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Abstract  
Vimentin intermediate filaments (VIFs) provide mechanical integrity to cells and serve as markers of 

tissue origin and cell differentiation. Several non-mechanical roles for vimentin have recently been 

reported, including regulation of key pathways that control cell growth, cell signaling, and cell 

motility. Here, I present the role of vimentin in three different contexts. (1) Vimentin is highly 

expressed in metastatic cancers, and its expression correlates with poor patient prognoses. However, 

no causal in vivo studies linking vimentin and NSCLC progression existed until now. LSL-KrasG12D, 

Tp53fl/fl mice (KPV+/+) were crossed with vimentin-knockout mice (KPV–/–); KPV–/– mice have 

attenuated tumor growth and improved survival compared to KPV+/+ mice. KPV+/+ mice were 

treated with withaferin A (WFA), an agent that disrupts VIF formation. This treatment suppresses 

tumor growth and reduces tumor burden in the lung. Using an allograft tumor model, luciferase-

expressing KPV+/+, KPV–/–, and KPVY117L cells were implanted into the flanks of nude mice to track 

cancer metastasis to the lung. KPVY117L cells form oligomers called unit-length filaments but cannot 

assemble into mature VIFs. KPV–/– and KPVY117L cells fail to metastasize, suggesting that cell-

autonomous metastasis requires mature VIFs. Integrative metabolomic and transcriptomic analyses 

reveal that KPV–/– cells upregulate genes associated with ferroptosis, an iron-dependent form of 

regulated cell death. KPV–/– cells display reduced levels of the lipid repair enzyme glutathione 

peroxidase 4 (GPX4), leading to the accumulation of toxic lipid peroxides and increased ferroptosis 

in KPV–/– cells. I show that vimentin protects the cell from ferroptosis-mediated cell death, which 

contributes to tumor growth and metastasis in NSCLC. (2) Blood clots form after injury when 

platelets bind fibrin fibers and form thrombi. The mechanical properties of the clot are critical for 

proper wound healing and restoration of laminar blood flow. I found that platelet-rich plasma 

isolated from Vim–/– mice formed less contractile and viscoelastic thrombi than Vim+/+ platelet-rich 

plasma. In vivo, Vim–/– mice exhibit longer clotting times than Vim+/+ mice. I show that vimentin is 
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required for efficient and mechanically robust blood clot formation through this work. (3) Acute 

lung injury is mediated by IL-1β signaling, which requires maturation via the NLRP3 inflammasome. 

Our group found that vimentin scaffolds the NLRP3 inflammasome and is required for IL-1β 

release. To target vimentin-mediated inflammasome signaling, we designed PEG-b-PPS micelles that 

contain Five1, a recently identified small molecule that causes VIF disassembly. Here, I provide 

proof-of-principle evidence that these nanoparticles decrease IL-1β release in vitro. Together, I show 

that vimentin is critical in NSCLC signaling by suppressing ferroptosis and promoting metastasis. 

Vimentin confers unique mechanical properties to blood clots which is required for efficient 

hemostasis.  Finally, vimentin can be targeted in a cell-specific manner through nanoparticle delivery 

to disrupt pro-inflammatory signaling scaffolds and suppress inflammation. These studies ultimately 

advance understanding of intermediate filaments' mechanical and non-mechanical roles in cancer 

biology, hemostasis, and acute lung injury. 
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Chapter 1. Introduction 

The eukaryotic cytoskeleton is composed of a complex network of filaments that can be 

broadly divided into three categories: microfilaments, microtubules, and intermediate filaments (IFs). 

Microfilaments (actin) are the thinnest cytoskeletal filaments. They interact with molecular motors 

like myosin to exert forces that allow cells to move. The largest cytoskeleton filaments are 

microtubules (α- and β-tubulin); these filaments coordinate organelle trafficking and participate in 

mitosis. The third type of filaments, IFs, are named because their 10 nm average diameter places 

them between microfilaments and microtubules in size. Unlike these other well-defined cytoskeletal 

proteins, IFs were not distinguished from other cytoskeletal filaments until 1968 when electron 

microscopy allowed for investigators to identify IFs as structures distinct from actin and 

microtubules (1, 2). 

Despite their relatively late discovery, IFs are encoded by the greatest number of genes 

among the three cytoskeletal networks. These IF genes code for a wide set of proteins that are 

organized into six distinct class (3). Types I and II are acidic and basic keratins, respectively. Keratin 

exists in many different forms and is constitutively expressed in epithelial cells, hair, and nails. Type 

III IFs are expressed in a range of tissues. Desmin is found in sarcomeres; glial fibrillary acidic 

protein (GFAP) is expressed in glial cells; vimentin is found in mesenchymal cells, white blood cells, 

and endothelial cells. Type IV IFs include neurofilaments, which are found in neuronal axons. Type 

V IFs are distinct in that they are composed of lamins, which are found in the nucleus, not the 

cytoplasm. Finally, Type VI IFs contain nestin, a protein expressed during neural development. 

Together, IFs represent a diverse set of proteins that are expressed in an array of different tissues. 

The type III IF vimentin is one of the most widely studied IFs due to its high expression 

across a variety of tissues and was therefore one of the first IFs to be isolated from cell-free 

preparations (4). These filaments can be disassembled in vitro and repolymerized in salt solution (5). 
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Vimentin isolated from a range of animal models has been cloned and its sequence is highly 

conserved (6, 7). 

The structure of vimentin dictates its function. Vimentin, like all other IFs, is transcribed as a 

monomer with an α-helical rod domain and non-helical head and tail domains. Two monomers form 

a coiled-coil dimer; these dimers then form tetramers, eight of which assemble into unit-length 

filaments (ULFs). Tetramers are the smallest stable soluble form of vimentin, and they participate in 

ATP-dependent subunit exchange with ULFs (8). ULFs anneal longitudinally to form full-length 

filament. Full-length filament disassembly is mediated by phosphorylation, and its assembly state 

determines its function (9, 10). For example, vimentin phosphorylation at Ser-38 causes filament 

disassembly, which then affects the cell’s polarity and directionality of lamellipodia (10). 

Additionally, vimentin architecture affords it unique mechanical properties compared to actin and 

microtubules. Compared to the other two main cytoskeletal proteins, vimentin filaments are 

extremely flexible and can withstand high forces without breaking. These mechanical properties 

confer cells protection from compressive forces by increasing cell elasticity (11). Therefore, the 

assembly state of vimentin affords it a unique role as both a signaling and structural protein. 

The work presented in this thesis relies heavily on the creation of the global vimentin 

knockout mouse (Vim–/–). When this mouse was created nearly 3 decades ago, it was reported to 

display a relatively mild phenotype (12). However, in the nearly three decades since its development, 

studies have revealed a phenotype distinct from the WT mouse.  

Of note, Vim–/– mice are much smaller than WT littermates when fed a standard diet (13). 

Specifically, Vim–/– mice accumulate less body fat than WT mice. Vimentin forms a cage around 

lipid droplets via an interaction with perilipin (14, 15). Relatedly, Vim–/– mice develop smaller lipid 

droplets and adipocytes than WT mice (16). Vimentin is therefore implicated in lipolysis, the process 

by which energy stored in fat is released. Vimentin physically interacts with hormone-sensitive lipase 
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(HSL), an enzyme that facilitates transfer of cholesterol to mitochondria (16). As a result, Vim–/– 

mice have reduced cholesterol influx into the mitochondria (17). Vimentin also interacts directly 

with the β3-adrenergic receptor, which increases ERK activation and lipolysis. Vimentin knockdown 

abrogates ERK signaling and reduces lipolysis in a mouse model (18). Interestingly, the first 

vimentin mutation reported in patients is associated with lipodystrophy (19, 20). Other studies 

identified that Vim–/– mice accumulate less fat than WT mice; relatedly, Vim–/– mice display some 

resistance to athererosclerosis (13, 21). Together, these reports suggest a critical role for vimentin in 

fat regulation and lipid droplet homeostasis.  

Vimentin has a profound impact on kidney function. WT mice subjected to a partial 

nephrectomy survive up to 72 hours, while Vim–/– mice all die within the same timeframe (22). WT 

mice are able undergo renal vasodilation which allow them to maintain renal function and survival, 

while Vim–/– mice fail to recover and ultimately die from kidney failure. Sodium-glucose 

transporters, found in the proximal tubules of nephrons, are required for glucose resorption in the 

blood stream. Vimentin is required for proper localization of sodium-glucose transporters to the 

brush border membrane, which is necessary for maintaining proper function of the transporters 

(23). Therefore, vimentin is required for restoration of proper glucose transport following kidney 

injury. 

 Vimentin is expressed in neurons, glial cells, and multiple other cell types that comprise the 

nervous system. In the nervous system, several other IFs are expressed including nestin, synemin, 

glial fibrillary acidic protein (GFAP). These IFs, in addition to vimentin, are upregulated during 

astrocyte activation (24). In Vim–/– mice subjected to neurotrauma, astrocytes are less reactive and 

less migratory than those of WT mice (25, 26). Additionally, these mice display slower neurite 

outgrowth and take longer to recover sensation following sciatic nerve injury (27). GFAP can play a 

compensatory role in the absence of vimentin; therefore, to best evaluate the effects of vimentin in 
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the nervous system, many studies utilize GFAP–/–Vim–/– mice (28, 29). These mice display less 

astrocyte reactivity and slower wound healing than WT mice (25, 29) . They are also unable to resist 

mechanical stress to the central nervous system and are more susceptible to ischemia (30-35). 

GFAP–/–Vim–/– mice display less Notch signaling between astrocytes and neural stem cells, making 

them less likely to undergo adult neurogenesis (36, 37). Compared to WT mice, GFAP–/–Vim–/– mice 

also exhibit a metabolic difference: in the double knockout, astrocytes have decreased glutamine, 

impaired glutamate transport, and lower resistance to oxidative stress, suggesting that vimentin and 

GFAP are required for the neuroprotective effects of astrocytes following ischemic stroke (33, 34, 

38). Relatedly, GFAP–/–Vim–/– mice are also more susceptible to models of Alzheimer’s and Batten 

disease (39-41). In contrast, in an unchallenged GFAP–/–Vim–/– mouse model, hippocampal 

neurogenesis is increased compared to WT mice (37, 42). Furthermore, these mice display increased 

neurogenesis following ischemia and neurotrauma, along with elevated regeneration of neuronal 

axons and synapses (25, 43, 44). Therefore, vimentin seems to act as both a protective and 

deleterious protein in the nervous system.  

One of the earliest defects identified in the Vim–/– mice was their inability to properly heal 

wounds (45, 46). Embryos from Vim–/– mice fail to heal wounds as rapidly as WT embryos. In adult 

mice, healing times are delayed in Vim–/– mice compared to WT mice (45). This wound healing 

defect is not injury specific; interestingly, excision, incision, and burn wounds all heal more slowly in 

Vim–/– mice compared to WT mice (46). This impaired wound healing response illustrates an 

important role for vimentin in regulating cell motility. Following injury, Vim–/– mice exhibit delayed 

fibroblast migration to the wound site, resulting in impaired wound contraction (45). Further 

characterization of the fibroblast compartment highlights a role for vimentin in conferring proper 

functions. Fibroblasts isolated from Vim–/– mouse embryos (MEFs) are less motile, less mechanically 

stable, and undergo less directional migration (47). The requirement of vimentin for proper cell 
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migration is intimately tied to its relationship with the actin cytoskeleton. Vimentin IFs (VIFs) 

restrict the retrograde flow of actin which controls the size of lamellipodia and location of the 

nucleus during migration (48). This control of actin flow serves as a buffer for traction forces (49). 

Vimentin mediates actin stress fiber formation via RhoA activation (50). Vimentin works with actin 

to execute wound healing signaling events. 

When the normal wound healing process is dysregulated, tissue fibrosis can occur. 

Specifically, this process is characterized by excess deposition of collagen through activation of 

myofibroblasts, leading to tissue stiffening, disrupted tissue architecture, and organ dysfunction. 

Fibrosis is initiated by tissue injury that can be caused by a range of pathophysiological insults. For 

example, lung fibrosis can be initiated by exposure to bleomycin, asbestos, viral, or bacterial agents. 

Vim–/– mice are protected from lung fibrosis following each of these challenges (51). This is due, in 

part, to decreased TGF-β signaling in Vim–/– mice. TGF-β is a critical profibrogenic cytokine that 

potentiates the development of fibrosis in a range of tissues. TGF-β signals through Smad to 

upregulate vimentin in mouse alveolar cells to initiate epithelial-to-mesenchymal transition (EMT). 

Inversely, inhibiting TGF-β receptor signaling leads to decreased vimentin expression which causes 

alveolar cells to undergo mesenchymal-to-epithelial transition (MET) (52-54). Together, these 

studies show that vimentin is required for expansion of mesenchymal cells during the fibrosis 

disease course.  

Excessive collagen deposition is a hallmark of fibrosis and is produced by activated 

mesenchymal cells (fibroblasts and myofibroblasts). When challenged with profibrogenic agents, 

Vim–/– mice produce lower levels of collagen than WT mice (51). This results in improved lung 

function in Vim–/– mice because they are able to maintain lung compliance. When challenged with a 

unilateral ureteral obstruction, a model used to reproduce renal fibrosis, Vim–/– mice display 

improved outcomes compared to WT mice (55). These mice deposit significantly less collagen in the 
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kidneys compared to WT mice. These results are likely due to the role of VIFs as stabilizer for 

collagen mRNAs; without stabilization, these mRNAs are quickly degraded and are therefore unable 

to be translated, offering a potential explanation for the decreased collagen deposition observed in 

Vim–/– mice (56).  

Along with mechanisms involving the role of vimentin in mesenchymal cells, immune cells 

rely on vimentin to promote inflammatory responses. For leukocytes to successfully traffic to 

tissues, they must first adhere to the blood vessel wall. This adhesion relies on formation of 

microvilli on both leukocytes and endothelial cells. Microvilli are enriched in vimentin but not other 

cytoskeletal proteins like actin or tubulin (57). In Vim–/– mice, lymphocyte trafficking to peripheral 

lymph nodes and the spleen is reduced compared to WT mice. This is likely due to reduced 

expression of ICAM-1 and VCAM-1 on endothelial cells in Vim–/– mice. These molecules are 

required for leukocyte docking; without their proper expression, Vim–/– leukocytes cannot polarize 

and move across the endothelial barrier (57). During extravasation, VIFs are reorganized to allow for 

mechanical deformation of the cell through pores in the endothelium (58). Mechanistically, Pi3K-

Akt signaling causes this reorganization and is required for extravasation (59). In macrophages, 

vimentin is localized to filopodia and podosomes, two structures required for directional migration 

and extravasation in vivo (60). Additionally, vimentin complexes with fimbrin, an adhesion molecule 

which crosslinks actin during filopodia formation (61). Together, vimentin plays an important role in 

coordinating cellular events that allow for leukocyte trafficking. 

Mechanistically, vimentin coordinates signaling events in immune cells. Vimentin is required 

for assembly of the NLRP3 inflammasome which coordinates secretion of IL-1β (51, 62). 

Lipopolysaccharide (LPS), a potent activator of the NLRP3 inflammasome, causes a strong 

inflammatory response leading to tissue injury. Vim–/– mice are protected from LPS-induced lung 

injury (51). This effect is myeloid cell specific; adoptive transfer of bone marrow from Vim–/– mice 
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to WT mice is sufficient to protect the mice from injury by preventing IL-1β secretion. Additionally, 

VIFs interact directly with macrophage inhibitory factor, a molecule required for NLRP3 

inflammasome activation (63). These studies suggest a scaffolding role for vimentin in 

inflammasome activation.  

Regulatory T cells (Tregs) may rely on vimentin to suppress pro-inflammatory responses. 

