figure 1.8) The mechanical 

strain the myofibroblasts put on the ECM will release more TGF-b1 from the matrix, which 

creates a positive feedback loop causing there to be an excess of myofibroblast activation 

(Figure 1.8) (Shepard, 2004). This causes deposition of excess ECM into the wound site. In the 
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skin model discussed above, the only issues that arise from minor wounds are cosmetic since 

the scarred skin will look different from the healthy. In the cornea, the excess ECM causes 

opacities that will affect vision (Medeiros et al., 2018). In the remodeling stage, there are many 

similarities to vascular wound healing such as the release of the same cytokines (IL-1, TNF-a 

and TGF-b1) and similar matrix remodeling. However, the types of collagen deposited are 

different from what typically is present in a healthy cornea (Ljubimov and Saghizadeh, 2015). 

Normally, the collagen in the stroma is composed of type I and V (Meek and Knupp, 2015). In 

corneal remodeling, it can include collagen type III, IV, FN isoforms, and fibrillin (Ljubimov and 

Saghizadeh, 2015). These ECM proteins will not allow the passage of light because of their 

intrinsic properties and the disorganized manner of deposition in the stroma. 

 Here I have explained the mechanisms of vascular and avascular wound healing. I have 

described the inflammatory response, including neutrophil invasion, monocyte recruitment, and 

macrophage activation. I covered the proliferative stage, including myofibroblast differentiation 

and how integrin activity and EMT affect wound healing.  I discussed the formation of a scar and 

re-epithelialization and the anti-inflammatory immune response. Finally, I covered wound 

healing in the cornea, including the inflammatory, proliferative, and remodeling stages. I 

discussed the complications of scar formation in the cornea and how that can affect vision. 

Next, I will discuss the biological structure and function of both deubiquitinases like USP10 and 

formins like Daam1.  

 

2. DUB Biology and USP10 

2.1 Ubiquitination 

 Ubiquitin is a small protein consisting of 76 amino acids that post-translationally modifies 

proteins. It is a cellular signal for degradation, but it also has many other roles, such as DNA 

damage repair pathways, cell cycle progression, apoptosis, and signal transduction (Harrigan et 
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al., 2018). Healthy cells must maintain appropriate protein levels to obtain ideal cell function. 

The ubiquitin-proteasome system degrades approximately 90% of intracellular proteins 

(Bhattacharya et al., 2020). The other 10% of proteins not degraded by the ubiquitin 

proteasome system are degraded by the endo-lysosomal system. The endo-lysosomal 

degradation pathway contains a route for transmembrane macromolecules to be internalized, 

recycled, and controlled. Cargo will enter the endo-lysosomal pathway through three different 

methods: autophagy, endocytosis, or phagocytosis (Hu et al., 2015). Autophagy is a self-

digestion process by which cells can survive harsh conditions and eliminate misfolded or 

aggregated proteins and damaged organelles. It can also promote cellular senescence working 

to prevent necrosis in conditions like neurodegeneration and autoimmune diseases and 

infections (Glick et al., 2010). Phagocytosis is the process by which a particle is recognized and 

ingested into the plasma membrane of a phagosome. This not only plays a role in tissue 

homeostasis clearing the billions of cells turned over every day, but also for microbial 

elimination aiding in preventing infection (Rosales, 2018). As previously discussed, endocytosis 

is the invagination of the cell surface forming a membrane bound vesicle in the cytoplasm. This 

occurs in either a clathrin dependent or independent pathway.  

The ubiquitin proteasome system consists of a system of proteins that tag the target with 

a ubiquitin molecule leading to their recognition by the 26S proteasome. The 26S proteasome is 

a large protease complex that degrades ubiquitinated proteins (Lecker et al., 2006). The 

ubiquitin modification process is regulated by three groups of enzymes known as E1, E2, and 

E3. E1s are ubiquitin-activating enzymes that use ATP to form ubiquitin adenylate. E2s are 

ubiquitin-conjugating enzymes that transfer the ubiquitin modification to the ubiquitin ligase, 

which is E3. (Figure 1.9) Ubiquitin ligases bind the target protein and covalently link the ubiquitin 

(Bhattacharya et al., 2020). Two of the main types of ubiquitination are mono- and 

polyubiquitination. Monoubiquitination is when one ubiquitin molecule attaches to one lysine 

residue within the target protein. Polyubiquitination is when a chain of ubiquitin molecules attach 
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to a particular lysine of the target protein with each successive ubiquitin connecting to the free 

amino group of another (Bhattacharya et al., 2020). There are eight potential types of 

homogenous polyubiquitin chains derived from the first methionine or any of the seven lysine 

residues (Ohtake et al., 2016). The most abundant polyubiquitin chain types are K48 and K63. 

(Figure 1.10) The K63 chain linkage is known to regulate proteasome independent events like 

signal transduction, DNA repair, endocytosis, and autophagy. In contrast, the K48 linkage leads 

to proteasomal degradation and are commonly found on at sites of DNA damage, and oxidative 

stress (Ohtake et al., 2016). There are also mixed linkages that involve ubiquitin or ubiquitin-like 

protein (UBLs), such as a small ubiquitin-like modifier (SUMO) (Harrigan et al., 2018). Together, 

the different signals generate a ubiquitin code which have diverse effects on the protein and cell 

structure and function. For example, the tumor suppressor p53-binding protein 1 (53BP1) is an 

essential mediator of the DNA damage response. It is necessary for the phosphorylation of DNA 

repair machinery and without its function the DNA damage response would not be as robust 

(Mallette and Richard, 2012). K48-linked ubiquitination is shown to be essential for the 

recruitment of 53BP1 at DNA damage sites, suggesting that the ubiquitin code plays a key role 

in managing the DNA repair system. 

 

2.2 Deubiquitinases (DUBs) 

 The ubiquitin molecules added to the substrates can easily be cleaved by 

deubiquitinating enzymes or DUBs. DUBs are notoriously promiscuous proteins involved in 

managing the cellular levels of substrates tagged with ubiquitin and ubiquitin-like proteins, like 

SUMO precursors and SUMO conjugates (Harrigan et al., 2018). DUBs are categorized into six 

families: the ovarian tumor family (OTUs), motif-interacting with ubiquitin-containing novel DUB 

family (MINDYs), JAB1 MPN domain-containing metalloenzymes (JAMMs), ubiquitin carboxy-

terminal hydrolases (UCHs), Machado-Josephin domain-containing proteases (MJDs), and 

ubiquitin-specific proteases (USPs) (Bhattacharya et al., 2020). All DUB families but the JAMMs 
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are cysteine peptidases, and JAMMs are zinc metallopeptidases (Harrigan et al., 2018). Defects 

in the function of DUBs and their substrates contribute to disease and are also emerging as 

therapeutic targets. For example, exploiting the relationships between USP10 and p53 has 

become an exciting concept for the development of therapeutics (Figure 1.11). There are both 

oncogenic and tumor-suppressive characteristics discovered and attributed to individual DUBs. 

Overexpression and knockout of DUBs may differ between different stages of malignancy and 

tissue types (Sacco et al., 2010). Despite research done with potent irreversible DUB inhibitors 

like ubiquitin aldehyde or ubiquitin vinyl sulfone, there are very few clinical trials. The first DUB 

inhibitor to enter clinical trials was VLX1570, which inhibits USP14 and UCHL5 in the 19S 

regulatory subunit. Initial data suggested it had robust anti-tumoric activity (Chen et al., 2021; 

Huang and Dixit, 2016). However, the clinical trial was suspended due to pulmonary toxicity, 

which is due to the activation of lung inflammation upon drug withdrawal which causes damage 

to the lung tissues due to accumulation of active drug metabolites (Chen et al., 2021). Another 

example of a drug targeting DUBs is Spautin-1. Spautin-1 (small and potent autophagy inhibitor-

1) is a small molecule inhibitor that inhibits autophagy by increasing the degradation of beclin-1 

by blocking the action of USP10 and USP13 (Harrigan et al., 2018). Beclin-1 is a known tumor 

suppressor protein necessary for the initiation of autophagy. Beclin-1 is also known to control 

the stability of both USP10 and USP13 by regulating their ability to deubiquitinate. Since USP10 

controls ubiquitination of p53, a prominent tumor suppressor involved in DNA damage 

response, controlling the levels of beclin-1 is a novel method of regulating the levels of p53. 

Spautin-1 connects two important tumor suppressors as a possible method of developing anti-

cancer drugs (Liu et al., 2011).  

 

2.3 Ubiquitin Specific Protease (USP) Structure and Function 

 USPs are highly dependent on their acutely designed structure for their specific 

functions. The catalytic domain present in all USP proteins is compared to the fingers, thumb, 



      
 

25 

and palm of a hand (Bhattacharya et al., 2020; Komander et al., 2009). The USP proteins' 

catalytic center is found between the palm and thumb regions. There have been several 

ubiquitin-binding domains (UBDs) discovered on USP proteins; Ub-associated domain (UBA), a 

zinc finger Ub-specific protease domain (ZnF-UBP domain), and a Ub-interacting motif (UIM). 

When ubiquitin binds, structural rearrangements made in the active site promote the catalytic 

hydrolysis from the substrate (Bhattacharya et al., 2020). The active site loop is then displaced 

from its original position, which facilitates protein binding, followed by removing the ubiquitin 

mark. The current understanding of this process is determinant of the crystal structure of USPs 

5, 7, and 8 (Bhattacharya et al., 2020; Gillespie et al., 2017).  

 

2.4 USP10 

The USP10 human protein is 798 amino acids and is highly expressed in virtually every 

cell's nucleus and cytoplasm (Deng et al., 2016). The catalytic domain is located 415 amino 

acids from the N terminus and is about 380 amino acids long (Figure 1.12) (Bhattacharya et al., 

2020). USP10 is a cysteine protease. It mediates the thiol-dependent hydrolysis of ester, amide, 

thioester, and peptide bonds formed by carboxy-terminal glycine residue of ubiquitin. Most 

notably, USP10 is a DUB for p53 and CFTR (cystic fibrosis transmembrane conductance 

regulator). CFTR is a membrane-bound protein that functions as a chloride channel to maintain 

the salt and water balance in the body. It is found in the lung and on other body surfaces and 

assists with eliminating excess mucus from the lungs. Dysfunction of CFTR results in the 

characteristic thick and sticky mucus that builds upon the surface of the lungs, causing cystic 

fibrosis (Bomberger et al., 2009). The level of CFTR present on the cell surface is directly 

related to the ubiquitination-dependent CFTR-endocytosis and subsequent deubiquitination and 

recycling back to the cell surface. Recent work has shown that USP10 directly interacts with 

CFTR, and with increased USP10 expression there is more CFTR on the cell surface 

(Bomberger et al., 2009). Interestingly, lung infections caused by Pseudomonas aeruginosa and 
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the toxin Cif (produced by the bacteria) reduce CFTR-mediated chloride secretion. Cif is also 

known to stabilize the inhibition of USP10 by G3BP1, thus reducing the USP10-mediated 

deubiquitination of CFTR and increasing the lysosomal degradation of CFTR (Figure 1.13). The 

expression of USP10 in the epithelial cells of the airway may act as a protective measure for 

CFTR and help against pneumonia, cystic fibrosis, and chronic obstructive pulmonary disease 

(COPD) (Bhattacharya et al., 2020).  

USP10 is also known to be a part of the DNA damage response system within cells. The 

DNA damage system helps protect cells against harmful mutations. USP10 is described as a 

regulator of p53 in the cytoplasm under unstressed conditions. USP10 will deubiquitinate p53 in 

the cytoplasm, contradicting the action of MDM2 (a known E3 ligase that is a negative regulator 

of p53), which enables nuclear reentry. When the cell is stressed and DNA damage occurs, 

USP10 accumulates in the nucleus, deubiquitinating p53 within the nucleus resulting in a quick 

damage response (Figure 1.13). Similarly, USP7 targets MDM2, deubiquitinating and stabilizing 

the protein, therefore negatively regulating p53. Together, USP7 and USP10 have crucial 

functions for maintaining p53 stability after DNA damage occurs (Bhattacharya et al., 2020; 

Takayama et al., 2018).  

An essential complex in ribosome recycling and stress granule formation is USP10-

G3BP1 binding that occurs. Stress granules are untranslated messenger ribonucleoproteins 

(mRNPs) that contain halted translation preinitiation complexes that are assembled into 

granules by specific RNA-binding proteins (G3BP) (Meyer et al., 2020). G3BP proteins and 

USP10 minimize cell stress-related damage and help promote cell survival. USP10 inhibits the 

degradation of the 40S subunit and facilitates the recycling of ribosomal subunits RPS2, 3, and 

10 (Bhattacharya et al., 2020; Meyer et al., 2020). The eukaryotic ribosome has two subunits: 

the “large” 60S subunit and the “small” 40S subunit. Both are required for translation but have 

different functions. The 40S subunit is responsible for decoding genetic information brought to 

the ribosome whereas the 60S subunit catalyzes the peptide bond formation (Gregory et al., 
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2019). The exact location of USP10s function in this pathway is unsure, but it is essential for the 

detachment of ribosomes from mRNA and the splitting or turnover of ribosomal subunits. It is 

currently unclear whether USP10s function is essential or can be compensated for by other 

USPs, however a downregulation of USP10 expression has been shown to cause a 

dysfunctional assembly of stress granules.  

 USP10 is also known to help regulate autophagy by deubiquitinating Beclin1 (Boutouja 

et al., 2017). USP10 known to interact with androgen receptors, a type of nuclear receptor 

activated through the binding of androgenic hormones. This process is critical for the 

development of male characteristics (Bhattacharya et al., 2020). There are various conditions 

associated with androgen receptor dysfunction, like prostate cancer and benign prostatic 

hyperplasia. USP10 is essential for regulating androgen receptor activity by deubiquitinating the 

receptor in the cytosol. The deubiquitination of the androgen receptor causes an increase in the 

nuclear import and transcriptional activity of the androgen pathway (Bhattacharya et al., 2020). 

Interestingly, USP10 overexpression is found in patients with advanced-stage prostate cancer, 

which directly correlates to poor patient outcomes (Takayama et al., 2018).   

 Ubiquitination and deubiquitination are both essential functions of normal functioning 

cells. USP10s biological function is not fully characterized, however it is expanding quickly. Here 

I have detailed the role of USP10 in healthy cells and different disease states. Next, I will 

describe the interaction of USP10 with Daam1 after explaining the role of actin and formins in 

the cell.  

 

3. Formins and Daam1 

3.1 Actin 

 Actin is one of the most highly conserved proteins found in all eukaryotic cells. It 

assembles into a dynamic network of polarized filaments that contributes to many aspects of 

cellular physiology (Zhu et al., 2013). Cells use actin monomers as building blocks to form 
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filaments through the synchronous efforts of various actin filament regulators. Actin polypeptides 

contain 375 residues that fold into a flat protein that binds ATP in a deep medial cleft (Pollard, 

2016). It has four subdomains that direct binding for different proteins. There is a “target binding 

groove” found between subdomains 1 and 3, where proteins bind. Actin monomers will 

polymerize spontaneously in physiological salt conditions requiring both monovalent and 

divalent cations. The monomers bind ATP or ADP tightly as long as Ca2+ or Mg2+ is available 

(Pollard, 2016). Spontaneous polymerization is dependent on the concentration of actin 

monomers present and can begin with a significant lag period. The process of spontaneous 

polymerization was described in the 1960s as a slow nucleation step required for the elongation 

of mature oligomers (Asakura, 1960). Until a stable oligomer is formed (4 or more monomers) 

there is an issue with filament stability. Actin filament elongation occurs quicker at the barbed 

ends rather than the pointed ends.  Both electron microscopy and light microscopy have been 

used to measure actin filament elongation (Kuhn and Pollard, 2005; Pollard, 1986). There is a 

critical concentration for optimal polymerization of actin at 0.1µM. When this is met, the 

polymerization rate can generate piconewton forces which helps with the formation of filopodia 

and lamellipodia (Pollard, 2016). 

 The way actin behaves in cells is significantly different than purified actin in a test tube. 

This difference is mainly due to actin-binding proteins in the cells, which regulate every aspect 

of actin assembly. These proteins will provide a large pool of actin monomers available for 

polymerization, elongation, or any actin related process. One of the most prominent actin 

binding proteins is profilin. Profilin binds actin monomers and is essential for cell viability in 

eukaryotes. The purpose of profilin is to sterically inhibit nucleation and elongation and pointed 

ends, but not at barbed ends (Pollard, 2016). It is also essential for profilin to catalyze a 

nucleotide exchange that dissociates ADP from depolymerized actin monomers, thus allowing 

ATP to bind. An important part of profilin’s role is to bind polyproline sequences causing it to 

deliver actin to elongation factors, like formins (Pollard, 1986; Pollard, 2016).  
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3.2 Formins 

Formins are a class of conserved actin polymerization proteins that have essential roles 

in rearranging the actin cytoskeleton and microtubule dynamics. They were first identified in 

flies, mice, and yeast as genes that cause severe defects in cytokinesis when mutated 

(Breitsprecher and Goode, 2013). The function of formins differ dependent on the organism. In 

yeast, formins are essential for the formation of basic intracellular filaments necessary for 

intracellular transport as well as cytokinetic activity (Pruyne et al., 2002). In eukaryotic cells, 

they are responsible for assembling filopodia, lamellipodia, and actin stress fibers (Breitsprecher 

and Goode, 2013). Lamellipodia and filopodia are two different forms of actin machinery that 

coexist on the leading edge of motile cells. The leading edge refers to the area of the cell that is 

closest to the direction of movement (Yang et al., 2007). Lamellipodia are designed for the 

protrusion over the cell surface whereas filopodia steer the cells depending on environmental 

signals. Most cells in culture express both filopodia and lamellipodia. However, there are cells 

that almost exclusively express only one. For example, both neutrophils and keratocytes only 

express lamellipodia whereas dendritic cells mainly express filopodia (Mejillano et al., 2004; 

Yang et al., 2007). Stress fibers are the main contractile structures in most cultured cells. These 

actin bundles are prominent in fibroblastic, smooth muscle, and many cancer cell lines 

(Tojkander et al., 2012). Formins are also involved in other physiological processes like immune 

system cell motility, neural tube closure, heart morphogenesis, and dendritic spine formation in 

neurons. There are 15 vertebrate formins, the largest being the Diaphanous-related formins 

(DRFs). They have an N-terminal GTPase-binding domain with an adjacent Diaphanous 

inhibitory domain (DID) and a C-terminal Diaphanous autoregulatory domain (DAD). The 

signature features of formins are the C-terminal formin homology domains 1 and 2 (FH1 and 
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FH2, respectively) (Breitsprecher and Goode, 2013). Formins typically all have three functions: 

nucleation of actin assembly, movement of barbed ends of actin filaments and protection from 

capping proteins, and profilin-dependent acceleration of elongation. Formins role in actin 

filament nucleation stabilizes the energetically unfavorable dimers and trimers of actin with the 

FH2 domain resulting in easier filament formation (Courtemanche, 2018). 

Formins are also involved with binding barbed ends on filaments, inhibiting annealing 

and capping, and using a coordinated action of multiple domains to influence the rate of 

elongation (Courtemanche, 2018). Interestingly, there are many isoforms of each formin, 

however they share no redundancies of function. Understanding formin function and how 

important they are to cell viability helps to understand the mechanisms of their role in actin 

assembly and cytoskeletal dynamics. The key feature of these large (greater than 1000 amino 

acids) multidomain proteins is their conserved FH2 domain. The interaction of the FH2 domain 

with actin was first demonstrated in 2002 when gold-labeled formins localized near the barbed 

ends of actin filaments (Pruyne et al., 2002). The FH2 monomer consists of an elongated alpha-

helical structure that, in a head-to-tail manner, self-associates to form a closed ring dimer. This 

dimerization is facilitated by an aromatic residue such as the conserved tryptophan in the ring-

shaped region. These monomers connect by a flexible linker that binds the “knob” to the “lasso” 

region of the dimer (Figure 1.14). Different from many others in its family, the linker of the formin 

Daam1 is highly unstructured, which causes interference with actin binding. This is understood 

to be a method of regulating the actin assembly properties of Daam1 (Courtemanche, 2018).  

 

3.3 Daam1 

Daam1 was first studied as a formin involved in Xenopus gastrulation (Lu et al., 2007). 

Daam1 is necessary for Wnt signaling through direct interactions with both dishevelled and 

RhoA (Habas, 2001). The Wnt family of glycolipoproteins is involved with cellular processes 

during embryonic development and stem cell maintenance. It is central in regulating tissue 
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morphogenesis not only during embryogenesis but also during tissue repair (Patel et al., 2019). 

Dishevelled is a known component of both canonical and non-canonical downstream Wnt 

signaling. Canonical Wnt signaling suggests a b-catenin dependent interaction whereas non-

canonical suggests a b-catenin independent interaction (Sharma et al., 2018). b-catenin is a 

core structural component of the Wnt signaling cascade (Yanai et al., 2017). RhoA is a Ras 

family small GTPase protein that is known for its association with cytoskeletal organization. It 

plays an essential role in keratinocyte cell-cell adhesion as well as many other roles (Matusek et 

al., 2006). The C-terminal fragment of Daam1 contains its FH1, FH2, and DAD domain (from 

amino acid 490-1078). As previously discussed, the “lasso” and “knob” portions of the FH2 

domains of Daam1 connect by a disordered flexible linker. The Daam1 FH2 domain forms a 

head-to-tail dimer (stabilized by the “lasso”) that wraps around the other dimer formed (Figure 

1.14). The FH2 dimer will nucleate a new filament through actin dimer stabilization, move up the 

filament, and cap the barbed end as if it is climbing a ladder. That process is made possible by 

the flexibly linked dimer (Lu et al., 2007). This is all done to promote the organization of the actin 

cytoskeleton for various functions. One of which is the rapid building of the highly contractile 

actin stress a-SMA. These actin stress fibers are characteristic of myofibroblasts present in 

wound healing. They suggest there is cell stress and that the contractile nature of these 

myofibroblasts is necessary for wound healing. My work has shown that Daam1 localizes these 

actin stress fibers in myofibroblasts. Interestingly, I also found that USP10 colocalizes with 

Daam1 on the stress fibers, suggesting they interact on the actin stress fibers. I also showed 

through proximity ligation assay and co-immunoprecipitation that Daam1 and USP10 bind, 

suggesting their interaction may have a regulatory role during wound healing.  

In this section, I have outlined the structure and function of actin, formins, and 

specifically the formin Daam1. I have begun to connect USP10 to Daam1 and the interaction of 

USP10 and Daam1 during wound healing.  
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4. Summary and Goals of this Thesis 

 A regenerative model for corneal wound healing would greatly benefit the world of 

ophthalmology. It would allow those afflicted with a wound to the eye to heal without the 

consequence of vision loss. Regenerative healing can have implications in the military and other 

areas where a drug is administered quickly after the wound occurs. I have started to outline the 

role that integrin recycling plays in wound healing above. USP10s role in integrin and matrix 

recycling will be detailed in chapter 2, where I demonstrate how overexpression of USP10 

causes an increase in the matrix recycled by cells in culture. This work suggests that in a wound 

healing environment, the myofibroblasts that are helping close the wound are secreting matrix to 

fill the wound and recycling matrix along with integrins. Chapter 3 will consist of detailing the 

role of the USP10-Daam1 interaction and how that affects integrin and matrix recycling. In this 

chapter, I observe USP10 and Daam1 interacting through a proximity ligation assay, a yeast 

two-hybrid assay, and co-immunoprecipitation, and an enzyme inhibition assay. Chapter 4 will 

discuss the in vivo work associated with understanding USP10s role in wound healing. Here I 

describe the treatment of wounded rabbit eyes with a modified self-delivery siRNA (sdRNA) and 

how that improved scarring outcome after six weeks.  
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5. Figures 

 

 

 

 

 

 

Figure 1.1. Cross-section of a human eye with an expanded view of the cornea.  

In primates and chickens, histologically there are five distinct layers: epithelium, Bowman’s 

membrane, stroma, Decement’s membrane, and endothelium (DelMonte and Kim, 2011; 

Ritchey et al., 2011).In all other mammals, Bowman’s membrane is not visible histologically. At 

the transmission electron microscopic level, a basement membrane is observed separating the 

corneal epithelium and stroma in all corneas including those with a Bowman’s membrane. An 

intact membrane separating the epithelium from the stroma is a necessary to prevent scarring in 

all mammals (Gillespie et al., 2017). Image provided with permission from AllAboutVision.com 

(http://www.allaboutvision.com/resources/cornea.htm) 
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Figure 1.2. Proposed model of USP10 mediated integrin recycling with ECM. Integrins that 

are bound to ECM are internalized with that bound matrix and through the action of USP10 are 

returned to the cell surface 

 

 

 

 

 

 

 

 

Figure 1.3. Stages of wound healing over time. The inflammatory stage begins immediately 

after the wound occurs. The proliferative stage starts after 2 days at the earliest and stops when 

the remodeling stage occurs at around 2 weeks after the wound (Gonzalez et al., 2016). 
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Figure 1.4. Candy wrapper TGF-b model. Integrins are the hand, inactive TGF-b1 (candy) is 

covered by the candy wrapper. When the LAP associated with the inactive TGF-b1, it acts on it 

to open it. (a,b) Otherwise, the ECM tension acts to pull of the LAP, allowing TGF-b1 to be 

active using an alternative pathway (c) (Hinz, 2015). 

