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Abstract 1 

Vimentin, a type III intermediate filament, is highly expressed in aggressive epithelial 2 

cancers and is associated with increased rates of metastasis. We show that vimentin is causally 3 

required for lung cancer metastasis using a genetic mouse model of lung adenocarcinoma (LSL-4 

KrasG12D;Tp53fl/fl, termed KPV+/+) crossed with vimentin-null mice (thereby creating KPV−/− mice). 5 

Both KPV+/+ and KPV−/− mice developed lung tumors, yet KPV−/− mice had delayed tumorigenesis 6 

and prolonged survival. KPV+/+ cells implanted in the flank metastasized to the lung while KPV−/− 7 

cells did not, providing additional evidence that vimentin is required for metastasis. Differential 8 

expression analysis of RNA-seq data demonstrated that KPV−/− cells had suppressed expression 9 

of genes that drive epithelial-to-mesenchymal transition, migration, and invasion, processes that 10 

are critical to the metastatic cascade. Integrative metabolomic and transcriptomic analysis 11 

revealed altered glutaminolysis, with KPV−/− cells accumulating glutathione, leading to impaired 12 

cell motility in response to oxidative stress. Together, these results show that loss of vimentin 13 

impairs epithelial-to-mesenchymal transition and regulation of the oxidative stress response, 14 

resulting in decreased metastasis in murine lung adenocarcinoma.  15 

 16 

 17 

18 
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Introduction 19 

Non-small-cell lung cancers (NSCLCs) represent 80% of all lung cancers and are often 20 

diagnosed at more advanced stages of the disease resulting in high rates of mortality (1). 21 

Adenocarcinoma is the most common subtype of NSCLC and is characterized by activating 22 

mutations in the Kras proto-oncogene in up to 30% of diagnoses and by inactivating mutations in 23 

the tumor suppressor gene Tp53 in up to 60% of diagnoses (2-5). Despite the prevalence of lung 24 

adenocarcinoma, the metastatic mechanisms that drive lung cancer progression are incompletely 25 

understood.  26 

 The type III intermediate filament vimentin is associated with increased metastatic spread 27 

and lower rates of survival in patients with NSCLC (6-8). Vimentin is a canonical marker of 28 

epithelial-to-mesenchymal transition (EMT), an initiating event of the metastatic cascade (9). EMT 29 

is the process by which epithelial cells remodel cell-cell and cell-extracellular-matrix (ECM) 30 

contacts, lose their apical-basal polarity, and adopt the spindle-shaped morphology associated 31 

with a mesenchymal cell phenotype (10). During EMT, cells undergo a downregulation of 32 

epithelial cell associated genes, including E-cadherin and cytokeratins, and an upregulation of 33 

mesenchymal cell associated genes, including N-cadherin and vimentin. In addition to acting as 34 

a marker of EMT, vimentin is functionally involved in EMT. Structurally, vimentin intermediate 35 

filaments control cell shape, and thus facilitate the transition toward a mesenchymal phenotype 36 

(11). Twist1, a transcription factor critical to EMT, upregulates vimentin expression (12). Vimentin 37 

also serves as a scaffold for Slug, another transcription factor that regulates EMT (13). Ultimately, 38 

EMT leads to an increase in epithelial-derived cell motility, which marks the first step in cancer 39 

metastasis. Our laboratory has previously shown that vimentin is required for the EMT-like 40 

process responsible for epithelial wound repair (14). In addition to its role in EMT, vimentin 41 

cooperates with actin and microtubules to mediate invasion across the basement membrane and 42 

migration through the collagen-rich interstitial space. Cancer cells form invadopodia, 43 

proteolytically active plasma membrane projections that break down the basement membrane 44 
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(15). Through an indirect interaction with actin, vimentin intermediate filaments participate in the 45 

elongation of invadopodia, which allows cells to traverse the basement membrane and escape 46 

from the primary tumor site toward the nearest capillary. As a cell begins to migrate, vimentin is 47 

crucial for the development of cellular polarity, which is necessary for the efficient migration of 48 

tumor cells (16). This cancer cell migration is mediated through activation of the PI3K/Akt 49 

pathway. Within this signaling cascade, Akt1 phosphorylates vimentin, which leads to 50 

downstream increases in cell motility by protecting vimentin filaments from proteolysis (17). When 51 

the PI3K/Akt pathway is blocked, vimentin expression is attenuated; this decrease in vimentin is 52 

associated with a lower rate of pulmonary metastases in a murine breast cancer model (18). 53 

Together, these mechanisms are responsible for a decrease in migration, invasion, and 54 

metastasis conferred by a loss of vimentin in lung, breast, head and neck, and bone cancer cells 55 

(11, 17-24). 56 

 Although numerous studies have provided correlative data and in vitro data to establish 57 

the link between vimentin and aspects of the metastatic cascade, none have provided evidence 58 

to suggest that vimentin plays a causal role in NSCLC metastasis. Therefore, we set out to 59 

characterize the role of vimentin in NSCLC metastasis using a genetically engineered mouse 60 

model (GEMM). In the present study, we used the well-established LSL-KrasG12D;Tp53fl/fl (KPV+/+) 61 

mouse model, which reliably recapitulates human NSCLC in pathology, disease progression, 62 

clinical outcome, and response to therapies (25). To identify the role of vimentin in lung 63 

adenocarcinoma, we crossed this GEMM with the global vimentin knockout (Vim−/−), thereby 64 

creating KPV−/− mice (26).  65 

In this study, we show that KPV−/− mice have reduced lung tumor burden and increased 66 

rates of survival compared to KPV+/+ mice. Of note, KPV−/− cells have significantly impaired 67 

metastatic potential. Mechanistically, we find that KPV−/− cells display impaired EMT; RNA 68 

sequencing (RNA-seq) and cell motility assays reveal that KPV−/− cells fail to adopt a 69 

mesenchymal phenotype while KPV+/+ cells do. Our data suggest that the targeted loss of vimentin 70 
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may serve as a therapeutic strategy by which to disrupt the development of lung adenocarcinoma 71 

and suppress metastasis.   72 

 73 

Results 74 

Generation of an LSL-KrasG12D/+;Tp53fl/fl;Vim−/− (KPV−/−) genetically engineered mouse 75 

model 76 

Tumorigenesis and metastasis are well characterized in the LSL-KrasG12D/+;Tp53fl/fl (KPV+/+) 77 

GEMM (25). When adenoviral Cre recombinase (Ad-Cre) is delivered intratracheally to KPV+/+ 78 

mice, tumors develop as early as 2 weeks post-infection (wpi) (25). This model recapitulates the 79 

highly invasive nature of lung adenocarcinoma with ~50% of mice developing metastatic lesions 80 

in the mediastinal lymph nodes and the pleural spaces of the thoracic cavity (27). We crossed a 81 

global vimentin knockout mouse to the KPV+/+ mouse to create the KPV−/− mouse (26) (SI 82 

Appendix, S1A). This novel KPV−/− mouse lacks vimentin expression throughout the lungs at 83 

baseline (SI Appendix, S1B). Following Ad-Cre administration, disruption of the Kras allele and 84 

accumulation of mutant KRAS protein was validated by reverse transcription polymerase chain 85 

reaction (RT-PCR) and Western blot, respectively (SI Appendix, S1C-D). Rosa26-LSL-LacZ 86 

reporter mice were used to validate the intratracheal delivery of Ad-Cre (28). Mice infected with 87 