Tregs are a subpopulation of CD4+ T cells that suppress immune activation via an interaction with 

antigen-presenting cells (APCs). During this interaction, vimentin expression is upregulated and 

VIFs localize to the distal pole complex (DPC) of Tregs, suggesting that they may play an activating 

role in Treg function (64). Interestingly, in a murine model of graft-versus-host disease (GvHD), 

vimentin-knockdown Tregs better suppress alloreactive T cell priming that WT controls (65). 

Specifically, vimentin is a protein kinase C-q (PKC-q) phosphorylation target; during T cell 

polarization, PKC-q accumulates on the vimentin-rich DPC. Because of its rapid reorganization and 

ability to bind PKC-q, vimentin may play a signaling role in Treg activation. 

Vimentin affects the oxidative state of cells. Reactive oxygen species (ROS) are present at 

low levels under homeostasis, where they are used as signaling moieties. ROS levels can increase due 

to endogenous factors like mitochondrial respiration or exogenous factors like pollutants or ionizing 

radiation. High levels of ROS lead to damage to DNA and RNA, lipid peroxidation, and oxidation 

of amino acids, which can cause protein damage, inflammation, and cell death. Interestingly, Vim–/– 

macrophages produce higher levels of ROS than WT macrophages (66). Nitric oxide, another 

inducer of oxidative stress, is decreased in Vim–/– mice compared to WT mice following partial 

nephrectomy (22). The protective or deleterious relationship between vimentin and oxidative stress 

is not yet fully characterized, and it likely differs between cell types and tissues.  
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The vasculature in Vim–/– mice is distinct from that of WT mice. Vim–/– embryos develop 

fewer vessels with less branching (67). Embryonic stem cells Vim–/– mice display impaired 

differentiation to endothelial cells (68). Additionally, VEGF treated aortas from Vim–/– mice 

undergo sprout fewer and smaller blood vessels than WT mice. When subject to shear stress, the 

vasculature of Vim–/– mice display impaired arterial remodeling and smooth muscle cell 

differentiation (69). Mechanistically, this effect is due to the ability of vimentin to modulate Notch 

signaling strength; shear stress leads to phosphorylation of vimentin, which allows it to bind 

Jagged1. This interaction between vimentin and Jagged1 regulates Notch activation potential, 

contributing to proper remodeling of the arterial wall. Additionally, vimentin interacts with focal 

adhesions and the actomyosin network (70, 71). This interaction allows for rapid reorganization of 

VIFs in response to shear flow, suggesting that vimentin plays a role in mechanotransduction in 

response to shear force (72). Relatedly, Vim–/– mice display impaired endothelial barrier function (57, 

67). Vimentin rearranges in response to hemodynamic stress and participates in proangiogenic 

signaling; therefore vimentin is required for mechanical maintenance of endothelial function. 

Vimentin has unique biophysical properties that may contribute to its role as a signaling 

protein. Early studies characterized the viscoelastic properties of vimentin in vitro (73, 74). Vimentin 

polymers undergo strain stiffening; as shear stress increases, they harden and resist rupture. Single 

nonstabilized vimentin filaments have a bending modulus between 300 and 400 mPa (75). This 

property allows vimentin to be much more flexible than actin and microtubules. In skin fibroblasts, 

oncogene activation causes vimentin IFs to collapse, causing an increase in cell stiffness (76). 

Similarly, vimentin-null breast carcinoma cells are softer and less contractile than vimentin-

expressing cells (77, 78). Vimentin increases stiffness of both the intracellular and the cortical region 

in MEFs and Schlemm’s canal endothelial cells (79). The unique mechanical properties of vimentin 

contribute to its role in promoting cancer and fibrosis. 
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This thesis considers the role of vimentin as a signaling protein, mechanical regulator, and 

therapeutic target. In the next chapter, I show that vimentin is required for rapid progression of lung 

cancer. Mechanistically, vimentin regulates cell motility and metastasis and protects cells from 

ferroptosis, a form of regulated cell death. In Chapter 3, I characterize the role of vimentin in 

platelet function, showing that vimentin increases viscoelasticity and contraction in blood clots. 

These properties allow for rapid clotting in WT, but not Vim–/–, mice. In Chapter 4, I describe a 

nanocarrier that can target vimentin in macrophages and show proof-of-principle evidence that this 

particle suppresses IL-1β in vitro. Finally, in Chapter 5, I discuss future directions for characterizing 

the requirement of vimentin in fibrosis and delineating its possible role as a mechanosensor. 

Together, I provide robust evidence that vimentin plays a critical role in a variety of disease contexts. 
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Chapter 2. Vimentin is required for lung cancer progression and metastasis. 
2.1 Background 

Lung adenocarcinoma (LUAD) is a type of non-small cell lung cancer (NSCLC) and is the 

jmost common subtype of lung cancer, representing 40% of all lung cancers diagnoses (80). Vimentin, 

a type III intermediate filament, is highly expressed in lung cancer and is associated with metastatic 

tissue and lower survival rates in patients with NSCLC (81-83). Despite this association, a causal, in 

vivo link between vimentin and disease progression has not been established. 

Vimentin’s role in the metastatic process has been extensively investigated in vitro. During 

epithelial-to-mesenchymal transition (EMT) epithelial cells lose their apicobasal polarity and 

intercellular adhesion properties by downregulating epithelial cell-associated genes, including E-

cadherin and cytokeratins, and progressively acquire migratory and invasive capabilities associated 

with the mesenchymal cell phenotype by upregulating genes, such as N-cadherin and vimentin (84, 

85). EMT-mediated tumor metastasis is stimulated by transcription factors, such as TWIST1, SNAI1, 

and ZEB1, known to upregulate vimentin (77, 86-88). Formation and elongation of the invadopodia, 

a proteolytically active plasma membrane projection that facilitates cancer cell invasion across the 

basement membrane and migration through the collagen-rich interstitial space, requires vimentin (89). 

Vimentin is crucial for establishing front-rear polarity, which is necessary for the efficient migration 

of tumor cells (10). Previous studies identified these vimentin-dependent mechanisms for driving 

cancer cell invasive migration, promoting metastasis, and poor prognosis in patients with lung, breast, 

head and neck, and bone cancer cells (77, 78, 90-97).  

Tumors must maintain redox homeostasis to survive and grow. An emerging mechanism by 

which tumor cells manage oxidative stress is ferroptosis. Ferroptosis is a form of iron-dependent 

regulated cell death (RCD) initiated by the peroxidization of phospholipids (PL) containing 
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polyunsaturated fatty acid chains (PUFA-PLs). Ferroptosis can be induced through extrinsic or 

intrinsic pathways (98). The extrinsic pathway is initiated by inhibiting cell membrane transporters, 

such as the system Xc− cystine/glutamate transporter (consisting of SLC7A11 and SLC3A2 subunits) 

or through iron uptake via transferrin and lactotransferrin transporters. The intrinsic pathway is 

activated by blocking intracellular antioxidant enzymes, such as glutathione peroxidase 4 (GPX4). 

Glutathione serves as a cofactor for GPX4 to neutralize lipid hydroperoxides and protect the cell from 

ferroptosis. KRAS-mutant LUAD cells express high levels of SLC7A11 and GPX4, and 

pharmacological or genetic inhibition of either attenuates tumor growth in vivo (99, 100). Of note, the 

regulation of ferroptosis is not entirely understood. 

While previous studies established a role for vimentin in cancer cells, these experiments relied 

on either cell lines treated with exogenous agents to suppress vimentin expression or used cells derived 

from vimentin knockout (Vim−/−) mice that lack oncogene activation. Therefore, in the present study, 

we used the clinically-relevant LSL-KrasG12D; Tp53fl/fl (KPV+/+) genetically engineered mouse model 

(GEMM), which reliably recapitulates human NSCLC in pathology, disease progression, clinical 

outcome, and response to therapies (101). To identify the role of vimentin in LUAD, we crossed the 

LSL-KrasG12D; Tp53fl/fl with Vim−/− mice, thereby creating KPV−/− mice (12). We show that KPV−/− 

mice have reduced lung tumor burden and increased survival rates compared to KPV+/+ mice. Using 

a second pharmacological method of vimentin disruption, we show that withaferin A (WFA) 

treatment decreases KPV+/+ mouse tumor burden when administered therapeutically. Finally, we use 

an allograft tumor model to demonstrate that KPV−/− cells are unable to metastasize to the lung. 

Compared to KPV+/+ cells, KPV−/− cells display impaired EMT and increased susceptibility to 

ferroptosis. Together, we show that an intact vimentin intermediate filament network is required for 

the rapid progression and metastasis of LUAD.   
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2.2 Results 
2.2.1 Generation of an LSL-KrasG12D/+;Tp53fl/fl;Vim−/− (KPV−/−) genetically engineered mouse 
model 
In patients with LUAD, 30% have activating mutations in the Kras proto-oncogene, and 60% have 

inactivating mutations in the tumor suppressor gene Tp53 (102-105). Therefore, we used the LSL-

KrasG12D/+;Tp53fl/fl (KPV+/+) GEMM to recapitulate the tumorigenesis and metastasis observed in 

LUAD (101). When adenoviral Cre recombinase (Ad-Cre) is delivered intratracheally to KPV+/+ mice, 

tumors develop as early as 2 weeks post-infection (w.p.i.) (101), with ~50% of mice developing 

metastatic lesions in the mediastinal lymph nodes and the pleural spaces of the thoracic cavity (106). 

We crossed the Vimentin−/− mouse to the LSL-KrasG12D/+;Tp53fl/fl mouse to create the KPV−/− mouse 

(12) (Figure 2.1A).  

This novel KPV−/− mouse lacks vimentin expression throughout the lungs (Figure 2.1B). 

Rosa26-LSL-LacZ reporter mice were used to validate the intratracheal delivery of Ad-Cre (107). Mice 

infected with Ad-Cre demonstrated homogenous, positive lacZ expression, while mice treated with 

the adenoviral null construct (Ad-null) did not express lacZ (Figure 2.1C). Ad-Cre was administered 

intratracheally, and disruption of the Kras allele and accumulation of mutant KRAS protein was 

validated by PCR and Western blot, respectively (Figure 2.1D-E). Similarly, p53 deletion was 

confirmed by qPCR and Western blot (Figure 2.1F-G). These results demonstrate the utility of a 

novel KPV−/− GEMM to define a causal role of vimentin in lung adenocarcinoma metastasis.  
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Figure 2.1. Generation of a genetically engineered mouse model to study the role of vimentin in non-small cell lung 
cancer progression.  Experimental design. LSL-KrasG12D/+Tp53flox/flox (KPV+/+) mice were crossed with vimentin-knockout 

(Vim−/−) mice. KPV+/+ and KPV−/− mice were administered adenoviral Cre recombinase (Ad-Cre) which resulted in gene 
recombination at LoxP sites. As a control, null adenovirus (Ad-null) was administered to an independent cohort of mice. (B) 

Lungs were isolated from Ad-null-treated KPV+/+ and KPV−/− mice, fixed, sectioned, and subjected to H&E staining and 
vimentin immunohistochemical staining. Positive vimentin staining is brown, and nuclei are blue. Scale bar: 200 µm. (C) 

Rosa26-LSL-LacZ reporter mice were administered Ad-Null or Ad-Cre, and β-galactosidase staining was performed on whole 
lung samples; positive staining appears blue. (D) KPV+/+ and KPV−/− mice were administered Ad-Null or Ad-Cre. Lungs were 
harvested at 2, 8, and 12 weeks following adenoviral infection. DNA was isolated from the tissue and PCR was performed to 
evaluate the presence of the wild-type (WT) and mutant (G12D) Kras transcript. (E) Tumor cells were isolated from Ad-Cre-
infected mice at 6 weeks post-infection. A Western blot was performed on KPV+/+ and KPV−/− whole cell lysates to detect WT 

and G12D-mutant KRAS. P53 mRNA (F) and protein levels (G) were detected through qRT-PCR and Western blot, 
respectively; MLE-12 cells were used as a positive control. Data are presented as the mean ± standard deviation. 
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Figure 2.2. Vimentin-null mice have reduced tumor burden and improved survival in a preclinical LSL-KrasG12DTp53fl/fl-
driven mouse model of lung cancer. LSL-KrasG12DTp53fl/fl (KPV+/+) mice were crossed with Vim−/− mice to produce 
KPV−/− mice, then KPV+/+ and KPV−/− mice were intubated with 109 PFUs of adenoviral Cre. (A) Weight loss (n=6 mice for 
KPV+/+ group; n=7 mice for KPV−/− group; mixed model ANOVA, for KPV+/+ versus KPV−/−, p=0.0009) and (B) survival (n=15 
mice for KPV+/+ group; n=10 mice for KPV−/− group; Mantel-Cox log-rank test, p=0.002) were monitored. (C) KPV+/+ and 
KPV−/− mice were infected with null or Cre recombinase adenovirus (Ad-Null and Ad-Cre, respectively) and were imaged at 2, 
6, and 10 weeks post-infection (w.p.i.). Representative MRI coronal (left) and transverse (right) images are shown. Hearts (H) 
are outlined in white. Tumor burden was quantified using Jim software (right). Each point represents one mouse (****p<0.0001 
by unpaired, two-tailed t-test). (D) Lungs were isolated from KPV+/+ mice (6 weeks post-infection shown) and KPV−/− mice (7 
weeks post-infection shown) infected with 109 PFUs of adenoviral Cre. Shown from left to right are representative fixed whole 
lung sections with H&E staining and close-up views of fixed lung sections with H&E staining and vimentin, TTF-1, and Ki67 
immunohistochemical staining. Positively immunostained cells appear brown, and nuclei are dyed blue. Scale bars: 1 mm 
(whole lungs, left), 200 µm (right). (E) Positive staining was quantified from lung sections stained with either TTF-1 or Ki67 
and normalized to either total lung area (TTF-1) or total tumor cell count (Ki67) (n=2-5). (F) KPV+/+ and KPV−/− cells were 
plated overnight and were then treated with BrdU for 4 hours. BrdU incorporation was detected and normalized to the KPV+/+ 
condition for each independent trial (n=4). Data were compared using an unpaired, two-tailed t-test (**p<0.01). (G) H&E-
stained lung sections from 8 or 12 w.p.i. were evaluated for tumor grade by a pathologist. This figure represents combined data 
from three independent experiments. 
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2.2.2 Vimentin deficiency increases survival and reduces tumor burden  

Cancer cachexia is a common manifestation of morbidity in human cancer patients and is associated 

with a poor prognosis in patients with advanced disease. KPV+/+ and KPV−/− mice were administered 

Ad-Cre, and their weight was recorded weekly. KPV+/+ mice showed a rapid and profound decline in 

total body weight starting at 4 w.p.i., while KPV−/− mice did not exhibit weight loss until 9 w.p.i., 

suggesting less advanced disease in the vimentin-deficient mice (Figure 2.2A). KPV−/− mice lived 

significantly longer than KPV+/+ mice, with a median survival of 15.5 w.p.i. compared to 10 w.p.i. in 

the KPV+/+ mice (Figure 2.2B). Lung tumor development was assessed using Magnetic Resonance 

Imaging (MRI).  At 6 w.p.i., KPV−/− mice had an average lung tumor burden of 7.5%, significantly  

lower than the 37% tumor burden observed in KPV+/+ mice (Figure 2.2C). Immunohistochemistry 

(IHC) staining for vimentin, TTF-1, and Ki67 was performed on serial sections of lung tissue from 

KPV+/+ and KPV−/− mice at 6 w.p.i. Vimentin was expressed in KPV+/+ tumors and normal adjacent 

lung tissue but was not expressed in KPV−/− lung tissue (Figure 2.2D). TTF-1 is a biomarker 

associated with LUAD (108). KPV−/− lungs had fewer TTF-1-positive cells than KPV+/+ lungs (Figure 

2.2D-E). KPV+/+ and KPV−/− lung tumors displayed similar levels of Ki67 staining by IHC (Figure 

2.2D-E). However, KPV+/+ cells had increased proliferation rates, as quantitatively measured by BrdU 

incorporation, compared to KPV−/− cells isolated from primary lung tumors 6 w.p.i. (Figure 2.2F).  