 

 

 

 

 

 

 

Figure 1.5. Integrin structure. Integrins contain one alpha and one beta chain for each 

heterodimer. They span across the plasma membrane and bind ligands on both sides. 

Extracellularly, they bind ECM. Intracellularly, they bind the cytoskeleton (Ameneshelami, 2005). 
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Figure 1.6. Epithelial cells going through EMT to differentiate into irregular mesenchymal 

cells. The rectangular shape of normal epithelial cells is lost when they are exposed to high 

levels of TGF-b and undergo EMT. The result is an irregular cell that has large amounts of 

stress fibers.  

 

 

 

 

 

 

 

Figure 1.7. Structure and binding domains of FN modules. FN has binding domains for 

different ECM components as well as binding sites for integrins (RGD). These allow for the 

formation of a dense and diverse ECM meshwork  

 

 

 

 

 

 



      
 

37 

Basement
Membrane

Keratocytes

Basement
Membrane

Keratocytes

Basement
Membrane

Keratocytes

Basement
Membrane

Keratocytes

Basement
Membrane

Basement
Membrane

Peripheral keratocytes differentiate 
into motile fibroblasts that repopulate 
the wound area

Fibroblasts differentiate into 
myofibroblasts that close the wound

A B C

D E F

 

 

 

 

 

 

 

 

Figure 1.8. Diagram of the cellular events that lead to corneal scarring. This diagram 

depicts the basic events that unfold in the anterior cornea after wounding. A) Depiction of the 

epithelium, Bowman’s membrane, stroma, and the quiescent cells embedded in the stroma, 

keratocytes. B) The red triangle depicts a wound, which can be mechanical, an ulcer, virus, or 

persistent infection. C) After wounding in which the Bowman’s or basement membrane is 

breached, the cells around the wound apoptose. D and E) An influx of cells repopulates the 

wound from resident keratocytes or bone marrow-derived fibroblasts and transition into 

activated fibroblasts or directly into myofibroblasts. F) These adherent pathological 

myofibroblasts create an autocrine loop of TGFb activation and secretion of disorganized fibrotic 

matrix that promotes corneal haze and scar formation. In a regeneratively healed wound, 

myofibroblasts appear but have apoptosed in the healed tissue (Delmonte, 2010; Shu and 

Lovicu, 2017; Wilson, 1996).  
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Fig 1.9. E1, E2, and E3 enzymatic activity. The E1 enzyme activates ubiquitin in an ATP 

dependent manner. Ubiquitin is then transferred to the E2 enzyme that conjugates ubiquitin with 

a catalytic cysteine residue. It is then transferred to the E3 ligase which directly assists with the 

transfer of ubiquitin from the E2 to the substrate (Harrigan et al., 2018). 
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Figure 1.10. K48 and K63 branched ubiquitin chains. (A) Relative amounts of eight types of 

ubiquitin linkages. (B) Cartoon representation of the different types of ubiquitin chains: 

branched, mixed, and multiple chains. (C) Examples of branched and unbranched K48 and K63 

linkages and where they bind (Ohtake et al., 2016). 
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Figure 1.11. Role of USP10 in stabilization of p53. (A) In conditions of cell stress, 

cytoplasmic USP10 will deubiquitinate p53 to prevent proteasomal degradation of p53 and allow 

nuclear re-entry. (B) After genotoxic stress, p53 can be phosphorylated to reduce its interaction 

with MDM2, which is a negative regulator of p53. USP10 can also be phosphorylated, stabilizing 

it in the nucleus thus stabilizing p53.  

 

 

 

 

 

 

Figure 1.12. Schematic of USP10 structure. USP10 is a 798 amino acid protein. Consists of a 

C-terminal catalytic core domain (USP domain) (Harrigan et al., 2018). 
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Figure 1.13. USP10s role in CFTR expression. CFTR is normally a multi-ubiquitinated protein 

that is endocytosed. USP10 mediated the DUB activity on CFTR, which would prevent 

degradation of CFTR facilitating its recycling to the cell surface. When the toxin Cif is present in 

certain pathologies, it stabilizes the interaction between G3BP1 and USP10 thus inhibiting its 

recycling leading to reduced CFTR present and lower chloride secretion.  

 

 

 

 

 

 

 

 

 

Figure 1.14. Atomic structure of a formin FH2 domain. Structure of formin Bni1P (Daam1 not 

yet characterized). Depicts an actin bound FH2 dimer. Color coded lasso, linker, knob, post, and 

coiled coil subdomains.  
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Statement of Contribution 

My role was performing all experiments and data analysis. 

2.1 Abstract 

Integrins play a central role in myofibroblast pathological adhesion, over-contraction, and TGFb 

activation. Previously, it was demonstrated that after corneal wounding, av integrins are 

protected from intracellular degradation by upregulation of the deubiquitinase USP10, leading to 

cell surface integrin accumulation. Since integrins bind to and internalize ECM, I tested if 

extracellular FN accumulation can result from an increase in integrin and matrix recycling in 

primary human corneal fibroblasts. Primary human corneal fibroblasts (HCFs) were isolated 

from cadaver eyes. HCFs were transfected with either USP10 cDNA or control cDNA by 

Nucleofection. Internalized FN was quantified with a FN ELISA. Recycled extracellular integrin 

and FN were detected with streptavidin-488 by live cell confocal. Endogenous FN-EDA was 

detected by immunocytochemistry. Cell size and removal of FN from cell surface was 

determined by flow cytometry. USP10 overexpression increased a5b1 (1.9 fold) and av (1.7 

fold) integrin recycling, with a concomitant increase in biotinylated-FN internalization (2.1 fold) 

and recycling over 4 days (1.7 - 2.2-fold). The dependence of FN recycling on integrins was 

demonstrated by a5b1 and av integrin blocking antibodies, which compared to control IgG 

decreased biotinylated-FN recycling (62%, and 84% respectively). Overall, I established that 

extracellular FN was composed of approximately 1/3 recycled biotinylated-FN, and 2/3 

endogenously secreted FN. These data suggest that reduced integrin degradation with a 

subsequent increase in integrin/FN recycling after wounding may be a newly identified 

mechanism for the characteristic accumulation of ECM in corneal scar tissue.  

2.2 Introduction 

Scarring in the eye results in visual disability or blindness. Since the cornea is 
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transparent, a scar severely impacts vision (Whitcher et al., 2001). However, for scientific 

discovery of scarring mechanisms, the cornea is a very useful model to study wound healing, as 

scarring can be easily evaluated (Barrientez et al., 2019; Stepp et al., 2014). Corneal stromal 

wounding induces an influx of myofibroblasts and immune cells into the cornea (Wilson, 2020; 

Wilson et al., 2021). The persistence of pathological myofibroblasts and fibrotic matrix forms a 

scar, blocking transmission of light (Pakshir et al., 2020; Wilson et al., 2007). Integrin-mediated 

adhesion promotes myofibroblast differentiation by increasing cell adhesion and cellular tension 

that is required for assembly of a-SMA stress fibers characteristic of myofibroblasts (Pakshir et 

al., 2020; Parapuram and Hodge, 2014). Integrins also activate latent, matrix-associated 

endogenous TGFb by binding to the RGD domain in its latency-associated peptide (LAP) (Hinz, 

2015; Leask, 2013; Wipff et al., 2007). FN binding integrins (av- and a5b1) in particular are 

strongly associated with fibrotic outcomes (Conroy et al., 2016; Eldred et al., 2011; Gillespie et 

al., 2017; Henderson et al., 2013; Henderson et al., 2020; Leask, 2013; Reed et al., 2015; Wang 

et al., 2012). 

Previous work discovered that the deubiquitinase (DUB) USP10 gene and protein 

expression were increased in human corneal myofibroblasts (Gillespie et al., 2017). DUBs 

remove ubiquitin from proteins, preventing degradation. I found that USP10 is a DUB for integrin 

subunits b1 and b5 but not on b3 (Gillespie et al., 2017). (The av integrin subunit is not directly 

ubiquitinated but is degraded with the beta subunit (Hsia et al., 2014; Lobert and Stenmark, 

2010). Correspondingly, knockdown of USP10 gene expression increased ubiquitination of 

integrin b1 and b5 subunits leading to decreased av/b1/b5 protein levels, whereas gain of 

USP10 expression increased these protein levels without altering integrin gene expression 

(Gillespie et al., 2017). As a result of cell surface integrin accumulation, TGFb is activated 

leading to increased gene expression and organization of the fibrotic markers, a-SMA and FN-

EDA (Gillespie et al., 2017). Blocking either TGFb signaling or cell-surface av integrins after 
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USP10 overexpression prevented or reduced these fibrotic markers, respectively (Gillespie et 

al., 2017). Furthermore, knockdown of USP10 with USP10-targeting siRNA after wounding in an 

ex-vivo pig cornea organ culture model and in an in vivo rabbit corneal model significantly 

reduced the induction of fibrotic markers and promoted regenerative healing (Boumil et al., 

2020; Castro et al., 2019; Gillespie et al., 2017). These data suggest that controlling integrin 

levels via DUB expression is a novel method to control scarring and fibrosis.  

Here I have continued this work by testing if the USP10-mediated increase in integrins 

on the cell surface after wounding is an undiscovered mechanism for increasing extracellular 

matrix, a hallmark of scarring and fibrosis.  I have focused this study on a5b1 and av- integrins 

and the matrix molecule, FN. In a step-wise manner, FN secreted by cells is organized to 

assemble into fibrils (fibrillogenesis) (Sechler et al., 1996). As assembly progresses, short 

detergent-soluble fibrils are converted into a dense detergent-insoluble fibrillar network 

(Wierzbicka-Patynowski and Schwarzbauer, 2003). The FN extracellular matrix is a dynamic 

scaffold that is a central player in cell repair, adhesion, migration, and invasion. Alpha v 

integrins along with the classical FN receptor, a5b1 integrin, bind to and coordinate the 

organization and endocytosis of FN through the binding of FN (RGD) domains (Benito-Jardon et 

al., 2020). Using single cell force microscopy, it was demonstrated that av-integrins bind first to 

FN, signaling to a5b1 to form additional adhesion sites. This crosstalk strengthens adhesions to 

FN (Bharadwaj et al., 2017). Integrins also mediate the endocytosis of FN (Shi and Sottile, 

2008) but large organized FN fibrils cannot be endocytosed.  MT1-MMP, a membrane-bound 

matrix metalloproteinase (MMP), plays a key role in the extracellular FN cleavage that is 

necessary for FN endocytosis and subsequent intracellular degradation (Shi and Sottile, 2011; 

Sottile and Chandler, 2005) or recycling back to the cell surface (Mana et al., 2016; Varadaraj et 

al., 2017).  
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Disrupted FN homeostasis leading to a buildup of extracellular FN and specifically, the 

fibrotic cellular splice variant, FN-EDA, is linked to the activation of TGFb and a wide range of 

disease pathologies including cardiac, liver, kidney, and dermal fibrosis, as well as glaucoma 

(Altrock et al., 2015; Bhattacharyya et al., 2014; Bowers et al., 2019; Faralli et al., 2020; Filla et 

al., 2019; Klingberg et al., 2018; Valiente-Alandi et al., 2018). Here I demonstrate that 

overexpression of the DUB, USP10 increases a5b1 and av-integrin recycling to the cell surface.  

This increase in integrin recycling also promotes endocytosis and subsequent recycling of FN. 

Together, these data demonstrate that integrin ubiquitination status affects not only the 

recycling of integrin to the cell surface but also the recycling of integrin-bound matrix.  

 

2.3 Materials and Methods  

Antibodies and Reagents 

Flag-HA-USP10 for transient overexpression was obtained from Addgene (plasmid # 22543). 

Antibody against a5b1 was from Novus (Volociximab, 2-52680) (Li et al., 2020; Ricart et al., 

2008) and the antibody against av (AV-1b/2b) was produced in the lab of Dr. Sachdev S. Sidhu 

at the University of Toronto, Ontario Canada (Gallo et al., 2021).  FITC-FN was from Sigma 

(F2733). Herring sperm DNA was from Invitrogen (#15634-017). Secondary anti-rabbit-488 

conjugated antibody is from Jackson (111-545-003). Biotinylated-FN was obtained from 

Cytoskeleton Inc. (FNR03). Streptavidin-HRP is from Biolegend (405210). FN- EDA-488 

conjugated antibody is from Santa Cruz Biotechnology (IST9, 59826). 

 

Cell Culture 

Human cadaver corneas from unidentifiable diseased subjects were obtained from the Syracuse 

Eye Bank, Syracuse, NY and The Eye-Bank for Sight Restoration, New York City, NY. The 

SUNY Upstate Medical University Institutional Review Board has informed us that, as described 
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under Title 45 CFR Part 46 of the Code of Federal Regulations unidentifiable cadaver tissue 

does not constitute research in human subjects. Hence, the experiments performed in this 

report do not require their approval or waiver. However, all tissue was screened for pathogens 

as if it were to be transplanted for clinical use in humans. The tissues are obtained after the 

screening process. Human corneal fibroblasts (HCFs) were isolated as described previously 

(Bernstein et al., 2007) and maintained in complete media: DMEM-F12 (Invitrogen) with 10% 

FBS (Atlanta Biologicals) with ABAM and Gentamicin (Invitrogen). For experiments, except 

where noted, cells were plated on 10 ug/ml bovine collagen (Purcol, Advanced Biomatrix, 

Poway, CA) in supplemented serum-free media (SSFM): DMEM-F12 plus RPMI-1640 Vitamin 

Mix, ITS Liquid media supplement, 1 mg/ml glutathione (Sigma), 2 mM L- glutamine, 1 mM 

sodium pyruvate, 0.1mM non-essential amino acids (Invitrogen) with ABAM (Sigma) and 

Gentamicin (Sigma).  

 

Live Cell Integrin recycling assay 

HCFs were transfected (P3 Primary Cell Solution, Lonza, program EN-130) with 2ug of control 

or 2ug USP10 cDNA and re-plated in DMEM/F12 and 1% FBS. Transfection efficiency was 

confirmed through the use of USP10-mCherry and Sir-Tubulin and counting the number of 

transfected cells (data not published). After determining the best program for our cells working 

with Lonza, we discovered with some cytotoxicity we had a transfection efficiency above 90% 

(data not published).  After 48 hours post transfection, the cells were blocked with Herring 

Sperm DNA (10ug/ml) for 30 minutes.  Cells were treated with antibody against a5b1 and av at 

10ug/ml for 30 minutes. Cells are then stripped (0.2M acetic acid, 0.5M NaCl) for 30 seconds 

and incubated for 90 minutes prior to washing and incubation with anti-rabbit-488 antibody for 

30 minutes. Live cells were imaged on a Zeiss LSM 780 confocal microscope and analyzed 

using ImageJ’s Analyze Particles plugin. 
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Biotinylated-FN ELISA 

HCFs were transfected (P3 Primary Cell Solution, Lonza, program EN-130) with 2ug of control 

or 2ug USP10 cDNA and re-plated in DMEM/F12 and 1% FBS. 48 hours post transfection, the 

cells were loaded with 10ug biotinylated-FN for 3 hours. The cells were passaged with trypsin 

and resuspended in 100ul of a lysis buffer (50mM Tris HCl pH 8.8, 150mM NaCl, 0.5% Triton) 

containing protease inhibitor tablets (Roche) and PMSF (Thermo Fisher Scientific). After 

centrifugation of the lysates, the supernatant was collected and the pellet was resuspended in 

100ul of the same lysis buffer. After thoroughly vortexing, lysates were added together, 

centrifuged again, and the supernatant was collected. The R&D Systems Quantikine ELISA kit 

(DFBN10) protocol was followed. The lysates were diluted in the R&D proprietary diluent in a 

1:4 ratio. However, the ELISA was modified by using a 1:100 streptavidin-HRP to detect only 

biotinylated-FN. Signal was detected with an Epoch Biotek Spectrophotometer and samples 

were analyzed against a standard curve. 

 

Fixed Cell FITC-FN Recycling Assay 

HCFs were plated on glass coverslips and treated with FITC-FN (Sigma F2733) for 3 hours in 

DMEM/F12 and 1% FBS.  One group was fixed with 3% paraformaldehyde (Thermo) in PBS 

and imaged. The remaining cells were passaged with trypsin and replated, and fixed in 3% 

paraformaldehyde and imaged at 2, 18, 26, and 72 hours post passage and imaged on Nikon 

Eclipse Ni microscope (Figure 2.2A). 

 

Flow Cytometry 

HCFs (200,000) were plated in DMEM/F12 and 1% FBS. The next day, cells were treated with 4 

ug/ml of FITC-FN for 3 hours. The cells were then washed with PBS (Gibco), detached with 

trypsin (Corning, Manassas, VA) and collected in DMEM/F12 with 1% FBS. The cells were 

counted and centrifuged at 100xg for 5 minutes, washed with PBS, and pelleted again. The cell 
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pellet was resuspended in PBS + 1% BSA with and without 2 mg/ml of trypan blue and 

analyzed by flow cytometry (BD LSR Fortessa). Data analysis was performed in Flowjo 10.7.2 

(Figure 2.2B). 

 

HCFs (1,000,000) were transfected with 2µg Control-FLAG and USP10-FLAG cDNA. After 48h, 

cells were detached with TrypLE Express, ThermoFisher, # 12605028), washed at 3,000 rpm for 

2 min and resuspended in FACS buffer. The cells were stained with live/dead stain 

(LIVE/DEADTM Fixable Violet Dead Cell Stain, cat. # L34963) and fixed with 3% 

paraformaldehyde. Next, the cells were permeabilized with 0.2% saponin containing FACS 

buffer and stained with anti-FLAG antibody (Cell Signaling, 9A3, 8146S), followed by goat anti-

mouse secondary-647 antibody (Jackson Immuno, 115-605-003). The cells were then washed 

and resuspended in FACS buffer and analyzed using LSR II flow cytometer (BD). Data analysis 

was performed in Flowjo 10.7.2 (Supplemental Fig 2.2). 

 

Live Cell Biotinylated-FN Recycling Assay 

HCFs were transfected (P3 Primary Cell Solution, Lonza, program EN-130) with 2ug of control 

or USP10 cDNA and re-plated in DMEM/F12 and 1% FBS. 24 hours post transfection, the cells 

were loaded with 10ug biotinylated-FN for 3 hours. The cells were then passaged with trypsin 

and plated on 35mm glass bottom dishes in DMEM/F12 and 1% FBS. On days 1-4 the cells 

were washed 3 times for 30 minutes each prior to imaging with the following procedure: 1% 

PBSA in PHEM (60mM PIPES, 25mM HEPES, 10mM EGTA, 4mM MgSO4), 150mM Sodium 

Azide (Sigma) in PHEM, and 1:100 streptavidin-488 in PHEM. Images were captured on a Zeiss 

LSM 780 confocal microscope and analyzed using ImageJ’s 3D Object Counter plugin. An 

equal threshold was applied to all images and puncta count was restricted based on size. The 

Object Counter plugin was used to determine the puncta count above the set threshold.  
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Live cell av and a5b1 blocking antibody FN recycling experiment 

HCFs were transfected (P3 Primary Cell Solution, Lonza, program EN-130) with 2ug of control 

or USP10 cDNA and re-plated in DMEM/F12 and 1% FBS. 24 hours post transfection, the cells 

were treated with 10ug/ml av and a5b1 blocking antibodies. After 1 hour, the cells were loaded 

with biotinylated-FN for 3 hours (antibodies remained in the conditioned media, 4 hours total). 

The cells were then passaged and replated in a 24 well glass bottom dish. After 48 hours 

images were captured on a Zeiss LSM 780 confocal microscope and analyzed using ImageJ’s 

3D Object Counter plugin. Cell detachment was not observed with these antibodies with the 

time point examined.  

 

Live cell assay: Percentage of FN-EDA versus recycled biotinylated-FN 

Cells were transfected with 2ug of control or USP10 cDNA and re-plated in DMEM/F12 and 1% 

FBS. 24 hours post transfection, the cells were loaded with 10ug biotinylated-FN for 3 hours. 

Cells were then passaged and replated on a 24 well glass bottom plate (Chemglass 1812-024). 

After 48 hours, cells were treated separately with a streptavidin-488 or a FN-EDA-488 (Santa 

Cruz) antibody to avoid any differences in quantification of fluorophore. Images were captured 

on a Zeiss LSM 780 confocal microscope and analyzed using ImageJ’s 3D Object Counter 

plugin.  

 

Image Quantification 

Live cell images were captured by the Zeiss LSM780 Confocal Microscope using a 40X oil 

immersion objective. Each image was taken at 212.55 x 212.55 mm (2636 x 2636 pixels) and 

analyzed using ImageJ. Integrin Recycling: Figure 2.1: The analyze particles function was 

used to threshold the images and measure the percent area of fluorescence of the image. FN 
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Recycling and secreted FN: Figures 2.3-2.5: ImageJ’s 3D object counter was used to 

threshold images and quantify puncta (above 0.01 mm in size).  

 

Statistical Analysis 

Graphical data is the mean +/- SEM of at least 3 technical repeats using two different patient-

derived cell lines. Statistical significance for analysis of these images was either calculated 

using a student’s t test, a one-way ANOVA and Tukey’s multiple comparisons test, or a two-way 

ANOVA and Fisher’s test.  

 

2.4 Results 

USP10 overexpression increases integrin recycling and FN endocytosis  

Previous research demonstrated by cell surface biotinylation that integrins av, b1 and b5 

accumulate on the cell surface of HCFs in response to USP10 overexpression. This resulted 

from post-translational removal of ubiquitin from integrins (Gillespie et al., 2017). Although it is 

assumed that reduced degradation in response to less ubiquitination and accumulation on the 

cell surface, indicates that USP10 overexpression promotes integrin recycling instead of 

degradation, to prove this I subjected HCFs to a live cell confocal integrin recycling assay.  

HCFs were transfected with either control or USP10 cDNA and incubated for 48 hours. 

To quantify a5b1 and av recycling to the cell surface, cells were treated with either anti-a5b1 or 

anti-av antibody for 30 mins at 37°C prior to cell surface stripping with low pH buffer and 

another 30 min incubation at 37°C to allow for recycling of integrins bound to their respective 

antibodies (Ubelmann et al., 2017). Signal was quantified by detection with secondary antibody-

488 and imaged by live cell confocal so that only external (recycled) integrins are imaged and 

quantified.  I found that USP10 overexpression increased a5b1 integrin recycling by 1.9-fold, p< 

0.001, and av integrin recycling by 1.7-fold, p<0.01 (Figure 2.1A-F) as quantified by total 
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fluorescence intensity (see methods). I used these same images to analyze cell area. I found 

that USP10 overexpression increased cell area by 1.52-fold p<0.01 (Supplemental Figure 2.1). I 

reasoned however, that the cells are not larger, but that they appear larger on a 2D surface 

because of the augmented cell surface integrin levels and improved cell attachment producing a 

flatter and larger cell compared to control. To directly test if USP10 overexpression increases 

cell size in solution, I performed flow cytometry comparing control vector-FLAG transduced cells 

compared to USP10-FLAG overexpressing cells. I found no difference in the size of the USP10 

overexpressing cells, compared to control (Supplemental Figure 2.2). Furthermore, the fact that 

biochemical endpoints that are equalized by protein, not microscopic images (western blots and 

immunoprecipitation of cell surface integrins) (Gillespie et al., 2017) demonstrate a more than 2-

fold difference in cell-surface integrin accumulation and FN internalization by ELISA (see below) 

when USP10 is overexpressed support the idea that USP10 increases cell surface integrin 

expression, not simply larger cells.  

Since cell surface integrin expression is increased in USP10 overexpressing cells, and 

FN is endocytosed via integrins, I next asked if USP10 overexpression increased uptake of FN. 

HCFs were transfected with USP10 or control cDNA. After 48 hours cells were loaded with 

biotinylated-FN for 3 hours prior to cell detachment with trypsin and lysing. Samples were 

equalized by protein concentration. A FN ELISA was used to quantify intracellular biotinylated 

FN. USP10 overexpressing cells increased FN uptake by 2.2-fold (p<0.05) (Figure 2.1G).  