Ad-Cre demonstrated homogenous, positive lacZ expression, while mice treated with adenoviral 88 

null construct (Ad-null) did not express lacZ (SI Appendix, S1E). These results demonstrate the 89 

utility of a novel KPV−/− GEMM to define a causal role of vimentin in lung adenocarcinoma 90 

metastasis.  91 

 92 

Vimentin deficiency increases survival and reduces tumor burden  93 

Weight loss, also termed “cancer cachexia,” is a common manifestation of morbidity in human 94 

cancer patients and is associated with a poor prognosis in patients with advanced disease. KPV+/+ 95 

and KPV−/− mice were administered Ad-Cre and their weight was recorded weekly. KPV+/+ mice 96 
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showed a rapid and profound decline in total body weight starting at 4 wpi, while KPV−/− mice did 97 

not exhibit weight loss until 9 wpi, suggesting less advanced disease in the vimentin-deficient 98 

mice (Figure 1A). KPV−/− mice lived significantly longer than KPV+/+ mice, with a median survival 99 

of 15.5 wpi compared to 10 wpi in the KPV+/+ mice (Figure 1B). Lung tumor development was 100 

confirmed in KPV+/+ and KPV−/− mice using magnetic resonance imaging (MRI). At 6 wpi, KPV−/− 101 

mice had an average lung tumor burden of 7.5%, which was significantly lower than that of 37% 102 

seen in KPV+/+ mice (Figure 1C, SI Appendix, S2A). Lungs were harvested, fixed, and stained 103 

with hematoxylin and eosin (H&E). KPV+/+ mice displayed a greater increase in hyperplastic 104 

lesions at 8 wpi (36 ± 5 hyperplasias per KPV+/+ mouse vs. 14 ± 2 hyperplasias per KPV−/− mouse). 105 

At 12 wpi, KPV+/+ mice displayed increased numbers of both adenomas and adenocarcinomas 106 

(6.3 ± 1.8 adenomas and 1.2 ± 0.2 adenocarcinomas per KPV+/+ mouse) compared to KPV−/− mice 107 

(1.6 ± 1.0 adenomas and 0.04 ± 0.02 adenocarcinomas per KPV−/− mouse) (SI Appendix, S2B). 108 

Together, these data suggest that tumor progression is suppressed by the loss of vimentin in 109 

KPV−/− mice. Immunohistochemistry (IHC) staining for vimentin, TTF-1, and Ki67 was performed 110 

on serial sections of lung tissue from KPV+/+ and KPV−/− mice at 6 wpi. Vimentin was expressed 111 

in KPV+/+ tumors and normal adjacent lung tissue, but was not expressed in KPV−/− lung tissue 112 

(Figure 1D). TTF-1 is a biomarker associated with lung adenocarcinoma (29). KPV−/− mice had 113 

fewer TTF-1-positive cells, and clusters of TTF-1-positive cells were smaller than those observed 114 

in KPV+/+ lungs. KPV+/+ and KPV−/− mice displayed positive Ki67 staining, which was mainly 115 

associated with tumor cells, with no apparent difference in quantity or localization of the dividing 116 

cells as determined by Ki67 staining (Figure 1E). Mutant KRAS activates the RAF–MEK–ERK 117 

pathway, which is involved in cancer cell proliferation and survival (30). IHC revealed similar levels 118 

of pERK1/2 staining between KPV+/+ and KPV−/− mice, suggesting that mutant KRAS expression 119 

was activated in KPV+/+ and KPV−/− mice (SI Appendix, S2C). Because infiltrating immune cells 120 

can serve as tumor suppressors or promotors, we evaluated the presence of immune cells by IHC 121 

staining with an antibody against CD45 (SI Appendix, S2C). Strikingly, lung tissue from KPV−/− 122 
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mice had fewer CD45-positive stained cells than did KPV+/+ mice. Finally, by 12 wpi, KPV+/+ mice 123 

accumulated mutant Kras transcripts in the liver while KPV−/− mice did not, suggesting that 124 

vimentin-expressing cells form metastatic lesions (Supplemental Figure 1C). Together, these 125 

data suggest that loss of vimentin suppresses tumor development in this mouse model of lung 126 

adenocarcinoma, which leads to prolonged survival.  127 

 128 

Transcriptional profiling reveals a less differentiated cancer phenotype in vimentin-null 129 

cancer cells 130 

To better understand how vimentin is involved in the molecular pathways of lung adenocarcinoma, 131 

we used RNA-seq to identify genes that have altered expression in the absence of vimentin. To 132 

this end, epithelial-derived cancer cells (CD45-negative, EpCAM-positive) were isolated from 133 

KPV+/+ and KPV−/− lungs at 6 wpi with Ad-Cre (hereafter referred to as KPV+/+ and KPV−/− cells). 134 

The absence of vimentin in KPV−/− cells was confirmed via Western blot and immunofluorescence 135 

staining (SI Appendix, S1F and G). We isolated messenger RNA (mRNA) from KPV+/+ and 136 

KPV−/− cells and performed RNA-seq. Samples clustered together via principal component 137 

analysis (PCA) and Pearson’s correlation with no outlying data points (SI Appendix, S3A and 138 

B). A majority of the sample variance (97.6%) could be attributed to the loss of vimentin in KPV−/− 139 

cells (SI Appendix, S3A). There were 904 differentially expressed genes (DEGs) between the 140 

KPV+/+ and KPV−/− cells (SI Appendix, S3C). Of these, 316 genes were upregulated (Cluster 1) 141 

and 588 genes were downregulated (Cluster 2) in KPV+/+ cells compared to KPV−/− cells (Figure 142 

2A). To characterize these genes, we performed Gene Ontology (GO) enrichment. Of note, 143 

epithelial cell differentiation and cell adhesion genes were upregulated in KPV−/− cells while cell 144 

migration and mesenchymal cell proliferation genes were downregulated in KPV−/− cells. When 145 

we explored the DEGs that contribute to these pathways, we found that several EMT-associated 146 

genes are upregulated in KPV+/+ cells. These include Twist1 and Cdh2, the gene that codes for 147 

N-cadherin (Figure 2B). This finding was confirmed by Western blot, which showed an increase 148 
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in N-cadherin in KPV+/+ cells compared to KPV−/− cells (SI Appendix, 1F). In contrast, genes 149 

associated with epithelial cell phenotype, including claudins Cldn2, Cldn8, and Cldn18, as well as 150 

the cytokeratins Krt4, Krt20, and Krt23, were upregulated in KPV−/− cells. These data suggest that 151 

KPV−/− cells retain the phenotype associated with their alveolar epithelial cell origin and fail to 152 

upregulate key mesenchymal genes that confer metastatic potential. Therefore, KPV−/− cells lack 153 

key mesenchymal features that KPV+/+ cells adopt. Invasion is potentiated by matrix 154 

metalloproteases (MMPs), which break down the basement membrane, allowing cells to move 155 

toward adjacent capillaries. Mmp11, Mmp15, and Mmp24 are upregulated in KPV+/+ cells (Figure 156 

2B). To cross the basement membrane, cells must form invadopodia, a process that relies on 157 

vimentin (15). Accordingly, invadopodia-associated genes (Arpc2, Arpc5, Arpc5l, and Actr2) are 158 

downregulated in KPV−/− cells (Figure 2B). Cells must then migrate across a collagen-rich 159 

interstitial space to reach the bloodstream. This process is coordinated by chemokines (Cxcl12), 160 

integrins (Itga5 and Itgb5), and alterations in the ECM (Lama3, Lamb3, Lamc2, and Fn1); these 161 

genes are significantly downregulated in KPV−/− cells compared to KPV+/+ cells (Figure 2B). 162 