At 8 w.p.i., KPV+/+ mice displayed significantly more hyperplastic lesions than KPV−/− mice (36 ± 5 

vs. 14 ± 2, respectively). At 12 w.p.i., KPV+/+ mice displayed an increased number of adenomas and 

adenocarcinomas (6.3 ± 1.8 adenomas and 1.2 ± 0.2 adenocarcinomas per KPV+/+ mouse) compared 

to KPV−/− mice (1.6 ± 1.0 adenomas and 0.04 ± 0.02 adenocarcinomas per KPV−/− mouse) (Figure 

2.2G). Additionally, mutant Kras transcripts were detected in liver tissue from KPV+/+ mice, but not 

KPV−/− mice, suggesting that vimentin-expressing cells form metastatic lesions (Figure 2.1D). 

Together, these data indicate that loss of vimentin suppresses tumor development in a murine model 
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of LUAD, contributing to prolonged survival. In agreement with these findings, we observed that 

vimentin protein increases with tumor grade in human LUAD sections and corresponding lymph 

node sections that contained LUAD metastatic lesions (Figure 2.3).  

 

 
2.2.3 Transcriptional profiling reveals a less 
differentiated cancer phenotype in vimentin-
null cancer cells 
To better understand how vimentin is involved in 

the molecular pathways of LUAD, we used RNA 

sequencing (RNA-seq) to identify genes that have 

altered expression in the absence of vimentin. 

Epithelial-derived cancer cells (CD45-

negative, EpCAM-positive) were isolated 

from KPV+/+ and KPV−/− lungs at 6 w.p.i. 

with Ad-Cre (hereafter referred to as KPV+/+ and KPV−/− cells). The absence of vimentin in KPV−/− 

cells was confirmed by Western blot and immunofluorescence staining (Figure 2.4A-B). We isolated 

messenger RNA (mRNA) from KPV+/+ and KPV−/− cells and performed RNA-seq. KPV+/+ and 

KPV−/− cells clustered together by genotype via principal component analysis (PCA). Loss of vimentin 

in KPV−/− cells was the main driver of sample variance (PC1: 97.6%) (Figure 2.4C) and Pearson’s 

correlation revealed minimal variance in intragroup replicates (Figure 2.4D). We identified 904 

differentially expressed genes (DEGs) between the KPV+/+ and KPV−/− cells (Figure 2.4E). Using k-

means clustering, we defined two clusters that correspond to 316 upregulated genes (Cluster 1) and 

588 downregulated genes (Cluster 2) in KPV+/+ cells compared to KPV−/− cells (Figure 2.5A). Cluster 

1 was enriched for genes associated with Gene Ontology (GO) processes mesenchymal cell proliferation 

and cell migration. In contrast, Cluster 2 was enriched for genes associated with metabolic processes, epithelial 

Figure 2.3. Vimentin expression correlates with lung 
adenocarcinoma grade. Human lung tissue sections (or 

lymph node tissue where indicated) were stained with 
antibodies against vimentin. LUAD=lung 

adenocarcinoma. Positive vimentin staining is brown, and 
nuclei are blue. Scale bar: 200 µm. 
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cell differentiation and cell adhesion (Figure 2.5B). By exploring the DEGs that contribute to mesenchymal 

cell proliferation and epithelial cell differentiation, we found several EMT-associated genes upregulated in 

KPV+/+ cells, including Vimentin, Twist1 and Cdh2, the gene that codes for N-cadherin (Figure 2.5C). 

This finding was confirmed by IHC of tumors and Western blots on isolated tumor cells, which 

showed an increase in N-cadherin in KPV+/+ cells compared to KPV−/− cells (Figure 2.4A, 2.6A-B). 

In contrast, genes associated with epithelial cell phenotype, including claudins Cldn2, Cldn8, and 

Cldn18, and the epithelial marker Epcam and the surfactant protein Sftpd, were upregulated in KPV−/− 
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cells. These data suggest that KPV−/− cells, but not KPV+/+ cells, fail to upregulate key mesenchymal 

genes that confer metastatic potential.  

Figure 2.4. KPV−/− cells retain epithelial marker expression. (A) KPV+/+ and KPV−/− cell lysates were subjected to a Western 
blot for detection of E-cadherin, N-cadherin, vimentin, and actin. Band signal was quantified and normalized to actin loading 
controls and average KPV+/+ signal. Data were compared using an unpaired, two-tailed t-test (*p<0.01; ***p<0.001; 
****p<0.0001). (B) KPV+/+ and KPV−/− cells were stained for vimentin (green), for keratin 8 (red), and with Hoechst nuclear 
dye (blue). Scale bar: 10 µm. (C-E) Messenger RNA from KPV+/+ and KPV−/− cell lysates was quantified via RNA sequencing. 
(C) Principal component analysis (PCA) plot with each point representing one replicate (black, KPV+/+; grey, KPV−/−). (D) 
Pearson’s correlation plot. The correlation coefficient for each comparison is shown. (E) MA plot. Genes of interest are 
indicated.  
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 We then explored the DEGs that contribute to the GO processes cell motility and cell migration, 

processes enriched in KPV+/+ cells.  Cells must form invadopodia, a process that relies on vimentin, 

to cross the basement membrane (89). Accordingly, invadopodia-associated genes (Arpc2, Arpc5, 

Arpc5l, and Actr2) are significantly downregulated in KPV−/− cells but upregulated in KPV+/+ cells 

(Figure 2.5C). Invasion is potentiated by matrix metalloproteases (MMPs), which break down the 

basement membrane, allowing cells to move toward adjacent capillaries, a key process in the metastatic 

cascade. Mmp11, Mmp15, and Mmp24 are significantly upregulated in KPV+/+ cells, but not in the 

KPV−/− cells (Figure 2.5C). Cells must then migrate across a collagen-rich interstitial space to reach 

the bloodstream. This process is coordinated by chemokines (Cxcl12), integrins (Itga5 and Itgb5), and 

alterations in the ECM (Lama3, Lamb3, Lamc2, and Fn1); these genes are significantly downregulated 

in KPV−/− cells compared to KPV+/+ cells (Figure 2.5C). Together, these results suggest that vimentin 

is involved in regulating the early cellular events associated with the metastatic cascade. 
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2.2.4 An intact vimentin network is required for cancer cell migration and invasion 
Given that cell motility pathways were downregulated in KPV−/− cells, we assessed whether cell-

intrinsic motility properties required vimentin. Cell migration was evaluated using a scratch wound-

healing assay. Within 6 hours, KPV+/+ cells had closed ~76% more of the wound area than KPV−/− 

Figure 2.5. KPV−/− cells have decreased expression of genes involved in EMT. Messenger RNA collected from KPV+/+ and 
KPV−/− cells was subjected to RNA sequencing. (A) Differentially expressed genes (DEGs) between KPV+/+ and KPV−/− cells 
were clustered using K-means clustering. (B) Genes enriched in Cluster 1 (316 genes) and Cluster 2 (588 genes) were subjected 
to GO enrichment analysis. GO Processes with FDR<0.05 are shown. GeneRatio is the number of genes present in the cluster 
that are associated with the GO process divided by the total number of genes in that GO process. (C) Expression values (counts 
per million; CPM) of select genes are shown. N=3 for each group. Data in panel C are presented as the mean ± standard 
deviation. All gene comparisons shown (KPV+/+ vs. KPV−/−) have FDR<0.05 after adjusting for multiple comparisons; therefore, 
all gene differences shown between KPV+/+ vs. KPV−/− cells are statistically significant.  
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cells (72.71 ± 3.267% versus 17.71 ± 3.267%, Figure 2.7A). To test the invasive potential of KPV+/+ 

and KPV−/− cells, a Matrigel-coated transwell assay was used to mimic invasion across the alveolar 

basement membrane. KPV+/+ cells had a 16-fold increased rate of invasion compared to KPV−/− cells 

(invasive index, 230 ± 41.76 vs. 14.58 ± 2.68, respectively, Figure 2.7B). Three-dimensional invasion 

and migration were modeled by generating KPV+/+ and KPV−/− spheroids. After 48 hours of culture 

in collagen, KPV+/+ spheroids were 4.65 times larger than KPV−/− spheroids, suggesting that, in a 

three-dimensional model, KPV−/− cells have impaired migration and invasion (Figure 2.7C). 

 

 

Withaferin A (WFA) is a steroidal lactone used as an anticancer agent in various murine tumor 

models, including breast, prostate, and ovarian cancer (109-111). WFA phosphorylates vimentin serine 

38 (Ser38) and serine 56 (Ser56), resulting in the aggregation of vimentin intermediate filaments (IFs) 

(112). To test the hypothesis that WFA disrupts vimentin IFs and impairs migration and invasion in 

vitro, we treated KPV+/+ cells and human lung adenocarcinoma (A549) cells with WFA (Figure 2.8A-

B). In untreated cells, vimentin IFs were extended to the plasma membrane from the nucleus. In 

WFA-treated cells, vimentin IFs were retracted from the plasma membrane and collapsed around the 

nucleus (Figure 2.8A-B). There was no change in vimentin protein levels in cells treated with WFA 

Figure 2.6. E-cadherin and N-cadherin expression in the lungs of KPV+/+ and KPV−/− mice. (A-B) Lungs were harvested 
from KPV+/+ and KPV−/− mice at 7 w.p.i., fixed, sectioned, and subjected to immunohistochemistry with antibodies against E-
cadherin and N-cadherin. Scale bar: 1 mm (whole lung), 100 µm (insets). Representative images (A) and quantification (B) of 
positive staining are shown (n=2-5).  
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(Figure 2.8C) (113). WFA treatment decreased KPV+/+ cell migration by ~46% (Figure 2.8D) and 

completely suppressed cell invasion (Figure 2.8E). We observed a similar trend in human-derived 

A549 cells, which exhibited a dose-dependent decrease in cell migration following treatment with 

WFA (Figure 2.8F). These data suggest that the vimentin intermediate filament network is required 

for migration and invasion in an in vitro model of NSCLC. 

 

 

Figure 2.7. Vimentin is required for in vitro cancer cell migration and invasion. (A) A scratch wound assay was used to 
evaluate cell migration. Representative images are shown at 0 and 6 hours following scratch formation. Wound area closure was 
compared to the starting value and quantified for KPV+/+ (n=11) and KPV−/− (n=17) cells; each point represents a separate 
scratch wound. (B) Cell invasion through a Matrigel-coated transwell was measured over 48 hours. Invasive index is the mean 
number of cells invaded per 20× magnification imaging field. KPV+/+ (n=9) and KPV−/− (n=11) cell invasion data are plotted so 
that each point represents data from a single transwell assay. (C) KPV+/+ and KPV−/− spheroids were suspended in type I 
collagen and spheroid growth was tracked over 48 hours. Spheroid area was quantified relative to the initial area of each 
spheroid (n=4 independent experiments). Scale bar: 200 µM. Data are presented as the mean ± standard deviation. The p-values 
were calculated using an unpaired, two-tailed t-test, except for panel C, in which data were compared using a repeated-measure 
two-way ANOVA with multiple comparisons. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
 
 



32 
 

 

2.2.5 Withaferin A treatment attenuates cancer progression 
To determine whether WFA-mediated disruption of vimentin IF impairs LUAD progression, KPV+/+ 

mice were administered WFA (4 mg/kg, QOD, p.o.) 2 weeks after Ad-Cre treatment to initiate tumor 

development (Figure 2.9A). At 6 w.p.i., WFA-treated KPV+/+ mice developed smaller tumors (tumor 

burden, 15.65 ± 2.518%) than vehicle-treated mice (tumor burden, 25.1 ± 3.842%) (Figure 2.9B). 

Lungs sections were immunostained for vimentin, TTF-1, and Ki67 (Figure 2.9C-D). Lung tumors 

from vehicle-treated KPV+/+ mice had enhanced TTF-1 and Ki67 expression. In contrast, WFA-

treated mice had reduced tumor burden with diminished TTF-1 and Ki67 expression (Figure 2.9C-

D). Additional lung tissue sections were stained with pSer56-vimentin antibody to assess the in vivo 

Figure 2.8. Withaferin A attenuates cancer cell migration and invasion. (A-B) KPV+/+ (A) or A549 (B) cells were treated 
with withaferin A (WFA; 2, 5 or 10 µM) or DMSO vehicle control for 6 hours (KPV+/+ ) or 1 hour (A549). Cells were stained 
for vimentin (white; dotted line represents cell outline). Scale: 10 µm; inset: 5 µm. (C) A549 cells were treated with WFA for 
the indicated dose and time and subject to a Western blot to detect vimentin and GAPDH. (D) KPV+/+ cells were treated with 
vehicle (n=6) or 5 µM WFA (n=4) and were subjected to a scratch wound assay. Wound area was quantified at 6 hours. (E) 
KPV+/+ cells were plated atop a Matrigel-coated transwell and were treated with vehicle control (n=6) or 5 µM WFA (n=9); 
invasion was quantified at 48 hours via invasive index as described above. (F) A549 cells were treated with DMSO control or 
with 1 or 2 µM WFA and were subjected to a scratch wound assay. After 24 hours, wound closure was assessed. Representative 
images (left) and quantitation (right) are shown. Data are presented as the mean ± standard deviation. The p-values were 
calculated using an unpaired, two-tailed t-test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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efficacy of WFA-mediated vimentin disassembly (114) (Figure 2.9E). Collectively, these data suggest 

that vimentin can be pharmacologically targeted in vivo to disrupt the ability of lung cancer cells to 

Figure 2.9. WFA treatment attenuates lung cancer progression. (A) Schematic of experimental design. KPV+/+ mice were 
treated with withaferin A (WFA; 4 mg/kg; Q.O.D., p.o.) or vehicle control (DMSO) at 2 weeks post-infection with 107 PFUs of 
adenoviral Cre. (B) Representative MRI scans show WFA-treated KPV+/+ lung tumors at 6 weeks post-infection with 107 PFUs 
of adenoviral Cre (left). Dot plot illustrates the tumor volume between WFA-treated or vehicle-treated control KPV+/+ mice 
(right). Each point represents, for one mouse, the percentage of lung area on MRI occupied by tumor, as measured using Jim 
software. (C) Lungs isolated from vehicle- or WFA-treated KPV+/+ mice at 6 weeks after adenoviral Cre infection were fixed, 
sectioned, and subjected to H&E staining and vimentin, TTF-1, and Ki67 immunohistochemical staining. Positively 
immunostained cells appear brown, and nuclei are dyed blue. Scale bars: 2 mm (whole lungs, left), 200 µM (right). (D) Slides 
were scanned and signal was quantified using Histoquest. TTF-1 and Ki67 were normalized to total lung area. Data were subject 
to an unpaired, two-tailed t-test (**p<0.01; ***p<0.001). (E) Lungs isolated from vehicle- and WFA-treated KPV+/+ mice were 
sectioned and stained for phospho-Serine56 vimentin (green) and DAPI. Scale bar: 50 µm, 5 µm (insets). Data are presented as 
the mean ± standard deviation (**p<0.01, ***p<0.001 by unpaired, two-tailed t-test).  
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invade and migrate away from the primary tumor.  

 
2.2.6 Vimentin confers cancer cell protection from ferroptosis 
KRAS-mutant lung adenocarcinoma cells were shown to be susceptible to SLC7A11 inhibitor-

induced cell death, resulting in attenuated tumor growth in vivo (99). SLC7A11 and SLC3A2 make up 

the cystine/glutamine antiporter; this transporter brings cystine into the cell, where it is immediately 

converted to cysteine, the rate-limiting precursor of the antioxidant glutathione. KPV−/− cells 

express much higher levels of Slc7a11 and Slc3a2 than KPV+/+ cells yet produce similar levels of 

SLC7A11 protein (Figure 2.10A-B). We hypothesized that upregulation of this transporter might 

lead to higher levels of glutathione in KPV−/− cells. Indeed, we identified genes involved in 

glutathione production, including Slc1a5, a glutamine transporter; Glul, the enzyme involved in the 

conversion of glutamine to glutamate; Shmt1, an enzyme required for the metabolism of serine to 

glycine; and Gclm and Gclc, enzymes involved in the conversion of glutamate to glutathione (Figure 

2.10A). Accordingly, KPV−/− cells had much higher levels of glutathione and other metabolites 

involved in its production than KPV+/+ cells (Figure 2.10C-E). To test whether KPV−/− cells rely on 

glutathione for survival, we treated the cells with BSO, a well-characterized glutathione-depleting 

agent (115). As expected, BSO treatment significantly reduced the glutathione levels compared to 

cells at baseline and abrogated the difference between KPV+/+ and KPV−/− cells (Figure 2.10E). 