 

Establishing a FN recycling assay 

I used FITC-FN to test conditions and time points for a FN recycling assay. Although FN 

recycling assays have been established,(Varadaraj et al., 2018) the ultimate goal was a 

quantitative live cell imaging approach. First, to establish the parameters of FN fibril formation, 

HCFs were incubated for 3 hours with soluble FITC-FN and then fixed and imaged (pre-

passage). The remainder of the cells were detached with trypsin, replated, and imaged at 2,18, 
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36, and 72 hours post-passage to determine if internalized FN would re-emerge and organize 

fibrils (Figure 2.2A). I found that plating cells in media containing at least 1% FBS was required 

to produce consistent fibril organization. Organized dots were observed by 36 hours and by 72 

hours, fibrils were forming (arrows). Because the cells were fixed and FITC-FN was used in this 

assay, I cannot distinguish between intracellular and extracellular FITC-FN. However, I used 

FITC-FN to easily detect fibril formation and to enable detection by flow cytometry for the next 

step; to prove that trypsin removes all extracellular FITC-FN from the cell surface.  

HCFs were incubated without FITC-FN (control) or with FITC-FN for 3 hours prior to 

trypsinization. Pelleted cells were subjected to flow cytometry. The data in Figure 2.2B top row 

demonstrate that compared to control, the FITC-FN-treated cells have an increased signal, cells 

are shifted to the right. In the second set of experiments, FITC-FN-treated cells were 

trypsinized, pelleted, and treated with or without trypan blue. Trypan blue masks the FITC 

extracellular signal (Illien et al., 2016). FITC-FN treated cells compared to FITC-FN treated cells 

with trypan blue present with identical profiles demonstrating that the FITC signal is intracellular 

and that as expected, the trypsin has removed extracellular FITC-FN (Figure 2.2B, bottom row). 

Together these data suggest that internalized FN can produce extracellular fibrils in the time 

frame tested and that trypsin can reliably remove extracellular FN.   

 

USP10 overexpression increases extracellular FN expression and organization  

Using the parameters discovered in the above assays, I utilized soluble biotinylated-FN 

and live cell imaging to detect extracellular fibrillar biotinylated-FN. HCFs were transfected with 

either control or USP10 cDNA. After 24 hours cells were loaded for 3 hours with biotinylated FN, 

trypsinized, and replated for live cell imaging. At days 1-4 after reseeding, biotinylated-FN was 

detected with streptavidin-488. Because the cells were not fixed nor permeabilized, only the 

extracellular biotinylated-FN was detected. In Figure 2.3A representative images from days 1-4 

post-reseeding of cells. Images were quantified by puncta count (see methods). Using two-way 
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ANOVA, the data from 6 independent experiments demonstrate that overexpression of USP10 

results in a (1.7 - 2.2-fold, p<0.05) increase in extracellular recycled biotinylated-FN over a 4-

day period (Figure 2.3B). Average number of cells in each frame analyzed was not significantly 

different between conditions. (Figure 2.3C).  To test if USP10 affected total cell number, in 

separate experiments from the recycling assays, cells were counted after transfection from days 

1-4. In Supplementary Figure 2.3, I demonstrate that the USP10 cDNA does slightly impact cell 

viability although it was not statistically significant. However, comparing the growth rate of cells 

in each group, USP10 overexpressing cells have a slightly higher growth rate over the 4 days, 

likely to overcome the cell loss after transfection, but again not statistically significant. These 

controls demonstrate that the USP10-mediated increase in FN recycled is not derived from a 

significant overall increase in cell number.  

 

Blocking integrins significantly reduces FN recycling 

To prove that integrins are involved in the recycling of FN, the recycling assay with 

control or USP10 cDNA was performed as above. 24 hours after transfection, blocking 

antibodies to either a5b1 or av integrin was added 1 hour prior to treatment with biotinylated-FN 

for 3 hours. Cells were trypsinized, reseeded and analyzed 48 hours later (day 2 from Figure 

2.3). Figure 2.4 demonstrates a 62% decrease (p<0.05) in FN recycling with a5b1 blocking 

antibody and an 84% decrease (p<0.05) with av-blocking antibody compared to IgG control. 

Cell detachment was not observed with any of the antibodies in the timeframe of the assay.  

These data demonstrate that as expected FN-receptor integrins are involved in FN recycling.   

 

Recycled FN accounts for approximately 1/3 of total FN in HCFs 

To ascertain the contribution of recycled biotinylated FN compared to cellular 

endogenous FN (FN-EDA), I again overexpressed control or USP10 cDNA in HCFs. After 24 
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hours, cells were loaded with biotinylated-FN for 3 hours and then reseeded for another 48 

hours (as day 2 in Figure 2.3). Imaging of biotinylated-FN with streptavin-488 was performed on 

one set of coverslips and compared to cells from the same experiment treated with anti-FN-

EDA-488 antibody. Both were imaged by live cell confocal. Quantifying the recycled-FN and FN-

EDA separately but each with a 488 fluorophore eliminated any variance between fluorophores 

during quantification.  A representative image from each condition is shown in Figure 2.5A-D, 

FN-EDA expression is colored red to easily distinguish recycled from endogenously secreted 

FN. Image analysis is shown in Figure 2.5E.  When control cDNA is compared to USP10 cDNA 

for recycled FN (Figure 2.5A and C), I find a 1.8-fold increase in USP10-mediated recycling 

(p<0.05) (as demonstrated in Figure 2.3). When control cDNA was compared to USP10 cDNA 

for extracellular FN-EDA (Figure 2.5B and D), a 2.1-fold increase in USP10-mediated FN-EDA 

synthesis and extracellular organization was quantified (p<0.0001). I then calculated the 

percentage of recycled FN versus secreted FN-EDA in each condition and found that in HCFs 

transfected with control cDNA, recycled FN accounts for 34% +/- 7% of total, and FN-EDA 66% 

+/- 4% of total. Similarly, with USP10 overexpression, recycled FN accounts for 29% +/- 5% of 

total, and endogenously secreted FN-EDA 71% +/- 9% of total. These percentages are 

represented in Figure 2.5F. Interestingly, even though USP10 increased both recycled FN and 

secreted FN-EDA and therefore the total FN, the relative ratios of recycled and FN-EDA 

between control and USP10 cDNA, are not significantly different. 

 

2.5 Discussion 

Previous work done in the lab on USP10 established that USP10 gene expression is 

upregulated upon wounding and that USP10 removes ubiquitin from substrate integrins, 

reducing integrin degradation and initiating an increase in cell surface integrin accumulation that 

promotes scarring (Boumil et al., 2020; Gillespie et al., 2017). Furthermore, that the subsequent 

cell surface integrin-mediated activation of TGFb induced the myofibroblast phenotype and a 
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significant increase in FN-EDA gene and protein expression and organization, as determined by 

qPCR, microscopy, and western blot (Gillespie et al., 2017). These results were bolstered by 

recent studies done previously in the lab demonstrating that knockdown of USP10 after 

wounding, ex vivo in porcine cornea and in vivo in rabbit corneas, significantly reduced scarring 

(Boumil et al., 2020; Castro et al., 2019; Gillespie et al., 2017). 

Since integrins are endocytosed with matrix, here I extended the previous studies by 

testing if reduced intracellular degradation of integrins because of USP10 overexpression 

(USP10 removes ubiquitin, integrins accumulate) would also result in USP10-driven matrix 

accumulation if integrin/ECM were recycled back to the cell surface together. I focused on 

integrins a5b1 and av and the matrix molecule, FN, which undergoes a stepwise integrin-

dependent polymerization to generate fibrils from soluble, monomeric FN (Mao and 

Schwarzbauer, 2005; Pankov et al., 2019; Schwarzbauer and Sechler, 1999; Wierzbicka-

Patynowski et al., 2004). a5b1 and av integrins recognize the common integrin-binding motif 

(RGD) in FN (Benito-Jardon et al., 2020; Danen and Sonnenberg, 2003; Huveneers et al., 2008) 

and coordinate to achieve efficient FN binding (Benito-Jardon et al., 2021; Bharadwaj et al., 

2017).  

I found that USP10 overexpression increases av and a5b1 integrin recycling, FN uptake 

and FN recycling (Figures 2.1-2.4). Furthermore, that FN-EDA secretion is also significantly 

increased, as previously reported to result from elevated USP10-induced integrin-mediated 

TGFb activity (Gillespie et al., 2017). I found here that the relative contributions of endogenously 

secreted FN-EDA compared to recycled FN is approximately, 2/3 to 1/3 of total FN, respectively 

(Figure 2.5). An overview of these USP10-mediated integrin/FN findings are diagramed in 

Figure 2.6.  

My recycling and secretion experiments were performed in media containing 1% serum, 

which I found was necessary to generate observable fibril formation in the timeframe of 1-4 
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days. I cannot totally discount the possible contribution of serum-derived FN-EDA to the FN 

matrix that I am detecting as endogenously secreted FN (red, Figure 2.5), or the contribution of 

serum-containing factors to stimulate endogenous synthesis of FN-EDA. However, overall, FN 

in serum is largely plasma FN, and not cellular FN (FN-EDA) and plasma FN will not be 

detected with the FN-EDA specific antibody. Also, importantly, as one would expect, the same 

media is used in both control and USP10 overexpressing cells. Thus, any cross-reactivity of the 

anti-FN-EDA to FN or serum-derived growth factor-mediated stimulation of FN-EDA, would be 

detected equally in both control and USP10 overexpressing cells. Furthermore, the finding that 

in 1% serum-containing media, I still observed a more than 2-fold increase in endogenously 

secreted FN-EDA in USP10 overexpressing cells (similar to the data in serum-free 

media),(Gillespie et al., 2017)  suggests that the 1% serum-containing media is not obscuring 

results.  In addition, I used a 488 fluorophore to detect both recycled and secreted FN on cells 

from the same transfection experiment but in parallel, instead of double labeling with two 

different fluorophores. I did this to eliminate any differences in quantification between two 

different fluorophores. The secreted FN-EDA was assigned a red color in Figure 2.5 to 

differentiate between the two FNs. Together, this data supports a largely unappreciated 

contribution of integrin-mediated recycled FN to the accumulation of ECM in fibrosis. 

Furthermore, that the deubiquitinase, USP10 modulates integrin/FN recycling and cell surface 

accumulation.   

Mechanistically, endocytosis of FN is linked to fibrotic phenotypes. Fibrillar FN is cleaved 

by MT1-MMP, endocytosed in an integrin and caveolin-1-depenent manner, and degraded in 

the lysosome (Shi and Sottile, 2011; Sottile and Chandler, 2005).  A previous study 

demonstrated that a5b1 binding to FN was necessary for ubiquitination of a5 and degradation 

of the internalized a5b1/FN complex in the endosomal pathway. Furthermore, that degradation 

of the complex was necessary for cell migration (Lobert et al., 2010). The authors proposed that 
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reduced degradation of integrins would instead induce recycling of the complex to the cell 

surface to form dysfunctional adhesion sites yielding pathological cell adhesion and a buildup of 

ECM. In support of this idea, a recent study found that in response to exogenous 

TGFb treatment, endocytosed FN favors recycling through a Rab11 pathway back to the cell 

surface over intracellular degradation, with a requirement for TGFbRII binding to a5b1 

(Varadaraj et al., 2017). Similarly, I found that USP10 overexpression (that induces TGFb 

activity) 4 increased integrin recycling (Figure 2.1A-F), FN endocytosis (Figure 2.1G), and FN 

recycling (Figure 2.3).  

The connection between DUBs and fibrosis is a burgeoning field (Li et al., 2018). The 

DUB UCHL1 is suggested to play a role in liver fibrosis as knockdown of UCHL1 blocks 

progression of CCl4-induced fibrosis in mice and a specific UCHL1 inhibitor blocks fibrosis in a 

cellular idiopathic pulmonary fibrosis model (Wilson et al., 2015) (Panyain et al., 2020). DUBs 

also have been found to directly regulate TGFb signaling. UCHL5 stabilizes SMAD2/3 and 

USP11 stabilizes TGFb receptor TbRII, promoting TGFb1 signaling. Both DUBs were also 

increased in Idiopathic Pulmonary Fibrosis patients and bleomycin-challenged mice (Jacko et 

al., 2016; Nan et al., 2016). Furthermore, pan-inhibition of DUBs with the DUB inhibitor, PR-619 

ameliorates renal fibrosis through the SMAD4 pathway (Soji et al., 2018). Finally, in a model of 

diabetic renal fibrosis, the DUB USP9X is protective, attenuating advanced glycation-end 

products and subsequent fibrotic markers (Huang and Zhao, 2020). 

In terms of the biological and pathological importance of cellular FN-EDA, studies have 

linked this splice variant to the generation of fibrotic outcomes in many tissues (Miller et al., 

2017; Zent and Guo, 2018). FN-EDA expression is downstream of PI3K/AKT signaling (Abdalla 

et al., 2013; Horowitz et al., 2007). There are several pathways of AKT activation leading to 

subsequent FN-EDA expression.  b1-integrin activation leads to the phosphorylation of FAK on 

Tyr-397, and in turn, PI3K and AKT activation (Xia et al., 2004). Other studies have shown that 
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TGFb can activate FAK through a Smad3 pathway or activate PI3K/AKT through a p38 pathway 

(Horowitz et al., 2007). Regardless of the upstream events, AKT activation leads to FN-EDA 

expression and myofibroblast persistence (Abdalla et al., 2013; Horowitz et al., 2007). Recently, 

it was discovered that FN-EDA binds preferentially to the latent TGFb protein binding protein 1 

(LTBP-1) and blocking this interaction results in reduced local TGFb activity (Klingberg et al., 

2018). Supporting the idea that FN-EDA is critical to TGFb signaling is the finding that FN-EDA 

null mice display dysfunctional healing but are protected against bleomycin-induced lung fibrosis 

(Muro et al., 2003; Muro et al., 2008; Zent and Guo, 2018). In addition, lung cancer cell-secreted 

FN-EDA binds to monocytes driving pro-inflammatory responses in the tumor microenvironment 

via the NF-kB pathway and circulating FN-EDA was found to be a biomarker for endothelial cell 

activation and inflammation in diabetes (Amin et al., 2021; McKeown-Longo and Higgins, 2021; 

Rajak et al., 2020). Because of the importance of matrix to disease and pathologies, it is thought 

that standard therapies are in part effective because of their secondary effect on ECM. New 

therapies are directly targeting ECM and also ECM ligands are being used as drug delivery 

mechanisms (Ahmad, 2020; Hwang et al., 2020; Jarvelainen et al., 2009; Nishida et al., 2015). 

Since integrin/ECM binding and accumulation play a central role in pathological myofibroblast 

persistence, USP10 may be an important new target for anti-scarring therapy. Overall, my work 

demonstrates that DUB-mediated intracellular control of integrin trafficking is a novel method to 

regulate cell surface accumulation of recycled integrins with their corresponding ECM.  
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2.6. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. USP10 overexpression promotes integrin recycling and FN endocytosis. (A-F) 

Live cell integrin recycling assay. HCFs were transfected with 2ug control or USP10 cDNA. 48 

hours post transfection, integrin recycling was detected with anti-rabbit-488 antibody prior to 

imaging by live cell confocal microscopy. Bar=50µm. © Fluorescence intensity of a5b1 integrin 

recycling fold change (1.9, p< 0.001) and (F) av (1.7, p<0.05) when USP10 was overexpressed. 

G) FN ELISA. HCFs were transfected with 2ug control or USP10 cDNA. 24 hours post 

transfection, HCFs were loaded with biotinylated-FN for 3 hours prior to detachment and lysing. 

Endocytosed FN was quantified with The Quantikine ELISA Kit. USP10 overexpression induced 

an increase internalized FN fold change (2.1, p<0.05). Student’s t-test. Two primary cell lines, 

total N=3 repeats. 5 images per condition/per experiment were analyzed. 
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Figure 2.2. Extracellular FN is removed by trypsinization. A) To determine if soluble FN 

would form fibrils in our assay conditions, HCFs were loaded with FITC-FN for 90 minutes. Cells 

were imaged immediately or were passaged with trypsin and then re-plated and imaged at the 

corresponding time points. B) Flow cytometry was utilized to determine if cell passaging was 

sufficient to remove extracellular FN. HCFs were loaded with FITC-FN for 90 minutes. Top row: 

Untreated cells compared to FITC-FN treated cells and overlay. Bottom row: Extracellular 

fluorescence was quenched with Trypan blue.  FITC-FN treated cells compared to the FITC-FN 

+ trypan blue (TB) treated cells and overlay. Two primary cell lines, total N=3 repeats. 
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Figure 2.3. USP10 Overexpression increases FN Recycling. Live cell FN recycling assay. 

HCFs were transfected with 2ug control or USP10 cDNA. 24hrs post transfection HCFs were 

loaded with biotinylated-FN for 3 hours. After trypsinization cells were replated for days 1-4. FN 

recycling was detected with streptavidin-488 by live cell confocal microscopy. A) Images from 

days 1-4. Bar=50µm B) Quantification of puncta count, USP10 overexpressing cells compared 

increase FN recycling. (1.7 – 2.2-fold). Two-way ANOVA, two primary cell lines, total N=6 

repeats, 5 images per condition/per experiment. One dot represents the average of 

quantification of images in 1 experiment. C) Average number of cells quantified per image were 

similar. Student’s t-test. 
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Figure 2.4. Blocking integrins reduces FN recycling. (A-C) Live cell FN recycling assay. 

HCFs were transfected with 2ug USP10 cDNA for 24 hours prior to treatment with either control 

IgG, a5b1 integrin-blocking antibody, or av integrin-blocking antibody. After 1 hour with 

antibodies, cells were treated with biotinylated-FN for 3 hours, prior to trypsinization and 

replating for 2 days. Bar=50µm D) Quantification. USP10 overexpressing cells treated with 

control IgG compared to a5b1 blocking antibody reduced FN recycling (62%, p<0.05) and IgG 

compared to av blocking antibody reduced FN recycling by (84%, p<0.05). One-way ANOVA, 

two primary cell lines, total N=4 repeats, 5 images per condition/per experiment were analyzed. 
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Figure 2.5. Ratio of total versus recycled FN. Live cell FN recycling/secretion assay. (A-D) 

HCFs were transfected with 2ug control or USP10 cDNA. 24hrs post transfection HCFs were 

loaded with biotinylated-FN for 3 hours. After trypsinization cells were replated for 2 days. (A 

and C) FN recycling was detected with streptavidin-488 by live cell confocal microscopy. (B and 

D) Secreted FN-EDA was detected with FN-EDA-488 (colored red for image), Bars=50µm E) 

Quantification of recycled FN in control cells compared to USP10 overexpressing cells, (1.79-

fold, p<0.05). Quantification of secreted FN-EDA in control cells compared to USP10 

overexpressing cells (2.18-fold, p<0.05).  F) The percentage of recycled FN and secreted FN-

EDA for control cells versus USP10 overexpressing cells are not significantly different. One-way 

ANOVA, two primary cell lines, total N=4 repeats, 5 images per condition/per experiment were 

analyzed. 
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Figure 2.6. Working model for USP10-mediated matrix deposition during wound healing 

Wounding initiates cell stress pathways. USP10 expression is increased after wounding 

reducing integrin degradation through ubiquitin removal. (Boumil et al., 2020; Gillespie et al., 

2017) This shift promotes integrin recycling to the cell surface with endocytosed matrix (green). 

The increase in USP10-mediated integrin accumulation also leads to activation of 

TGFb signaling, inducing FN-EDA secretion (blue) and the organization of a-SMA containing 

stress fibers (red).  
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Supplemental Figure 2.1. Cell Area Analysis. HCFs were transfected with 2ug of control or 

USP10 cDNA and replated in 1% FBS. After 48 hours, the cells were blocked with Herring 

Sperm DNA (10ug/ml). Cells were treated with antibody against a5b1 and av followed by cell 

surface stripping (0.2M acetic acid, 0.5M NaCl) prior to incubation for 90 minutes. Cells were 

then treated with anti-rabbit-488 antibody and imaged using live cell confocal microscopy. 

Images were analyzed using ImageJ’s Analyze Particles plugin. Student’s t-test. Two primary 

cell lines, total N=3 repeats. 5 images per condition/per experiment were analyzed.  
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Supplemental Figure 2.2. USP10 overexpressing cells are equal in size to vector control 

cells. HCFs were transfected as previously described with control-FLAG or USP10-FLAG 

cDNA. 48 hours post transfection the cells were trypsinized, washed and fixed with 3% PFA. 

After staining with an anti-FLAG antibody, flow cytometry was used to analyze cell size. (A and 

B) Scatter plots of Control-FLAG transfected cells (A) and USP10-FLAG transfected cells (B). 

The FLAG antibody will not detect the vector-FLAG construct in vector control cells. (C and D) 

Overlays of control-FLAG and USP10-FLAG transfected cells comparing cell size using FSC-A 

vs FSC-H (C) and the FLAG expression histograms using anti-FLAG antibody (D). The USP10 

over-expression showed an MFI (mean fluorescence intensity) of 1293 with a cell count of 
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42,993 as compared to control cells MFI of 872 and cell count of 43,183. Red color indicated 

control cells and blue color indicated USP10 over-expressing cells. Data was analyzed using 

FlowJo software. Two primary cell lines, total N=3 repeats. Representative experiment is shown.  
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Supplemental Figure 2.3. Effect of USP10 overexpression on HCF cell number and rate of 

growth. To establish controls for FN recycling, HCFs were seeded after transfection and 

counted each day for 4 days (as per the assay in Figure 2.3). A) The total number of cells 

counted each day beginning 24 hrs post-transfection was not significantly different. B) The 

proliferation rate of transfected cells over 4 days was not significantly different. Two-way 

ANOVA, two primary cell lines, total N=3 repeats. All p values were NS, p < 0.99.  
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Statement of Contribution 

My role was live cell confocal imaging for integrin and FN recycling, not only on data being 

included in the paper but a large amount of imaging that did not become incorporated into the 

paper. In addition, I also performed the recombinant protein DUB activity assay, western blots, 

image analysis and quantification, spearheaded a new DUB inhibitor enzyme assay that 

demonstrated that Daam1 is an inhibitor of USP10’s DUB activity, and made all revisions and 

rewriting necessary for the submission of this paper. 

 

3.1. Abstract  

The differentiation of fibroblasts into pathological myofibroblasts during wound healing is 

characterized by increased cell surface expression of αv-integrins.  Previous studies found that 

the deubiquitinase (DUB) USP10 removes ubiquitin from αv-integrins, leading to cell surface 

integrin accumulation, subsequent TGFβ1 activation, and myofibroblast differentiation.  In this 

study, a yeast two-hybrid screen elucidated a novel binding partner for USP10, the formin, 

Daam1. I found that Daam1 inhibits USP10’s DUB activity. The USP10/Daam1 interaction was 

also supported by co-immunoprecipitation and proximity ligation assay (PLA). Treatment with 

TGFβ1 significantly increased USP10 and Daam1 protein expression, PLA signal, and co-

localization to actin stress fibers. Whereas Daam1 siRNA knockdown significantly reduced a) 

co-precipitation of USP10 and Daam1 on purified actin stress fibers, and b) β1- and β5-integrin 

ubiquitination resulting in increased αv-, β1-, and β5-integrin total protein levels, αv integrin 

recycling, and extracellular FN organization. Together, this data suggests that Daam1 inhibits 

USP10’s DUB activity and subsequently regulates cell surface av-integrins and FN expression. 
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3.2. Introduction: 

Corneal tissue has been used extensively as a model system to study scarring as it is 

transparent and thus scars in the cornea lead to visual disability and blindness (Stepp et al., 

2014; Whitcher et al., 2001). Given the readily available access to non-transplantable donor 

tissue, primary human corneal cells (HCFs) are used as a model system to discover new 

pathways that lead to scarring outcomes. These results may be generalized to scarring in other 

tissues (Bukowiecki et al., 2017; Wilson et al., 2017). Corneal myofibroblasts arise from resident 

corneal stromal cells termed keratocytes, infiltrating bone marrow-derived fibrocytes, as well as 

through the epithelial-mesenchymal transition of cells within the site of injury (Lassance et al., 

2018; Shu and Lovicu, 2017). These myofibroblasts are important to the wound healing process 

but have apoptosed in a regeneratively healed wound, whereas the persistence of pathological 

myofibroblasts promote scar tissue formation (Desmouliere et al., 1995; Wilson, 2012).  

Myofibroblasts have a pronounced actin stress fiber cytoskeleton, characterized by organized α-

SMA.  These prominent stress fibers facilitate myofibroblast-mediated contraction of 

extracellular matrix, important in the process of ECM remodeling during wound healing. 

However, persistent myofibroblasts overly contact tissue, secrete fibrotic extracellular matrix 

proteins, and promote an autocrine loop of TGFb activity (Lorenzo-Martin et al., 2019; Massoudi 

et al., 2016; Pakshir and Hinz, 2018; Sandbo and Dulin, 2011), creating scar tissue.   