Together, these results suggest that vimentin is involved in the early cellular events that lead to 163 

metastasis. 164 

 165 

An intact vimentin network is required for cancer cell migration and invasion 166 

Based on the observation that cell motility pathways are downregulated in KPV−/− cells compared 167 

to KPV+/+ cells, we set out to test whether vimentin is required for the cell-intrinsic motility 168 

properties that are necessary for lung cancer cell metastasis. KPV+/+ and KPV−/− cells were 169 

subjected to several motility assays that mimic the transit patterns a lung cancer cell undergoes 170 

during metastasis. To evaluate migration, a scratch wound healing assay was performed (Figure 171 

3A). Within 6 hours, KPV+/+ cells had closed the majority of the wound area (72.71 ± 3.267%). In 172 

contrast, KPV−/− cells closed only 17.71 ± 3.267% of the denuded area. To test the invasive 173 
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potential of KPV+/+ and KPV−/− cells, a Matrigel-coated transwell assay was used to mimic invasion 174 

across the alveolar basement membrane. KPV+/+ cells had a 16-fold increased rate of invasion as 175 

compared to KPV−/− cells (invasive index, 230 ± 41.76 vs. 14.58 ± 2.68, respectively) (Figure 3B). 176 

Three-dimensional invasion was modeled by generating KPV+/+ and KPV−/− spheroids and 177 

tracking the invasion of cells through collagen gels. KPV+/+ spheroids grew 4.65 times larger than 178 

KPV−/− spheroids, suggesting that, in a three-dimensional model, KPV−/− cells have impaired 179 

migration and invasion (Figure 3C). Given these results, we conclude that vimentin is required 180 

for migration and invasion in this model of lung adenocarcinoma. 181 

Withaferin A (WFA) is a steroidal lactone that has been validated as an anticancer agent 182 

in a range of murine tumor models, including breast, prostate, and ovarian cancer (31-33). WFA 183 

causes vimentin aggregation in cells by promoting phosphorylation at serine 38 (Ser38) and 184 

serine 56 (Ser56) (34). We set out to determine whether WFA-mediated disruption of the vimentin 185 

intermediate filament network affects lung adenocarcinoma cell metastasis. To test the hypothesis 186 

that the vimentin intermediate filament network is sufficient for migration and invasion in vitro, we 187 

treated KPV+/+ cells and human lung adenocarcinoma (A549) cells with WFA. The vimentin 188 

intermediate filament network, which extends from the nucleus to the plasma membrane, was 189 

retracted from the plasma membrane and collapsed around the nucleus following treatment with 190 

WFA, with no change in vimentin protein expression (Figure 3D, Supplemental S4A-B) (35). 191 

WFA treatment decreased KPV+/+ migration in a scratch wound assay by ~46% (Figure 3F). 192 

Similarly, cell invasion was completely suppressed following treatment with WFA (Figure 3G). 193 

We observed a similar trend in human-derived A549 cells, which exhibited a dose-dependent 194 

decrease in cell migration following treatment with WFA (SI Appendix, S3C). These data suggest 195 

that disruption of the vimentin intermediate filament network impairs lung adenocarcinoma cell 196 

motility.  197 

 198 

Withaferin A treatment attenuates cancer progression 199 
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We set out to determine whether WFA-mediated disruption of the vimentin intermediate filament 200 

network affects lung adenocarcinoma progression. Mice were administered Ad-Cre to initiate 201 

tumor development; at 2 wpi, KPV+/+ mice were administered WFA (4 mg/kg, Q.O.D, p.o.)  (Figure 202 

4A). At 6 wpi, KPV+/+ mice that were given WFA had developed smaller tumors (tumor burden, 203 

15.65 ± 2.518%) than had vehicle-treated mice (tumor burden, 25.1 ± 3.842%) (Figure 4B). Lungs 204 

were harvested, fixed, and stained with H&E and immunostained for vimentin, TTF-1, and Ki67. 205 

Vehicle-treated KPV+/+ mice had enhanced TTF-1 and Ki67 staining associated with lung tumors. 206 

In contrast, WFA-treated mice had reduced tumor burden with diminished TTF-1 and Ki67 staining 207 

(Figure 4C). Collectively, these data suggest that vimentin can be pharmacologically targeted to 208 

disrupt the ability of lung cancer cells to invade and migrate away from the primary tumor.  209 

  210 

Vimentin-null cancer cells accumulate glutathione   211 

Glutathione is an antioxidant that neutralizes reactive oxygen species (ROS) and thus regulates 212 

cellular response to oxidative stress. We identified genes involved in glutathione and serine 213 

metabolic processes that were significantly upregulated in KPV−/− cells compared to KPV+/+ cells 214 

(Figure 2A). Furthermore, genes associated with glycolysis are positively enriched in KPV−/− cells 215 

while genes associated with oxidative phosphorylation are negatively enriched in KPV−/− cells (SI 216 

Appendix, S3D). To better understand how the loss of vimentin leads to changes in the metabolic 217 

landscape, we performed metabolomics analysis on KPV+/+ and KPV−/− cells. In KPV−/− cells, 218 

glutathione and several metabolites involved in in its production were upregulated compared to 219 

KPV+/+ cells; these other metabolites include serine, glycine, glutamate, glutamine, and 220 

cystathionine (Figure 5A). By interrogating our RNA-seq data, we identified significantly 221 

upregulated genes that correspond to an increased production of glutathione in KPV−/− cells. 222 

These include: Slc1a5, a glutamine transporter; Shmt1, an enzyme required for metabolism of 223 

serine to glycine; and Gclm and Gclc, enzymes involved in the conversion of glutamate to 224 

glutathione (Figure 2A, Figure 5C). The RNA-seq and metabolomics findings are summarized in 225 
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Figure 5D and show that, compared to KPV+/+ cells, KPV−/− cells have elevated levels of 226 

metabolites and genes involved in the production of glutathione. 227 

 228 

Hypoxia-mediated cell migration is dependent on vimentin 229 

Based on the finding that KPV−/− cells produce higher levels of glutathione than do KPV+/+ cells, 230 

we hypothesized that vimentin is involved in the lung adenocarcinoma response to oxidative 231 

stress. Vimentin is involved in a ROS negative feedback loop: high levels of ROS increase 232 

vimentin expression, and vimentin filaments protect cells from oxidative damage and lead to 233 

decreased production of ROS (36-38). Compared to KPV+/+ cells, KPV−/− cells produce high levels 234 

of hypoxia-inducible factor 1-alpha (Hif1a), the master regulator of the cellular response to 235 

hypoxia (Figure 5C). Hypoxia occurs when tumors outgrow their blood supply and the overall 236 

amount of oxygen available for cancer cell respiration decreases (39). Hypoxic environments 237 

cause mitochondria to produce ROS, which can promote EMT and metastasis (40-42). Exposure 238 

to hypoxia in vitro does not change overall vimentin protein content of A549 cells (Figure 6A). 239 

However, hypoxia impacts the organization of the vimentin intermediate filament network in a 240 

similar manner as WFA treatment (Figure 6B). Under normoxic conditions, vimentin filaments 241 

extend from the nucleus to the periphery of the cell. In contrast, hypoxia causes retraction of 242 

vimentin intermediate filaments from the plasma membrane and formation of disassembled 243 