Interestingly, BSO treatment caused elevated cell death in KPV−/− cells compared to KPV+/+ cells, 

suggesting that KPV−/− cells are more reliant on glutathione for survival than KPV+/+ cells (Figure 

2.11A). 
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Figure 2.10. KPV−/− cells accumulate glutathione. (A) Select gene expression values from RNA sequencing. All gene 
comparisons shown (KPV+/+ vs. KPV−/−) have FDR<0.05 after adjusting for multiple comparisons; therefore, all gene 
differences shown between KPV+/+ vs. KPV−/− cells are statistically significant. (B) SLC7A11 levels were measured by Western 
blot and normalized to an actin loading control and the average KPV+/+ control. (C-D) Differentially produced metabolites are 
plotted with each row representing z-scores for each metabolite. Metabolite data was log-transformed and then subjected to an 
unpaired two-tailed t-test; p-values were corrected for multiple comparisons. Heatmap of normalized values (z-scores) of all 
metabolites that are significantly different (C) and plots of ion count normalized to total ion count (D) are shown (all 
comparisons shown have adjusted p-value<0.05). (E) Total glutathione and GSSG were quantified in KPV+/+ and KPV−/− cells 
treated with a vehicle control or BSO for 24 hours using a luminescence-based assay (RLU = relative light units). GSH levels 
were calculated by subtracting GSSG from total glutathione. Groups were compared using a 2-way ANOVA with multiple 
comparisons. All data are presented as the mean ± standard deviation. (*p<0.05; **p<0.01; ****p<0.0001). 
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The accumulation of lipid peroxides triggers ferroptosis. Long-chain fatty acid–CoA ligase 4 

(ACSL4) promotes the incorporation of polyunsaturated fatty acids (PUFAs) into phospholipids 

(PUFA-PLs), which are oxidized into PL-PUFA-OOHs (116, 117). Acsl4 is upregulated in KPV−/− 

cells compared to KPV+/+ cells, suggesting that there may be an elevation of lipid peroxides in 

KPV−/− cells (Figure 2.11B). Using BODIPY-C11, we found that lipid peroxidation was 

significantly higher in KPV−/− cells than KPV+/+ cells under oxidative stress (Figure 2.11C). To test 

whether BSO-mediated cell death in KPV−/− cells occurred via ferroptosis, cells were treated with 

ferrostatin-1 (Fer-1), a drug that blocks lipid peroxidation. Ferrostatin-1 attenuated oxidized lipid 

levels and reduced the BSO-induced KPV−/− cell death (Figure 2.11A and C). In agreement with 

these findings, the ferroptosis biomarker Ptgs2 is upregulated in KPV−/− cells (Figure 2.11D) (118). 

Together, these results indicate that KPV−/− cells are subject to increased lipid peroxidation and 

ferroptosis under oxidative stress compared to KPV+/+ cells. 
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Figure 2.11. KPV−/− cells are susceptible to ferroptosis. (A) Cells were treated with indicated reagents for 48 hours. Cell death 
was measured through flow cytometry (n=6-8). (B) Z-scores representing gene expression data from RNA-sequencing. All gene 
comparisons shown (KPV+/+ vs. KPV−/−) have FDR<0.05 after adjusting for multiple comparisons; therefore, all gene 
differences shown between KPV+/+ vs. KPV−/− cells are statistically significant. (C) BODIPY was measured by flow cytometry 
and normalized to the average vehicle values per experiment (n=6-8). (D) GPX4 levels were measured by Western blot and 
normalized to an actin loading control and the KPV+/+ vehicle control. Quantification is from cells treated with 0.1 µM ML162; 
data was collected from three independent blots (n=3-6). (E) Lungs were harvested from KPV+/+ mice treated with WFA or 
vehicle control at 6 weeks after adenoviral Cre infection, fixed, sectioned, and subjected to anti-GPX antibody staining. Scale 
bar: 1 mm. (F) KPV+/+ and KPV−/− cells were treated with the ML162 (1 µM), DFO (100 µM), and/or Fer-1 (10 µM) for 48 
hours; cell death was quantified with an LDH assay. Groups were compared using a 2-way ANOVA with multiple comparisons. 
All data are presented as the mean ± standard deviation. (****p<0.0001). In A, C, D, and F groups were compared using a 2-
way ANOVA with multiple comparisons. All data are presented as the mean ± standard deviation. (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001). 
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Ferroptosis is regulated by extrinsic factors and intrinsic factors. The primary extrinsic 

factors include the cystine-glutathione axis and iron transport. Because of the seemingly 

contradictory evidence of increased ferroptosis despite higher levels of the protective antioxidant 

glutathione in KPV−/− cells, we explored other pathways of ferroptosis regulation, including intrinsic 

factors, namely the antioxidant molecule GPX4 and the extrinsic pathway of iron transport. 

Recently, WFA, which disrupts the vimentin intermediate filament network (Figure 2.8A-B), was 

shown to induce lipid peroxidation and ferroptosis in a murine model of neuroblastoma via an 

interaction with GPX4 (119). GPX4, a key upstream regulator of ferroptosis, is responsible for both 

converting GSH to glutathione disulfide (GSSG) and reducing phospholipid hydroperoxides (PL-

OOHs) to their corresponding alcohol (PL-OHs), thereby preventing the accumulation of lipid 

peroxides and leading to suppression of ferroptosis. We found that KPV−/− cells had reduced Gpx4 

gene expression compared to KPV+/+ cells (458.0 ± 31.0 versus 334.2 ± 12.7 CPM, respectively) 

(Figure 2.11B). GPX4 is a selenoperoxidase; its biosynthesis is regulated through the mevalonate 

pathway (120). Hmgcr and Idi1 are key components of the mevalonate pathway, giving rise to Coq10a 

and Coq10b; these genes are expressed at lower levels in KPV−/− cells compared to KPV+/+ cells 

(Figure 2.11B). GPX4 protein expression, assessed by Western blot on isolated tumor cells and 

IHC of tumors, was significantly lower in KPV−/− cells than in KPV+/+ cells and in tumors from 

WFA-treated KPV+/+ mice compared to vehicle control (Figure 2.11D-E). Treatment with ML162, 

a drug that directly targets GPX4, leads to greater loss of GPX4 in KPV−/− cells compared to 

KPV+/+ cells (Figure 2.11D). The ML162-mediated decrease of GPX4 protein expression in 

KPV−/− and KPV+/+ cells was associated with increased cell death, which was prevented by 

treatment with Fer-1 (Figure 2.11F). Interestingly, genes that promote iron metabolism like Tfrc, Ltf, 

Slc39a14, Slc25a37, Ncoa4, and Bach1 were upregulated in KPV−/− cells, while genes that decrease the 

cytosolic labile iron pool, like Ftl, Fth1, and Cisd1 were downregulated (121-124) (Figure 2.11B, 
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2.11F). In agreement with the hypothesis that iron transport also mediates ferroptosis in our system, 

ML162-induced cell death was rescued by the iron chelator desferoxamine (DFO) (Figure 2.11F). 

Together, these results show that several ferroptosis-associated pathways, including loss of intrinsic 

antioxidant molecules and upregulation of iron transport factors, are working in tandem to induce 

cell death in KPV−/− cells (Figure 2.12). Therefore, we conclude that vimentin confers protection 

against ferroptosis.  

 
2.2.7 Vimentin is required for lung cancer metastasis 
We set out to determine if vimentin is required for in vivo metastasis. The cell-autonomous ability of 

vimentin-expressing cells to metastasize was assessed using an allograft tumor model. Luc-KPV+/+ 

cells, a luciferase (Luc) expressing cell line that reproducibly colonizes to the lung following 

subcutaneous injection (125, 126), were transfected with CRISPR/Cas9 vimentin knockout plasmid 

to generate Luc-KPV−/− cells (Figure 2.13A). To determine whether an intact vimentin network is 

Figure 2.12. Vimentin confers protections from ferroptosis. A schematic model representing the ferroptosis-related 
mechanisms that are affected by loss of vimentin in KRAS-mutant, p53-null lung adenocarcinoma cells. Created 
with BioRender.com. 
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required for metastasis, we also generated Luc-KPVY117L cells, which express a mutant form of 

vimentin that cannot form full-length vimentin and instead form punctate unit-length filaments (8) 

(Figure 2.13B). Briefly, nude mice were subcutaneously injected in the right flank with either Luc-

KPV+/+, Luc-KPV−/−, or Luc-KPVY117L cells (Figure 2.13A-B). Lung radiance, flank tumor radiance, 

and flank tumor volume was measured weekly (Figure 2.13B-G). At week 4 after injection, mice 

injected with Luc-KPV+/+ cells had considerably lung tumor burdens, as assessed by IVIS imaging and 

H&E staining (Figure 2.13B-E). In contrast, Luc-KPV−/− and Luc-KPVY117L cells failed to form lung 

tumors. When quantified, the metastatic signal in the lung was significantly higher in Luc-KPV+/+ mice 

(15.3E8±18.1E8 photons•cm−2sr−1sec−1) than Luc-KPV−/− mice (0.564E7±0.754E8 

photons•cm−2sr−1sec−1) or Luc-KPVY117L mice (2.63E8±3.78E8 photons•cm−2sr−1sec−1) (Figure 

2.13E). The lungs of KPV+/+-injected mice displayed large, vimentin-positive metastatic lesions 

(Figure 2.13D). Conversely, the few metastatic tumors that formed in the lungs with KPV−/− cells 

were sparse and small; as expected, these tumors did not express vimentin. 

While there was no significant difference in flank tumor size between Luc-KPV+/+, Luc-

KPV−/−, or Luc-KPVY117L conditions at week 1, by week 2 Luc-KPV+/+ flank tumor radiance was higher 

(23.9E8±12.1E8 versus 9.10E8±4.62E8 and 8.48E8±3.97E8 photons•cm−2sr−1sec−1, respectively), 

suggesting that Luc-KPV+/+ tumors grow faster than Luc-KPV−/− and Luc-KPVY117L in vivo (Figure 

2.13E-F). To remove the effects on metastasis due to differences in proliferation, flank tumors were 

excised at week 3. The mass of excised Luc-KPV+/+ (0.859±0.344 grams) flank tumors was greater 

than Luc-KPV−/− (0.545±0.170 grams) and Luc-KPVY117L (0.611±0.212 grams) tumors (Figure 2.13G). 

Excised tumors were stained with H&E and immunostained for vimentin (Figure 2.13D). Luc-

KPV+/+ cells formed dense tumors that displayed uniform vimentin expression. Luc-KPV−/− and Luc-

KPVY117L cells also formed dense tumors; surprisingly, some cells within the tumor expressed vimentin. 

Based on their spindly or round shapes, we inferred that these cells were infiltrating fibroblasts or 
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macrophages, two cell types that canonically express vimentin. Together, we conclude that vimentin 

Figure 2.13. Vimentin is required for accelerated lung cancer metastasis. (A) Luciferase-tagged KPV+/+ (Luc-KPV+/+) cells 
were treated with CRISPR-Cas9 to knock out vimentin (Luc-KPV−/−). Cells were subjected to a Western blot and probed for 
vimentin and actin. (B-C) (Top) Luc-KPV−/− cells were transfected with vimentin-Y117L to create Luc-KPVY117L cells. Cells 
were stained with DAPI and an anti-vimentin antibody (green). Scale: 10 µm. (Bottom) A total of 1×106 KPV+/+, KPV−/−, or 
KPVY117L cells labeled with luciferase (Luc-KPV+/+, Luc-KPV−/−, and Luc-KPVY117L respectively) were injected subcutaneously 
into the right flank of nude mice. At 3 weeks post-injection, primary tumors were removed and lung metastases were tracked for 
an additional 1 week. Shown are representative IVIS  images of mice (n=9-11 per group). Shown are the coronal views (B), 
which were acquired after masking the flank tumor to minimize bleed-through of the signal, and the full-animal view (C). 
Intensity overlay shows the accumulation of luciferase-labeled cells. (D) Lungs at week 4 and excised flank tumors from week 3 
were fixed, sectioned, and subjected to H&E staining and vimentin immunohistochemical staining. Positive vimentin staining is 
brown, and nuclei are blue. Scale bars: 1 mm (whole tumor/lung, left), 100 μm (inset, right). (E) Luciferin signal was quantified 
from primary flank tumors and the lungs. (F) Flank tumor volume was measured with calipers each week. Volume was 
calculated using the formula Volume=(length2 x width)/2. For E-F, data were subjected to a two-way ANOVA with multiple 
comparisons. (G) At week 3, tumors were removed and weighed. For G, data were subjected to a one-way ANOVA with 
multiple comparisons. (*p<0.05; **p<0.01). Data are presented as the mean ± standard deviation. 
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is required for the metastatic spread of murine NSCLC cells. Furthermore, vimentin unit-length 

filaments are not sufficient to rescue metastasis. Therefore, an intact, mature vimentin intermediate 

filament network is required for NSCLC metastasis. 

 

 
2.3 Discussion 

Clinically, vimentin expression correlates with increased metastatic potential (95) (Figure 2.3), 

high nuclear grade (127), and poor overall survival across most solid tumor types, including lung, 

prostate, and breast cancers (81-83). Vimentin has also been implicated in many aspects of cancer 

initiation and progression, including tumorigenesis, EMT, and the metastatic spread of cancer (84). 

These reports often relied on in vitro experiments comparing cancer cell lines and suppressing vimentin 

expression with siRNA, shRNA, and pharmacologic agents or with cells derived from Vim−/− mice 

but lacking oncogene expression. Our data provide causal evidence that vimentin is required for the 

metastasis of Kras-mutant, Tp53-null lung cancer cells in vivo and in vitro. Data from the KPV−/− GEMM 

show that vimentin is required for metastasis and tumor progression (Figures 2.2 and 2.13), as 

KPV−/− mice had decreased lung tumor burden (Figure 2.2C-D), lower-grade tumors (Figure 2.2G), 

and no metastasis from primary tumors in the flank to the lung (Figure 2.13B-E). Consistent with 

the decreased metastatic rates, we observed a survival advantage in the KPV−/− mice (Figure 2.2B). 

These results were recapitulated in KPV+/+ mice by disrupting vimentin filaments with WFA treatment 

two weeks post-tumor initiation (Figure 2.9). Collectively, these data provide evidence that vimentin 

is integral in the progression and metastasis of lung cancer. 
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EMT is the canonical mechanism by which cancer cells lose their epithelial morphology, form 

invadopodia and degrade the surrounding basement membrane to promote the invasive spread of 

cancer (84, 89). Vimentin expression is upregulated in epithelial cells undergoing EMT in malignant 

tumors, and several studies support the notion that vimentin functions as a positive regulator of EMT 

(46, 55, 84, 86, 128). In this respect, it has been proposed that vimentin intermediate filaments provide 

a scaffold for the recruitment of transcription factors, such as Twist1 and Slug (86). Specifically, Twist1 

upregulates Cullin2 circular RNA, which absorbs vimentin-targeting miRNAs, and thus increases 

vimentin expression (88). Accordingly, we found that KPV−/− cells lack expression of Twist1 (Figure 

2.5C). Similarly, when Transforming Growth Factor (TGF)-β is used to activate Smad-mediated EMT 

in primary alveolar epithelial cells, cells undergo a rapid induction of vimentin expression regulated by 

a Smad-binding-element located in the 5′ promotor region of the Vim gene (54). Presently, we used 

Figure 2.14. Vimentin is required for many of the initiating events associated with lung cancer metastasis.  
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RNA-seq to show that KPV−/− cells derived from primary lung tumors display a distinct transcriptional 

phenotype, which is characterized by the suppression of genes directly involved in EMT (Figure 2.5).  