Integrins also play important roles in wound healing, physically coupling ECM to the 

intracellular actin network through focal adhesion complex formation and promoting actin stress 

fiber contraction and rearrangement of cytoskeletal architecture (Schiller and Fassler, 2013; 

Thannickal et al., 2003).  In regard to fibrosis, the αv-integrins (αvβ1, αvβ3, αvβ5, αvβ6, and 

αvβ8) are essential to myofibroblast differentiation (Asano et al., 2006; Henderson et al., 2013; 

Lygoe et al., 2004), with particular αv-heterodimers having more critical roles than others 

depending on the fibrotic tissue (Chang et al., 2017; Horan et al., 2008; Reed et al., 2015; 

Sarrazy et al., 2014).  Previous work done in the lab and by others demonstrated that αvβ1 and 
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αvβ5 are most strongly associated with corneal scarring (Gillespie et al., 2017; Wang et al., 

2012).  While direct inhibition or knockdown of av-integrins sequesters myofibroblast 

differentiation and fibrosis (Chang et al., 2017; Sarrazy et al., 2014), it may also compromise 

wound healing by interfering with re-epithelialization (Blanco-Mezquita et al., 2011; Duperret et 

al., 2016).   

Previous work by the lab identified an alternate strategy for targeting αv-integrins and 

preventing myofibroblast-induced scar tissue formation.  We previously found that the 

deubiquitinase (DUB), USP10, is upregulated during myofibroblast differentiation.  USP10 

deubiquitinates the β1 and β5 subunits of αv-integrin heterodimers, protecting them from 

degradation and leading to an increase in cell surface expression of αv-dimers.  In addition, 

overexpression of USP10 in HCFs was sufficient to increase the activation of local TGFβ1, 

induce α-SMA-positive stress fiber formation, and led to an increase in cellular FN accumulation 

(Gillespie et al., 2017; Phillips et al., 2021).  In contrast, siRNA knockdown of USP10 

significantly reduced the formation of scar tissue in an organ culture wound healing model 

(Castro et al., 2019; Gillespie et al., 2017), and in vivo in rabbits (Boumil et al., 2020) suggesting 

that USP10 represents a novel target for intervention in scarring outcomes and perhaps more 

broadly fibrotic diseases.   

 The present study extends these finding by elucidating a modifier of USP10.  A yeast 2-

hybrid screen, using USP10 as bait, identified novel protein-protein interactions with USP10. 

Daam1 (Diaphanous-associated activator of morphogenesis 1) was the strongest confidence 

novel interacting protein with USP10.  Daam1 is a formin protein with a diverse set of functions 

within cells.  Formins, including Daam1, are responsible for actin cytoarchitectural arrangement, 

facilitating such functions as actin filament polymerization (Yang et al., 2007) and severing 

(Harris et al., 2004), as well as cross-linking actin into bundles (Esue et al., 2008; Jaiswal et al., 

2013).  Here, my data suggests that Daam1 negatively regulates USP10’s DUB activity, by 

sequestering the complex to actin stress fibers. Furthermore, I found that the Daam1/USP10 



      
 

96 

axis is a novel post-translational regulator of av integrin protein levels. These results provide 

important insights into an additional layer of control over the integrin life cycle. 

 

3.3. Materials and Methods: 
 
Cell Culture 

Human cadaver corneas from unidentifiable diseased subjects were obtained from the 

Syracuse Eye Bank, Syracuse, NY and The Eye-Bank for Sight Restoration, New York City, NY. 

The SUNY Upstate Medical University Institutional Review Board has informed us that, as 

described under Title 45 CFR Part 46 of the Code of Federal Regulations unidentifiable cadaver 

tissue does not constitute research in human subjects. Hence, the experiments performed in 

this report do not require their approval or waiver. Human corneal fibroblasts (HCFs) were 

isolated from cadaver corneas as previously described (Bernstein et al., 2007; Gillespie et al., 

2017).  HCFs were maintained with complete DMEM/F12 media (Gibco; Waltham, MA; Cat # 

11330-032) with addition of 10% Fetal Bovine Serum (Atlanta Biologicals; Flowery Branch, GA) 

and 1X Antibiotic-Antimycotic (Sigma-Aldrich; St. Louis, MO).  To prevent mycoplasma 

contamination, HCFs were also initially treated with Mycoplasma Removal Agent (Bio-Rad; 

Hercules, CA) after thawing from liquid nitrogen, and routinely with 10 µg/ml Plasmocin 

(Invivogen; San Diego, CA).   

For all experiments, cells were passaged with TrypLE (Gibco; Waltham, MA), counted, 

and plated at either 2.5x104 cells/well on glass coverslips in 24 well plates, 1x105 cells per 

glass-bottom dish (for live cell imaging; MatTek; Ashland, MA) or 1.2x106 cells per 10 cm dish. 

Glass and plastic dishes were treated with 10 µg/ml Type I bovine collagen (Advanced 

BioMatrix; San Diego, CA) in PBS for >1hr at 37°C, then washed once before addition of HCFs.  

HCFs were then cultured in supplemented serum-free media (SSFM; 1 mM sodium pyruvate 

(Lonza; Basel, Switzerland), 2mM L-glutamine (Sigma-Aldrich; Waltham, MA), 1X MEM 

essential vitamin mixture (Gibco; Waltham, MA), 1X nonessential amino acid solution (Gibco; 
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Waltham, MA), Insulin-Transferin-Selenium solution (Gibco; Waltham, MA), and 1X Antibiotic-

Antimycotic solution, in DMEM/F12 media). TGFb1 (R&D Systems; Minneapolis, MN) 

concentration for all relevant experiments was 2 ng/ml.  

Yeast two-hybrid Screen 

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S., Evry, France 

(http://www.hybrigenics-services.com). The coding sequence for Homoo sapiens USP10 (aa 1-

798) was PCR-amplified and cloned into as a C-terminal fusion to LexA (LexA-USP10) and into 

pB24 as an N-terminal fusion to LexA (USP10-LexA). The constructs were checked by 

sequencing and used as a bait to screen a random-primed human placenta cDNA library 

constructed into pP6. pB27 and pB24 derive from the original pBTM116 vector (Beranger et al., 

1997; Vojtek and Hollenberg, 1995) and pP6 is based on the pGADGH plasmid (Bartel et al., 

1993; Iwabuchi et al., 1993). 

For the LexA-USP10 and the USP10-LexA bait constructs, 86 million clones (9-fold the 

complexity of the library) and 175 million clones (18-fold the complexity of the library) were 

screened using a mating approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mata) and 

L40DGal4 (mata) yeast strains as previously described (Fromont-Racine et al., 1997). 179 and 

347 His+ colonies, respectively, were selected on a medium lacking tryptophan, leucine and 

histidine and supplemented with 200 mM 3-aminotriazole and 5 mM 3-aminotriazole, respectively, 

to handle bait autoactivation. The prey fragments of the positive clones were amplified by PCR 

and sequenced at their 5’ and 3’ junctions. The resulting sequences were used to identify the 

corresponding interacting proteins in the GenBank database (NCBI) using a fully automated 

procedure. A confidence score (PBS, for Predicted Biological Score) was attributed to each 

interaction as previously described (Formstecher et al., 2005). 

 

Description of the confidence score: 
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The PBS relies on two different levels of analysis. Firstly, a local score takes into account the 

redundancy and independency of prey fragments, as well as the distribution of reading frames 

and stop codons in overlapping fragments. Secondly, a global score takes into account the 

interactions found in all the screens performed at Hybrigenics using the same library. This 

global score represents the probability of an interaction being nonspecific. For practical use, the 

scores were divided into four categories, from A (highest confidence) to D (lowest confidence). 

A fifth category (E) specifically flags interactions involving highly connected prey domains 

previously found several times in screens performed on libraries derived from the same 

organism. Finally, several of these highly connected domains have been confirmed as false-

positives of the technique and are now tagged as F. The PBS scores have been shown to 

positively correlate with the biological significance of interactions (Rain et al., 2001; Wojcik et 

al., 2002). 

 

Co-Immunoprecipitation of USP10 with Daam1 

 HEK293T cells were co-transfected with 2ug USP10-FLAG-HA and 2ug Daam1-Myc-His 

(see above). After 48 hours, cells were harvested into cold PBS and crosslinked using 2mM 

dimethyl 3,3’-dithiobispropionimidate (DTBP, Thermofisher #20665)  for 1 hour at 4˚C. 50ul of 

1M Tris-HCl (pH 7.5) was then added for 10 minutes to quench the crosslinking reaction. The 

cells were then lysed in 1% triton lysis buffer (1% Triton X-100, 50mM Tris-HCl pH 7.5, 150mM 

NaCl). The lysates were precleared by adding 15ul of protein-G agarose beads (Invitrogen 

#101242) for 1 hour at 4˚C and then centrifuged for 2 minutes at 13,000RPM. The protein-G 

agarose beads were incubated with 1ug FLAG antibody (Sigma F1804) and Myc antibody 

(Proteintech 16286-1-AP) for 2 hours at 4˚C. 700ug of lysate was mixed with the antibody plus 

beads and incubated overnight at 4˚C. The beads were pelleted and washed four times with 

PBS. The beads were then resuspended in 30ul of 4X SDS-reducing loading buffer and boiled 
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for 5 minutes prior. Anti-FLAG and anti-Myc antibodies were both used for IP. Anti-FLAG was 

used for western blot.   

 

DUB Activity Assay  

DUB activity of USP10 was measured using a DUB Activity Assay Kit (Cayman 

Chemical, 701490). The assay uses ubiquitin derivatized with 7-amido-4-methylcoumarin (Ub-

AMC) as a fluorogenic substrate to detect hydrolysis of the carboxy linkage. Recombinant 

USP10 (R&D, E-592-050) was treated with recombinant Daam1 (Origene, TP317675) or with N-

ethylmaleimide (Sigma-Aldrich) to inhibit USB10 as control. Data was recorded using the 

Synergy H1 Hybrid Multi-Mode microplate reader (Biotek Instruments, Inc) with an excitation of 

360 nm and emission of 460 nm. The recombinant proteins were mixed at room temperature for 

15 min in the assay buffer (50 mM HEPES, 0.5 mM EDTA, 2% CHAPS, 1 mM DTT). Samples 

were placed in 96-well plates, and the baseline fluorescence was recorded for 15 min. Ub-AMC 

(500 nM final concentration) was added (t = 0 min) and data was collected every 2 min. The 

baseline fluorescence of each sample (i.e. immediately prior to Ub-AMC addition) was 

subtracted and the mean and standard deviation determined (N = 3-4 for USB10 +/- Daam1, N 

= 2 for + NEM). Kinetic traces were fit with two phase exponentials using GraphPad Prism (v. 

9.3). Differences in means were compared using one-way ANOVA (α=0.05) in Prism. 

 

Immunocytochemistry  

Cells were fixed using a protocol which is known to aid in the preservation of cytoskeletal 

morphology (Lunn et al., 1997; Smith-Clerc and Hinz, 2010).  PHEM buffer (60mM PIPES, 

25mM HEPES, 10mM EGTA, 2mM MgCl2, pH 6.9) and 3% PFA in PBS were warmed to 37°C 

before fixation.  Cells were briefly rinsed in PHEM buffer twice and then fixed in 3% PFA for 15 

min.  Cells were then washed 3 times for 5 minutes in PBS at room temperature to remove PFA 

and blocked in 10% goat serum (Thermo Fisher; Waltham, MA), 0.2% Triton X-100 in PBS for 
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1hr at room temperature.  Cultures were then stained with a solution of primary antibody in 2% 

goat serum, 0.2% Triton X-100 in PBS for 2hr at room temperature.  Primary antibodies and 

their concentrations were as follows: 1:1000 mouse-anti-α-SMA (Millipore Sigma; Burlington, 

MA; clone ASM-1/1A4), 1:300 rabbit-anti-Daam1 (Proteintech; Rosemont, IL; Cat # 14876-1-

AP), and 1:300 mouse-anti-USP10 (Novus Biologicals; Centennial, CO; clone OTI2E1).  For 

some experiments, Alexa Flour 555-conjugated phalloidin (Cytoskeleton Inc.; Denver, CO) was 

utilized as a counterstain at a concentration of 14 nM.  After primary incubation, cells were again 

washed 3 times in PBS for 5 min per wash.  Alexa Fluor 488-conjugated goat-anti-rabbit (1:500) 

and Alexa Fluor 647-conjuated goat-anti-mouse (1:800) secondary antibodies (Jackson 

Immunoresearch; West Grove, PA) were diluted in a solution consisting of 2% goat serum, 0.2% 

Triton X-100 in PBS and incubated on cultures for 1hr at room temp.  Cultures were then 

washed 3 times in PBS, and coverslips were mounted with ProLong Gold mounting media with 

DAPI (Invitrogen) to glass slides.  Following curing of mounting media, coverslips were sealed 

with clear nail polish and prepared for imagining. 

 

Proximity Ligation Assay  

Duolink proximity ligation assay (Sigma) was carried out largely in congruence with 

manufacturer’s protocol, with some adjustments made after reaction optimization.  Cultures 

were washed and fixed as described above.  Before blocking, cells were permeabilized with 

0.2% Triton X-100 in PBS for 5 minutes, and blocked with the kit blocking solution 

supplemented with an addition of 10% goat serum, 0.2% Triton X-100, and 2 ng/μL herring 

sperm DNA (ThermoFisher; Waltham, MA) for 1hr at 37°C.  Cultures were incubated with 

primary antibodies diluted in the proprietary Antibody Diluent solution plus addition of 2% goat 

serum and 0.2% Triton X-100.  For comparison of cultures either untreated or treated with 

2ng/ml TGFb1, 1:300 rabbit-anti-USP10 (Cell Signaling Technologies; Danvers, MA; Clone 

D7A5) and 1:300 mouse-anti-Daam1 (Novus Biologicals; Centennial, CO; Cat # NP_055807) 
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were utilized.  For comparison of Daam1-USP10 interaction to positive control (G3BP2), the 

following additional antibodies were used: 1:300 mouse-anti-USP10 (Novus Biologicals; 

Centennial, CO; clone OTI2E1) and 1:300 rabbit-anti-G3BP2 (Novus Biologicals; Cat # NBP1-

82977).  Cultures were incubated in primary antibody solution at 4°C overnight.  The following 

day, cultures were washed 3 times with Duolink wash buffer A for 5 minutes per wash.  

Secondary antibody diluted as per manufacturer’s instructions (with addition of 2% goat serum 

and 0.2% Triton X-100) was applied and cultures incubated at 37°C for 1hr.  Ligation and 

amplification/probe hybridization steps were carried out as per manufacturer’s instructions.  

Following amplification/probe hybridization step, cultures were washed with 1X Duolink wash 

buffer B for 10 minutes, and then twice with wash buffer A for 2 minutes each.  HCFs were 

counterstained with 14nM Alexa Fluor-conjugated phalloidin in PBS for 1hr at room 

temperature, then washed twice with Wash Buffer A for 1 minute each.  Cells were then briefly 

rinsed in 0.01X Wash Buffer B and mounted as described above. 

 

Cell Imaging and Analysis 

Epifluorescent imaging was carried out using a Nikon Eclipse Ni upright fluorescence 

microscope with an Andor Zyla camera and NIS-Elements software (Nikon Instruments Inc.; 

Melville, NY).  Live cell imaging was carried out using a Zeiss LSM780 confocal microscope, 

outfitted with a temperature and humidity-controlled chamber.  Confocal images were acquired 

using ZEN software (Zeiss; Oberkochen, Germany).  Image analysis, including immunoblots, 

was carried out using FIJI (ImageJ) software.   

 

Plasmid and siRNA transfection  

All transfections (2ug cDNA or 15 pmol siRNA) were carried out using the Lonza 

Nucleofector X-module using 1x106-1.3x106 cells per transfection with Lonza’s P3 solution in 
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100 ul cuvettes using program EN-130.  For biochemical analysis, cells were then plated on 10 

cm dishes. For live cell imaging, cells were plated on MatTek glass bottom dishes. 

 

qPCR 

Cells were collected from culture dishes using trypsin. Total RNA was extracted from the 

corneal fibroblasts using the PureLink RNA kit (Invitrogen) according to manufacturer’s 

recommendations and was added as a template into a one-step multiplex qRT-PCR assay 

using Quanta qScript XLT ToughMix with ROX dye (VWR). For that, 1uL of total RNA was 

mixed with the reagent and primer-probe mixes for human Daam1, av, b1, b5, and reference 

gene GAPDH in a 10uL reaction. The cycling parameters were as recommended by Quanta.  

 

Immunoblotting 

HCFs grown on 10cm tissue-culture dishes were washed once in PBS and scraped from 

plates in RIPA buffer (0.1% SDS, 0.15 M NaCl, 0.5% sodium deoxycholate, 1% Triton X-100 in 

0.05 M Tris (pH 6.8)) or a general solubilization buffer (2% SDS in 25 mM Tris (pH 8.8)) with 

2mM PMSF and cOmplete protease inhibitor tablet.  Lysates were then homogenized through a 

26-gauge syringe 3 times and protein content measured by BCA (ThermoFisher; Waltham, MA).  

Samples were then diluted in 4X Sample Buffer (2% SDS, 10% glycerol, 1% β-mercaptoethanol, 

12.5 mM EDTA, 0.02 % bromophenol blue in 50mM Tris (pH 6.8)), boiled at 95°C for 5 minutes, 

and loaded in pre-cast, 10% polyacrylamide gels (ThermoFisher; Waltham, MA).  SDS-PAGE 

was carried out at 100V for 20 minutes for stacking phase and then 200V until completion. 

Upon completion, polyacrylamide gels were transferred to Polyvinylidene fluoride 

(PVDF) membranes at 100V for 1hr.   Membranes were then blocked for 1hr in tris-buffered 

saline with Tween-20 (TBST; Tris, sodium chloride, 0.1% Tween) with 5% goat serum and 1% 

bovine serum albumin (BSA) with gentle agitation.  Following blocking, membranes were 

incubated in primary antibody solution consisting of 2% goat serum, 0.4% BSA in TBST, 
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overnight at 4°C on a rocker.  Antibodies used in this study are as follows: 1:1000 mouse-anti-

USP10 (Novus Biologicals; Centennial, CO; clone OTI2E1), 1:1000 rabbit-anti-Daam1 

(Proteintech; Rosemont, IL; Cat # 14876-1-AP), 1:2000 rabbit-anti-GAPDH (Cell Signaling 

Technologies, 14C10,), 1:2000 mouse-anti-α-tubulin (Cell Signaling Technologies, Danvers, 

MA; clone DM1A), 1:1000 mouse-anti-α-SMA (Millipore; Burlington, MA; Clone ASM-1), 1:2000 

mouse-anti-β-actin (Cell Signaling Technologies; Danvers, MA; cat #: 3700), 1:1000 rabbit-anti-

αv-integrin (Cell Signaling Technologies; Danvers, MA; cat #: 4711), 1:1000 rabbit-anti-α5-

integrin (Cell Signaling Technologies; Danvers, MA; cat #: 4705), 1:1000 rabbit-anti-β1-integrin 

(Cell Signaling Technologies, Danvers, MA; cat #: 4706), 1:1000 rabbit-anti-β3-integrin (Cell 

Signaling Technologies, D7X3P-XP), and 1:1000 rabbit-anti-β5-integrin (Cell Signaling 

Technologies; Danvers, MA; clone D24A5).  Subsequently, membranes were washed 3 times in 

TBST. Secondary antibodies were diluted in TBST with 2% goat serum, 0.4% BSA and 

incubated on membranes for 1hr at room temperature.  Secondary antibodies were 1:3000 

dilutions of horseradish peroxidase-conjugated goat-anti-mouse (Jackson Immunoresearch; 

West Grove, PA) and goat-anti-rabbit (EMD-Millipore; Burlington, MA).  Membranes were 

washed 3 final times with TBST, and then incubated with chemiluminescent substrate (Thermo 

Fisher; Waltham, MA) briefly before imaging with a Chemidoc (Bio-Rad; Hercules, CA). Relative 

protein intensities were measured by ImageJ software. 

 

Stress Fiber Isolation 

Stress Fiber Isolation protocol was based on previously published work by other groups 

(Katoh et al., 1998). Cells were washed briefly with chilled PBS and incubated in a solution of 

2.5mM triethanolamine (pH 8.1) with cOmplete protease inhibitor and 2mM 

phenylmethylsulfonylfluoride (PMSF) for 20 minutes on ice and with gentle rocking.  This 

solution was aspirated and replaced with 0.05% NP-40 in PBS with cOmplete protease inhibitor 

and 2mM PMSF for 10 min.  Finally, this solution was aspirated and replaced with 0.5% Triton 
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X-100 in PBS with cOmplete protease inhibitor and 2mM PMSF for 5 min.  The last wash was 

aspirated and replaced with 200μL of fresh 0.5% Triton buffer, and the stress fibers scraped and 

collected in microcentrifuge tubes. The lysates were passed 3 times through 26-guage syringes 

and centrifuged at 100,000 x g for 1hr at 4°C. The supernatants were discarded and the pellets 

resuspended in solubilization buffer (2% SDS, 8M urea in 25mM Tris (pH 8.8) with 2mM PMSF 

and cOmplete protease inhibitor tablet).  Final lysates were subjected to 1 freeze-thaw cycle 

before use in BCA and western blot, which aided the homogenization of cytoskeletal 

components.  Lysates were then analyzed by immunoblot as described above. 

 

Ubiquant™ Ubiquitin Capture ELISA 

Ubiquant™ analysis was carried out as described previously (Gillespie et al., 2017).  

HCFs were transfected with 150 pmol of siGLO nontargeting control siRNA (Dharmacon; 

Lafayette, CO), siDaam1, or siUSP10 (both: Santa Cruz Biotechnology; Dallas, TX) and 

incubated in SSFM on collagen-coated 10cm cell culture treated dishes for 24hrs.  HCFs were 

then switched into SSFM with 5 μM MG132 and 10 μM chloroquine for 8hrs.  Cultures were 

then scraped in RIPA buffer (as described above) plus complete protease inhibitor tablet 

(Roche; Basel, Swtizerland), PMSF (Thermo Fisher; Waltam, MA), 2mM NEM (Pierce; 

Waltham, MA) and 10 µg/ml PR-619 (Lifesensors; Malvern, PA). Protein content determined by 

BCA assay and samples were diluted in RIPA buffer to 0.4 μg/μL. 

100 μL of lysate was added to each well (experiments carried out in triplicate) and 

incubated on a rocker at room temperature for 1hr.  Wells were then washed 4 times with TBST 

and then incubated in 1x Blocking Buffer in PBS with a 1:10,000 dilutions of either β1- (Assay 

Biotechnology; San Francisco, CA; catalogue #: R12-2927) or β5-integrin (Assay Biotechnology; 

San Franscisco, CA; catalogue #: F-5) primary antibody for 1 hr at room temperature.  Wells 

were washed again 4 times with TBST and incubated in the same buffer with a 1:15,000 dilution 

of goat anti-rabbit HRP-conjugated IgG for 1hr.  Wells were washed a final 4 times, with 100 μL 
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Developing Solution added to each well, and luminescence read by Epoch II plate reader and 

Gen5 software (BioTek Instruments; Winooski, VT). 

 

Biotinylated-FN Recycling Assay 

HCFs were transfected (see above) with 150 pmol of either siGLO or siDaam1, then 

seeded in DMEM/F12 and 1% serum plus antibiotic-antimycotic solution. 24 hours post 

transfection, the cells were loaded with 10ug biotinylated-FN (Tang and Saito, 2017) for 3 hours. 

Cells were then passaged with trypsin and plated on 35mm glass bottom dishes in DMEM/F12 

and 1% serum. After 48 hours, cells were washed 3 times for 30 minutes each prior to imaging 

with the following procedure: 1% PBSA in PHEM, 150mM Sodium Azide in PHEM, and 1:100 

streptavidin-488 in PHEM. Images were analyzed using ImageJ’s 3D Object Counter plugin.   

 

Integrin Recycling Assay 

HCFs were transfected (see above) with 150 pmol of either siGLO or siDaam1, then seeded in 

DMEM/F12 and 1% serum plus antibiotic-antimycotic solution 48 hrs post-transfection cells 

were blocked and treated with Ab against a5b1 (Novus, 2-52680) and av (Cell Signaling 4711) 

at 10ug/ml for 30 minutes prior to cell surface stripping (0.2M acetic acid, 0.5M NaCl) for 30 sec. 

Cell were incubated for 90 min prior to incubation with 2° Ab-488 for 30 min. Live cells were 

imaged (Zeiss LSM 780 confocal) and analyzed using ImageJ’s Analyze Particles.  

 

Data and Statistical Analyses 

 All data was collected using Microsoft Excel software and graphs generated using 

GraphPad Prism software.  Student’s unpaired, 2-tailed t-tests, logarithmic transformation, one-

way ANOVA were calculated using Prism.  Replicate number (n) refers to individual biological 

repeats (cell lines) derived from distinct human cadaver corneas.  P-values: * p<0.05, ** p<0.01, 

and *** p<0.001, **** p<0.0001). 
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3.4. Results 

Yeast 2-hybrid screen reveals novel Daam1-USP10 protein-protein interaction 

In order to further characterize the mechanisms by which USP10 promotes integrin 

recycling and aids in the differentiation of myofibroblasts, a yeast 2-hybrid screen (Hybrigenics) 

was carried out using USP10 as bait, to identify novel targets for study.  The screen produced 

both established and novel hits (Figure 3.1A). The established hits included both G3BP 

proteins; G3BP stress granule assembly factor 1 (G3BP1; NCBI Ref # NM_005754.2) and 

G3BP stress granule assembly factor 2 (G3BP2; NCBI Ref # NM_203504 and NM_012297).  