“squiggles” at the cell edge. To test the functional outcomes of this shift in architecture, we 244 

subjected wild-type (Vim+/+) and Vimentin knockdown (VimKD) cells to motility assays (Figure 6C). 245 

Under hypoxia, Vim+/+ cells have ~1.43 times greater wound closure than under normoxic 246 

conditions. VimKD have impaired wound closure under hypoxia compared to normoxia, with a 247 

relative migration rate of 0.73 times their rate under normoxic conditions (Figure 6D). Similarly, 248 

the invasive index of Vim+/+ cells is 3.33 times higher under hypoxic conditions compared to 249 

normoxic conditions, an increase that was not observed with VimKD cells (Figure 6E). For both 250 

migration and invasion assays, hypoxia led to significantly higher rates of motility in KPV+/+ cells 251 
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compared to VimKD cells. Hypoxia activates the PI3K/Akt pathway (43). Accordingly, we observed 252 

an accumulation of phosphorylated Akt (pAkt) over 24 hours of exposure to hypoxia (Figure 6F). 253 

However, in the absence of vimentin, pAkt levels decreased (Figure 6G). To identify whether 254 

vimentin and pAkt physically interact, we performed immunoprecipitation on vimentin collected 255 

from cells cultured under either normoxia or hypoxia. We found that, under hypoxia, pAkt binds 256 

vimentin (Figure 6H). These findings are supported by previous reports that Akt1 activation 257 

mediates cell invasion in soft-tissue sarcoma through its interaction with vimentin (17). Therefore, 258 

we concluded that vimentin is required for hypoxia-mediated cell invasion and migration. 259 

 260 

Vimentin is required for lung cancer metastasis 261 

The cell-autonomous ability of vimentin-expressing cells to metastasize in vivo was assessed 262 

using an allograft tumor model (Figure 7A). Luc-KPV+/+ cells, a luciferase expressing 263 

cell line that reproducibly colonizes to the lung following subcutaneous injection (44, 45), were 264 

transfected with CRISPR/Cas9 vimentin knockout plasmid to generate Luc-KPV−/− cells (SI 265 

Appendix, S5A). Briefly, nude mice were subcutaneously injected in the right flank with either 266 

Luc-KPV+/+ or Luc-KPV−/− cells (Figure 7A). Flank tumor volume and tumor radiance were 267 

measured weekly; there was no significant difference in either tumor volume or radiance between 268 

Luc-KPV+/+and Luc-KPV−/− conditions during weeks 1–3. At week 3, flank tumors were excised 269 

(Figure 7B, SI Appendix, S4B). 270 

At week 4 after injection, Luc-KPV+/+ cells colonized to the lung in 5 of 5 nude mice, 271 

whereas KPV−/− cells failed to colonize to the lung in 4 of 5 nude mice (Figure 7A-B, SI Appendix, 272 

S5D-E). Mice injected with KPV+/+ cells had considerable lung tumor burdens, as assessed by 273 

IVIS imaging and H&E staining (Figure 7C and E, SI Appendix, S5E). In contrast, KPV−/− cells, 274 

on average, failed to form lung tumors. When quantified, the metastatic signal in the lung was 275 

significantly higher in KPV+/+ mice (2.45E9 ± 1.95E9 photons•cm−2sr−1sec−1) than KPV−/− mice 276 

(3.87E7 ± 6.90E7 photons•cm−2sr−1sec−1). Flank tumors that were removed at week 3 after 277 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 5, 2020. ; https://doi.org/10.1101/2020.06.04.130963doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.04.130963
http://creativecommons.org/licenses/by-nc-nd/4.0/


injection were stained with H&E and immunostained for vimentin (Figure 7D). KPV+/+ cells formed 278 

dense tumors that displayed uniform vimentin expression. KPV−/− cells also formed dense tumors; 279 

surprisingly, some cells within the tumor expressed vimentin. Based on their spindly or round 280 

shapes, we inferred that these cells were infiltrating fibroblasts or macrophages, two cell types 281 

which canonically express vimentin. The lungs of KPV+/+-injected mice displayed large, vimentin-282 

positive metastatic lesions (Figure 7E). In contrast, the few metastatic tumors that formed in the 283 

lungs with KPV−/− cells were sparse and small; as expected, these tumors did not express 284 

vimentin. Therefore, we conclude that vimentin is required for the rapid metastatic spread of 285 

murine lung adenocarcinoma cells. Furthermore, this effect is cell-autonomous. By injecting 286 

KPV+/+ and KPV−/− cells into mice that have normal, vimentin-expressing stromal cells, we show 287 

that vimentin-expressing cells in the tumor microenvironment are not sufficient to promote the 288 

metastatic spread of vimentin-null cancer cells. 289 

 290 

Discussion 291 

Clinically, vimentin expression correlates with increased metastatic potential (24), high 292 

nuclear grade (46), and poor overall survival across most solid tumor types including lung, 293 

prostate, and breast cancers (6-8). Vimentin has also been implicated in many aspects of cancer 294 

initiation and progression, including tumorigenesis, EMT, and the metastatic spread of cancer (9). 295 

Many of these reports relied on in vitro experiments comparing cultured cells derived from WT 296 

and Vim−/− mice. Our data provides causal evidence that vimentin is required for the metastasis 297 

of Kras-mutant, Tp53-null lung cancer cells in vivo. Data from the KPV−/− GEMM show that 298 

vimentin is required for metastasis and tumor progression (Figures 1 and 7), as KPV−/− mice had 299 

decreased lung tumor burden, lower grade tumors, and no metastasis from primary tumors in the 300 

flank to the lung (Figures 1C-D and 7A-C). Consistent with the decreased metastatic rates, we 301 

observed a survival advantage in the KPV−/− mice (Figure 1B). These results were recapitulated 302 

in KPV+/+ mice by disrupting vimentin filaments with withaferin A treatment two weeks post tumor 303 
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initiation (Figure 4). Collectively, these data provide evidence that vimentin is integral in the 304 

progression and metastasis of lung cancer. 305 

The epithelial-to-mesenchymal transition (EMT) is the canonical mechanism by which 306 

cancer cells lose their epithelial morphology, form invadopodia and degrade the surrounding 307 

basement membrane to promote the invasive spread of cancer (9, 15). Several studies support 308 

the notion that vimentin functions as a positive regulator of EMT and that the upregulation of 309 

vimentin expression in epithelial cells is a prerequisite for EMT induction in malignant tumors (9, 310 

13, 47-49). In this respect, it has been proposed that vimentin intermediate filaments provide a 311 

scaffold for the recruitment of transcription factors, such as Slug and Twist. Specifically, vimentin 312 

interacts with Slug to recruit ERK, which promotes the phosphorylation of Slug that is required for 313 

the initiation of the EMT (13).  Similarly, when transforming growth factor β is used to activate the 314 

Smad-mediated EMT in primary alveolar epithelial cells, the shape changes characteristic of the 315 

EMT are directly associated with a rapid induction of vimentin expression regulated by a Smad-316 

binding-element located in the 5′ promotor region of the Vim gene (14). Presently, we used RNA-317 

seq to show that KPV−/− cells derived from primary lung tumors display a distinct transcriptional 318 

phenotype, which is characterized by the suppression of genes directly involved in EMT, invasion 319 

and migration (Figure 2).   320 

To invade into the surrounding tissue, an invasive tumor cell will first form invadopodia 321 

and degrade the surrounding basement membrane; vimentin is required for invadopodia 322 

formation (15). We showed that KPV−/− cells fail to invade the surrounding extracellular matrix 323 

using a 3-dimensional experimental approach (Figure 3B-C). We previously reported that the 324 

transient expression of vimentin in epithelial cells, which typically express type I and type II keratin 325 

intermediate filaments causes epithelial cells to be transformed into mesenchymal cells, which is 326 

accompanied by changes in cell shape, increased cell motility and focal adhesion dynamics (11, 327 