Collectively, these data suggest that vimentin should no longer be considered a biomarker of EMT 

but rather a required protein for transcriptional activation and interaction with transcription factors 

such Twist and Slug, which serve to induce EMT in epithelial cells. 

After a tumor cell has undergone EMT, it will invade the surrounding tissue. We previously 

reported that the transient expression of vimentin in epithelial cells, which typically express type I and 

type II keratin intermediate filaments, causes epithelial cells to be transformed into mesenchymal cells, 

which is accompanied by changes in cell shape, increased cell motility, and focal adhesion dynamics 

(54, 77). Using four different methods, we show that vimentin is required for cancer cell invasion 

across the basement membrane and through the interstitial matrix. Direct evidence supporting the 

role of vimentin in the migration of Kras-mutant, Tp53-null lung cancer cells was demonstrated by 

disrupting vimentin expression genetically (Figure 2.7A) and pharmacologically in mouse (Figure 

2.8D) and human-derived (Figure 2.8F) cancer cells resulting in impaired migration. Furthermore, 

loss of vimentin through genetic manipulation (Figure 2.7B) and pharmacological interference with 

WFA (Figure 2.8E) confers an inability of cells to invade a layer of the basement membrane. KPV−/− 

cells also fail to invade through a collagen-rich matrix in a 3-dimensional experimental model (Figure 

2.8C). Importantly, we provide evidence that vimentin is required for in vivo metastasis. In the KPV+/+ 

mice, we observed metastases in the liver at 12 weeks post-tumor induction; KPV−/− mice had no 

evidence of metastatic lesions (Figure 2.1D). To confirm this observation, we implanted cells in the 

flanks of mice. KPV+/+ cells, but not KPV−/− cells nor KPVY117L cells, were able to invade and migrate 

away from the primary tumor and seed metastatic lesions in the lung (Figure 2.13). Together, these 

results provide direct evidence that an intact vimentin intermediate filament network is required for 

the cell motility that leads to metastasis.     
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To our knowledge, this is the first report to show that vimentin protects cancer cells from 

ferroptosis (Figure 2.11). Specifically, we show that KPV−/− cells are more susceptible to BSO-

induced death than KPV+/+ cells, and that this effect can be rescued with Fer-1. Importantly, we 

show that several convergent mechanisms of ferroptosis are activated in KPV−/−, but not KPV+/+, 

cells (Figure 2.11F). These include loss of the intrinsic mechanism of GPX4-mediated protection 

from lipid peroxidation and elevation of the extrinsic mechanism of iron transport. Interestingly, 

previous studies support our findings that suggest vimentin may interact with GPX4, be involved in 

iron metabolism, and play a role in lipid droplet (LD) maintenance. A report from Hassannia et al. 

recently showed that WFA treatment, which directly targets vimentin, also binds and inactivates 

GPX4, thus inducing ferroptosis (119). In line with this finding, we show that GPX4 levels are lower 

KPV−/− cells compared to KPV+/+ cells (Figure 2.11B, 2.11D). Additionally, suppressors of the 

redox pathway upstream of GPX4 (glutathione, SLC7A11) are increased or unchanged in KPV−/− 

cells (Figure 2.10). In contrast, downstream readouts like lipid peroxidation and cell death are 

decreased (Figure 2.11A-C), suggesting that there may be a direct relationship between GPX4 and 

vimentin. Several iron-related genes, including the transferrin receptor (Trfc), Ltf, Slc39a14, Slc25a37, 

Ncoa4, and Bach1 are upregulated in KPV−/− cells (Figure 2.11B). In contrast, genes associated with 

negative regulation of the cytosolic iron pool, like Ftl, Fth1, and Cisd1 are downregulated in KPV−/− 

cells. Additionally, treating cells with the iron-chelator DFO is sufficient to rescue ML162-induced 

cell death (Figure 2.11F). In line with our findings, vimentin-knockdown regulatory T cells (T-regs) 

express higher levels of the transferrin receptor and take up more fatty acids than wildtype T-regs 

(65). However, the precise role of vimentin in iron metabolism remains to be explored. Degradation 

of LDs promotes ferroptosis (129). Interestingly, vimentin forms a cage around LDs and physically 

anchors LDs via the linker protein perilipin (14). Vimentin-null cells have smaller LDs, impaired 

lipid motility, and impaired lipolysis (16, 17). In support of the hypothesis that differences in 
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lipolysis might lead to susceptibility to ferroptosis in KPV−/− cells, we observed that Gch1, which is 

the rate-limiting enzyme of BH4-mediated lipid remodeling, and Tpd52l1, which promotes lipid 

storage, are upregulated in KPV+/+ cells compared to KPV−/− cells (129, 130) (Figure 2.11B). These 

data suggest that the interaction between vimentin and lipid droplets may mediate ferroptosis. Of 

note, many of the studies mentioned in this section were conducted in non-cancer cell types, and the 

precise role of vimentin in regulating ferroptosis in KRAS-mutant cancer remains to be identified. 

In the Kras-mutant, Tp53-null model of lung cancer, global vimentin depletion confers a 

survival advantage. Additionally, by treating KPV+/+ mice with WFA following tumor development, 

we show that the delayed tumor growth and metastasis observed when vimentin is suppressed is not 

due solely to delayed onset of tumor growth, but rather to attenuated growth kinetics in tumor cells 

that lack an intact vimentin network. Although vimentin-null mice were first reported to display no 

obvious phenotype, these data along with previous report suggest that loss of vimentin is protective 

against a range of disease states including lung cancer, acute lung injury, acute respiratory distress 

syndrome, idiopathic pulmonary fibrosis, bacterial meningitis, cerebral ischemia, and acute colitis (12, 

51, 66, 131-133). These global vimentin knockout mice lack vimentin expression in tumor cells and 

lack vimentin in the tumor microenvironment (TME). The TME, which includes immune and stromal 

cells, can promote metastasis of primary tumor cells. The cytokine interleukin 1b (IL-1b), produced 

by macrophages in the lung, is a mediator of cancer growth, metastasis, and tumor-associated 

macrophage infiltration (51, 134). Our group has reported that vimentin is required for mature IL-1b 

release (51). Because of the potential contribution of the TME in vimentin-null mice, we set out to 

ensure that vimentin is sufficient in cancer cells to promote metastasis. We injected KPV+/+ or KPV−/− 

cells into wildtype nude mice; these mice lack T cells but retain innate immune cells. We observed 

recruited mesenchymal and immune cells in subcutaneous flank tumors (Figure 2.13D), suggesting 

that the vimentin-positive TME in this model participates in growth of the primary tumor. Despite 
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being in the presence of vimentin-expressing stromal and immune cells, KPV−/− cells failed to 

metastasize. Therefore, while other groups have found that vimentin deficiency impairs function in 

cancer-associated fibroblasts and immune cells such as macrophages and T cells (46, 51, 65, 135), a 

vimentin-expressing microenvironment is not sufficient to promote metastasis in the time frame 

evaluated. To better understand how vimentin participates in different compartments of the TME, we 

recognize that animal models with immune-, mesenchymal-, and epithelial-specific deletion of 

vimentin will need to be created.  

This study fills a major gap in the literature by providing novel causal data that vimentin is 

required for the in vivo progression of NSCLC at several steps of the metastatic cascade. Importantly, 

our in vivo data validated both our in vitro data and in vitro data from previously published reports (10, 

49, 56, 89, 136, 137). Additionally, this work gives causal context to clinical data associating vimentin 

expression with tumor progression in patients (81, 95, 138). By using in vivo models and disrupting 

vimentin both genetically and pharmacologically, we have presented physiological context to these 

reports. We have identified vimentin as a new clinical target for metastatic lung cancer through this 

study. 

 
2.4 Materials and Methods 
2.4.1 Murine lung cancer model  
All animal experiments were approved by Northwestern University’s Institutional Animal Care and 

Use Committee (IACUC). Sex-matched 6–10-week-old mice were used for all in vivo experiments. 

LSL-KrasG12D/+;Tp53flox/flox (KPV+/+) mice were bred as described by DuPage and colleagues and were 

generously gifted to us by Dr. Navdeep Chandel (Northwestern University, Chicago, IL) (101). 

Vimentin-knockout mice were a gift from Albee Messing (University of Wisconsin, Madison, WI). 

Vimentin-knockout mice were crossed with KPV+/+ mice to create KPV−/− mice. KPV+/+, KPV−/−, 

and the validated Rosa26-LSL-LacZ mice were administered adenovirus expressing Cre recombinase 
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(Ad-Cre; ViraQuest) or a null adenovirus (Ad-Null) via intratracheal instillation (1 × 109 pfu unless 

otherwise noted) under isoflurane anesthesia (107). Survival was monitored daily. Weight was 

monitored weekly.   

2.4.2 Magnetic resonance imaging  
Scheduled magnetic resonance imaging (MRI) was performed at Northwestern University Center for 

Translational Imaging (Chicago, IL) via a 7-tesla system (Clinscan, Bruker) using a four-channel mouse 

body coil at set time points (2, 6, and 10 weeks after Ad-Cre administration). Mice were anesthetized 

with isoflurane (2% isoflurane in oxygen for induction, followed by 1.5–2% via nose cone for 

maintenance during imaging) to permit tolerance to imaging. Pulse oximetry and respiration were 

recorded and used to trigger the MRI to avoid motion artifacts. Turbo Multi Spin Echo imaging 

sequence was used in conjunction with respiratory triggering to acquire in vivo MRI coronal images 

covering all the lung area and portions of abdomen, including liver and kidneys (ST = 0.5 mm, In 

plane = 120 μm, TR =1000 msec, TE= 20 msec). Gradient Echo sequence was used with cardiac 

triggering (using pulse oximeter rate) covering the lung area transversally (ST = 0.5 mm, In plane = 

120 μm, TR ~20 msec, TE ~ 2 msec). Jim software was used to quantify tumor burden (Xinapse). 

2.4.3 Immunohistochemistry 
Mice were anesthetized and lungs were perfused via the right ventricle with 4% paraformaldehyde in 

phosphate-buffered saline (PBS). A 20-gauge angiocatheter was sutured into the trachea, heart and 

lungs were removed en bloc, and then lungs were inflated with 0.8 mL of 4% paraformaldehyde at a 

pressure not exceeding 16 cm H2O. Tissue was fixed in 4% paraformaldehyde in PBS overnight at 

4°C, then processed, embedded in paraffin, and sectioned (4–5 μm). Tissue sections were stained with 

hematoxylin and eosin (H&E) or used for immunohistochemistry. After rehydration, tissues were 

subjected to antigen retrieval in 10 mM sodium citrate (pH = 6.0) with 0.05% Tween-20 for 20 minutes 

at 96–98°C, followed by 20 minutes of cooling. Tissue sections were blocked in 3% hydrogen peroxide 

for 5 min, then a Vector Laboratories avidin/biotin blocking kit (SP-2001), Vectastain ABC kit (PK-
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4001), and 3,3′-diaminobenzidine (DAB) peroxidase substrate kit (SK-4100) were used according to 

the manufacturer’s protocols. Nuclei were counterstained with hematoxylin (Thermo Scientific 72604) 

and treated with bluing solution (Thermo Scientific 7301), and then coverslips were mounted with 

Cytoseal 60 (Thermo Scientific 8310-4). A TissueGnostics automated slide imaging system was used 

to acquire whole-tissue images and measure area. Human tissue was purchased in microarray format 

from Biomax (LC2083) and stained as described above. 

2.4.4 Cell isolation and culture 
KPV+/+ and KPV−/− mice were treated with Ad-Cre as described above; after 6 weeks, mice were 

sacrificed and lung tumors were excised. Tissue was dissociated into a single cell suspension in 0.2 

mg/mL DNase and 2 mg/mL collagenase D and was filtered through a 40 μm filter. Cells then 

underwent two rounds of selection. First, cells were treated with anti-CD45 magnetic beads (Miltenyi 

Biotec, 130-052-301) and were passed through a magnetic column. CD45-negative cells were then 

subjected to anti-EPCAM magnetic beads (Miltenyi Biotec, 130-105-958) and underwent positive 

selection. CD45-negative, EPCAM-positive cells were expanded in vitro and were used in experiments 

between passages 1 and 10. Cells derived from a human lung adenocarcinoma (A549) were obtained 

from the American Type Culture Collection (ATCC, Manassas, VA). All cells were maintained in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL 

penicillin, 100 µg/mL streptomycin, and HEPES buffer. All cells were grown in a humidified 

incubator of 5% CO2/95% air at 37°C. 

2.4.5 Polymerase chain reaction  
Mice were infected with Ad-Null or Ad-Cre; at 2, 8, and 12 w.p.i., mice were sacrificed and lungs were 

harvested. Lungs were lysed, and DNA was extracted and amplified by polymerase chain reaction 

(PCR) using the following primers: Kras forward, GGC CTG CTG AAA ATG ACT GAG TAT A; 

Kras reverse, CTG TAT CGT CAA GGC GCT CTT; Kras-G12D forward, 



50 
 
CTTGTGGTGGTTGGAGCTGA; and Kras-G12D reverse, TCCAAGAGACAGGTTTCTCCA. 

DNA products were run on an agarose gel and imaged with the Li-Cor Odyssey imaging system.  

2.4.6 Western blotting 
Western blot analysis was utilized to quantify protein levels in cell lysates. The protein was separated 

using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 

onto nitrocellulose membranes. Membranes were then blocked with Odyssey blocking buffer (Li-Cor 

Biosciences) and subsequently incubated with the appropriate primary antibodies overnight at 4°C. 

IRDye secondary antibodies were then used (Li-Cor Biosciences, 1:10,000) for 2 hours at room 

temperature. Images of blots were acquired using the Li-Cor Odyssey Fc Imaging System.  

2.4.7 RNA-sequencing 

Tumor cells were isolated from KPV+/+ and KPV−/− mice at 6 w.p.i. and underwent CD45-negative, 

EpCAM-positive magnetic-activated cell sorting (MACS) selection as described above. Cells were 

cultured for one passage, then lysed using RLT lysis buffer (Qiagen), and total RNA was isolated with 

the RNeasy Plus Mini Kit (Qiagen). Quality of RNA was confirmed with a TapeStation 4200 (Agilent); 

all samples had an RNA integrity number (RIN) score equal to or greater than 9.8. Next, mRNA was 

isolated via poly(A) enrichment (NEBNext). Libraries were prepared using NEBNext RNA Ultra 

chemistry (New England Biolabs). Sequencing was performed on an Illumina NextSeq 500 using a 

75-cycle single-end high-output sequencing kit. Reads were demultiplexed (bcl2fastq), and fastq files 

were aligned to the mm10 mouse reference genome with TopHat2. Htseq was used to obtain counts. 

The resulting data were filtered, and differentially expressed genes (DEGs) were identified using the 

edgeR package. DEGs were selected using a false discovery rate (FDR) cutoff of <0.05, with a 1.0-

fold change cutoff for pairwise comparison. K-means clustering and heat map visualization was 

performed using the Morpheus web tool (https://software.broadinstitute.org/morpheus). 

Enrichment analysis was performed using Gorilla (139, 140). 
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2.4.8 Withaferin A treatments 
Withaferin A (WFA) was purchased from Enzo Life Sciences and dissolved in dimethyl sulfoxide 

(DMSO; Sigma-Aldrich) to a final concentration of 5 mM unless noted otherwise. For in vivo 

experiments, jelly pellets were utilized to provide an oral, voluntary method of drug delivery. Using a 

24-well flat-bottom tissue culture plate as the jelly mold, WFA (4 mg/kg in DMSO) or vehicle control 

(DMSO only) were combined with gelatin and Splenda for flavoring as described elsewhere (141). 