These were considered strong positive controls for this screen.  The strongest confidence novel 

interaction identified by the yeast 2-hybrid screen for USP10 binding partners was with the 

formin protein Disheveled-associated activator of morphogenesis 1 (Daam1; NCBI Ref # 

NM_001270520.1), the primary subject of this study.  This interaction was denoted as “Very 

Strong” confidence, as determined by a proprietary calculation developed by Hybrigenics to 

screen out putative false positive interactions (see Methods).  Of note was the USP10 

interaction signal from the protein Fascin-1 (NCBI Ref # NM_003088), another actin-associated 

protein that directly interacts with Daam1 on actin bundles in lamellipodia (Jaiswal et al., 2013).  

These are thought to be interactions with a structural binding component, as the USP10 bait did 

not reveal known interactions that are purely enzymatic in which USP10 acts as a DUB such as 

p53 or integrins (Gillespie et al., 2017; Yuan et al., 2010).   

Daam1 is composed of 4 primary functional domains: GTPase-Binding Domain/Formin 

Homology Domain 3 (GBD/FH3), Formin Homology Domain 2 (FH2), Formin Homology Domain 

1 (FH1), and the Diaphanous Autoregulatory Domain (DAD), as well as a coiled-coil (CC) 

structural domain between the GBD/FH3 domain and the FH2 domain.  FH2 domain was 

obtained as the site of interaction in all readable hits (Figure 3.1B). The yeast 2-hybrid screen 

provides information about the fragment of the mRNA which generates the interaction.  Of the 

15 hits for Daam1, 12 gave readable sequence data.  Eight hits were specific to a fragment of 
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the parent Daam1 mRNA containing only the formin homology domain 2 (FH2), while 2 

fragments were specific to the FH2 domain and the C-terminal diaphanous auto-regulatory 

domain.  The remaining 3 fragments were not capable of providing sequence related 

information. 

 

USP10 co-immunoprecipitates with Daam1 

USP10/Daam1 complex formation was further demonstrated by co-immunoprecipitation (co-IP). 

I utilized HEK-293t cells instead of primary HCFs for this experiment because of the ease of 

overexpression in an immortalized cell line. USP10-FLAG cDNA and Daam1-Myc cDNA were 

overexpressed in HEK-293t cells. After 48 hours, cells were lysed and immunoprecipitated (IP) 

for either FLAG or Myc and western blotted (IB) for FLAG (Figure 3.1C). Lane 3 demonstrates 

the co-IP of USP10 and Daam1 (*). Controls are lanes 1,2: Total lysate demonstrating 

endogenous USP10 and IP with FLAG demonstrating that USP10-FLAG is IPed. Lanes 4-7: no 

lysate, IgG control, or no primary antibody in the reaction.  

 

Daam1 inhibits USP10’s DUB activity 

I investigated whether Daam1 modulates DUB activity of USP10 using an assay (Dang et al., 

1998) that employs a fluorescently tagged ubiquitin substrate (Ub-AMC).  Recombinant USP10 

activity exhibited biphasic kinetics (Figure 3.2A), with an initial phase (t1/2 @ 3 min) contributing 

a minor portion (~30%) and a slower phase (t1/2 @ 60 min) responsible for the majority (~70%) 

of the Ub-AMC hydrolysis.  Treatment of USP10 with N-ethylmaleimide, which alkylates the 

active site Cys residue (Mevissen and Komander, 2017), completely abolished activity (Figure 

3.2A). Preincubation of USP10 with two-fold molar excess of Daam1 reduced both phases of 

Ub-AMC hydrolysis (Figure 3.2A), resulting in a 40% decrease (p=0.02) in hydrolyzed Ub-AMC 

after 20 min (Figure 3.2B). Similar reductions were observed at other time points. USP10 
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activity was also reduced by preincubation with Daam1 at substoichiometric levels, although the 

reduction in DUB activity was less (21%, p=0.36). The inhibitory activity of Daam1 was 

transient; after 10 min, the rate of Ub-AMC hydrolysis was the same in samples treated with or 

without Daam1 (Figure 3.2C). Together, these results show for the first time that the formin, 

Daam1 is an inhibitor of USP10 DUB activity, mechanistically acting as a competitive or partial 

inhibitor (see Discussion and Supplemental Figure 3.1). 

 

TGFβ1 treatment promotes Daam1-USP10 complex formation 

Daam1 was detected in lysates from cultured HCFs at a characteristic 123 kDa band, 

confirming its expression by these cells (Figure 3.3A).  In addition, incubation of HCFs in 

2ng/mL of TGFβ1 for 3 days significantly increased Daam1 expression by 1.8-fold (p<0.001), a 

similar result to what was observed in myofibroblasts in lung samples of idiopathic pulmonary 

arterial hypertension patients (Yanai et al., 2017), as well as total tissue gene expression 

analysis of kidney samples following injury (Saito et al., 2015). TGFβ1-induced differentiation of 

HCFs into myofibroblasts was confirmed by a well-characterized increased in expression of α-

SMA (4.7-fold p<0.05).  Previously published findings show that USP10 expression increases 

with TGFβ1 treatment was also found to be reproducible (1.9-fold increase, p<0.05) (Gillespie et 

al., 2017).   

To support the results in Figures 3.1 and 3.2 and to visualize USP10 and Daam1 in 

primary cells, proximity ligation assay (PLA) was carried out in cultured HCFs either untreated 

or treated with 2ng/ml TGFβ1 for 3 days (Figure 3.3B).  After optimization of assay conditions, 

positive signal between USP10 and Daam1 was achieved in untreated cells, which appeared as 

bright, randomly dispersed puncta present through the cytoplasmic space.  Puncta are defined 

as a positive indicator of interaction of target proteins with a spatial resolution of <30-40 nm 

(Zatloukal et al., 2014).  Signal was quantified by puncta density to analyze the change in 

interaction frequency.  The USP10/Daam1 PLA pair increased in signal density between 
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untreated and TGFβ1 treated cells by 1.2-fold (p<0.05) (Figure 3.3C).  PLA signal was 

significantly reduced by omission of either primary antibody, suggesting the signal was not due 

to nonspecific interaction by oligo-conjugated secondary antibodies. The USP10/G3BP2 PLA 

pair in cells treated with TGFβ1 (which served as a positive control for the assay) produced the 

highest signal, with a 1.4-fold (p<0.001) higher puncta density than the USP10/Daam1 PLA 

signal without TGFβ treatment  and 1.2-fold (p<0.05) higher density than the USP10/Daam1 

PLA signal in cells treated with TGFβ.  Overall, these data demonstrate that USP10 is in 

proximity to both Daam1 and G3BP2 and that TGFb increases the USP10/Daam1 interaction.  

 

TGFβ1 drives USP10 and Daam1 localization to actin stress fibers  

To determine the localization of Daam1 and USP10 in HCFs, cells were cultured +/- 

TGFβ1.  Untreated HCFs immunostained with Daam1 antibody resulted in a diffuse and 

randomly organized punctate fashion, scattered throughout the cell (Figure 3.4A).  Following 

TGFβ1 treatment, as expected α-SMA antibody labeled cells demonstrated a characteristic 

filamentous stress fiber phenotype.  Daam1 likewise exhibited a “ribbed” or filamentous pattern 

that corresponded with the presence of α-SMA stress fibers in cells.  Omission of Daam1 

primary antibody abolished 488-fluorescence, suggesting staining is not due to non-specific 

secondary antibody labeling. 

Treated and untreated HCFs were then immuno-labelled with USP10 antibody (with 

phalloidin used as a counter stain because of IgG host restrictions; Figure 3.4B).  Like Daam1, 

USP10 was observed in a diffuse manner throughout the cytoplasm of untreated HCFs, with a 

slight perinuclear bias in intensity.  Following TGFβ1 treatment, USP10 also underwent a shift in 

localization, with an increased coincidence with actin stress fibers.   

We quantified this transition of USP10 and Daam1 fluorescence by measuring 

fluorescence intensity profiles across the perinuclear cytoplasm (Figure 3.4C), defining a 

threshold fluorescence level which segregated the cytoplasmic space from actin stress fibers as 
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labeled by phalloidin, and then binning the corresponding fluorescence intensities in the 

Daam1and USP10 channels into either “Cytoplasmic” or “Stress Fiber” group and averaging 

them.  The Stress Fiber bin was divided by the Cytoplasmic bin to generate a Stress Fiber-to-

Cytoplasmic intensity ratio for each cell and averaged across all cells for statistical analysis 

(Figure 3.4D). We predicted that a random distribution of Daam1 and USP10 would result in 

Stress Fiber-to-Cytoplasmic ratios with values closer to 1 (meaning equal average intensity 

associated with stress fibers and cytoplasm), and that TGFβ1 would increase these values 

based on my observations.  Daam1 stress fiber-to-cytoplasmic ratio was 1.22 in untreated cells, 

TGFβ1 treatment increased this ratio to 1.45 (p<0.001).  Thus, Daam1 transitioned from a 

distribution that was, on average, 1.22-fold higher at stress fibers than in cytoplasmic areas, to a 

distribution where Daam1 intensity was 1.45-fold higher at stress fibers than in the cytoplasm.  

USP10 exhibited a similar shift, changing from 0.97 in untreated cells to 1.25 in TGFβ1 treated 

cells (p<0.001).  Phalloidin, which should be much greater than 1 as it was used to label stress 

fibers, likewise experienced a shift of 2.85 to 4.11 (p<0.001). 

 

Daam1 siRNA reduces Daam1 and USP10 binding to stress fibers 

In order to confirm the observation from the immunocytochemical analyses that Daam1 

and USP10 associate with actin stress fibers, we isolated intact stress fibers from fibroblasts 

(Figure 3.5).  My hypothesis was two-fold: 1) if Daam1 and USP10 stress fiber localization is 

due to physical cytoskeleton-associated complex formation, both proteins should be 

coprecipitated with actin stress fibers, and 2) if Daam1 (a canonical actin binding protein) is 

necessary for USP10 stress fiber localization, Daam1 knockdown will result in a concomitant 

reduction in USP10-stress fiber coprecipitation.  

HCFs were transfected with either non-RISC associating siRNA (siGLO) or a pool of 

siRNAs against human Daam1 (siDaam1) and cultured with TGFβ1 for 3 days (to promote 

stress fiber formation).  Images were taken of the cultures as they underwent washes in buffers 
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with increasingly strong detergents to monitor extraction progress (Figure 3.5A).  Cells became 

increasingly difficult to observe by phase contrast microscopy as the extraction process 

progressed, suggesting a decrease in cell density as non-stress fiber associated components 

were stripped away.  Stress fibers remained visible and intact throughout the process, indicating 

proper preservation of this cytoskeletal element.  Following collection of the stress fibers and 

enrichment by ultracentrifugation, precipitates were processed and analyzed by western blot 

(Figure 3.5B).  The precipitates from both siGLO and siDaam1 transfections were rich in both β-

actin and α-SMA, which developed with ≤1 second exposure times, suggesting proper 

enrichment of the actin cytoskeleton.  siDaam1 did not induce any significant changes in α-SMA 

levels as compared to siGLO (p>0.05).  Conversely, the normally heavily abundant proteins 

GAPDH and α-tubulin were barely (or not at all) detectable, even with abnormally long exposure 

times (>30 sec, as compared to ~1 sec for total cell lysates in previous experiments).  

Precipitates from siGLO transfected cultures stained strongly for both Daam1 and USP10, 

suggesting they are physically associated with stress fibers.  Transfection of siDaam1 reduced 

Daam1 co-precipitation with stress fibers by 87.0% (p<0.001).  Further, siDaam1 transfection 

also resulted in a 60.1% (p<0.001) reduction in USP10 coprecipitation with stress fibers. 

siDaam1 treatment did not significantly affect total USP10 levels in total HCF lysates (Figure 

3.5C).  These data suggest that Daam1 may either recruit USP10 to stress fibers or is at least in 

part necessary for its association.   

 

Daam1 knockdown promotes integrin protein accumulation with reduced integrin 

ubiquitination  

USP10 removes ubiquitin from av integrins leading to integrin protein accumulation 

(Gillespie et al., 2017).  To test a functional outcome of the Daam1/USP10 interaction given 

Daam1’s inhibition of USP10, I tested how Daam1 knockdown would affect integrin protein 

levels (Figure 3.6A).  siDaam1 transfection resulted in a 69.8% reduction in Daam1 levels vs 
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siGLO (p<0.001).  Daam1 knockdown increased total αv-, β1-, and β5-integrin levels in HCFs 

by 1.6-fold, 1.4-fold, and 1.4-fold, respectively, vs. siGLO controls (p<0.05 for each).  Daam1 

knockdown also elevated α5-integrin levels by 1.3-fold, however this change was not significant 

(p=0.065), and no effect was observed on β3-integrin levels, as had been seen previously on 

USP10’s effect on β3-integrin. (Gillespie et al., 2017)  Collectively, these results demonstrate 

that Daam1 regulates total levels of αv, β1, and β5 integrin protein expression, as observed for 

USP10 (Gillespie et al., 2017). Here, I propose that knocking down Daam1 releases/increases 

USP10 activity, leading to less ubiquitination and degradation of integrins, and therefore an 

increase in total integrin protein.    

To test this, I utilized a sensitive ubiquitin capture ELISA (Ubiquant™), Figure 3.6B.  

HCFs were transfected with either siGLO, siDaam1 siRNA, or as a positive control, human 

USP10 targeting siRNA (siUSP10) (Gillespie et al., 2017), and cultured for 3 days (Figure 3.6B).  

Compared to siGLO, siDaam1 transfection resulted in a 62.1% decrease in β1-integrin 

ubiquitination (p<0.05), conversely, siUSP10 increased β1-integrin ubiquitination by 1.2-fold 

(p<0.05). Similarly, daam1 knockdown decreased β5-integrin ubiquitination by 87.9% (p<0.001), 

whereas USP10 knockdown increased β5-integrin ubiquitination by 1.3-fold (p<0.05).  The 

results with USP10 siRNA mirrored results previously published by the lab (Gillespie et al., 

2017). These data suggest that less Daam1 expression (siDaam1) leads to increased USP10 

activity (removes more ubiquitin) and reduced integrin ubiquitination. Knockdown of USP10 

(siUSP10) has the opposite effect. qPCR analysis showed that gene expression of integrins 

after Daam1 knockdown was not significantly altered (Supplemental Figure 3.2). Together, my 

data suggest that Daam1 is a negative regulator of USP10’s DUB activity on integrins. and that 

the effect of Daam1 on integrins is post-translational.   
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Daam1 knockdown results in av integrin and FN cell surface accumulation.   

To further link the Daam1/USP10 interaction to integrins, I tested if Daam1 knockdown would 

increase integrin recycling, and a functional consequence of increase integrin recycling, FN 

recycling. For the integrin recycling assay, 48 hrs post-transfection cells were blocked and 

treated with Ab for 30 minutes prior to cell surface stripping for 30 sec. Cells were further 

incubated for 90 min prior to incubation with 2° Ab-488 for 30 min (Ubelmann et al., 2017). 

Using live cell confocal microscopy, cell surface integrin signal was imaged. Whereas there was 

a significant increase in av integrin recycling (2.1-fold p<0.05), a5b1 integrin recycling was not 

significantly different between conditions (Figure 3.6C).  

Recent work done in the lab demonstrates that increased USP10 overexpression that 

leads to the accumulation of cell surface integrins, (Gillespie et al., 2017) also results in the 

integrin-mediated accumulation of extracellular FN (Phillips et al., 2021). Furthermore, that in 

cell culture, approximately 1/3 of the deposited extracellular FN was derived from recycled FN 

(Phillips et al., 2021). To determine if Daam1 knockdown affects FN recycling, using my novel 

published assay, HCFs were transfected with siGLO or siDaam1. After 24 hours cells were 

treated with biotinylated-FN for 3 hours, prior to trypsinization to remove uninternalized 

biotinylated-FN and reseeding. After 48 hours, external FN was detected with Streptavidin-488, 

and associated cells were detected with SiR-actin.  In line with an increase in total and recycled 

integrin, FN accumulation increased significantly in the siDaam1 condition, 1.4-fold p< 0.01 

(Figure 3.6D). Figure 3.6E demonstrates that equal numbers of cells survived the siGLO and 

siDaam1 transfections.  

 

3.5. Discussion 

Cells must have the ability to rapidly fine tune the localization or strength of focal 

contacts to carry out a diverse array of functions (Huttenlocher and Horwitz, 2011; Schmidt and 
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Friedl, 2010). In order to achieve this, integrins are continuously in a state of flux, internalized 

into endosomes and either degraded by the endolysosomal system or shuttled back to the cell 

membrane (Bridgewater et al., 2012).  Previous work identified USP10 as a critical regulator in 

the dynamic control of integrins, shifting the balance from intracellular degradation to cell 

surface accumulation after wounding (Gillespie et al., 2017). The present study further expands 

on that work by providing an additional point of control on integrin turnover through the novel 

interaction of USP10 with the formin, Daam1.   

Daam1, has been well characterized as an effector of the actin cytoskeleton, influencing 

such processes as ciliogenesis (Corkins et al., 2019), filopodia extension (Jaiswal et al., 2013), 

and cell polarity (Ju et al., 2010; Nishimura et al., 2016), to name a few.  Daam1 is upregulated 

in idiopathic pulmonary fibrosis (IPF) (Rydell-Tormanen et al., 2016), likely due to increased 

WNT signaling during the wound healing process (Konigshoff et al., 2008; Newman et al., 

2016), linking Daam1 to fibrotic conditions.  In addition, 4 SNP’s have been identified in GWAS 

of Caucasian patients with IPF near the Daam1 gene, providing further evidence for a 

connection to fibrosis (Manichaikul et al., 2017).  Furthermore, Daam1 may influence wound 

healing by promoting haplotaxis (Zhu et al., 2012) whereby epithelial cells and fibroblasts 

migrate to the site of injury to repopulate and repair a wound (Basan et al., 2013; Blanco-

Mezquita et al., 2013). Directed by a yeast two-hybrid study using USP10 as bait, here I 

demonstrate a novel role for Daam1 as a binding partner of USP10 (Figure 3.1A), likely through 

an interaction with Daam1’s FH2 domain (Fig 3.1B).  Daam1 has numerous binding partners 

critical to its function, including the integrin-associated kinase Src (Aspenstrom et al., 2006), the 

Wnt-pathway associated protein Disheveled (Dvl) to the DAD of Daam1, and Rho-GTPase 

association with the GBD/FH3 subdomain (Liu et al., 2008). However, FH2 domain is 

canonically thought to directly associate with actin, and to facilitate actin polymerization (Higgs, 

2005; Higgs and Peterson, 2005).  Thus, my data suggest that Daam1 has a non-canonical role 

as a part of an USP10-Daam1 FH2 axis, linking Daam1 to integrin turnover and the ubiquitin 
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system. This interaction was supported by co-IP (Figure 3.1C), DUB inhibitor assay (Figure 3.2), 

and proximity ligation assay (PLA) in cells (Figure 3.3).   

I have shown that USP10 incubated with Daam1 inhibits DUB activity with the substrate 

Ub-AMC. The rate (the slope of the lines in Figure 3.2A) of ubiquitin-AMC turnover recovers to 

control levels after 10 minutes. This indicates that the reduction is reversible in the presence of 

a 50-fold molar excess of ubiquitin-AMC. These results suggest that USP10 and Daam1form a 

complex, with reduced catalytic activity, that is destabilized by the ubiquitin substrate. Like all 

DUBs, USP10 contains a ubiquitin binding domain responsible for regulating its interactions with 

ubiquitin (Komander et al., 2009). Based on my data, Daam1 could be interacting with the 

ubiquitin binding domain causing an allosteric change of USP10s structure, resulting in an 

alteration of its activity. The DUB activity of USP catalytic domains is often regulated 

allosterically by binding partners (Mevissen and Komander, 2017).  I have now identified Daam1 

as a negative regulator of USP10. Future experiments are needed to determine the nature of 

the partial inhibition of USP10 by Daam1 and to identify binding site(s) necessary for the 

inhibitory interactions.  

I found that treatment with TGFβ1 enhanced the proximity between USP10 and Daam1 

and promoted co-localization with stress fibers (Figures 3.3 and 3.4).  Daam1 and USP10 

localization in the absence of TGFβ1 was observed to be diffuse throughout the cell.  USP10’s 

localization was also perinuclear, an observation I confirmed through quantification of the ratio 

of fluorescence associated with stress fibers over the unassociated (cytoplasmic) with stress 

fibers (Figure 3.4).  One interpretation of this result is that this interaction reflects a spatial 

aspect of USP10’s function in integrin recycling, perhaps implicating localization to the 

perinuclear recycling compartment (PNRC).  Another possibility is that USP10 associates with 

early (sorting) endosomes, responsible for facilitating the recycling of a number of membrane 

proteins, such as CFTR and integrins (Bomberger et al., 2009; Jonker et al., 2018). 
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The stress fiber localization of USP10 and Daam1 proteins was supported and 

expanded on by precipitation of these proteins on biochemically isolated actin stress fibers 

(Figure 3.5). siDaam1 knockdown reduced Daam1 and USP10 precipitation with stress fibers 

(Figure 3.5B), despite having no effect on total USP10 protein levels (Figure 3.5C) suggesting 

that Daam1 may recruit USP10 to stress fibers or at least Daam1 is necessary for USP10’s 

localization to stress fibers. siDaam1 treatment did not have a significant effect on α-SMA 

composition of stress fibers, suggesting changes in USP10 were not due to gross defects in 

stress fiber assembly. It also may be possible that other actin-associated proteins, such as 

Fascin-1 (Figure 3.1A), are in this complex with Daam1, tethering USP10 to actin. 

Although TGFβ1 treatment, a typical wounding model, increased the protein levels and 

association of USP10 and Daam1, I found that in fact Daam1 is a “brake” for USP10, negatively 

regulating its activity (Figure 3.2 and Figure 3.6).  USP10 overexpression post-translationally 

increases integrin protein levels with no effect on gene expression (Gillespie et al., 2017). 

USP10 removes ubiquitin from the integrin β1 and β5 subunit and thus USP10 overexpression 

decreases integrin ubiquitination and degradation and integrins accumulate in the cell (Gillespie 

et al., 2017). Here, I reasoned that if Daam1 is a brake for USP10, that reducing Daam1 would 

increase USP10 activity, leading to increased integrin protein levels (Figure 3.6A) and 

decreased ubiquitination of integrins b1 and b5 (Figure 3.6B). Daam1 knockdown had no effect 

on β3-integrin, a result also found during the previous investigation into USP10’s effect on 

integrin levels (Gillespie et al., 2017).  The integrin αv subunit was not tested because it is not 

directly ubiquitinated (Hsia et al., 2014; Lobert and Stenmark, 2010).  I also demonstrated that 

by qPCR after Daam1 knockdown, integrin subunits are not significantly changed 

(Supplemental Figure 3.2). These data suggest that the effect of siDaam1 on integrins is at least 

in part post-translational (through the inhibition of USP10’a DUB activity), however it is also 

possible that there is an indirect effect on gene transcription with siDaam1 (less Daam1 > more 

USP10 activity > more TGFb activity) (Gillespie et al., 2017) which could eventually lead to an 
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increase in integrin gene expression (Munger and Sheppard, 2011). Taken together, these data 

support the hypothesis that Daam1/USP10 interaction is inhibitory to USP10’s ability to 

deubiquitinate β1- and β5-integrin subunits.  

Daam1 serving as a negative regulator of USP10 is further supported by an increase in 

integrin and FN recycling (Figures 3.6C-E) after Daam1 knockdown. FN undergoes an 

extracellular stepwise integrin-dependent polymerization to generate fibrils from soluble, 

monomeric FN (Mao and Schwarzbauer, 2005; Pankov et al., 2019; Schwarzbauer and Sechler, 

1999; Wierzbicka-Patynowski et al., 2004). a5b1 and av integrins recognize the common in-

tegrin-binding motif (RGD) in FN (Benito-Jardon et al., 2020; Danen and Sonnenberg, 2003; 

Huveneers et al., 2008) and coordinate to achieve efficient FN binding (Benito-Jardon et al., 

2021; Bharadwaj et al., 2017). Using my live cell recycling assay, I previously found that USP10 

overexpression resulted in an increase in av integrin recycling and integrin-mediated FN 

recycling (Phillips et al., 2021).  Here, I find that Daam1 knockdown, similar to USP10 

overexpression, promoted an increase in av integrin and extracellular FN recycling. I did not find 

a significant increase in a5b1 integrin recycling suggesting perhaps that the Daam1/USP10 axis 

more directly effects av integrins.   