14). Direct evidence supporting the role of vimentin in the migration of Kras-mutant, Tp53-null 328 

lung cancer cells was demonstrated when vimentin expression was disrupted genetically (e.g. 329 
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KPV−/− cells and VimKD) and pharmacologically (WFA) resulting in impaired migration.  330 

Importantly, KPV−/− cells implanted in the flank of nude mice also failed to invade and migrate 331 

away from the primary tumor (Figure 7).      332 

 WFA and hypoxia treatment modulate cell motility of Kras-mutant, Tp53-null lung cancer 333 

cells in a vimentin-dependent manner. Cell motility decreases following WFA treatment and 334 

increases following hypoxia exposure, despite the seemingly similar effect WFA and hypoxia have 335 

on vimentin filament architecture (Figure 3D and 6D). These differences are likely due to vimentin 336 

phosphorylation, which regulates processes underlying cell motility in normal and cancer cells 337 

(50). WFA results in phosphorylation at Ser55/56 and hyperphosphorylation at Ser38/39 (51, 52). 338 

At Ser38/39, phosphorylation confers protection of the vimentin filament from caspase cleavage, 339 

while phosphorylation at Ser55/56 increases vimentin degradation which decreases the cell’s 340 

ability to invade and spread. On the other hand, hypoxia activates Akt, which binds to the head 341 

region of vimentin, resulting in the phosphorylation of vimentin at Ser38/39 (17). This interaction 342 

leads to hypoxia-mediated increases in cancer cell motility in vitro, as well as tumor and 343 

metastasis growth in vivo. Furthermore, Akt1 phosphorylation of vimentin offers a level of 344 

protection against caspase-mediated proteolysis, which allows for retention of mature vimentin 345 

filaments that can further contribute to cell motility (17). 346 

We found that loss of vimentin alters the metabolic phenotype of Kras-mutant, Tp53-null 347 

lung cancer cells (Figure 5). Our data shows that KPV−/− cells accumulate high levels of 348 

glutathione, which we hypothesize is due to an elevated response to oxidative stress. This is in 349 

line with a previous finding that vimentin-null cells produce higher levels of ROS compared to 350 

wildtype cells (53). Additionally, treatment with WFA induces ROS production in epithelial-derived 351 

cancer cells, suggesting that disruption of the vimentin intermediate filament network increases 352 

ROS generation (54). Furthermore, vimentin cooperates with ROS in production of collagen and 353 

cell alignment, functions that are necessary for directional cell motility (55). To that end, ROS-354 

mediated vimentin reorganization, as shown in Figure 6B, allows for increased contraction, which 355 
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could contribute to the force generation required for efficient migration and invasion (56). In 356 

cancers harboring a mutant Kras oncogene, mitochondrial production of ROS is required for tumor 357 

growth (57). Through a Rac1-mediated interaction with the mitochondria, phosphorylation of 358 

vimentin at Ser55/56 can mediate mitochondrial motility, leading to a decrease in mitochondrial 359 

membrane potential and vimentin-mediated protection of mitochondria from ROS (58-60). In 360 

vimentin-null cells, which have diminished mitochondrial function, a dysregulated oxidative stress 361 

response might account for the decreased tumor burden observed in KPV−/− compared to KPV+/+ 362 

lungs. Additionally, we observed that genes associated with the OXPHOS hallmark gene set are 363 

negatively enriched in KPV−/− cells compared to KPV+/+ cells (SI Appendix, S3D).  We therefore 364 

reason that the possibly altered mitochondrial function in KPV−/− cells is reflected in reduced 365 

OXPHOS. KPV−/− may then rely on glycolysis for ATP production. Accordingly, we found that the 366 

glycolysis hallmark gene set was positively enriched in KPV−/− cells (SI Appendix, S3D). 367 

Furthermore, in lung adenocarcinoma tissue, both oxidative phosphorylation (OXPHOS) and 368 

glycolysis are upregulated compared to normal adjacent lung tissue, suggesting that both 369 

pathways are associated with the disease (61). Together, these data suggest further exploration 370 

of the role of vimentin in cancer metabolism. 371 

In the Kras-mutant, Tp53-null model of lung cancer, global vimentin depletion confers a 372 

survival advantage. Additionally, by treating KPV+/+ mice with WFA following tumor development, 373 

we show that the delayed tumor growth and metastasis observed in KPV−/− mice in Figure 1 is 374 

not due solely to delayed onset of tumor growth, but rather to attenuated growth kinetics in tumor 375 

cells that lack an intact vimentin network. Although vimentin-null mice were first reported to display 376 

no obvious phenotype, these data and others suggest that loss of vimentin is protective against 377 

a range of challenges including lung cancer, lipopolysaccharides, bleomycin, asbestos, bacterial 378 

meningitis, cerebral ischemia, and acute colitis (26, 38, 62-64). While this study adds to the body 379 

of knowledge on the phenotype of the vimentin-null mouse, the global knockout model presents 380 

limitations. Namely, in addition to lacking vimentin in cancer cells, KPV−/− mice have vimentin-null 381 
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stromal and immune compartments. Because vimentin is canonically expressed in mesenchymal, 382 

hematopoietic, and endothelial cells, which make up a large population of the tumor 383 

microenvironment (TME), loss of vimentin in these cells likely contributes to the decreased tumor 384 

burden in KPV−/− mice compared to KPV+/+ mice (Figure 1). To ensure that vimentin is sufficient 385 

in cancer cells to promote metastasis, we injected KPV+/+ or KPV−/− cells into wildtype nude mice, 386 

which lack T cells but retain innate immune cells. We observed recruited mesenchymal and 387 

immune cells in subcutaneous flank tumors (Figure 7D), suggesting that the vimentin-positive 388 

TME in this model participates in growth of the primary tumor. Despite being in the presence of 389 

vimentin-expressing stromal and immune cells, KPV−/− cells failed to metastasize. Therefore, 390 

while other groups have found that vimentin deficiency impairs function in cancer-associated 391 

fibroblasts and immune cells such as macrophages and T cells (49, 62, 65, 66), a vimentin-392 

expressing microenvironment is not sufficient to promote metastasis in the time frame evaluated. 393 

However, more research is needed to fully understand how vimentin in non-cancer cells may be 394 

synergistically controlling metastasis. Our group has previously shown that vimentin is required 395 

for the production of mature interleukin 1b (IL-1b), a mediator of cancer growth and metastasis 396 

(62, 67). The cytokine IL-1b further promotes tumor-associated macrophage infiltration, which 397 

could explain the decreased recruitment of CD45+ cells in KPV−/− tumors compared to KPV+/+ 398 

tumors (SI Appendix, S2C) (68). To better understand how vimentin participates in different 399 

compartments of the TME, we recognize that animal models with immune-, mesenchymal-, and 400 

epithelial-specific deletion of vimentin will need to be created.  401 

This work gives physiological context to a large range of clinical data that links vimentin to 402 

cancer progression (6, 24, 69). There is also a wealth of in vitro research that provide a number 403 

of vimentin-dependent mechanisms related to cancer metastasis. Broadly, these mechanisms 404 

include interacting with actin to form lamellipodia and invadopodia, stabilization of collagen 405 

mRNA, guiding microtubules to control cell polarity, and aligning actin-potentiated traction forces 406 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 5, 2020. ; https://doi.org/10.1101/2020.06.04.130963doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.04.130963
http://creativecommons.org/licenses/by-nc-nd/4.0/