Tumor development was induced with Ad-Cre as described above. Two weeks following Ad-Cre 

administration, mice were fed jelly pellets every other day for 4 weeks. Survival was tracked daily and 

weight was measured weekly. 

2.4.9 Scratch wound assay 
Cells were grown to 100% confluence in 6-well plates. A pipette tip was used to make a single scratch 

in the monolayer. The cells were washed with 1× PBS to remove debris and imaged at 0 and 6 hours. 

For WFA conditions, WFA or DMSO was added at 0 hours (when the scratch was created). Rate of 

cell migration was calculated using ImageJ software. Results were normalized to the initial wound area 

at 0 hours. 

2.4.10 Matrigel invasion assay 
Transwell inserts with 8 mm pores were coated with Matrigel (200 mg/mL), and 5 × 104 KPV+/+ or 

KPV−/− cells were seeded atop each transwell in serum-free media. For WFA experiments, cells were 

resuspended in WFA or DMSO containing media directly before being seeded in transwells. Media 

containing 10% fetal bovine serum was added to the bottom well to serve as a chemoattractant. Cells 

were placed at 37°C for 48 hours. Following incubation, the Matrigel with the cells remaining on the 

upper surface of the transwell was removed with a cotton swab. The cells remaining on the bottom 

of the membrane were fixed in 2% paraformaldehyde and incubated with Hoechst nuclear dye 

(Invitrogen; 1:10,000 in 1× PBS). Five random 10× magnification fields were imaged, and the average 

number of cells per field was quantified; this average is reported as the “invasive index.” 
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2.4.11 Spheroid culture 
Spheroids were generated as described by Gilbert-Ross et al. (142). Briefly, cells were grown in 

Nunclon Sphera 96-well plates (Thermo-Fisher Scientific) at a concentration of 3000 cells per well. 

After 3 days in culture, cells were transferred using a wide-bore pipette tip to 2 mg/mL collagen 

(Corning) in 4-well LabTek plates (Nunc). Collagen was allowed to gel at 37°C for 1 hour; then, 

complete media was added to the spheroids. Gels were imaged using a Ti2 widefield microscope 

(Nikon) at 0, 24, and 48 hours. Spheroid area was quantified using Fiji software. Reported spheroid 

area values are normalized to 0-hour spheroid area of the same spheroid. 

2.4.12 Metabolomics 

KPV+/+ and KPV−/− cells were grown in 6-well plates. High-performance liquid chromatography 

(HPLC) grade methanol (80% in water) was added to cells, and plates were incubated at −80°C for 

20 minutes. Lysates were collected and centrifuged, and the supernatant was collected and analyzed 

by High-Performance Liquid Chromatography and High-Resolution Mass Spectrometry and Tandem 

Mass Spectrometry (HPLC-MS/MS). Specifically, system consisted of a Thermo Q-Exactive in line 

with an electrospray source and an Ultimate3000 (Thermo) series HPLC consisting of a binary pump, 

degasser, and auto-sampler outfitted with a Xbridge Amide column (Waters; dimensions of 4.6 mm 

× 100 mm and a 3.5 µm particle size). The mobile phase A contained 95% (vol/vol) water, 5% 

(vol/vol) acetonitrile, 20 mM ammonium hydroxide, 20 mM ammonium acetate, pH = 9.0; B was 

100% Acetonitrile. The gradient was as following: 0 min, 15% A; 2.5 min, 30% A; 7 min, 43% A; 16 

min, 62% A; 16.1-18 min, 75% A; 18-25 min, 15% A with a flow rate of 400 μL/min. The capillary 

of the ESI source was set to 275 °C, with sheath gas at 45 arbitrary units, auxiliary gas at 5 arbitrary 

units and the spray voltage at 4.0 kV.  In positive/negative polarity switching mode, an m/z scan range 

from 70 to 850 was chosen and MS1 data was collected at a resolution of 70,000. The automatic gain 

control (AGC) target was set at 1 × 106 and the maximum injection time was 200 ms. The top 5 
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precursor ions were subsequently fragmented, in a data-dependent manner, using the higher energy 

collisional dissociation (HCD) cell set to 30% normalized collision energy in MS2 at a resolution power 

of 17,500. Besides matching m/z, metabolites are identified by matching retention time with analytical 

standards and/or MS2 fragmentation pattern. Data acquisition and analysis were carried out by 

Xcalibur 4.1 software and Tracefinder 4.1 software, respectively (both from Thermo Fisher Scientific). 

For each sample, peak area of each metabolite was normalized to total ion count per sample. Data 

were log-transformed and compared with a two-tailed, unpaired t-test. Data was analyzed with 

MetaboAnalyst software (143). 

2.4.13 Preparation of cells for subcutaneous flank injection 

KPV+/+ cells labeled with luciferase (Luc-KPV+/+ cells) were a generous gift from Dr. Navdeep 

Chandel. To create Luc-KPV−/− cells, Luc-KPV+/+ cells were transfected with a commercially available 

CRISPR/Cas9 vimentin knockout plasmid according to manufacturer’s directions (Santa Cruz 

Biotechnology sc-423676). Luc-KPVY117L cells were created as previously described (8). 

2.4.14 Tracking of tumor growth in subcutaneous flank injection model 
Male nude (NU/J) mice were purchased from Jackson Laboratories; 8–12-week-old mice were 

anesthetized with 2% isoflurane in oxygen and were given a subcutaneous injection of cells (1 × 106 

cells in 100 μL of 1× PBS) on their right flanks. Weight and tumor volume were monitored weekly. 

For IVIS imaging, mice were injected with 150 mg of D-luciferin per kilogram of body weight 

(PerkinElmer 770504). After 10 minutes, IVIS images were captured. At week 3 post-injection, tumors 

were removed. Briefly, mice were anesthetized with ketamine (100 mg/kg body weight) and xylazine 

(10 mg/kg body weight). Tumor area was disinfected with 70% ethanol and iodide solution. Tumors 

were excised and placed in 4% paraformaldehyde for immunohistochemistry. Wounds were closed 

with simple interrupted nylon sutures (Ethilon). Mice were monitored until they recovered from 
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anesthesia; they were then housed singly and treated with Meloxicam as an analgesic. The following 

week, mice underwent a final IVIS imaging session and were sacrificed.  

2.4.15 Immunofluorescence confocal microscopy 
Cells were grown on no. 1 glass coverslips for all immunofluorescent immunocytochemistry 

experiments. Following treatment, KPV+/+ and KPV−/− cells were fixed in methanol for 3–5 minutes. 

A549 cells were fixed with 2% paraformaldehyde for 7–10 minutes. KPV+/+ and KPV−/− cells were 

blocked in 5% normal goat serum (NGS) for 1 hour at room temperature. A549 cells were blocked 

with 1.5% NGS for 30 minutes at 37°C. Cells were then treated with the indicated primary antibodies 

overnight at 4°C. Cells were washed twice in PBS with 0.10% Tween-20 for 3 minutes each and treated 

with secondary antibodies conjugated with Alexa Fluor 488 (Invitrogen A-11039, 1:200) and/or Alexa 

Fluor 568 (Invitrogen A-11004, 1:200), as well as Hoechst nuclear dye (Invitrogen H3570, 1:10,000). 

Coverslips were mounted and sealed. A Nikon A1R+ laser scanning confocal microscope equipped 

with a 60× and 100× objective lens was used to acquire images. For experiments with A549 cells, a 

Zeiss LSM 510 laser scanning confocal microscope equipped with a 63× objective lens was used to 

acquire images. Nikon NIS-Elements software and ImageJ were used for image processing. 

2.4.16 Flow cytometry 
Cells were plated in 12-well plates overnight at a density of 0.5x105 cells/well. Cells were then treated 

with BSO (1 mM) and/or Fer-1 (20 mM) for 48 hours. To accurately measure cell death, we collected 

the supernatant and all washes in addition to the adherent cells. Briefly, cells were washed with 1X 

PBS, trypsinized, and suspended in media. Cells were then stained with C-11 BODIPY 581/591 

(ThermoFisher) according to the manufacturer’s instructions. Finally, cells were stained with Ghost 

Dye Red 780 (Tonbo Biosciences) and analyzed by flow cytometry immediately. 

2.4.17 Reagents 
 

Antibody 
Target Company Host Species Clone Catalog 

Number Use 
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Actin Santa Cruz 
Biotechnology Mouse C-2 sc-8432 WB 

Actin Santa Cruz 
Biotechnology Goat C-11 sc-1615 WB 

E-cadherin Santa Cruz 
Biotechnology Rabbit H-108 sc-7870 WB 

GAPDH Cell Signaling 
Technology Rabbit 14C10 2118 WB 

GPX4 Abcam Rabbit EPNCIR144 ab125066 WB 

Keratin Fitzgerald Mouse Ks8.7 10R-C177ax IF 
Ki67 Abcam Rabbit polyclonal ab66155 IHC 
Kras Abcam Rabbit polyclonal ab180772 WB 

N-cadherin Calbiochem Rabbit polyclonal 205606 WB 

pERK1/2 Cell Signaling 
Technology Rabbit D13.14.4E 4370 IHC 

Ras(G12D) NewEast 
Biosciences Mouse  26036 WB 

SLC7A11 Invitrogen Rabbit polyclonal PA1-16893 WB 

TTF-1 Abcam Rabbit EPR8190 ab133638 IHC 

Vimentin Abcam Rabbit EPR3776 ab92547 IHC, IF 

Vimentin Biolegend Chicken Poly29191 919101 IF 

Vimentin Cell Signaling 
Technology Rabbit R28 3932 IF  

Vimentin Sigma-Aldrich Mouse V9 V6630 WB 
Vimentin 
(phospho-

Ser55) 
Abcam Mouse 4A4 ab22651 IF 
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Chapter 3. Vimentin is required for rapid blood clot formation. 
3.1 Background 

Following injury, hemostasis must occur to initiate wound healing. Endothelial cells secrete 

von Willebrand factor (vWF), a glycoprotein that activates formation of the platelet plug. 

Additionally, denuded endothelial cells expose collagen I to the blood vessel; platelets can bind 

directly to collagen through GP VI and GP Ia/IIa or to collagen-bound vWF via GP Ib-V-IX (144). 

Activated platelets upregulate integrins which strengthen platelet adhesion to fibrinogen, fibronectin, 

and vWF (145). Activated platelets also undergo degranulation, releasing vWF, ADP, fibrinogen, and 

other procoagulants. The coagulation cascade, initiated by tissue factor-induced thrombin activation, 

leads to the formation of fibrin from circulating fibrinogen. Individual platelets can kink fibrin 

filaments, leading to compaction of the fibrin network and formation of platelet clusters. This 

process is actomyosin- and αIIbβ3-integrin-dependent (146). Once a blood clot has formed, the entire 

clot contracts, thereby stabilizing the clot and allowing for restored blood flow past an otherwise 

obstructive thrombus.  

Under normal conditions, tissues exist under a mechanical equilibrium, balancing forces like 

blood pressure, fluid shear stress, tissue stiffness, and fluid (147). Following injury, cells participating 

in hemostasis must maintain this mechanical equilibrium by sensing and modulating their 

environment. The primary drivers of changes in clot mechanics are fibrin and platelets. Fibrin fibers 

undergo strain stiffening, align in response to force, and form viscoelastic networks (148-150). 

Platelets are mechanoresponsive: they undergo more spread on surfaces with less fibrinogen and 

higher stiffnesses (151-153). Additionally, as substrate stiffness increases, platelets exert higher 

pulling forces (154). These feedback loops create a viscoelastic clot that ultimately restores 

mechanical homeostasis to the damaged tissue.  
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Vimentin is a cytoskeletal protein that, like fibrin, forms viscoelastic networks that undergo 

strain stiffening (73). While the roles of actin and non-muscle myosin are well-defined in platelet 

biology, other cytoskeletal elements, like the vimentin intermediate filament network, are less 

understood despite their expression in platelets (155, 156). Several reports have indicated a role for 

vimentin in hemostasis, especially in the early events of the platelet plug. For example, under high 

shear stress conditions, vimentin on the cell surface binds vWF, strengthening the binding of 

platelets to the vessel wall (157). This cell surface vimentin also complexes with vitronectin and type 

1 plasminogen activator inhibitor, ultimately contributing to inhibition of fibrinolysis (158). 

However, no studies have fully characterized the contribution of vimentin to the mechanical 

properties of blood clots after formation. Therefore, we set out to identify how vimentin contributes 

to the viscoelasticity of clots. We found that vimentin increases both elasticity and viscosity of clots, 

and that vimentin-null clots are less contractile than WT clots. These clot properties ultimately lead 

to delayed clotting in vimentin knockout (Vim KO) compared to wildtype (WT) mice.  

 

3.2 Results 

3.2.1 Vimentin is ubiquitously expressed in platelets and undergoes a change in architecture 

during platelet activation 

Resting platelets circulate in the blood as biconcave discs (Figure 3.1A). Platelets express actin and 

vimentin ubiquitously (Figure 3.1A-C). Interestingly, about 25% of resting human-derived platelets 

express vimentin in its filamentous and particulate form, while the other 75% only express punctate 

vimentin (Figure 3.1A). Platelets were cultured on glass for one hour to induce activation. When 

activated, platelets undergo cytoskeletal reorganization and change shape, dramatically increasing 

their surface area (Figure 3.1B). Of note, this activation is marked by a reorganization of vimentin 

entirely into its particle form in both human- and murine-derived platelets (Figure 3.1B-C). Platelets 
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interact with their environment via two distinct protrusions: lamellipodia and filopodia (159). 

Lamellipodia are spread, actin-cross linked projections, while filopodia are thin, actin-bundled 

protrusions. Interestingly, vimentin is present in both lamellipodia and filopodia, yet it does not 

colocalize with actin filaments.   

3.2.2 Vimentin knockout platelets undergo less cell spreading than WT platelets 

Resting platelets are, on average, 2-3 µm in diameter. Following activation, their diameter increases 

to about 10 µm (Figure 3.1A-B). Larger platelets have greater surface area with which to bind to the 

vessel wall and to fibrinogen (160). Additionally, larger platelets have more phosphorylated proteins 

following thrombin stimulation, as well as a greater level of absolute proteins, ATP, and glycogen 

Figure 3.1. Vimentin is present in platelets and facilitates cell spread. (A) Human isolated resting platelets were fixed and 
stained for vimentin and F-actin. (B) Human platelets were cultured on glass coverslips for one hour and stained for vimentin 
and F-actin. (C) WT mouse platelets were cultured on fibrinogen for 90 minutes and stained for vimentin and F-actin. (D) WT 
and vimentin KO platelets were cultured on fibrinogen for 90 minutes and stained for F-actin. Platelet area was quantified and 
data were subject to an unpaired, two-tailed t-test (**p<0.01). 
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(161, 162). Together, these data indicate size of platelets positively correlates with hemostatic 

potential (163). We cultured platelets isolated from WT or Vim KO mice on fibrinogen for 90 

minutes to induce activation, then stained for actin and quantified cell size. Interestingly, Vim KO 

platelets are significantly smaller in area then WT platelets, indicating that Vim KO platelets undergo 

less cell spread.  