In Figure 3.7, I propose a working model that fits the data. Previous studies demonstrate 

that an increase in USP10 expression and activity promotes myofibroblast development and 

fibrotic outcomes (Fig 3.7A) (Gillespie et al., 2017; Phillips et al., 2021). Knockdown of USP10 in 

rabbits significantly reduced scarring in a severely wounded cornea (Boumil et al., 2020). Here, I 

found that although TGFb increased the protein expression of both USP10 and Daam1, that 

Daam1 is an inhibitor of USP10 and may create a USP10 “sink” on stress fibers (Figure 3.7B). 

Furthermore, that Daam1 is a brake for USP10-mediated integrin and FN cell surface protein 

accumulation, allowing for an additional layer of homeostatic control over integrin and matrix 

levels in a wounding environment.  
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In terms of positive regulators of the USP10/integrin axis, although it is currently 

unknown, studies indicate that the G3BP proteins could be activators of USP10 activity on 

integrins. In addition to the yeast two-hybrid study and PLA (Figure 3.1A, Figure 3.3B), it was 

previously demonstrated that USP10 binds to G3PB2 in the cytosol, inducing p53 cytoplasmic 

localization, ubiquitination, and degradation (Takayama et al., 2018). Connecting G3BP to 

integrins is the finding that G3BP knockdown inhibits Scr/FAK/ERK signaling, and human lung 

cancer cell migration and invasion, suggesting a USP10/integrin/G3BP complex and 

coordination between these proteins (Zhang et al., 2013). Further studies will elucidate these 

interactions. In summary, my studies indicate that the Daam1/USP10 axis is a key point of 

regulation in the integrin life cycle and may serve as therapeutic targets for a broad range of 

integrin-mediated pathologies.  
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3.6. Figures 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Yeast 2-Hybrid screen reveals Daam1 as a novel USP10-binding partner.  A) 

Yeast 2-hybrid data (Hybrigenics), human placental mRNA library, and human USP10 as bait. 

B) Daam1 subdomain schematic and yeast 2-hybrid fragment data.   (C) HCFs were co-

transfected with USP10-FLAG-HA and Daam1-Myc. Cells were lysed and immunoprecipitated 

with agarose beads and FLAG or Myc antibodies. Lanes are as follows: (1) Control lysate (2) 

FLAG IP (3) Myc IP, * indicates the USP10 band (4) FLAG antibody with beads, no protein (5) 

Myc antibody with beads, no protein (6) Lysate with IgG control (7) Lysate with just beads, no 

antibody. Proteins were detected with FLAG antibody. N=3. 
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Figure 3.2. Daam1 inhibits USP10 DUB activity. A) The kinetics of USP10 (5 nM) DUB 

activity was measured using a fluorogenic substrate Ub-AMC in the absence (green) or 

presence of a DUB inhibitor, 10 mM NEM (purple), or no USP10 (black).  Preincubation of 

USP10 with Daam1 (1 nM, blue; 10 nM red) on USP10 DUB activity reduced hydrolysis of Ub-

AMC. Symbols are mean and error bars are standard deviations (N = 4).  The solid lines are two 

phase exponential nonlinear fits constrained at t = 0 to 0.  B) Representative percent inhibition 

of USP10 activity by Daam1 at 20 min of reaction time. 10nM Daam1 produced a 40% (p<0.05) 

inhibition of USP10’s DUB activity. C) Differences in hydrolysis of Ub-AMC were determined by 

subtracting the indicated mean Daam1 sample fluorescence values from those of USP10 alone 

at each time point. The solid lines are one phase exponential nonlinear fits constrained at t = 0 

to 0. 
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Figure 3.3. Proximity Ligation Assay validation of USP10-Daam1 interaction in HCFs. A) 

Immunoblot with quantification of untreated and TGFβ1 treated HCFs (72 hrs).  Quantification is 

expressed as the mean fold change after normalization to GAPDH.  B) Representative images 

of untreated and TGFb1 treated HCFs (PLA, green), counterstained for actin (phalloidin, red) 
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and nucleus (DAPI, blue). Stroked portions of the merged channels are magnified (Merge 

Magnified). C) Quantification of puncta density. Puncta density quantification was quantified and 

partitioned into two groups, intracellular-associated (specific signal) and extracellular 

(nonspecific signal). Bar=50mm. N=5. Statistical significance was calculated using ordinary one-

way ANOVA after a log transformation of the data. 
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Figure 3.4. TGFβ1 promotes Daam1 and USP10 localization on actin stress fibers. A) 

Analysis of untreated and TGFβ1-treated HCFs, with DAPI (blue), α-SMA (red), and Daam1 

(green) immunostaining.  TGFβ1 treatment drives Daam1 immunofluorescence from a diffuse, 

punctate distribution to a stress fiber pattern.  IgG control abolished immunofluorescence signal.  

B) Immunostaining for USP10 (violet), phalloidin (red), Daam1 (green).  Like Daam1, TGFβ1 
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treatment drives USP10 immunofluorescence from a diffuse pattern to a stress fiber pattern.  C) 

Fluorescence intensity profiling across representative cells (from panel B) in scatterplot format.  

D) Quantification of multiple fluorescence intensity profiles, comparing untreated (black) and 

TGFβ1-treated cells (grey), expressed as a ratio of fluorescence intensity at stress fibers to the 

intensity between stress fibers (cytoplasmic).  An increase in stress fiber association with 

TGFβ1 was observed for all three proteins. Statistical significance was calculated using an 

unpaired t-test. Bar= 50mm. N=3 
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Figure 3.5. Daam1 and USP10 precipitate with actin stress fibers. A) Representative phase-

contrast images of TGFb1 treated HCFs subjected to a series of buffer washes with increasing 

concentration of detergent.  B) Immunoblot analysis of stress fiber isolates generated from 

TGFb1 treated cells transfected with nontargeting siGLO or siDaam1. Daam1 knockdown also 

reduced USP10 association with stress fibers. C) Immunoblot analysis of total protein from 

HCFs transfected with siGLO or siDaam1.  siDaam1 did not significantly affect total USP10 

levels. Statistical significance was calculated using an unpaired t-test. Bar=200mm. N=3  
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Figure 3.6. Knockdown of Daam1 increases integrin and FN recycling. A)  HCFs were 

transfected with siGLO or siDaam1 and treated with TGFb for 3 days to increase total integrin 

expression. siDaam1 transfection resulted in increased expression of av-, b1-, b5-integrins.  

N=6. B) HCFs were transfected with siGLO, siDaam1, or siUSP10. After 3 days cells were lysed 

and subjected to Ubiquant™ ubiquitin capture ELISA.  siDaam1 reduced, whereas siUSP10 

increased ubiquitination of b1 and b5. N=4. C) Live cell integrin recycling assay. 48 hrs post-

transfection cells were blocked and treated with Ab against a5b1 and av at 10ug/ml for 30 

minutes prior to cell surface stripping for 30 sec. Cells were incubated for 90 min prior to 

incubation with 2° Ab-488 for 30 min. N=3 with a total of 15 images analyzed for each condition. 

D) Live cell FN recycling assay. HCFs were transfected as stated above. 24hrs post transfection 

HCFs were loaded with biotinylated-FN for 3 hours. After trypsinization (to separate cells from 
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extracellular, non-internalized FN), HCFs were replated and imaged 48 hours post transfection. 

Prior to imaging by live cell confocal, cells were incubated with streptavidin-488 to detect only 

recycled biotinylated-FN. N=3 with a total of 15 cells analyzed for each condition. E) Cell 

numbers 2 days after transfection for each condition are not significantly different. N=3. Image 

analysis was done using ImageJ’s Analyze Particles function. Statistical significance was 

calculated using an unpaired t-test.  
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Figure 3.7. Working model. A) Previous studies demonstrate that an increase in USP10 

activity leads to a net accumulation of integrins and FN on the cells surface, and myofibroblast 

development. (Boumil et al., 2020; Gillespie et al., 2017; Phillips et al., 2021)  In this study I 

found a novel interaction between USP10 and the formin, Daam1. B) Daam1 sequesters USP10 

to stress fibers, and USP10’s DUB activity on integrins is inhibited by Daam1.  This may act as 

a level of control over USP10 activity to regulate integrin protein levels. Cartoon created with 

Biorender.com. Structures created with Alphafold.  

 

 

 



      
 

129 

 
 

Supplemental Figure 3.1. Enzymatic diagrams of how Daam1 could be affecting USP10 

activity.  A) Daam1 as a Competitive Inhibitor and Partial Inhibitor of USP10. Scheme 1 depicts 

Daam1 as a competitive inhibitor. This model suggests that when USP10 and Daam1 are 

bound, USP10 cannot act as a DUB. The Ub-AMC substrate is competing with Daam1 for the 

active site on USP10. Scheme 2 depicts Daam1 as partial inhibitor. This suggests that Daam1 

binding to USP10 slows its DUB activity but does not completely inhibit it.  
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Supplemental Figure 3.2. Effect of Daam1 knockdown and TGFb on mRNA expression of 

Daam1, av, b1, and b5 integrin. HCFS were transfected with siGLO or siDaam1 and treated 

with TGFb. The cells were then collected for qPCR. Human GAPDH served as a reference 

gene. The relative expression of Daam1, integrin aV, b1, and b5 is shown as compared to 

GAPDH. Statistical significance was calculated using an unpaired t-test. 
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Statement of Contribution 

My role was assisting with the rabbit surgeries, adding the self-delivery siRNA after the eye 

wounding, performing the slit lamp imaging, OCT imaging, and performing a large amount of 

the data quantification and figure preparation. 

 

4.1 Abstract 

Ocular scarring after surgery, trauma, or infection leads to vision loss. The transparent cornea is 

an excellent model system to test anti-scarring therapies. Cholesterol-conjugated fully modified 

asymmetric siRNAs (self-deliverable siRNAs, sdRNAs) are a novel modality for in vivo gene 

knockdown, transfecting cells and tissues without any additional formulations. Myofibroblasts 

are a main contributor to scarring and fibrosis. Alpha-v integrins play a central role in 

myofibroblast pathological adhesion, over-contraction, and TGFb activation. Previously, it was 

demonstrated that av integrins are protected from intracellular degradation after wounding by 

upregulation of the deubiquitinase USP10, leading to integrin cell surface accumulation. Here, I 

tested if knockdown of USP10 with a USP10-targeting sdRNA (termed US09) will reduce 

scarring after wounding in vivo. After wounding a rabbit cornea, the bare stroma was treated 

once with US09 or non-targeting control sdRNA (NTC). At six weeks US09 treatment resulted in 

faster wound closure, reduced scarring and fibrotic marker expression: FN-EDA, Collagen III, 

and a-smooth muscle actin (p<0.05) as well as reduced CD45+ cell infiltration (p<0.01). Corneal 

thickness and cell proliferation were restored to unwounded parameters. These data correlated 

with less apoptosis at 24 and 48 hours post-wounding. Targeting the DUB, USP10 is a novel 

strategy to reduce fibrotic healing. 
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4.2 Introduction 

Regenerative wound healing in the eye has special importance because unlike other 

tissues, scarring leads to vision loss. Clinically, the global burden of ocular scarring is 

significant. Corneal scarring results from mechanical injury, burn, infection, or surgery 

(Barrientez et al., 2019). Other examples of ocular scarring include glaucoma filtration surgery 

(the bleb to relieve intraocular pressure can heal fibrotically)(Hollo, 2017) and other ocular 

morbidity such as proliferative vitreoretinopathy (PVR) and retinal detachment (Kunikata et al., 

2019; Morescalchi et al., 2013). Mitomycin C (MMC) to improve healing and avert scarring is a 

standard of care for some of these indications but there is a high failure rate with the filtration 

surgery and cell toxicity concerns in corneal surgeries (Hollo, 2017; Jester et al., 2012; Rajan et 

al., 2006; Rubinfeld et al., 1992; Safianik et al., 2002).  Although there are several other 

therapeutic modalities being tested for the cornea, (Barrientez et al., 2019; Chouhan et al., 

2019; Gupta et al., 2018; Gupta et al., 2017; Hill et al., 2018; Shojaati et al., 2019; Stern et al., 

2018; Tandon et al., 2013) transplant is the only option currently available and there is a 

shortage of tissue and limited access to this procedure for most of the world (Fernandez-Perez 

and Ahearne, 2019).    

As a model system, the cornea is a particularly interesting for wound healing studies 

because it is transparent, non-transplantable human tissue is readily available, and eyes are 

easily accessible for microscopic analysis in vivo. The human cornea consists of 5 main layers, 

epithelium, Bowman’s membrane, stroma, Descemet’s membrane, and endothelium (DelMonte 

and Kim, 2011; Ritchey et al., 2011). Bowman’s membrane beneath the epithelium that 

separates the epithelium from the stroma is key to the healing response (Marino et al., 2017; 

Wilson et al., 2017). When Bowman’s membrane is breached, growth factors such as TGFb 

from the epithelium and tears reach the stroma, setting in place a reaction that leads to 

pathological myofibroblast formation. Similarly, an intact Descement’s membrane prevents 

posterior fibrosis (Saikia et al., 2018). Although myofibroblasts are integral to the healing 
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response, timed myofibroblast apoptosis or reduced development of myofibroblasts is 

necessary for regenerative healing (Stepp et al., 2014). The persistence of myofibroblasts in a 

healing wound leads to scarring (Hinz, 2007). Chronic fibrotic conditions dermal lung liver, 

kidney are also characterized by myofibroblast persistence (Black et al., 2019; Coentro et al., 

2018; Horowitz and Thannickal, 2019; Parola and Pinzani, 2019). Thus targeting myofibroblasts 

is a therapeutic goal of fibrotic therapies and the transparent cornea is an interesting and 

accessible model system for testing even non-ocular anti-fibrotic therapies (Wilson et al., 2017).  

Previous work on scarring has focused on the contribution of alpha-v integrins to 

myofibroblast development and persistence (Gillespie et al., 2017; Wang et al., 2012). Integrins 

are heterodimeric transmembrane proteins that bind to the ECM and intracellularly to the actin 

cytoskeleton, regulating cell adhesion, cell motility, and apoptosis. An increase in cell-surface 

expression of av-containing integrins (avb1, avb3, avb5, avb6, and avb8) throughout many 

organs promotes fibrosis, (Henderson and Sheppard, 2013; Leask, 2013; Reed et al., 2015) 

whereas genetic silencing of av, and a blocking av peptide, prevents fibrosis in mice, 

(Henderson et al., 2013; Mamuya et al., 2014) demonstrating that lowering av integrin levels 

and activity is an important therapeutic target. After wounding, integrins accumulate on the cell 

surface of myofibroblasts, increasing cell adhesion and cellular tension that promotes the 

expression and organization of a-SMA stress fibers characteristic of myofibroblasts. Integrin 

engagement with the ECM also activates matrix-associated endogenous TGFb by binding to the 

RGD domain in its latency-associated peptide (LAP) (Hinz, 2015; Leask, 2013) and releasing 

TGFb (Wipff and Hinz, 2008; Wipff et al., 2007). This release of TGFb creates an autocrine loop 

of TGFb activity that results in pathological cell adhesion and secretion of fibrotic ECM such as 

collagen III, cellular FN (FN-EDA) and vitronectin (Walraven and Hinz, 2018). 

Recent studies investigated the role of alpha-v integrin ubiquitination in generating 

increased cell-surface expression on myofibroblasts during stromal healing. Integrins are 
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ubiquitinated on the intracellular C-terminus targeting them for degradation (Lobert and 

Stenmark, 2010). The biological effects of post-translational modifications of integrins is a 

burgeoning field of study. Previously, using RNAseq of pathological human primary 

myofibroblasts, a novel was discovered for the mechanism of post-wounding integrin 

accumulation; the protection of integrins from intracellular proteolysis shifts the balance of 

integrin homeostasis resulting in integrin accumulation (Gillespie et al., 2017). Specifically, 

wounding increases the expression of the deubiquitinase (DUB), USP10 (Ubiquitin Specific 

Protease 10). Mechanistically, in primary human corneal myofibroblasts, USP10 removes 

ubiquitin from b1 and b5 resulting in their accumulation on the cell surface, which activates 

TGFb activity (Gillespie et al., 2017) (The av subunit is not ubiquitinated) (Hsia et al., 2014; 

Lobert and Stenmark, 2010). Together the augmented integrin and TGFb activity induces 

myofibroblast differentiation and FN-EDA expression and organization, making USP10 a novel 

driver of scarring. Knockdown of USP10 with siRNA post-translationally reduced integrin 

expression and prevented fibrotic marker development in an ex vivo corneal organ culture 

wounding model (Castro et al., 2019; Gillespie et al., 2017). USP10 is also a DUB for p53 (Yuan 

et al., 2010). Together these data suggest that USP10 is a central regulator of integrin and 

apoptotic functions.  

Given the accessibility of the eye, treatment of ocular disease with siRNAs are an 

important new modality (Guzman-Aranguez et al., 2013). To understand the different functions 

of USP10 in wound healing,  I have performed an in vivo knockdown using self-deliverable RNAi 

technology (sdRNAi). This approach is based on the use of fully modified asymmetric siRNA 

conjugated to cholesterol. These cholesterol-siRNA conjugates do not require any formulation 

(i.e. lipids or nanoparticles) for delivery to cells and can transfect all cell types in vitro and in vivo 

(Khvorova and Watts, 2017). The in vivo use of the self-deliverable cholesterol conjugates is 

especially efficient in combination with a local delivery (Alterman et al., 2015; Byrne et al., 2013) 
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as we demonstrate in the cornea. The use of the first generation of partially modified siRNA-

cholesterol conjugates demonstrated efficient and prolonged knock-down efficacy in the eye 

(Byrne et al., 2013). Since full backbone modification of sdRNAs is significantly enhancing their 

in vivo activity, (Hassler et al., 2018) a fully modified sdRNA targeting rabbit USP10 was 

created. This chapter demonstrates that a one-time dosing of sdRNA targeting USP10 in rabbits 

was sufficient to significantly reduce scarring after wounding.  

 

4.3. Materials and Methods 

Sequencing of rabbit corneal USP10  

Rabbit corneas were obtained from Pel-Freez Biologicals (Rogers, Arkansas). Rabbit primary 

corneal keratocytes were derived from the corneal stroma as previously described (Bernstein et 

al., 2004). Total RNA was isolated with TRIzol Reagent (Invitrogen) or using Purelink RNA mini 

kit (Invitrogen). RNA was sent to ACGT, Inc (Wheeling, Illinois). The RNA samples were 

evaluated by Qubit fluorometry and Agilent 2100 Bioanalyzer. First-strand cDNA was 

constructed using the Mint-2 cDNA synthesis kit. The cDNA samples were evaluated by 

fluorometry and agarose gel electrophoresis. PCR was performed on first-strand cDNA, using 

PrimeSTAR GXL DNA Polymerase and primers designed specifically for this study. All PCR 

products were evaluated by fluorometry and agarose gel electrophoresis. The “Rabbit” PCR 

products were purified using Agencourt AMPure XP Beads and evaluated by fluorometry. 

Purified PCR products were fragmented by ultrasonication to an average 250 bp target fragment 

size. Uniquely barcoded sequencing libraries were constructed from fragmented DNA, using the 

NEXTflex™ Rapid DNA Sequencing Kit as per the manufacturer's instructions. Appropriate 

quality control analysis was performed at every step. Final libraries were assessed by Qubit 

fluorometry and Agilent 2100 Bioanalyzer. Final libraries were combined with compatible 

libraries from other projects and loaded onto HiSeq 300 cycle flow cell to generate 150PE 

reads. Enough sequence was generated to provide at least 0.5 million reads per sample, with 
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Q30 quality (average per read) sequence data. The raw Illumina reads were de-multiplexed and 

converted into fastq format. Low quality (Q<30) and short reads (N<50) were filtered out. The 

trimmed and filtered reads were de novo assembled to generate contigs. The contigs were 

analyzed and identified using BLAST, and a final assembly was constructed. The trimmed and 

filtered reads were aligned to the reference sequence of the predicted USP10 gene based on 

the results of the BLAST analysis, and a variant report was generated.  

The resulting de novo sequence for rabbit corneal USP10 was aligned with predicted 

RefSeq variants XM_002723256.1 and XM_002723256.2. Common region with 99% identity 

covering partial 3’ UTR and most of the coding sequence, with the exception of three initial 

exons, was extracted as a consensus sequence for sdRNA design. The regions containing a 

few nucleotide mismatches with the database variants were avoided. 

 

Self-deliverable siRNA (sdRNA)  

Self-deliverable siRNAs are the fully chemically modified asymmetric siRNA-cholesterol 

conjugates. For the identification of the active sdRNAs against rabbit USP10 gene ten lead 

candidates were predicted by the published algorithm (Shmushkovich et al., 2018). For the 

primary screening, sdRNAs were synthesized as separate guide and passenger strands (TriLink 

Biotechnologies; San Diego, CA) and dissolved in sterile RNase-, DNase-free water for injection 

(CalBiochem, 4.86505) at 200 µM concentration. Duplexes were annealed by mixing equal 

volumes of the strand solutions, followed by heating to 95°C for 5 min and allowing to cool 

gradually to room temperature. The quality of duplex formation was tested by using native gel 

electrophoresis. The sdRNA solutions were stored at -80ᵒC. Prior to use the sdRNA stock 

solution was heated to 37ᵒC for 5 min, vortexed, and briefly spun down. Primary sdRNA 

sequence screening in vitro was performed using a dual luciferase reporting assay as previously 

described (Shmushkovich et al., 2018). The selected sdRNA sequence (US09) was synthesized 

at 10 umol scale (TriLink), the same sequence with 5’-terminal vinyl-phosphonate and non-
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targeting control were synthesized at 10 umol scale by ChemGenes (Wilmington MA). These 

duplexes were formed at 200 uM final concentration in sterile PBS.  

 

Animal studies 

Twelve female New Zealand White rabbits (Tripathi et al., 2019) (Charles River) 12 to 15 weeks 

old and weighing 2.5-3.0 kg each were used. The Institutional Animal Care and Use Committee 

of SUNY Upstate Medical University approved the study. General anesthesia in rabbits was 

given by an intramuscular injection of ketamine hydrochloride 100mg/ml given at 40mg/kg and 

xylazine hydrochloride 100mg/ml given at 6mg/kg along with an injection 

of buprenorphine SQ (slow release) 1mg/ml given at 0.1mg/kg for pain control. Local anesthesia 

was also given with two drops of topical 0.5% proparacaine hydrochloride (Alcon Laboratories, 

Inc., Fort Worth, TX). At euthanasia, anesthesia as above prior to 1ml of Fatal-Plus 

IV (Pentobarbital Sodium 390mg/ml).  In each rabbit, the right eye was wounded. The central 

area of the anterior cornea was demarcated with a 6mm trephine. The circular area that was 

demarcated was removed with forceps. This type of wound leaves a bare stroma with the 

epithelium and basement membrane removed. Self-delivery siRNAs were diluted to 1uM in PBS 

(total volume 5.6ul). Six wounded eyes were treated with non-targeting control siRNA (NTC) 

and six wounded eyes were treated with sd-USP10-targeting siRNA (US09, Advirna). According 

to the adherence to the ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research, the contralateral eye served as untouched (naive) control. E-collars were used for all 

wounded animals.  

 

Slit Lamp 

After surgery, slit lamp was used to evaluate ocular health and corneal haze, and wound 

closure. Epithelial wound closure was assessed using fluorescein (Flucaine, 5ml OCuSOFT, 

Inc.,1 drop per eye) and photographed on days 1,2,3 and 7 using a slit lamp (Nikon Slit lamp 
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Microscope, NS-1) microscope equipped with a digital camera with a cobalt blue filter. Images 

were analyzed by 2 independent graders for wound closure quantified by the absence of 

fluorescein staining over time.   

 

Immunohistochemistry-Frozen sections 

Immediately after sacrifice, globes were enucleated, and corneas were excised from globes. 

The cornea was cut in half through the wound and immediately submerged in a plastic mold 

with OCT compound (Fisher) to be frozen at -80ºC. For cutting the sections the Cryostat 

temperature was between -20°C and -23°C and sections were cut at 7um. 3- 4 sections were 

placed per slide and stored at -80°C. Slides were thawed and baked overnight in a slide moat at 

37°C. Next day sections were rehydrated in PBS for 15 minutes, treated with blocking buffer 

(10% normal goat serum in PBS, Jackson Immuno Research Labs) for 20 minutes, and then 

incubated with primary antibodies (FN-EDA (SIGMA/F6140), Collagen III (Novus 

Biologicals/NBP105119B), αSMA (SIGMA/C6198), CD45 Thermofisher/ MA5-28392) 1:250 for 1 

hour in a moist chamber at RT. Slides are washed in PBS for 15 minutes and sections were 

treated with blocking buffer for 15 min. Tissue was then incubated with secondary antibody 

Alexa 647 (1:250) for 45 minutes in a moist chamber. After washing with blocking buffer for 15 

min, slides were mounted with Prolong Gold Antifade with DAPI (Thermofisher Scientific).  