(15, 16, 70-73). Ultimately, our findings provide in vivo context for a multitude of clinical and in 407 

vitro reports by showing that vimentin is required for lung cancer metastasis. Through genetic and 408 

chemical interference, we have identified vimentin as a potential clinical target for metastatic lung 409 

cancer.  410 
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Materials and Methods 411 

Murine lung cancer model. All animal experiments were approved by Northwestern University’s 412 

Institutional Animal Care and Use Committee (IACUC). Sex-matched 6–10-week-old mice were 413 

used for all in vivo experiments. LSL-KrasG12D/+;Tp53flox/flox (KPV+/+) mice were bred as described 414 

by DuPage and colleagues and were generously gifted to us by Dr. Navdeep Chandel 415 

(Northwestern University, Chicago, IL) (25). Vimentin-knockout mice were a gift from Albee 416 

Messing (University of Wisconsin, Madison, WI). Vimentin-knockout mice were crossed with 417 

KPV+/+ mice to create KPV−/− mice. KPV+/+, KPV−/−, and the validated Rosa26-LSL-LacZ mice 418 

were administered adenovirus expressing Cre recombinase (Ad-Cre; ViraQuest) or a null 419 

adenovirus (Ad-Null) via intratracheal instillation (1 × 109 pfu unless otherwise noted) under 420 

isoflurane anesthesia (28). Survival was monitored daily. Weight was monitored weekly.   421 

 422 

Magnetic resonance imaging. Scheduled magnetic resonance imaging (MRI) was performed at 423 

Northwestern University Center for Translational Imaging (Chicago, IL) via a 7-tesla system 424 

(Clinscan, Bruker) using a four-channel mouse body coil at set time points (2, 6, and 10 weeks 425 

after Ad-Cre administration). In order to permit tolerance to imaging, the mice were anesthetized 426 

with isoflurane (2% isoflurane in oxygen for induction, followed by 1.5–2% via nose cone for 427 

maintenance during imaging). Pulse oximetry and respiration were recorded and used to trigger 428 

the MRI in order to avoid motion artifacts. Turbo Multi Spin Echo imaging sequence was used in 429 

conjunction with respiratory triggering to acquire in vivo MRI coronal images covering all the lung 430 

area and portions of abdomen, including liver and kidneys (ST = 0.5 mm, In plane = 120 μm, TR 431 

=1000 msec, TE= 20 msec). Gradient Echo sequence was used with cardiac triggering (using 432 

pulse oximeter rate) covering the lung area transversally (ST = 0.5 mm, In plane = 120 μm, TR 433 

~20 msec, TE ~ 2 msec). Jim software was used to quantify tumor burden (Xinapse). 434 

 435 
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Immunohistochemistry. Mice were anesthetized and lungs were perfused via the right ventricle 436 

with 4% paraformaldehyde in phosphate-buffered saline (PBS). A 20-gauge angiocatheter was 437 

sutured into the trachea, heart and lungs were removed en bloc, and then lungs were inflated with 438 

0.8 mL of 4% paraformaldehyde at a pressure not exceeding 16 cm H2O. Tissue was fixed in 4% 439 

paraformaldehyde in PBS overnight at 4°C, then processed, embedded in paraffin, and sectioned 440 

(4–5 μm). Tissue sections were stained with hematoxylin and eosin (H&E) or used for 441 

immunohistochemistry. After rehydration, tissues were subjected to antigen retrieval in 10 mM 442 

sodium citrate (pH = 6.0) with 0.05% Tween-20 for 20 minutes at 96–98°C, followed by 20 minutes 443 

of cooling. Tissue sections were blocked in 3% hydrogen peroxide for 5 min, then a Vector 444 

Laboratories avidin/biotin blocking kit (SP-2001), Vectastain ABC kit (PK-4001), and 3,3′-445 

diaminobenzidine (DAB) peroxidase substrate kit (SK-4100) were used according to the 446 

manufacturer’s protocols. Nuclei were counterstained with hematoxylin (Thermo Scientific 72604) 447 

and treated with bluing solution (Thermo Scientific 7301), and then coverslips were mounted with 448 

Cytoseal 60 (Thermo Scientific 8310-4). A TissueGnostics automated slide imaging system was 449 

used to acquire whole-tissue images and measure area.  450 

 451 

Cell isolation and culture. KPV+/+ and KPV−/− mice were treated with Ad-Cre as described above; 452 

after 6 weeks, mice were sacrificed and lung tumors were excised. Tissue was dissociated into a 453 

single cell suspension in 0.2 mg/mL DNase and 2 mg/mL collagenase D and was filtered through 454 

a 40 μm filter. Cells then underwent two rounds of selection. First, cells were treated with anti-455 

CD45 magnetic beads (Miltenyi Biotec, 130-052-301) and were passed through a magnetic 456 

column. CD45-negative cells were then subjected to anti-EPCAM magnetic beads (Miltenyi 457 

Biotec, 130-105-958) and underwent positive selection. CD45-negative, EPCAM-positive cells 458 

were expanded in vitro and were used in experiments between passages 1 and 10. Cells derived 459 

from a human lung adenocarcinoma (A549, CCL-185) were obtained from the American Type 460 

Culture Collection (ATCC, Manassas, VA). All cells were maintained in Dulbecco’s modified Eagle 461 
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medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 462 

streptomycin, and HEPES buffer. All cells were grown in a humidified incubator of 5% CO2/95% 463 

air at 37°C (unless otherwise noted).   464 

 465 

Polymerase chain reaction. Mice were infected with Ad-Null or Ad-Cre; at 2, 8, and 12 wpi, mice 466 

were sacrificed and lungs were harvested. Lungs were lysed, and DNA was extracted and 467 

amplified by polymerase chain reaction (PCR) using the following primers: Kras forward, GGC 468 

CTG CTG AAA ATG ACT GAG TAT A; Kras reverse, CTG TAT CGT CAA GGC GCT CTT; Kras-469 

G12D forward, CTTGTGGTGGTTGGAGCTGA; and Kras-G12D reverse, 470 

TCCAAGAGACAGGTTTCTCCA. DNA products were run on an agarose gel and imaged with the 471 

Li-Cor Odyssey imaging system.  472 

 473 

Western blotting. Western blot analysis was utilized to quantify protein levels in cell lysates. The 474 

protein was separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 475 

(SDS-PAGE) and transferred onto nitrocellulose membranes. Membranes were then blocked with 476 

Odyssey blocking buffer (Li-Cor Biosciences) and subsequently incubated with the appropriate 477 

primary antibodies overnight at 4°C. IRDye secondary antibodies were then used (Li-Cor 478 

Biosciences, 1:10,000) for 2 hours at room temperature. Images of blots were acquired using the 479 