3.2.3 Clots from vimentin knockout mice are less contractile than clots from WT mice 

Because of our finding that Vim KO platelets undergo less cell spread than WT platelets, we set out 

to identify whether Vim KO clots also undergo less contraction. We isolated platelet-rich plasma 

(PRP) from WT and Vim KO mice, induced clot formation with CaCl2 and thrombin, and traced 

clot contraction over 1800 seconds (Figure 3.2A). We analyzed the kinetics of clot contraction and 

observed three distinct phases (Figure 3.2A-B) as previously described (146). Interestingly, these 

phases were the same for both WT and Vim KO conditions (t1: WT=3.0 min, Vim KO = 3.1 min; 

t2: WT=7.6 min, Vim KO = 7.6 min), indicating that Vim KO clots do not form more slowly than 

WT clots. However, Vim KO clots display lower rates of contraction, especially at the “active 

contraction” (mean SD vs mean SD) and “final contraction” (mean SD vs mean SD) phases. In 

addition, total contraction is lower for Vim KO clots compared to WT clots. At the endpoint of the 

experiment, WT clots have contracted about 30%, while Vim KO clots have only contracted about 

20%. Together, these results show that, while the relative kinetics of clot contraction are unchanged, 

Vim KO clots undergo less contraction than WT clots.  
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We also used a rheological approach to better characterize the mechanical properties of the 

mouse-derived thrombi. Briefly, we induced clot formation of platelet-rich plasma within a parallel 

plate rheometer. We imposed a sinusoidal oscillatory shear strain and measured the stress exerted by 

the clot over a 50-minute period. This normal force, which directly measures the contraction of clot, 

increased for both WT and Vim KO clots for about 40 minutes before plateauing. However, 

compared to WT clots, Vim KO clots displayed lower normal forces over the entire course of the 

measurement. Additionally, Vim KO clots exerted a normal force at 40 minutes that was 

approximately 6-fold lower than the force exerted by WT clots. By imaging and direct contraction 

measurements, we conclude that Vim KO clots are less contractile than WT clots.  

Figure 3.2. Vim KO clots are less contractile than WT clots. (A) Whole blood contraction kinetic curves (symbols) for 
platelet-rich plasma from WT and Vim KO mice. First derivative of the contraction curve (dashed line) reveals three phases of 
clot contraction. (B) Kinetic parameters of the three phases of clot contraction. 
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3.2.4 Vimentin-knockout blood forms less viscoelastic clots than WT blood 

Blood clots are canonically viscoelastic, meaning they possess time-dependent mechanical 

properties. To characterize the viscoelasticity of these clots, we measured the phase shift in shear 

stress response to determine the storage (G’) and loss (G’’) moduli (Figure 3.3B-C). Storage 

modulus, which describes the elastic properties of the material, increased for both WT and Vim KO 

clots over the entire time course (Figure 3.3B). Vim KO clots displayed a 1.6-fold lower G’, and 

therefore lower elasticity, over the course of clotting compared to WT clots. Therefore, Vim KO 

clots are less elastic than WT clots. 

 

Figure 3.3. Vim KO clots are less elastic and less viscous than WT clots. Parallel plate rheometry was used to measure 
temporal changes in clot mechanics. (A) Dynamic contractile force generated by blood clots from platelet rich plasma isolated 
from either WT or Vim KO mice. (B-D) The storage modulus (G’) (B), loss modulus (G’’) (C), and ratio between the two 
moduli (D) were measured (n = 3). 
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The viscous portion of the clot, described by G’’, increased for both conditions in the first 

200 seconds before reaching a plateau (Figure 3.3C). Throughout the course of the experiment, 

Vim KO clots displayed a 3.6-fold lower G’’ than WT clots, indicating that WT blood forms more 

viscous clots than Vim KO blood.  

The damping factor of a viscoelastic material is characterized as the ratio of G’’ to G’ and 

describes the degree of viscous to elastic properties a material displays. Both WT and Vim KO clots 

have G’’/G’ values under 1, indicating that both groups behave as a primarily elastic material over 

the course of clotting (Figure 3.3D). This value decreased more rapidly in Vim KO clots than in 

WT clots and was 2.2-times lower in Vim KO clots at the experimental endpoint. This suggests that 

vimentin may play a role in the dissipation of mechanical energy within blood clots.  

3.2.5 WT mice form clots in vivo more rapidly than Vim KO mice 

To determine whether clotting differences in vitro mirror in vivo differences in hemostasis, we 

employed a mouse model to study clotting times. Briefly, tails of WT or Vim KO mice were snipped 

and the time to bleeding cessation was measured. Vim KO mice displayed significantly longer 

bleeding times than WT mice (324.8±157.9 s vs. 179.7±112.5 s) (Figure 3.4A). Accordingly, Vim 

Figure 3.4. Vim KO mice have delayed bleeding cessation. WT and Vim KO mice were subject to a tail bleed assay. (A) 
Elapsed time between injury and first instance of bleeding cessation was measured. (B) Blood was collected and measured as 
OD575 absorbance. Data were subject to an unpaired, two-tailed t-test with *p<0.05, **p<0.01. Data are presented as the mean 
± standard deviation. 
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KO mice also lost more blood than WT mice (Figure 3.4B). Together, these data show that 

vimentin is required for rapid hemostasis in vivo. 

 

3.3 Discussion 

In the present study, we found that blood from Vim KO mice forms clots that are less 

viscous, less elastic, and less contractile. In vivo, this corresponds to delayed clotting times in Vim 

KO compared to WT mice. This study identifies vimentin as a key player in hemostasis, highlighting 

its potential as molecular target in clotting diseases. 

While we now know that vimentin is required for proper clotting, it is still unclear the 

mechanism by which it promotes hemostasis. We present two mechanisms by which vimentin could 

be contributing to clotting. The first is that vimentin is required for individual platelet contractility. 

We observe a change in vimentin architecture following platelet activation (Figure 3.1A-B). 

Vimentin aligns forces during mesenchymal cell migration, and it could play a similar role during 

platelet contraction (49). Additionally, the smaller size of Vim KO platelets could correspond with a 

decreased ability to exert force (Figure 3.1D). The second possible mechanism is that extracellular 

vimentin is binding platelets and encouraging their aggregation. This hypothesis is supported by 

increasing evidence that extracellular vimentin exists on the platelet surface and circulating in the 

serum (157, 158, 164, 165). Of note, circulating levels of vimentin are associated with a higher risk of 

stroke (166). It is therefore possible that extracellular vimentin acts along with fibrin as an additional 

polymer network to which platelets bind. Further study is needed to determine whether one or both 

mechanisms play a role in clot formation and contraction. 

In summary, we have begun to characterize the role of vimentin in blood clot mechanics. 

Identifying the mechanism by which vimentin acts will determine the types of therapy that can be 

employed. For example, endogenous vimentin expression would require a therapy targeting vimentin 
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in platelets or megakaryocytes, while extracellular vimentin could be targeted through a blocking 

antibody. Together, this represents an exciting step in characterizing clot mechanics and ultimately 

improving patient outcomes. 

 

3.4 Materials and Methods 

3.4.1 Platelet isolation and culture 
Whole blood was drawn by venipuncture into 3.8% trisodium citrate (9:1 v/v) from healthy 

volunteers not taking aspirin or other medications known to affect platelet function for at least 10 

days. Informed consent was obtained in accordance with a protocol approved by the University of 

Pennsylvania Institutional Review Board. To obtain platelet-rich plasma (PRP), citrated blood was 

centrifuged at 210xg at 25°C for 15 min. PRP samples were kept at room temperature and studied 

within 4 hours of blood collection. 

Vimentin knockout (Vim KO) 129/Sv6 mice were a generous gift from Albee Messing 

(Madison, WI). Blood from 129/Sv6 WT and Vim KO mice was collected using cardiac puncture 

and stabilized with 3.2% trisodium citrate (9:1 v/v). Blood was treated with CaCl2 (2 mM) and 

thrombin (5 U/mL) to form clots. 

3.4.2 Immunocytochemistry 
Human platelets were cultured on glass and stained with anti-vimentin (Novus Biologicals, NB300-

223). Then, cells were stained with an Alexa Fluor 488 secondary antibody and Alexa Fluor 594-

phalloidin to probe for F-actin. Mouse platelets were cultured on fibrinogen (200 µg/mL) for 90 

minutes then fixed and stained. Slides were imaged with a Zeiss 880 Airyscan confocal microscope. 

3.4.3 Rheometry 
Viscoelastic properties of whole blood clots were characterized using an AR-G2 rheometer. 100 µL 

of blood was treated with CaCl2 and thrombin to form clots in a 300 µm gap between horizontal 
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parallel plates. To prevent liquid evaporation, a thin layer of silicon oil was applied at the edge of the 

clot. During a strain-controlled test, the rheometer imposed a sinusoidal oscillatory shear strain on 

the clot sample in the form of g = g0 sin(vt), where v is the frequency and g0 is the strain amplitude, 

and the shear stress s required to impose such a deformation was measured. For a linear viscoelastic 

material, shear stress is a sinusoidal function with some phase shift d, i.e. s = s0 sin(vt+d), where 

s0 is the shear stress amplitude. The elastic response of the clot is characterized by the shear elastic 

modulus, G’, corresponding to the part of shear stress, which isin phase with strain and is calculated 

as G’ = (s0/g0)cos(d). The viscous response of the clot to applied shear is quantified in terms of the 

shear loss modulus, G’’, calculated as the out-of-phase part of the stress as G’’ = (s0/g0)sin(d). To 

probe a clot’s shear stress-strain response, the shear strain of 3% at the oscillatory frequency of 1 Hz 

was applied to a 20 mm upper plate of the rheometer to produce a linear stress-strain response. The 

storage modulus (G’), the loss modulus (G’’), and the normal force were measured during the 

oscillatory test for 3000 seconds. 

3.4.4 Contraction of blood clots 
Clot size changes were tracked by measuring temporal alterations of clot-induced light scattering 

followed by image analysis of the serial images acquired by a thrombodynamics Analyzer System 

(Hemacore, Moscow, Russia). Clots were formed in plastic cuvettes with walls coated in 4% v/v 

Triton X-100 in PBS; clotting was initiated with CaCl2 (2 mM) and thrombin (5 U/mL). 80 µL of 

blood was transferred to cuvettes and imaged using a CCD camera every 15 seconds for 30 minutes. 

Image sequence was analyzed computationally to measure lag time, area under the curve, relative 

clot size at end point, and average velocity.  

3.4.5 Tail bleed assay 
Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). The distal 2 mm of the 

tail was cut with a fresh razor blade and the tail was immediately placed in 37°C 1X PBS. The time 
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to the first instance of bleeding cessation was recorded. The collected blood was centrifuged at 

250xg for 15 minutes and resuspended in erythrocyte lysis buffer. Hemoglobin was measured as 

OD575. 
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Chapter 4. Design of an inflammasome-targeting nanotherapeutic. 

4.1 Background 

Acute respiratory distress syndrome (ARDS) is a prevalent and deadly disease, resulting in 

approximately 10% of intensive care unit admissions globally, with 75,000 deaths per year in the US 

(167). Despite its prevalence, there is no cure for ARDS and therapy is limited to supportive care. A 

wide range of insults, including bacterial and viral infections, can cause acute lung injury (ALI) which 

can ultimately lead to ARDS. While inflammation is critical to clear pathogens, prolonged 

inflammation can lead to tissue damage, which, in the lung, leads to dysregulated blood oxygenation 

and can ultimately cause organ failure and death. Most ARDS deaths occur days to weeks after 

disease onset, yet there are no viable treatment options that target mechanisms that are active in this 

late stage of inflammation. 

ALI occurs when an insult damages the epithelial layer in the alveoli. This injury leads to 

recruitment of immune cells, which secrete pro-inflammatory factors. One of these factors, IL-1β, is 

critical to prolonging this inflammatory phase. Of note, transient expression of IL-1β is sufficient to 

cause lung injury (62). Therefore, interrupting IL-1β release is an attractive route for therapy. 

Our group found that vimentin knockout (Vim KO) mice challenged with several inducers of ALI 

(LPS, influenza, bleomycin, asbestos) are protected from lung injury (51). Specifically, vimentin is 

required for formation of the NLRP3 inflammasome, which is needed for production of IL-1β. 

Monocyte-derived alveolar macrophages (MoAMs) are the key player in potentiating this signal, and 

specifically knocking out vimentin in these cells is sufficient to prolong survival following influenza 

infection (51, 168). 

We therefore set out to design a therapy that could disrupt vimentin assembly in MoAMs to 

improve ARDS/ALI outcomes. To this end, we employed Five1 and WFA, two well-characterized 
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drugs that cause vimentin intermediate filament (VIF) disassembly (112-114, 133, 169, 170). 

However, Five1 and WFA are both insoluble in water, making them hard to deliver. We used an 

established nanocarrier formula to solve this delivery issue. Five1 or WFA was encapsulated in the 

amphiphilic diblock copolymer poly(ethylene glycol)-block-poly(propylene sufide) (PEG-b-PPS) 

(171). This material is composed of a hydrophilic polymer, PEG, and a hydrophobic portion, PPS. 

PEG is already FDA-approved and is commonly used to mask nanoparticles, which leads to greater 

half-lives of the particles (172). PPS is advantageous because it disassembles under oxidative 

conditions (such as those in the endolysosome), allowing for release of its cargo inside the cell (173). 

Compared to free drug, PEG-b-PPS nanocarriers can increase bioavailability, in vivo half-life, and cell 

uptake (174, 175). Additionally, PEG-b-PPS micelles are taken up preferentially by macrophages 

compared to dendritic cells, neutrophils, lymphocytes, and NK cells (176). Furthermore, PEG-b-

PPS nanostructures are non-toxic in mice and non-human primates, making them an appealing 

avenue for therapy (177). 

We designed PEG-b-PPS micelles that disrupt VIF assembly in murine macrophages. We 

show that, in vitro, PEG-b-PPS micelles loaded with Five1 can effectively suppress IL-1β release 

from macrophages. This proof-of-principle study marks the first step in creating novel treatments 

for ARDS.  

4.2 Results 

4.2.1 Five1 and WFA inhibit formation of the NLRP3 inflammasome. 

Five1 and WFA cause VIF disassembly by inducing vimentin phosphorylation at serine-55 (114, 

169). We confirmed vimentin disassembly in BMDMs treated with both agents (Figure 4.1A). 

Following treatment with either Five1 or WFA, vimentin becomes phosphorylated at Ser-55 and the 

vimentin network collapses around the nucleus.  
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Figure 4.1. Five1 and WFA decrease IL-1β release in BMDMs. (A) BMDMs treated with Five1 or WFA and were stained 
with antibodies against vimentin and phospho-Vim-Ser55. (B-E) BMDMs were treated for 24 hours with LPS and Five1 (B) or 
WFA (C); ATP was added for 4 additional hours. IL-1β released in the supernatant was measured via ELISA (B-C). Cell death 
was measured at the tested concentrations (D-E). Groups were compared to the vehicle control and subject to a two-tailed t-test. 
Data are presented as mean ± SD. 
 



70 
 

Inflammasome activation requires two signaling events to occur. The first (signal 1) is an 

inflammatory stimulus that upregulates transcription of pro-IL-1β. The second signal (signal 2) is 

required for formation of the inflammasome complex, caspase-1 activation, and IL-1β maturation. 

To test whether pharmacologically disassembling vimentin leads to suppression of IL-1β release, we 

first induced NLRP3 inflammasome activation in BMDMs. To this end, BMDMs were treated with 

Five1 and WFA in combination with LPS for 24 hours to initiate signal 1. ATP (signal 2) was added 

for the last 4 hours and the IL-1β in the supernatant was measured. MCC950 was added as a control. 

Five1 displayed a dose-dependent decrease in IL-1β, with an IC50 of 1.22 μM (Figure 4.1B). 

However, even at the highest dose (100 μM), Five1 did not completely suppress IL-1β production. 

WFA also caused a dose-dependent decrease in IL-1β with an IC50 of 0.1729 μM, about 10-fold 

lower than the IC50 of Five1 (Figure 4.1C). Interestingly, WFA caused complete suppression of IL-

1β at the highest tested dose (0.5 μM). We next tested whether Five1 or WFA induced cell death in 

BMDMs. Importantly, we used BMDMs derived from 129Sv/6 mice; these mice have an 

inactivating mutation in caspase-11 which eliminates their ability to undergo cell death in response to 

IL-1β signaling (178). Therefore, any cell death observed would be from the drug treatment, and not 

from inflammasome activation. Additionally, we used BMDMs from Vim KO mice as a negative 

control to test whether cell death was vimentin dependent. We did not observe any difference in cell 

death in the Five1 treated conditions compared to vehicle controls or in WT compared to Vim KO 

cells (Figure 4.1D). While not significant, cell death increased slightly in WFA-treated cells at 0.25 

μM compared to vehicle control and was slightly higher in WT compared to Vim KO cells, 

suggesting that WFA causes cell death by a vimentin-dependent mechanism. However, the IC50 for 

WFA was lower than the dose that caused cell death, so we concluded that the IC50 for WFA was 

appropriate for the next steps. 
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4.2.2 Design of a Five1 micelle. 