TUNEL Assay 

All the Buffers and Strength solutions were supplied with the kit (R&D System TdT in situ 

Apoptosis Detection Kit-Fluorescein 4812-30-K). Slides were thawed and baked overnight in a 

slide moat at 37°C. Next day sections were rehydrated in PBS for 15 minutes, fixed in Acetone 

(Fisher A18500) for 10 min at RT and washed in PBS twice for 5 min. The tissue was post-fixed 

in pre-cooled Ethanol (UltraPure 200CSGP): Acetic Acid (Sigma A6283-100ml) 2:1 for 5 min at 

RT, followed by two washes in PBS. The Equilibration Buffer was then incubated directly on the 

specimen for 10 seconds at RT. The excess liquid was gently removed, and the Working 



      
 

151 

Strength TdT Enzyme was incubated in a humid chamber at 37°C for 1 hour. The Working 

Strength Stop/Wash Buffer was then incubated for 10 min at RT. The slides were washed in 3 

changes of PBS for 1 min each wash. The excess of liquid was removed, and the Strength Anti-

Digoxigenin Conjugate was applied for 30 min at RT in a humid chamber avoiding exposure to 

light. Slides were washed in PBS 4 times, 2 min each wash. After washing, slides were mounted 

with Prolong Gold Antifade with DAPI (Thermofisher Scientific).  

Quantification of histochemistry 

Collagen III, FN-EDA, CD45, and a-SMA: Imaging was performed using the Nikon 

Eclipse Ni microscope using fixed exposure times for each antibody stain. Images were taken 

consecutively of the entire cornea using the 4x objective and were then processed in ImageJ by 

the “Apply Threshold” plugin. A fixed threshold was generated using control tissue to cancel 

background/baseline levels of fluorescence, which was then applied to all NTC and US09 

images, thus binarizing pixel intensity. Signal above this threshold was considered “scar”, and 

signal below threshold was “unscarred”. For Collagen III, FN-EDA, and CD45 staining, the 

number of pixels above threshold was then quantified in each corneal section and divided by the 

total number of pixels composing the scarred portion of the cornea to generate a “% pixels 

above threshold” metric of scarring severity. Because a-SMA staining was restricted to small 

and isolated pockets of cells within the corneal scar (and thus minute portions of the total area 

of the scar), α-SMA staining was simply reported as the total number of pixels above threshold.  

Cell proliferation was determined utilizing collagen III-stained sections to mark the scar-

tissue. Quantification was restricted to only the scarred portion of the cornea, which was defined 

by an abrupt and readily observable increase in epithelial thickness as well as an abrupt 

increase in collagen III staining (in the anterior portion of the stroma, directly adjacent to the 

epithelium). “Inside the wound” corresponds to stroma with collagen III staining, whereas 

“outside the wound” was defined as the remaining stroma, posterior cornea beneath the scar to 
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the endothelium. DAPI-labeled nuclei were the quantified in these portions of the stroma using 

the “Object Counter” plugin in ImageJ software. These counts were normalized by the total area 

of each portion to generate a nuclei density measurement. 

Optical Coherence Tomography (OCT) 

OCT was recorded using a bioptigen Envisu R2210 with a 10 mm telecentric lens directly after 

surgery and on the last day before sacrifice.  OCT datasets comprise 100 transverse sections 

spanning 12 mm of the eye.  Each section has a width of 12 mm (1000 pixels) and a depth of 

1.491 mm (1024 pixels).  Regions of each image containing cornea are identified using the 

MATLAB function "imbinarize" with the adaptive thresholding method, and all other pixels of the 

image are reduced to zero intensity. Corneal Thickness: Corneal thickness was measured at 

pixel resolution in these thresholded images as the distance across the nonzero region, and 

thickness is averaged across the entire cornea.  OCT variance: Aberrations in cornea (i.e. 

scarring) increase nonuniformity of pixel intensities in localized areas of the cornea.  To quantify 

this nonuniformity, the cornea was segmented in each image file into 100 equal parts.  For each 

segment the statistical variance (ie..[st dev]2) of pixel intensities was calculated.  This yields 100 

variances for each transverse section.  Transverse sections from a dataset are averaged 

yielding a two-dimensional "Variance by Position" plot. 

RNA extraction and qPCR 

For the qPCR assay in Figure 4.1A, total RNA from primary corneal fibroblasts was 

purified with PureLink RNA 96 kit (Invitrogen) according to manufacturer’s recommendations 

and was added as a template into one-step multiplex qPCR assay using Quanta qScript XLT 

ToughMix with ROX dye (VWR). For that, 1 µl of total RNA was mixed with the reagent and 

primer-probe mixes for rabbit USP10 and reference gene GAPDH in a 10 µl reaction. The 

cycling parameters were as recommended by Quanta. The primer-probe mix for GAPDH 

labeled with VIC was from Taqman (Oc03823402_g1), and the primer-probe mix for rabbit 
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USP10 labeled with FAM was specifically designed for the generated rabbit corneal sequence 

and synthesized by ThermoFisher. The sequences were as following: primers 

CTGCATTTTCGGTGGACACA and TGGCCGATTCTTTCGAACTCT, MGB probe covering 

exon 11-12 junction of XM_002723256.2 – TCAGGTCTGTGGTTTACC. 

 For the qPCR assay in Figure 4.3E, immediately after sacrifice, eyes were enucleated 

and corneas were excised from the globes. The cornea was cut in half through the wound and 

the wounded section was excised and put directly into TRIzol Reagent (Invitrogen). Purelink 

RNA mini kit (Invitrogen) was used to extract total RNA. Further purification of RNA was 

performed with Monarch PCR &DNA cleanup Kit (New England Biolabs, Inc). cDNA was 

generated from 1 ug of total RNA in a 20 uL reaction using iScript Reverse Transcription 

Supermix for RT-qPCR (Bio-Rad). The qPCR was prepared in 10uL reactions with iTaq 

Universal SYRB Green Supermix (Bio-Rad) with 1 uL of cDNA and 500 nM each primer. The 

cycling parameters used were 95ºC, 10 min; 40 cycles of 95ºC, 15sec; 60ºC, 60 sec. Primers 

used: USP10 (IDT): AGAGCGCCTCCCTCCCTGCC, GGTCCTCGGATGCCGGAACC; GAPDH 

(IDT): GAGTGAACGGATTTGGCCGC, TTGATGTTGGCGGGATCTCG. 

 

Statistical analysis 

Numerical data are expressed as the mean +/- SEM of 6 animals. Statistical significance for 

histological analysis of three groups (unwounded, wounded plus NTC sdRNA, and wounded 

plus US09) was calculated by one-way ANOVA with Bonferroni’s test. Statistical significance of 

all other numerical data was calculated with the Student’s t-test.*p value<0.05, **p value<0.01, 

***p value<0.001. 
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4.4. Results 

Identifying USP10 targeting siRNA for in vivo rabbit studies 

Since the public RefSeq database contained only computationally-predicted rabbit 

USP10 sequence, rabbit cornea was sequenced. The resulting common “consensus” sequence 

for rabbit was used for sdRNA design (see Methods). The USP10 targeting siRNA compound 

was selected from 10 lead candidates identified by an in silico prediction algorithm 

(Shmushkovich et al., 2018).  sdRNAs were produced and screened for knockdown of rabbit 

USP10 by qPCR. Of the ten, the sdRNA compound named US09 demonstrated the most 

effective knockdown in primary rabbit corneal fibroblasts (RCF), (Figure 4.1A). Figure 4.1B 

demonstrates the efficacy of a control sdRNA, MAP4K4-cy3 (top) for entry into RCF, in contrast 

to non-labeled non-targeting sdRNA (NTC), which cannot be visualized. The general structure 

of sdRNA is demonstrated in Figure 4.1C. For these in vivo studies we have used US09 

additionally modified with vinyl-phosphonate to increase the longevity of the effect (Haraszti et 

al., 2017). 

 To wound the cornea, a 6mm trephine is placed in the central rabbit cornea. A subtle 

twisting back and forth of the trephine demarcates a circular boundary and cuts through the 

anterior 1/3 of the cornea into the stroma, depicted in Figure 4.1D (Castro et al., 2019). The 

demarcated tissue is removed and the bare stroma is treated with 1uM US09 or 1uM NTC (5.6ul 

of sdRNA diluted in PBS is directly pipetted onto the stroma).   

Slit lamp was performed on days 1,2,3 and 7 after wounding. US09 closed wounds 

faster than control-NTC. By day 2 there was an increase in wound closure with US09 treatment 

(p<0.01) that was significant at each day tested (p<0.5). By day 7 the US09-treated corneas 

were qualitatively clear compared to NTC-control (Figure 4.1E and F).  

 

Quantitative analysis of corneal scarring by Optical Coherence Tomography 

After six weeks, to quantify scarring, OCT images were analyzed for the variance of pixel 
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intensities in the 6mm wounded section of the cornea. Aberrations in cornea (i.e. scarring) 

increase non-uniformity of pixel intensities in localized areas of the cornea.  To quantify this 

non-uniformity, the cornea is segmented in each image file into 100 equal parts (Figure 

4.2A). For each segment the statistical variance (ie..[st dev]2) of pixel intensities was calculated. 

This yields 100 variances for each transverse section.  Transverse sections from a dataset are 

averaged yielding a two-dimensional "Variance by Position" plot that was averaged for all 

animals in each group (Figure 4.2B). OCT Images of unwounded, wounded NTC-treated, and 

wounded US09-treated eyes (Figure 4.2C). Next, unwounded variance was subtracted from 

US09 and NTC to yield a clearer model of variance between the two treatments (Figure 4.2D). 

Finally, all points were reduced to the Mean Variance, which demonstrated a 41.5% decrease in 

scarring in US09 treated corneas compared to control (Figure 4.2E).  

 

Immunohistochemistry for fibrotic markers 

After OCT analysis, rabbits were sacrificed, and eyes were enucleated. The cornea was 

excised from the globe and cut in half through the wound. Half the cornea was frozen for 

sectioning and in the other half, the wounded portion was separated from the peripheral corneal 

tissue and RNA was extracted for qPCR.  

To assess the protein expression of classic fibrotic markers, frozen sections were 

immunostained for Collagen III, FN-EDA (FN-EDA, also termed cellular FN) and a-SMA, all key 

markers of scarring (Karamichos et al., 2010; Lorenzo-Martin et al., 2019). For collagen III, 

compared to unWnd, Wnd-NTC demonstrated a 276.2-fold increase in collagen III 

immunostaining (p<0.01) which was reduced by 71.7% (p<0.05) with US09 treatment. The 

comparison between unWnd and Wnd-US09 was not significant (Figure 4.3A-D).  The increase 

in USP10 gene expression after wounding as assayed by qPCR was blunted by US09 (91.2%, 

p<0.05, Figure 4.3E) even at 6 weeks. Similar to Col III, compared to unWnd, Wnd-NTC 

demonstrated a 8.33-fold increase in FN-EDA immunostaining (p<0.001). Compared to Wnd-
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NTC, FN-EDA immunostaining after Wnd-US09 treatment was reduced by 53.8% (p<0.05). The 

comparison between unWnd and Wnd-US09 was not significant (Figure 4.4A-D).   Finally, 

compared to unWnd, Wnd-NTC demonstrated a 5.77-fold increase in a-SMA immunostaining 

(p<0.05), which was reduced by 83.6% (p<0.05) with US09 treatment. The comparison between 

unWnd and Wnd-US09 was not significant (Figure 4.5A-D). Next, I counted cell proliferation into 

the wound and corneal thickness (See methods). These data demonstrate that cell proliferation 

into the wound in US09 treated corneas is similar to non-wounded tissue, whereas wounding 

with NTC is significantly increased Figure 4.5E (p<0.01). Cell proliferation below the wound in 

the stroma down to the endothelial layer was invariant between conditions (Figure 4.5F). 

Corneal thickness in US09 treated corneas was not significantly different from unwounded 

parameters (Figure 4.5G), whereas NTC-treated corneas were thinner (p=0.5). Together these 

data demonstrate that a one-time treatment of self-delivery siRNA targeting USP10 after 

wounding significantly reduces scarring at 6 weeks.  

 

Immune marker-CD45  

To begin to study the infiltration of immune cells into the wound, the wounding 

experiment was repeated but collected tissues at days 1,2, and 3 to compare to six weeks after 

wounding and then analyzed CD45 staining. As shown in Figure 4.6A-I), by 1 day after 

wounding, CD45+ immune cells populate the wound in both NTC and US09 conditions. 

However, overall, by day 3 there is a clear difference between NTC and US09, in the NTC 

tissue, there are more CD45+ cells and importantly, they are distributed throughout the stroma 

in and below the wound, whereas in the US09 tissue, they are localized to the anterior stroma 

only (arrows). (At this early time point, the epithelium often falls off during immunostaining of 

wounded tissue as the tissue is not fixed and the wound margin is still fragile.) At 6 weeks, the 

same distribution is observed (Figure 4.6J-L, with magnified panels).  Figure 4.6M shows the 

quantification of CD45+ cells in the three conditions, since it was observed that there was a 
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similar pattern of infiltration, early time points were grouped with 6-week rabbits. Compared to 

unWnd, Wnd-NTC demonstrated a 4.66-fold increase in CD45+ immunostaining (p=0.001). 

Compared to Wnd-NTC, CD45+ immunostaining after Wnd-US09 treatment was reduced by 

51.0% (p<0.01), the comparison between unWnd and Wnd-US09 was not significant. In 

summary, US09 reduces CD45+ cell infiltration after wounding. 

 

Apoptosis after wounding 

 After wounding in the cornea, local cells in the stroma in and beneath the wound, 

apoptose (Kaur et al., 2009; Wilson et al., 1996). In response to wounding and apoptosis, 

neutrophils and macrophages (CD45+ cells) infiltrate the wound as shown in Figure 4.6. US09 

treatment significantly prevented apoptosis after wounding, 22.2% on day 1 and 83.3% on day 2 

(Figure 4.7). This may be a key to the anti-scarring activity of US09. Less apoptosis will attract 

less leukocyte infiltration with diminished scarring.   

 

4.5 Discussion 

Here it was demonstrated that one application of self-deliverable siRNA targeting the 

deubiquitinase, USP10 (US09) is a novel method to significantly reduce scarring in the cornea. 

This was shown by faster wound closure (Figure 4.1), a decrease in the variance of pixels in 

OCT images (Figure 4.2), a reduction in fibrotic markers to a level that was not significantly 

different from unwounded tissue (Figures 4.3-4.5), a reduction in CD45+ cells (Figure 4.6), and 

the apoptotic response to wounding (Figure 4.7). Based on the data and the known functions of 

USP10, the working theory is that USP10 plays a central role in wound healing by regulating 

two separate functions; pro-apoptosis directly after wounding and anti-apoptosis (pathological 

myofibroblast development) later in wound healing.  
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The role of USP10 in myofibroblasts was originally identified through the utilization of a 

unique cellular wounding model. The extracellular protease system, uPA/uPAR generates 

plasminogen and plasmin on the cell surface. The receptor, uPAR is GPI-linked and it 

coordinates with the cytoskeleton intracellularly through binding to integrins. Whereas addition 

of uPA to the cell induces cell motility and high levels of uPA/uPAR/integrin binding promotes 

cancer cell invasion, (Ossowski and Aguirre-Ghiso, 2000) previous work found that uPA or 

uPAR knockdown in primary human corneal fibroblasts induced an adhesive, myofibroblast 

phenotype with dramatically increased cell surface expression of avb5  and highly organized a-

SMA (Wang et al., 2012). In general these cells are difficult to transform into myofibroblasts 

under experimental conditions (in supplemented-serum free media without the addition of 

TGFb). Further investigation proved that it was not gene expression changes that increased 

integrin avb5 but instead a post-translational decrease in ubiquitination of integrin b5. Thus, this 

finding was leveraged and performed RNAseq on uPA siRNA treated cells to find novel targets 

for the generation of a myofibroblast pathological phenotype without the addition of TGFb. In 

support of this strategy, uPAR knockout mice develop dermal scarring, lung, and myocardial 

fibrosis (Kanno et al., 2008; Manetti et al., 2016; Manetti et al., 2014).  From the RNAseq data, it 

was found that the DUB, USP10 was important for myofibroblast development as it 

deubiquitinates b1 and b5 integrins, specifically, avb5 and b1 but not avb3, leading to an 

accumulation of cell surface integrin and subsequent activation of local TGFb. (Gillespie et al., 

2017),(Wang et al., 2012) Furthermore, after wounding in an ex vivo corneal wounding model, 

USP10 is significantly upregulated in the stroma, and USP10 siRNA reduces or eliminates 

fibrotic markers (Gillespie et al., 2017). 

The new working model (Figure 4.8) that integrates previously published and current in 

vivo data is that directly after wounding USP10 is upregulated (Gillespie et al., 2017) and 

USP10/p53 binding in the nucleus is dominant leading to less p53 ubiquitination, stabilizing pro-
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apoptotic p53 (Yuan et al., 2010). In the first few days, wounding induces mast cell activation 

and the infiltration of neutrophils and macrophages into the wound (Bratton and Henson, 2011; 

Li et al., 2006; Sahu et al., 2018). Activated keratocytes peripheral to the apoptotic zone 

proliferate to repopulate the wound margin. These cells and infiltrating bone marrow-derived 

fibrocytes (Lassance et al., 2018) differentiate into myofibroblasts in the next few days. In this 

second phase, I propose that USP10 favors binding to cytosolic proteins such as G3BP2 and 

integrins directing USP10 away from nuclear p53. USP10 binding to G3PB2 in the cytosol 

induces p53 cytoplasmic localization, ubiquitination, and degradation (Takayama et al., 2018). 

The connection between G3BP2 and USP10-mediated integrin deubiquitylation is unknown but, 

G3BP2 downregulation inhibits Scr/FAK/ERK signaling, suggesting a USP10/integrin/G3BP2 

complex and coordination between these proteins (Zhang et al., 2013). Germain to this model is 

a recent paper in which USP10/TRAF4 binding induced p53 ubiquitination and cytosolic 

degradation (like the USP10/G3BP2 interaction) leading to a fibroproliferative response and 

keloid formation (Deng et al., 2019). These results suggest that the switching of USP10 

functions from pro-apoptotic to anti-apoptotic is context dependent and depends on 3D 

environmental cues in the wound bed. 

Results from chapter 4 suggest that directly after wounding, local apoptosis is mediated 

by USP10, as US09 significantly diminished TUNEL+ cells.  The working hypothesis is that 

reduced apoptosis led to less CD45+ cell infiltration. Studies in the cornea show that blocking 

neutrophil invasion is the mechanism by which stem cell treatment in the cornea reduces 

scarring (Hertsenberg et al., 2017). Less inflammatory cells reduces myofibroblast differentiation 

because inflammatory cells secrete growth factors, such as TGFb (Kitano et al., 2010; Laskin et 

al., 2019). In addition, US09 may reach the peripheral tissue to some extent to prevent 

USP10/integrin activity in proliferating fibroblasts, reducing a-SMA organization and pathological 
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cell adhesion. Together these USP10-mediated functions (apoptosis and integrin stabilization) 

appear to be a central organizer of scarring.    

In general, there is little known about the regulation of myofibroblasts and cell surface 

integrin expression through DUB activity and the resulting link to disease. In terms of DUBs and 

myofibroblasts, stellate cell activation induces the DUB, UCHL1 and knockdown of UCHL1 

blocks progression of CCl4-induced fibrosis in mice (Wilson et al., 2015). Furthermore, pan-

inhibition of DUBs with the DUB inhibitor, PR-619 ameliorates renal fibrosis through the SMAD-

4 pathway (Soji et al., 2018). In terms of DUBs and integrins, the DUB Ataxin-3 regulation of 

integrin a5 is a critical component of the neurological disorder, Machado–Joseph disease (do 

Carmo Costa et al., 2010; Neves-Carvalho et al., 2015). More widely, DUB biology and a focus 

on DUBs as drug targets is an expanding field of study. DUBs are being targeted for both 

cancer and neurodegenerative diseases (Harrigan et al., 2018; Poondla et al., 2019). 

 Because of the accessibility of the eye, RNAi therapy has made significant progress in 

clinical outcomes for eye diseases and in general, gene knockdown with eye drops or by 

injection rivals the success of antibody therapies that have the challenge of being quickly diluted 

by tears, especially for anterior surface indications. Several new RNAi therapies target disease 

pathways for ocular indications such as Caspase-2 for anterior ischemic optic neuropathy, 

hypoxia for neovascular age-related macular degeneration and diabetic retinopathy, b2-

adrenergic activity for glaucoma, TRPV1 for dry eye, to name of few (Titze-de-Almeida et al., 

2017). Significant numbers of RNAi based therapies are in various stages of clinical trials for 

multiple indications, with the use of modified siRNA conjugates becoming a dominant 

therapeutic modality (Watts et al., 2019). Other RNAi for Hepatitis C and various cancers are 

also in clinical trials (Titze-de-Almeida et al., 2017). Specific to scarring therapies for the eye is a 

study in rabbits for the knockdown of the MTRF (Myocardin -Related Transcription Factor) gene 

that is a master regulator of actin genes. RNAi to MRTF reduced scarring in the fibrotic “bleb” 
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made during the glaucoma filtration surgery to relieve pressure in the eye (Fernando et al., 

2018; Tagalakis et al., 2018). Several other gene knockdown strategies for ocular scarring are 

also being tested in animals (Barrientez et al., 2019; Gupta et al., 2018; Gupta et al., 2017; 

Shojaati et al., 2019 ; Tandon et al., 2013). The partially modified cholesterol conjugate RX109 

targeting CTGF to prevent ocular scarring is in clinical trials. 

In this study, a fully modified siRNA conjugate was used to achieve maximal activity and 

longevity of the effect in vivo (Hassler et al., 2018). Improvement to total regenerative healing 

may be within reach with US09. Activity of the US09 can be further enhanced by the backbone 

modifications optimization. Dosing US09 twice, directly after wounding and 6, 12 or 24 hours 

after wounding may totally prevent apoptosis and myofibroblast differentiation by targeting a 

wave of infiltrating cells that are not present directly after wounding. Another option is a slower 

delivery mechanism by absorbing US09 to a substrate and covering the eye for a 24-hour 

delivery. Future studies with longer time points, 3 and 6 months will determine how the scars 

resolve in each condition.  In summary, this work has demonstrated a novel anti-scarring 

method through the knockdown of USP10. I believe that this strategy can be more broadly 

applied to prevent scarring in other, non-ocular tissues.   
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4.6. Figures 

Figure 4.1. USP10 sdRNA screening and in vivo corneal wounding. A) Primary rabbit 

corneal fibroblasts were treated with 1uM of each sdRNA for 72 hours, and USP10 expression 

was analyzed by qPCR. Rabbit GAPDH served as a reference gene. Knockdown efficiency was 

expressed as the percentage of non-targeting control (NTC). B) Delivery of non-targeting cy3-

labeled sdRNA (MAP4K4-cy3 0.25uM) into primary rabbit corneal fibroblasts demonstrating 

efficient cellular uptake. Control cells were treated with the same dose of unlabeled NTC. Cells 
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were then stained with nuclear dye Hoechst 33342 and recorded in EVOS FL imaging system 

(ThermoFisher Scientific).  C) sdRNAs are asymmetric siRNAs, consisting of a 20-nucleotide 

antisense strand and a 15-nucleotide sense strand, in which all nucleotides are either 2'F or 

2'Ome modified. The 3’ terminal backbone is phosphorothioated (six linkages in antisense and 

two in sense). The 3’ end of the sense strand is conjugated to cholesterol. D) Corneal wounding 

strategy. The human cornea is composed of 5 main layers, epithelium, Bowman’s membrane, 

stroma, Decement’s membrane, and endothelium. Using a cylindrical blade called a trephine, a 

wound is made through 1/3 of the anterior portion of the cornea. The tissue within the trephine 

cut is excised with a blade and forceps. The bare stroma is treated with sdRNA. E) Wound 

closure assessed by slit lamp. Wounded eyes treated with NTC (Wnd-NTC ) or US09 ( Wnd-

US09) were treated with fluorescein drops and imaged by slit lamp on days 1,2,3, and 7 post-

wounding. Images were analyzed for wound closure and rated from 0-3 (healed, no fluorescein 

to least healed, greatest fluorescein). F) Wound closure was faster in US09 compared to control 

on days 2 (p<0.01),3 (p<0.05) and 7 (p<0.05). N=6 rabbits per condition. 
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Figure 4.2. Quantitative analysis after wounding by OCT. At six weeks after wounding, 

rabbits were imaged by OCT after sedation and prior to sacrifice. 6mm X 6mm images were 

captured.  A) Representation of how images were partitioned into 100 optical slices in Matlab. 