Li-Cor Odyssey Fc Imaging System.  480 

 481 

RNA-sequencing. Tumor cells were isolated from KPV+/+ and KPV−/− mice at 6 wpi and 482 

underwent CD45-negative, EpCAM-positive magnetic-activated cell sorting (MACS) selection as 483 

described above. Cells were cultured for one passage, then lysed using RLT lysis buffer (Qiagen), 484 

and total RNA was isolated with the RNeasy Plus Mini Kit (Qiagen). Quality of RNA was confirmed 485 

with a TapeStation 4200 (Agilent); all samples had an RNA integrity number (RIN) score equal to 486 

or greater than 9.8. Next, mRNA was isolated via poly(A) enrichment (NEBNext). Libraries were 487 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 5, 2020. ; https://doi.org/10.1101/2020.06.04.130963doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.04.130963
http://creativecommons.org/licenses/by-nc-nd/4.0/


prepared using NEBNext RNA Ultra chemistry (New England Biolabs). Sequencing was 488 

performed on an Illumina NextSeq 500 using a 75-cycle single-end high-output sequencing kit. 489 

Reads were demultiplexed (bcl2fastq), and fastq files were aligned to the mm10 mouse reference 490 

genome with TopHat2. Htseq was used to obtain counts. The resulting data were filtered, and 491 

differentially expressed genes (DEGs) were identified using the edgeR package. DEGs were 492 

selected using a false discovery rate (FDR) cutoff of <0.05, with a 1.0-fold change cutoff for 493 

pairwise comparison. K-means clustering and heat map visualization was performed using the 494 

Morpheus web tool (https://software.broadinstitute.org/morpheus). Enrichment analysis was 495 

performed using Gorilla (74, 75). 496 

 497 

Withaferin A treatments. Withaferin A (WFA) was purchased from Enzo Life Sciences and 498 

dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) to a final concentration of 5 µM unless 499 

noted otherwise. For in vivo experiments, jelly pellets were utilized to provide an oral, voluntary 500 

method of drug delivery. Using a 24-well flat-bottom tissue culture plate as the jelly mold, WFA (4 501 

mg/kg in DMSO) or vehicle control (DMSO only) were combined with gelatin and Splenda for 502 

flavoring as described elsewhere (76). Tumor development was induced with Ad-Cre as described 503 

above. Two weeks following Ad-Cre administration, mice were fed jelly pellets every other day for 504 

4 weeks. Survival was tracked daily and weight was measured weekly. 505 

 506 

Scratch wound assay. Cells were grown to 100% confluence in 6-well plates. A pipette tip was 507 

used to make a single scratch in the monolayer. The cells were washed with 1× PBS to remove 508 

debris and imaged at 0 hours and 6 hours. For WFA conditions, WFA or DMSO was added at 0 509 

hours (when the scratch was created). Rate of cell migration was calculated using ImageJ 510 

software. Results were normalized to the initial wound area at 0 hours. 511 

 512 
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Matrigel invasion assay. Transwell inserts with 8 µm pores were coated with Matrigel (200 513 

µg/mL), and 5 × 104 KPV+/+ or KPV−/− cells were seeded atop each transwell in serum-free media. 514 

For all experiments with A549 cells, the cells were serum-starved for 24 hours and were then 515 

plated at a concentration of 1 × 105 cells per transwell. For WFA experiments, cells were 516 

resuspended in WFA or DMSO containing media directly before being seeded in transwells. 517 

Media containing 10% fetal bovine serum was added to the bottom well to serve as a 518 

chemoattractant. Cells were placed at 37°C for 48 hours (24 hours for A549 cells). Following 519 

incubation, the Matrigel with the cells remaining on the upper surface of the transwell was 520 

removed with a cotton swab. The cells remaining on the bottom of the membrane were fixed in 521 

2% paraformaldehyde and incubated with Hoechst nuclear dye (Invitrogen; 1:10,000 in 1× PBS). 522 

Five random 10× magnification fields were imaged, and the average number of cells per field was 523 

quantified; this average is reported as the “invasive index.” 524 

 525 

Spheroid culture. Spheroids were generated as described by Gilbert-Ross et al. (77). Briefly, 526 

cells were grown in Nunclon Sphera 96-well plates (Thermo-Fisher Scientific) at a concentration 527 

of 3000 cells per well. After 3 days in culture, cells were transferred using a wide-bore pipette tip 528 

to 2 mg/mL collagen (Corning) in 4-well LabTek plates (Nunc). Collagen was allowed to gel at 529 

37°C for 1 hour; then, complete media was added to the spheroids. Gels were imaged using a 530 

Ti2 widefield microscope (Nikon) at 0, 24, and 48 hours. Spheroid area was quantified using Fiji 531 

software. Reported spheroid area values are normalized to 0-hour spheroid area of the same 532 

spheroid. 533 

 534 

Hypoxia conditions. A hypoxic environment was created in vitro by culturing cells in 1.5% O2, 535 

93.5% N2, and 5% CO2 in a humidified variable aerobic workstation (InVivo O2; BioTrace 536 
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International, Muncie, IN). Before experimentation, cell culture medium was allowed to equilibrate 537 

to oxygen levels overnight. 538 

 539 

Metabolomics. KPV+/+ and KPV−/− cells were grown in 6-well plates. High-performance liquid 540 

chromatography (HPLC) grade methanol (80% in water) was added to cells, and plates were 541 

incubated at −80°C for 20 minutes. Lysates were collected and centrifuged, and the supernatant 542 

was collected and analyzed by High-Performance Liquid Chromatography and High-Resolution 543 

Mass Spectrometry and Tandem Mass Spectrometry (HPLC-MS/MS). Specifically, system 544 

consisted of a Thermo Q-Exactive in line with an electrospray source and an Ultimate3000 545 

(Thermo) series HPLC consisting of a binary pump, degasser, and auto-sampler outfitted with a 546 

Xbridge Amide column (Waters; dimensions of 4.6 mm × 100 mm and a 3.5 µm particle size). The 547 

mobile phase A contained 95% (vol/vol) water, 5% (vol/vol) acetonitrile, 20 mM ammonium 548 

hydroxide, 20 mM ammonium acetate, pH = 9.0; B was 100% Acetonitrile. The gradient was as 549 

following: 0 min, 15% A; 2.5 min, 30% A; 7 min, 43% A; 16 min, 62% A; 16.1-18 min, 75% A; 18-550 

25 min, 15% A with a flow rate of 400 μL/min. The capillary of the ESI source was set to 275 °C, 551 

with sheath gas at 45 arbitrary units, auxiliary gas at 5 arbitrary units and the spray voltage at 4.0 552 

kV.  In positive/negative polarity switching mode, an m/z scan range from 70 to 850 was chosen 553 

and MS1 data was collected at a resolution of 70,000. The automatic gain control (AGC) target 554 

was set at 1 × 106 and the maximum injection time was 200 ms. The top 5 precursor ions were 555 

subsequently fragmented, in a data-dependent manner, using the higher energy collisional 556 

dissociation (HCD) cell set to 30% normalized collision energy in MS2 at a resolution power of 557 

17,500. Besides matching m/z, metabolites are identified by matching either retention time with 558 

analytical standards and/or MS2 fragmentation pattern. Data acquisition and analysis were 559 

carried out by Xcalibur 4.1 software and Tracefinder 4.1 software, respectively (both from Thermo 560 

Fisher Scientific). For each sample, peak area of each metabolite was normalized to total ion 561 
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count per sample. Data were log-transformed and compared with a two-tailed, unpaired t-test. 562 

Data was analyzed with MetaboAnalyst software (78). 563 

 564 

Preparation of cells for subcutaneous flank injection. KPV+/+ cells labeled with luciferase (Luc-565 