Because of the negligible effect of Five1 on cell death, we decided to load Five1 in PEG-b-PPS 

micelles. First, we performed a wavelength sweep of Five1 to determine if it had a unique 

absorbance that would allow us to measure its loading efficiency. We found that the peak 

absorbance of Five1 is at 337 nm, and that Five1 can be detected at a concentration as low as 0.125 

mg/mL (Figure 4.2A). We used thin film (TF) and flash nanoprecipitation (FNP) to fabricate 

Five1-loaded micelles (Five1-MCs) dendritic cell activation (179). DiI, a lipophilic fluorophore, was 

added during fabrication as well. We then lyophilized and dissolved the micelles and measured the 

amount of drug that was loaded. We found that TF resulted in a loading efficiency of 

12.878±7.145%, while FNP resulted in a loading efficiency of 40.283±23.406%. Therefore, we used 

FNP to fabricate micelles. 

 

4.2.3 Five1-MCs decrease IL-1β release in BMDMs. 

To first assess whether BMDMs take up MCs, we treated BMDMs with blank MCs and measured 

their uptake by flow cytometry. About 14.5% of BMDMs take up micelles at a 1:50 concentration 

(Figure 4.3A). MCs were then loaded with a range of Five1 concentrations; the final concentrations 

Figure 4.2. Five1 is encapsulated via flash nanoprecipitation. (A) Five1 was resuspended in DMF at the concentrations 
shown and its absorbance was measured over the full spectrum (200-800 nm). (B) The absorbance of Five1 at 337 nm was 
measured and was plotted against the known concentration. Linear regression was used to interpolate a standard curve. (C) 
Following micelle formulation using either thin film (TF) or flash nanoprecipitation (FNP), micelles were dissolved to 
solubilize the loaded drug. Using the absorbance measurements, loading efficiency was calculated. Data in (C) are presented as 
the mean ± SD. 
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were calculated using the absorbance method described above. We used 3 final concentrations: 0.57 

μM, 5.7 μM, and 57.0 μM. These Five1-MCs were then further diluted in media (1:5-1:100) and 

added, along with LPS, to the BMDMs. Following incubation with ATP, we collected the 

supernatant and analyzed IL-1β release (Figure 4.3B). Interestingly, under low MC dilutions (1:5, 

1:10, 1:20), we observed no difference between blank-MC- and any of the Five1-MC-treated 

Figure 4.3. Five1-MCs suppress IL-1β release in BMDMs. BMDMs were treated with Five1-MCs and LPS for 24 hours and 
treated with ATP for 4 hours. (A) BMDMs were subject to flow cytometry. The gating strategy is shown. MCs contain a Cy3 
tag. BMDMs were either untreated or treated with blank micelles and Cy3 signal was detected. (B) Three different 
concentrations of Five1 were loaded in micelles; cells were then treated with varying dilutions of Five1-MCs in media 
containing LPS. Following ATP treatment, IL-1β levels in the supernatant were measured by ELISA. (C) Cell death was 
measured by flow cytometry.  
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conditions. Of note, blank-MC suppressed IL-1β release at these low dilutions. However, at higher 

particle dilutions, treatment with blank-MCs resulted in high levels of IL-1β release (between 2000-

3500 pg/mL). In the 1:50 and 1:100 treatment groups, Five1-MCs decreased IL-1β release in a 

concentration-dependent manner. Importantly, we observed no significant cell death in the Five1-

MC-treated cells, indicating that the MCs are nontoxic to BMDMs, even at high media levels. 

Together, we provide proof-of-principle evidence that Five1-MCs can suppress IL-1β release from 

BMDMs in culture without causing cell death. 

 

4.3 Discussion 

Here, we designed a Five1-MC that suppresses IL-1β release by causing vimentin 

disassembly. We show that these MCs get taken up by macrophages and do not cause cell death in 

vitro. Additionally, we have identified an IC50 for Five1 and WFA and show that WFA has the 

capacity to completely suppress IL-1β. Finally, we have optimized an in vitro dosing strategy for 

Five1-MCs.  

Interestingly, we observed very low levels of IL-1β when BMDMs were treated with high 

concentrations of blank particles. This is surprising because we expect the MCs alone to not affect 

NLRP3 inflammasome function. Therefore, we expect that the MCs are directly binding to LPS and 

blocking its uptake by cells. Without this signal 1, the inflammasome does not become activated and 

IL-1β is not released. Therefore, we must be mindful that MCs are not quenching LPS in vitro when 

designing further experiments. 

This project requires in vivo validation. To this end, we plan to infect mice with influenza A 

(IAV); the mortality rate of IAV-induced ARDS is approaching 40%, making treatment of IAV-

induced lung injury a critical clinical target (180-183). We plan to assess the in vivo efficacy of 

therapeutic Five1-MCs following IAV infection. Additionally, we will characterize cell uptake to 
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ensure that Five1-MCs are being taken up preferentially by alveolar macrophages. If Five1-MCs are 

taken up by off-target cells, we can modify their surface to actively target macrophages (184). For 

example, we can add ligands specific to receptors expressed by macrophages such as mannose 

receptors, Fc receptors, or scavenger receptors (185). These experiments will allow us to identify 

whether this is a clinically feasible approach to treating IAV-induced ARDS. 

 

4.4 Materials and Methods 

4.4.1 Cell isolation and culture.  
BMDMs were isolated from bone marrow extracted from 129/Sv6 mice and purified through a 

Ficoll-Paque gradient. Cells were differentiated to macrophages in DMEM containing 20% fetal 

bovine serum and 30% L929 cell supernatant for 5 days as described by Barish et al. (186).  

BMDMs were plated overnight in a 96-well plate at a concentration of 100,000 cells/well. Cells were 

washed with 1X PBS and treated with LPS (100 ng/mL) and the indicated drugs for 4 hours. ATP 

(5 mM) was added directly to the cells for an additional half hour. 

4.4.2 Immunocytochemistry.  
BMDMs were cultured on glass coverslips as described above and treated with the indicated 

reagents for 24 hours. Cells were fixed in methanol at -30C for 5 minutes then incubated with 

primary antibodies overnight (Anti-vimentin Thermo/Invitrogen PA1-10003, polyclonal chicken, 

1:1000; anti-phospho-vimentin S55 antibody: Abcam ab22651, monoclonal mouse, 1:100). 

Secondary antibodies were added for two hours (Alexa Fluor 488 goat anti-chicken [GAC] IgY 

H+L, Life Technologies A11039, 1:200; Alexa Fluor 568 goat anti-mouse [GAM] IgG H+L, Life 

Technologies A11004, 1:200) then coverslips were mounted in DAPI-containing mounting media. 

Cells were imaged with a Nikon A1R Spectral microscope. 
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4.4.3 Enzyme-linked absorbance assay (ELISA) 
At experimental endpoints, cell supernatant was collected and subject to an ELISA to probe for IL-

1β (Invitrogen) subject to manufacturer’s instructions. 

4.4.4 LDH Assay 
Cell death was measured using the Cytotoxicity Detection Kit-Plus LDH Kit (Roche). Cells were 

incubated with LPS and indicated concentrations of Five1 or WFA for 24 hours, with ATP added 

for the final 4 hours. Cells treated with 2% Triton X-100 for 1 hour were used as a high control. 

Media alone was used as the low control. Cell viability was calculated as 

!"#!$%&!'()*	,)*-!.*/0	1/'($/*
2%32	1/'($/*.*/0	1/'($/*

	𝑥	100%. 

4.4.5 Five1-MC fabrication 
Thin film hydration was conducted as previously described (174). For thin film (TF) hydration, 10 

mg of polymer with 0.0625% by weight of hydrophilic DiI and stock Five1 (225 mg, 22.5 mg, or 

2.25 mg) were dissolved in 1 mL of DCM (4.5 mg/mL). The organic phase was vacuum-desiccated 

overnight in glass HPLC vials, forming a thin film on the surface. Thin films were hydrated with 1X 

PBS and agitated overnight at room temperature to form Five1-loaded micelles (Five1-MCs). 

Samples were filtered through Sephadex LH-20 hydrophobic resin and washed with 1X PBS to 

remove free drug. Micelles were fabricated via flash nanoprecipitation following established methods 

(174, 187, 188). 20 mg polymer with 0.0625% by weight of DiI and Five1 (225 mg, 22.5 mg, or 2.25 

mg) were solubilized in THF (4.5 mg/mL). Separate syringes were loaded with either the DiI-Five1-

THF organic phase or 1X PBS in equal volumes and anchored to a confined impingement jet block 

(189). The phases were mixed in the block and the resulting micelles were collected in 1X PBS, 

desiccated overnight, filtered through Sephadex LH-20 resin, and washed with 1X PBS. 

4.4.6 Flow cytometry 
At experimental endpoints, cells were collected and stained with Ghost Dye Red780 viability dye 

(Tonbo Biosciences). Samples were analyzed on a 3C.A1 LSR Fortessa 1 Analyzer (RHLCCC). 
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Gating was performed to exclude debris and doublets. Dead cells were detected with the APC-Cy7 

filter and DiI+ micelles were detected with the Cy3 filter. Cy3 is shown on live cells.  

 

Chapter 5. Future directions. 
5.5 Vimentin in fibrosis: a potential role for mechanosensing. 
Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease that is incurable due to the 

formation of scar tissue and resulting impaired lung function. Approximately 130,000 Americans 

suffer from IPF, with an estimated 50,000 new cases diagnosed each year. Mortality rates from IPF 

have increased significantly in recent years, thereby increasing the demand for pulmonary fibrosis 

research. Although it is well accepted that fibrosis is a central component of pathogenesis in IPF, the 

mechanisms that orchestrate fibrotic processes are poorly defined and represent a major knowledge 

gap in the field. The development of novel anti-fibrotic therapy will depend on better understanding 

of molecular mechanisms that contribute to fibrosis-associated fibroblast and myofibroblast cell 

accumulation. 

In IPF, a buildup of connective tissue in the small airways causes the alveolar walls to 

become stiff, which limits proper oxygen diffusion into the bloodstream. Myofibroblasts are the 

main effector cell in IPF; they are defined by their expression of α-smooth muscle actin (α-SMA), 

high levels of collagen synthesis, and invasive phenotype. When activated from their fibroblast 

progenitors, myofibroblasts migrate to fibrotic lesions and synthesize a stiff, collagen-rich 

extracellular matrix (ECM). In turn, myofibroblasts respond to their stiff environment by 

synthesizing more ECM and becoming more migratory (190). This positive feedback loop between 

myofibroblasts and the fibrotic extracellular matrix sustains and amplifies fibrosis. The development 

of novel therapeutic approaches for IPF would be greatly facilitated by mechanistic understanding of 

the aberrant behavior of the lung mesenchymal cells that accumulate and drive IPF pathogenesis. 
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Vimentin is a type III intermediate filament that is expressed in mesenchymal cells, such as 

fibroblasts and myofibroblasts. However, the function of vimentin has not been identified in adult 

fibrotic lung diseases. We previously reported that vimentin-null mice were protected from 

bleomycin-induced pulmonary fibrosis (51). Specifically, we demonstrated that bleomycin-treated, 

vimentin-null mice had decreased collagen deposition and reduced lung stiffness compared to wild-

type mice. In addition, our preliminary data provides direct clinical evidence of vimentin 

upregulation in lung mesenchymal cells derived from fibrotic lesions in patients with IPF (Figure 

5.1A-B). Collectively, these results suggest that vimentin 

functions as a positive regulator of ECM production and 

myofibroblast activation in pulmonary fibrosis.  

We propose to study the role of vimentin in 

pulmonary fibrosis, with an emphasis on the role of 

vimentin in myofibroblasts. Previous studies have 

highlighted the role of vimentin in cell motility and collagen 

production, two important facets of lung mesenchymal cells 

that drive IPF pathogenesis. Specifically, vimentin promotes 

fibroblast migration and collagen contraction (47). 

Vimentin also binds and stabilizes Col1a1 and Col1a2 

mRNA (56). Furthermore, vimentin intermediate filaments 

have unique mechanical properties through which they 

respond to the extracellular environment: they are 

flexible, can resist breakage under high 

mechanical strains, and can increase cell stiffness 

in response to mechanical stress (73, 191). The 

Figure 5.1. Increased ⍺-SMA and stable vimentin 
expression in IPF-derived fibroblasts. (A) 
Representative images of ⍺-SMA (green) and 
vimentin (red) expression in healthy and IPF lung 
fibroblasts. (B) Western blot of ⍺-SMA and vimentin 
in lung fibroblasts derived from healthy and IPF 
patients. GAPDH and actin are used as lane loading 
controls. 
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role of vimentin in cell motility and collagen production may be directly dependent on its distinct 

mechanical properties.  

Table 5.1. Methods for evaluating lung injury and fibrosis. 
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We hypothesize that vimentin is required by fibroblasts for development of pulmonary 

fibrosis through regulation of the stiffness-mediated differentiation of fibroblasts to myofibroblasts. 

We first aim to test the requirement of fibroblast vimentin expression in promoting lung fibrosis. To 

this end, we created a mouse in which we can conditionally knockout vimentin in fibroblasts. These 

mice were created by crossing the Vimfl/fl mouse with a mouse that expresses estrogen-receptor-

restricted Cre recombinase driven by the Col1a2 promoter (Col1a2-CreERT+/–). Col1a2 is a gene that 

codes for type I collagen; it is expressed in fibroblasts and is upregulated in lung injury (192). We 

plan to administer bleomycin to these mice and characterize their outcomes as described in Table 

5.1. By comparing mice with WT versus Vim KO fibroblasts, we can evaluate myofibroblast 

differentiation in the absence of vimentin and determine if vimentin is required by mesenchymal 

cells for the development of lung fibrosis. 

 We next aim to identify if vimentin is required for stiffness-induced myofibroblast 

differentiation. While stiff tissue has traditionally been considered merely a consequence of fibrosis, 

recent evidence suggests that it is sufficient to cause myofibroblast differentiation and is thus a key 

driver of IPF (190, 193-195). Additionally, the mechanical properties of vimentin are important for 

cell function. Vimentin filaments can withstand large strains without rupturing and can cause cells to 

stiffen at high levels of stress (73, 191). In addition, exposure to stiff substrates causes a change in 

vimentin organization: filament networks dissociate into soluble subunits that can serve as signaling 

molecules (196). Because of vimentin’s unique response to cellular stress, we hypothesize that 

vimentin is necessary for stiffness-mediated myofibroblast differentiation. To test this hypothesis, 

we will create tunable polyacrylamide (PA) gels as described previously (197). We will fabricate 

substrates with elastic moduli within the range of healthy (E=0.5 kPa) and fibrotic (E=20 kPa) 

stiffnesses (193). PA gels will then be coated with a thin layer of collagen I which will provide cells 
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physiologically relevant binding sites, while preserving the stiffness of the underlying PA. We can 

then culture WT and Vim KO (or normal and CRISPR-edited human cells) on these PA gels of 

varying stiffnesses and evaluate outcomes of myofibroblast differentiation, including gene 

expression profiles, collagen production, and cell motility. Together, these experiments will allow us 

how vimentin is involved in myofibroblast signaling in response to stiffness. 

 The existing paradigm of myofibroblast differentiation lacks a detailed explanation of how 

fibroblasts differentiate into pathogenic myofibroblasts in response to substrate stiffness. We 

hypothesize that vimentin is the missing link between substrate stiffness and myofibroblast 

differentiation. Importantly, these proposed experiments aim to identify key molecular targets to 

expand understanding of fibrosis and ultimately to improve treatment options for patients with IPF. 
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