B) The Variance in each of 100 sections were quantified and averaged for all 6 animals (black: 

Wnd-NTC, grey: Wnd-US09, dotted line: unwounded (UnWnd)).  C) OCT images for each 

condition. Arrow denotes scar. Bar=1mm. D) Variance, unwounded was subtracted from both 

Wnd-NTC and Wnd-US09). E) All points in both conditions were averaged to create the Mean 

Variance (total of 10,000 points per rabbit, six rabbits per condition). US09 promotes a 41.5% 

reduction in scarring ( p<0.05).  
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Figure 4.3. Immunohistochemical analysis of Collagen III after wounding. Frozen sections 

of corneas six weeks after wounding were immunostained for Collagen III (green), Dapi (blue). 

A) Unwounded (Unwnd), B) Wnd-NTC with magnified inset, C) Wnd-US09 with magnified inset. 

Bar=0.5mm. D) Compared to unWnd, Wnd-NTC demonstrated a 276.2-fold increase in 

Collagen III immunostaining (p<0.01) which was reduced by 71.7% (p<0.05) with US09 

treatment. The comparison between UnWnd and Wnd-US09 was not significant. E) By qPCR, 

compared to unWnd, Wnd-NTC demonstrated a 35.7-fold increase in USP10 gene expression 

(p<0.05). Compared to Wnd-NTC, USP10 expression with Wnd-US09 treatment was reduced 

by 91.2% (p<0.05). N= 6 rabbits per condition.  
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Figure 4.4. Immunohistochemical analysis of FN-EDA after wounding. Frozen sections of  

corneas six weeks after wounding were immunostained for FN-EDA (FN-EDA, green), Dapi 

(blue). A) Unwnd, B) Wnd-NTC with magnified inset, C) Wnd-US09 with magnified inset. 

Bar=0.5mm. D) Compared to unWnd, Wnd-NTC demonstrated a 8.33-fold increase in FN-EDA 

immunostaining (p<0.001). Compared to Wnd-NTC, FN-EDA immunostaining after Wnd-US09 

treatment was reduced by 53.8% (p<0.05). The comparison between UnWnd and Wnd-US09 

was not significant. N= 6 rabbits per condition.  
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Figure 4.5. Immunohistochemical analysis of a-SMA, cell proliferation, and thickness 

after wounding. Frozen sections of corneas six weeks after wounding were immunostained for 

a-SMA (green), Dapi (blue). A) Unwnd, B) Wnd-NTC with magnified inset, C) Wnd-US09 with 

magnified inset. Bar=0.5mm. D) Compared to unWnd, Wnd-NTC demonstrated a 5.77-fold 

increase in a-SMA immunostaining (p<0.05). Compared to Wnd-NTC, a-SMA immunostaining 

after Wnd-US09 treatment was reduced by 83.6% (p<0.05). The comparison between UnWnd 

and Wnd-US09 was not significant. N= 6 rabbits per condition. E and F) Cell proliferation was 
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analyzed by the Object Counter plugin in ImageJ software. “Inside the wound” is denoted by the 

anterior cornea demarcated by the collagen III scar. “Outside the wound” is the posterior cornea 

beneath the scar. These counts were normalized by the total area of each portion to generate a 

nuclei density measurement. E) Compared to unWnd, Wnd-NTC demonstrated a 1.61-fold 

increase in cell proliferation (p<0.01). Compared to Wnd-NTC, cell proliferation after Wnd-US09 

treatment was reduced by 29.9% (p<0.05). The comparison between UnWnd and Wnd-US09 

was not significant. F) Cell proliferation below the scar, in the stroma down to the endothelium. 

All relationships were non-significant. G) Corneal thickness was measured at pixel resolution in 

these thresholded images as the distance across the nonzero region, and thickness is averaged 

across the entire cornea. Wnd-NTC demonstrated a slight but significant decrease in thickness 

(p=0.05). Wnd-US09 treatment restored corneal thickness to non-wounded parameters.  
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Figure 4.6. CD45+ cell infiltration after wounding. Frozen sections of corneas days 1,2,3 and 

six weeks after wounding were immunostained for CD45+ (red), Dapi (blue). A-C) Day 1, D-F) 

Day 2, G-I) Day 3, (Bar=200µm) J-L) 6 weeks (Bar=0.5mm) with magnified inset. Images as 



      
 

170 

labeled. M) Averaging Days 1-3 with 6 weeks for CD45+ cells, compared to UnWnd, Wnd-NTC 

demonstrated a 4.66-fold increase in CD45+ immunostaining (p=0.001). Compared to Wnd-

NTC, CD45+ immunostaining after Wnd-US09 treatment was reduced by 51.0% (p<0.01). The 

comparison between UnWnd and Wnd-US09 was not significant. US09 reduces CD45+ cell 

infiltration. N=9 rabbits per condition. 
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Figure 4.7. Apoptosis after wounding.  Apoptotic cells were detected with TUNEL assay on 

days 1,2,and 3 after wounding (A-I). J) On day 1 US09 treatment reduced apoptosis from 37 to 

30 cells in the wound. On day 2 from 21 to 5 cells in the wound.  Apoptosis was mostly absent 

by day 3. Bar=100µm. 
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Figure 8:  Working model for divergent roles of USP10 in wound healing. A) Immediately 

following a corneal stromal injury, resident keratocytes adjacent to the wound undergo 

apoptosis. USP10 gene expression is upregulated in the cornea after wounding (Gillespie et al., 

2017). USP10 regulates apoptosis by interacting with and deubiquitinating p53.  p53 then 

upregulates tumor suppressor/pro-apoptotic genes, resulting in controlled cell death.  

Knockdown of USP10 by US09 treatment diminished the apoptotic response.   B) USP10 

deubiquitylates αv-integrins, leading to cell surface accumulation, myofibroblast persistence, 

and activation of TGFb. (Gillespie et al., 2017) Our working hypothesis is that sustained 

upregulation of stress-response genes, such as the G3BP proteins (known binding partners of 

USP10) (Takahashi et al., 2012) compete for interaction with available USP10 in the cytoplasm, 

switching USP10’s function from pro-apoptotic to anti-apoptotic.  This model is supported by 

data in prostate cancer cells and in keloid scars in which USP10 switches from a pro-apoptotic 

role in the nucleus to binding to stress-related proteins in the cytoplasm, (Deng et al., 2019; 

Takayama et al., 2018) while other studies have demonstrated a role for G3BP2 in regulating 

integrin signaling molecules (Src, FAK, and ERK) (Zhang et al., 2013). Taken together, we 

predict that in the early stages of wounding, USP10 promotes apoptosis and subsequent 

immune cell infiltration, while in the later stages of wound healing (scar formation), USP10 is 

directed by its binding partners to promote myofibroblast survival (inhibition of apoptosis) and 
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differentiation (αv-integrin upregulation, enhanced cellular adhesion/contractility). We have 

demonstrated that knockdown USP10 gene expression after wounding, significantly reduces 

scarring.  
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DUBs are emerging as important regulators of cellular pathways relevant to diseases 

like cancer and fibrosis (Boumil et al., 2020; Chen et al., 2021; Sacco et al., 2010; Singhal et al., 

2008). In humans there are approximately 100 different genes that encode DUBs (Harrigan et 

al., 2018). They are responsible for three critical cellular processes: generation of free ubiquitin 

monomers, trimming existing ubiquitin chains, and the removal of ubiquitin chains (Suresh et al., 

2020). The increasing prevalence of DUB dysregulation in the progression of diseases is 

causing an extensive effort to understand how to control their regulation. This work started from 

studies in yeast, which offers the ideal genome to study as it is an easy system to manipulate 

and well conserved (Suresh et al., 2020). There are 6 main families of DUBs. This dissertation 

focused on the USP family which contains the largest number of DUBs in humans (Li and 

Reverter, 2021). Known target proteins of USP DUBs consist of transcription factors, immune 

response proteins, and epigenetic factors (Bharadwaj et al., 2017). All members of the USP 

family are considered cysteine proteases and contain a catalytic triad in the active site (Chen et 

al., 2021). While the crystal structure of all USP proteins has not been elucidated, to explain the 

structure of the USP proteins it is helpful to use the description of a thumb, palm, and fingers of 

the right hand.  The catalytic site is located between the palm and thumb, while the domain 

located at the fingers is responsible for interacting with the substrate (Li and Reverter, 2021). 

While most of the USP proteins do not have a pre-determination for a particular ubiquitin 

linkage, some show a preference for one. For example, the USP family DUB CYLD 

(cylindromatosis) is known to specifically interact with K63 ubiquitin chains (Li and Reverter, 

2021; Sun, 2010).  

In general, various types of fibrosis have been connected to changes in DUB activity, 

such as idiopathic pulmonary fibrosis, cystic fibrosis, and liver fibrosis (Bomberger et al., 2009; 

Li et al., 2018; Li and Reverter, 2021). Not only are DUBs related to fibrosis, but they are a 

focus in cancer (Chen et al., 2016). One example is overexpression of USP5 (previously known 

as isopeptidase-T), causes an increase in the transcription factor FoxM1. The increase of 
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FoxM1 promotes an increase in the level of b-catenin, (Li and Reverter, 2021)  resulting in 

increased cell proliferation and carcinogenesis in tumors (Chen et al., 2016). In addition, 

overexpression or abnormally high activity levels of USP7 are associated with colorectal cancer 

(An et al., 2017).   

Focusing on USP10, the general interest as a potential therapeutic target has increased 

over the last 10 years. It is now implicated in fibrosis (Boumil et al., 2020) and colorectal cancer, 

(Kim et al., 2020) liver cancer, (Zhu et al., 2020)  lung cancer, (Wang et al., 2020), prostate 

cancer, (Takayama et al., 2018) and ovarian cancer (Han et al., 2019). However, the 

importance of USP10 to disease progression is system and tissue specific. For example, in 

some types of fibrosis, USP10 expression has been found to be necessary to prevent disease 

progression. One example is a study focusing on nonalcoholic fatty liver disease (NAFLD), 

which is the most common liver disease globally (Xin and Yu, 2022). In the progression of 

NAFLD, an important event that occurs is called nonalcoholic steatohepatitis (NASH). NASH is 

considered a driver of not only NAFLD but also sever liver fibrosis and liver cancer (Xin and Yu, 

2022). NASH is characterized by excessive lipid droplet formation. This can result in lipotoxic 

effects on surrounding cells causing the release of ROS and proinflammatory cytokines from 

those cells. USP10 overexpressing hepatocyte targeted adenosine-associated virus (AAV) cells 

were injected to establish the overexpression. The results suggest overexpression of USP10 

limits the lipid droplet formation, causing a slower progression of the disease.  

Similarly, in some cancers, the loss of USP10 is associated with a poor prognosis. 

Recent work shows that USP10 is associated with the tumor suppressor p14ARF, and the loss 

of USP10 is correlated with the loss of p14ARF. A screen of 280 colorectal cancer patients 

linked the loss of USP10 expression to the invasion of cancer cells into surrounding tissues 

(Kim et al., 2020). The study showed that the dual loss of p14ARF and USP10 is directly related 

to poor survival rates of the patients. They believe the loss of USP10 is due to the 

hypermethylation occurring in the promoter region of USP10, which leads to the inability to 
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deubiquitinate p14ARF causing it to be degraded (Kim et al., 2020). This hypermethylation of 

the USP10 gene region is also associated with poor outcomes in ovarian cancer (Han et al., 

2019). These studies analyzed 336 ovarian tumors and found that both USP10 and p14ARF 

expression levels were significantly lower than in healthy ovarian tissue. From this, we can 

conclude that both decreased USP10 expression or the combination of a decrease in USP10 

and p14ARF expression indicates decreased survival in patients with ovarian cancer (Han et al., 

2019). Recent studies showing the interaction of USP10 with MutS homolog 2 (MSH2) 

demonstrate that USP10 stabilizes MSH2, which is a protein that is involved with DNA repair 

(Zeng et al., 2019). The levels of USP10 are directly correlated to that of MSH2 in lung cancer 

cells. A loss of USP10 in lung cancer cells causes a decrease in apoptosis and an increase in 

cell survival. In other studies, data show that USP10 is downregulated in patients with non-small 

cell lung cancer compared to healthy lung tissue (Zeng et al., 2019). These data demonstrate 

that losing USP10 is related to a negative prognosis, however, we also see the opposite effect.  

However, similar to our finding in the wounded cornea, there are other examples that 

suggest decreased USP10 expression improves outcome. New data has connected USP10 to 

YAP/TAZ signaling in hepatocellular carcinoma (Zhu et al., 2020). A library of DUBs was 

profiled and found USP10 to be at the center of the regulation of YAP/TAZ in hepatocellular 

carcinoma. Overexpression of USP10 positively correlated with the presence of YAP/TAZ in 

cancerous patient samples and therefore a poor prognosis of the disease. These data suggest 

that reducing USP10 would reduce YAP/TAZ signaling and provides more evidence for 

therapeutic regulation of USP10 to help control diseases (Zhu et al., 2020). Another example 

where a decrease in USP10 leads to a positive disease outcome is in acute myeloid leukemia 

(AML). AML is the most common type of leukemia in adults and approximately 30% of patients 

have an overactive FMS-like tyrosine kinase 3 (FLT3). FLT3 is responsible for regulating 

hematopoiesis and is typically targeted as a therapeutic target by small molecule kinase 

inhibitors (Weisberg et al., 2017). The effect of this treatment is normally brief due to the 
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development of resistance to the inhibitors (Al-Hussaini and DiPersio, 2014). High FLT3 

expression is directly linked to increased drug resistance as well as the progression of AML. In 

an effort to increase FLT3 degradation through the ubiquitin-proteasome pathway, a library of 

DUBs was scanned and USP10 was found to deubiquitinate FLT3 (Weisberg et al., 2017). 

USP10 was discovered as the critical DUB necessary for stabilizing FLT3. Knocking down 

USP10 showed an improvement not only in AML model cell lines but also in an FLT3-driven 

leukemia mouse model (Weisberg et al., 2017). This work aligns with the work presented in this 

dissertation, suggesting in certain disease conditions knocking down USP10 is beneficial. In 

other cases, such as p53-focused cancers, the effect of USP10 depends on the p53 status (WT 

or mutated).  USP10 expression is necessary to regulate p53 and cancer cell proliferation, 

however, if the cancer is characterized by mutated p53, USP10 knockdown to increase p53 

ubiquitination and degradation would be therapeutically advantageous (Yuan et al., 2010). Thus, 

approaching USP10 therapeutically is complicated and tissue and disease-specific.   

A key component of scarring is the matrix deposited into the ECM. Different ECM 

components are deposited during wound healing, like collagen III and FN (Larouche et al., 

2018). In chapter 2, I discussed my work linking the interaction between USP10 and integrin 

and FN recycling (Phillips et al., 2021). In wounded tissue, USP10 is overexpressed (Gillespie 

et al., 2017). My data suggest that USP10 overexpression induces an increase in both FN 

recycling and secretion (Gillespie et al., 2017; Phillips et al., 2021). An increase in ECM 

recycling under pathological conditions leads to excessive deposition of ECM in the wound site. 

ECM recycling is found to be a part of the integrin recycling pathway. Originally, it was thought 

that the integrins would detach from the ECM and be recycled only when not bound to matrix. 

However, recent work has shown that through the cleavage of ECM via MT1-MMP integrins are 

internalized and exist in endosomes still bound to ECM (Mana et al., 2020; Shi and Sottile, 

2011). Integrin recycling has been found to be associated with fibrosis not only in the work 

presented in this dissertation but also by recent work studying cardiac fibrosis. In cardiac 
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fibrosis, the accumulation of ECM occurs causing the myocardial tissue to stiffen and prevents 

proper heart function. They find that ECM deposition in cardiac fibrosis is directly related to the 

integrin recycling pathway (Meagher et al., 2021). ECM recycling is also essential for other 

physiological processes like embryonic development, platelet aggregation, and wound healing 

(Mana et al., 2020; Phillips et al., 2021). 

In cell culture, I found that approximately one-third of the FN deposited by cells is 

recycled FN. The use of integrin blocking antibodies demonstrated that integrin-mediated FN 

recycling contributes to matrix deposition (Phillips et al., 2021). A splice variant of FN, is FN-

EDA also called cellular FN (cFN).  It is found at high levels in pathological scarring 

environments (Barker and Engler, 2017). FN-EDA expression is linked to downstream 

PI3K/AKT signaling activation (Boutouja et al., 2017). This is due to the phosphorylation of FAK 

which activates PI3K/AKT, causing the production of FN-EDA (Xia et al., 2004). FN-EDA binds 

the latency-associated peptide that keeps TGFb inactive, causing TGFb to be activated, 

suggesting a role for FN-EDA in regulating TGFb signaling (Abdalla et al., 2013). Future studies 

should be directed toward understanding the biochemical difference, if any, between FN that is 

internalized and recycled compared to secreted FN. I propose to do mass spectrometry analysis 

looking at recycled FN before and after it is recycled by the cell. Comparing that to an analysis 

of native FN may highlight a difference between the two, allowing us to further understand how 

integrin-mediated FN recycling occurs and how it affects ECM organization.  

In Chapter 3, I discussed the role of Daam1 in regulating USP10. Daam1 is  a formin 

that assists with regulating the structure of the actin cytoskeleton (Sato et al., 2006). Daam1 

binds the growing barbed ends of actin filaments and mediates actin filament polymerization 

during elongation (Rydell-Törmänen et al., 2016). It is involved with processes like cell polarity, 

actin filament growth, and many others (Sato et al., 2006). Daam1 is not extensively studied in 

disease states, but it is a quickly growing target in new studies. One example is how Daam1 is 
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upregulated in idiopathic pulmonary fibrosis (IPF). This upregulation is due to increased Wnt 

signaling that occurs during wound healing (Rydell-Törmänen et al., 2016). Daam1 is also being 

studied in cancer cell migration as part of work focusing on understanding how metastasis 

occurs, specifically in breast cancer patients (Hao et al., 2021). Previous work demonstrated 

that USP10 is a critical regulator of integrins, causing them to accumulate on the cell surface 

rather than being degraded (Gillespie et al., 2017). This dissertation’s work demonstrated 

Daam1 inhibits USP10s DUB activity. The specific site of regulation is still unclear however our 

yeast 2-hybrid data suggest that USP10 is interacting with Daam1’s FH2 domain. Interestingly, 

the FH2 domain is also how Daam1 interacts with actin (Lu et al., 2007). It is still unclear if this 

interaction is a competitive inhibition or partial inhibition through an allosteric effect on USP10’s 

structure.  

Daam1 has a key role in cell adhesion through its regulation of cadherins and actin. Cell 

adhesion is regulated in part by the cadherin family of proteins. Cadherins form cell junctions 

and when their function is disrupted it can promote disease or developmental disorders (Friedl 

and Mayor, 2017). While little is known about precisely what actin cytoskeletal organization 

occurs at these cadherin-based junctions, we know based on cell culture assays that Daam1 

localizes to these cell junctions and regulates the polymerization of actin filaments (Krneta-

Stankic et al., 2021). Daam1 knock out causes a defect in actin filament formation, thus 

affecting cell cadherins and cell adhesion (Nishimura et al., 2016).  More specifically, whereas, 

healthy epithelial cells organize into stable sheets, cancer invasion is defined by the loss of cell 

boundaries (Nishimura et al., 2016). Recent Daam1-focused work is related to the accumulation 

of Daam1 around epithelial junctions. Epithelial junctions have two subdomains: the lateral 

membrane contacts (LC) and the apical junction complex (AJC) (Nishimura et al., 2016). Daam1 

was found to accumulate at the LCs. When Daam1 is knocked out, the LC-forming membrane 

motility increases, causing them to invade neighboring cells (Nishimura et al., 2016). Further 

studies focusing on Daam1 should include the generation of a point mutation at amino acid 697 
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to prevent it binding to actin. This would allow the understanding of how the binding of Daam1 to 

actin affects the interaction with USP10.  

One key actin-associated protein is fascin, which was discovered as a USP10-binding 

protein in our yeast 2-hybrid screen using USP10 as bait.  Fascin is an actin-bundling protein 

commonly found in stress fibers. Its function is to aggregate actin filaments into bundles. The 

expression of fascin is cell type-specific (Yasmashiro, 1998). Fascin is abundantly expressed in 

the brain, spleen, and neuronal and glial cells (Jaiswal et al., 2013; Yasmashiro, 1998). Fascin 

coimmunoprecipitates with Daam1, and Daam1 or Fascin1 knock out produces a significant 

defect in actin bundling (Jaiswal et al., 2013). I found that knockout of Daam1 causes the loss of 

USP10 on stress fibers. Further studies could include determining how the loss of fascin affects 

matrix and integrin recycling, and USP10-actin binding. My work on Daam1 and USP10 

demonstrated a novel role for the formin, Daam1, and provides new directions for the study of 

formins, actin-bundling proteins, and how they relate to integrin recycling, matrix recycling, and 

deubiquitinase activity.   

In chapter 4 we discuss our working model based on current literature and the results 

from in vivo knockdown of USP10 in rabbit cornea. Our working model suggests a divergent role 

for USP10 as wound healing progresses (Boumil et al., 2020). Based on our data and prior 

USP10 studies, we propose that USP10 moves between the nucleus and the cytosol in a 

context dependent manner. Furthermore, that USP10 shifts functions from pro-apoptotic to anti-

apoptotic (myofibroblast persistence in a scar) which are dependent on spatiotemporal cues in 

the wound bed. In the first phase of wound healing after corneal injury (the first few days), the 

resident keratocytes surrounding the wound apoptose and USP10 expression increases. 

USP10 mediates apoptosis by deubiquitinating p53. Localized apoptosis in the wound induces 

mast cell activation and the infiltration of neutrophils, platelets, macrophages, and T-cells 

(Bratton and Henson, 2011; Li et al., 2006; Sahu et al., 2018). Knockdown of USP10 with our 

drug “US09” reduces apoptosis after wounding and an influx of CD45+ cells (Boumil et al., 
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2020). In the second phase of wound healing, activated keratocytes peripheral to the apoptotic 

zone proliferate to repopulate the wound margin. These cells along with resident immune cells 

and infiltrating bone marrow-derived fibrocytes differentiate into myofibroblasts (Lassance et al., 

2018).  In this second phase we propose that USP10 favors binding to cytosolic USP10-binding 

partners, G3BP1/2, USP10 away from nuclear p53 (Takayama et al., 2018). This was supported 

by our yeast 2-hybrid screen and PLA data. This model is also supported by data in prostate 

cancer cells and in keloid scars in which USP10 switches from a pro-apoptotic role in the 

nucleus to binding to stress-related proteins in the cytoplasm (Deng et al., 2019). In the cytosol, 

we propose that G3BP proteins stabilize USP10’s DUB activity to deubiquitinate av-integrins 

resulting in a cell surface increase in integrins and subsequent activation of TGFb and fibrotic 

markers, (Gillespie et al., 2017) whereas the formin, Daam1 tethers USP10 to actin, inhibiting its 

DUB activity,(Phillips et al., 2021) providing a ready pool of USP10 in the cytosol.  

Future experiments will interrogate the connection between USP10, G3BP proteins and 

integrin signaling. The literature supports a link between G3BP1/2 and integrin signaling. G3BP 

proteins are important for the regulation of Src or FAK signaling which in part control integrin 

activity (Meyer et al., 2020). G3BP1 is recruited to sites of a5b1 integrin ligation where it is 

believed to play a role in cytoskeletal reorganization affecting cellular adhesion and migration 

(Meng, 2004). Inhibition of FAK has been shown to induce abnormal migration of cells and 

overproduction of ECM proteins (Choma et al., 2007). Src proteins are responsible for the 

communication through integrins between the ECM and intracellular cytoskeleton. These 

“outside-in” signals are essential for the cell to intracellularly respond to the extracellular 

environment (Shattil, 2005). A study was done to determine how disrupting the Src/integrin 

complex affects cells in culture. Mouse embryonic fibroblasts containing a non-functional Src did 

not activate the necessary factors to control cell division, resulting in uncontrolled cell growth 

(Courter et al., 2005). Because of the role that Src and FAK activity play in disease progression, 
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recent work has focused on inhibiting G3BP1/2 activity, which inhibits the downstream 

overactivity of the Src and FAK pathways, creating normal integrin function (Zhang et al., 2019). 

Future work should improve our understanding of the relationship between G3BP1/2, USP10, 

integrins, and how that relates to disease. 

In chapter 4, I also discussed a promising look into what the future of anti-fibrotic 

therapeutics could hold based on the self-delivery siRNA targeting USP10. I found that with 

siRNA treatment, there was significantly faster wound closure and a reduction in fibrotic and 

immune cell markers.  USP10 and its role in scarring will be further elucidated by continuing 

with new wounding models and dosing regiments towards the goal of eventually moving into 

Phase I human drug trials for corneal and perhaps dermal wound healing. The technology used 

in the siRNA drug is a significant advancement in the delivery of a drug to the cornea and will 

continue to be tested in other systems going forward. The ease of access to the cornea makes it 

a great place to study the direct delivery of drugs to determine the outcome.  Together my 

results suggest a novel role for USP10 in wound healing and fibrosis and report on a promising 

new drug that is currently undergoing further studies. 
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