KPV+/+ cells) were a generous gift from Dr. Navdeep Chandel. To create Luc-KPV−/− cells, Luc-566 

KPV+/+ cells were transfected with a commercially available CRISPR/Cas9 vimentin knockout 567 

plasmid according to manufacturer’s directions (Santa Cruz Biotechnology sc-423676).  568 

 569 

Tracking of tumor growth in subcutaneous flank injection model. Male nude (NU/J) mice 570 

were purchased from Jackson Laboratories; 8–12-week-old mice were anesthetized with 2% 571 

isoflurane in oxygen and were given a subcutaneous injection of cells (1 × 106 cells in 100 μL of 572 

1× PBS) on their right flanks. Weight and tumor volume were monitored weekly. For IVIS imaging, 573 

mice were injected with 150 mg of D-luciferin per kilogram of body weight (PerkinElmer 770504). 574 

After 10 minutes, IVIS images were captured. At week 3 post-injection, tumors were removed. 575 

Briefly, mice were anesthetized with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg 576 

body weight). Tumor area was disinfected with 70% ethanol and iodide solution. Tumors were 577 

excised and placed in 4% paraformaldehyde for immunohistochemistry. Wounds were closed with 578 

simple interrupted nylon sutures (Ethilon). Mice were monitored until they recovered from 579 

anesthesia; they were then housed singly and treated with Meloxicam as an analgesic. The 580 

following week, mice underwent a final IVIS imaging session and were then sacrificed.  581 

 582 

Immunofluorescence confocal microscopy. For all immunofluorescent immunocytochemistry 583 

experiments, cells were grown on no. 1 glass coverslips. Following treatment, KPV+/+ and KPV−/− 584 

cells were fixed in methanol for 3–5 minutes. A549 cells were fixed with 2% paraformaldehyde for 585 

7–10 minutes. KPV+/+ and KPV−/− cells were blocked in 5% normal goat serum (NGS) for 1 hour 586 

at room temperature. A549 cells were blocked with 1.5% NGS for 30 minutes at 37°C. Cells were 587 
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then treated with the indicated primary antibodies overnight at 4°C. Cells were washed twice in 588 

PBS with 0.10% Tween-20 for 3 minutes each and treated with secondary antibodies conjugated 589 

with Alexa Fluor 488 (Invitrogen A-11039, 1:200) and/or Alexa Fluor 568 (Invitrogen A-11004, 590 

1:200), as well as Hoechst nuclear dye (Invitrogen H3570, 1:10,000). Coverslips were mounted 591 

and sealed. A Nikon A1R+ laser scanning confocal microscope equipped with a 60× and 100× 592 

objective lens was used to acquire images. For experiments with A549 cells, a Zeiss LSM 510 593 

laser scanning confocal microscope equipped with a 63× objective lens was used to acquire 594 

images. Nikon NIS-Elements software and ImageJ were used for image processing. 595 

 596 

Reagents. All antibodies used are summarized in Supplemental Table 1.  597 

 598 
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Figure 1. 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) Representative MRI scans (left) showing mouse lung tumors at 2, 6, and 10
weeks post-infection with 109 PFUs of adenoviral Cre. 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). This figure represents combined data from three independent experiments.
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A

B

Figure 2. 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. Genes enriched in Cluster 1 (316 genes) and Cluster 2 (588
genes) were subject 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. (B) Expression values (FPKM) of select genes are shown. N=3 for each group. Data in panel B are
presented as the mean ± standard deviation. All gene comparisons shown (KPV+/+ vs KPV-/-) have FDR<0.05 after
adjusting for multiple comparisons.
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Figure 3. 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. (D) KPV+/+ cells were treated with withaferin A (WFA; 5 or 10 µM) or DMSO vehicle control for 6 hours.
Cells were stained for vimentin (white). Cell outline (dotted line) was drawn on an image of the same cell stained
for keratin. Scale: 10 µm; inset: 5 µm. (E) 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. (F) 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. 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).
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Figure 4. 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. Data are presented as the mean ± standard deviation
(**p<0.01 by unpaired, two-tailed t-test). (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).
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Figure 5. KPV−/− cells accumulate glutathione. (A) Differentially produced metabolites are plotted with each row
representing z-scores for each metabolite. (B) Ion counts were normalized to the total ion count for each sample.
Each group represents n=5. For panels A-B, metabolite data was log-transformed and then subjected to an
unpaired two-tailed t-test; p-values were corrected for multiple comparisons (*adjusted p-value<0.05). (C) Select
gene expression values from RNA-sequencing. All genes shown had FDR<0.05. (D) Schematic showing key
metabolites (ovals) and genes (rectangles) involved in cell production of glutathione. Metabolites and genes
downregulated in KPV−/− cells compared to KPV+/+ cells are shown in red. All data are presented as the mean ±
standard deviation.
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Figure 6. Vimentin is required for hypoxia-mediated cell migration and invasion. (A) Vimentin wild-type

(Vim+/+
) A549 cells were cultured in normoxic (N; 20% O2) or hypoxic (H; 1.5% O2) conditions for 24 hours. Total

cell lysates were collected, separated by SDS-PAGE, and immunoblotted with antibodies against vimentin and actin.

(B) Representative confocal images of A549 cells exposed to normoxic or hypoxic conditions for 24 hours. Cells

were fixed and stained for vimentin (white). A phase contrast image was used to identify cell borders (dashed

line). Scale bars: 10 µm (whole cells), 2 µm (inset). (C) Vim+/+
A549 cells were treated with a retroviral vector

expressing shRNA against vimentin (VimKD
). Total cell lysates were collected, separated by SDS-PAGE, and

immunoblotted with antibodies against vimentin and actin. (D, E) Cells were cultured in hypoxic conditions, and

migration over 6 hours (D, n=3–4) and invasion over 24 hours (E, n=6–8) were quantified. Each data point

represents an independent experiment normalized to an average normoxic control. Data were compared using a

two-tailed t-test and are presented as the mean ± standard deviation (*p<0.05; **p<0.01). (F) Vim+/+
cells were

exposed to hypoxia for the indicated time; total cell lysates were collected, separated by SDS-PAGE, and

immunoblotted with antibodies against phosphorylated Akt (pAkt; Ser473) and pan-Akt. (G) Vim+/+
and VimKD

cells

were exposed to hypoxia or normoxia for 24 hours. Total cell lysates were collected, separated by SDS-PAGE, and

immunoblotted with antibodies against vimentin, pan-Akt, pAkt, and actin. (H) Vimentin was immunoprecipitated

from total protein extracts derived from A549 cells exposed to normoxic or hypoxic conditions for 24 hours.

Proteins were separated by SDS-PAGE and immunoblotted with antibodies against pAkt, Akt1, Akt2, vimentin, and

GAPDH.
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Figure 7. Vimentin is required for accelerated lung cancer metastasis. (A) Schematic of experimental design and

accompanying IVIS images. A total of 1×106 KPV+/+ or KPV−/− cells labeled with luciferase (Luc-KPV+/+ or Luc-KPV−/−,

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=5 per group). For week 4, both sagittal and coronal views are shown. Coronal view was

acquired after masking the flank tumor to minimize bleed-through of the signal. Intensity overlay shows the

accumulation of luciferase-labeled cells. Luciferin signal was quantified from (B) primary flank tumors and (C)

lungs. Lung radiance was quantified from masked images. Unpaired t-tests were used to compare Luc-KPV+/+ and

Luc-KPV−/− conditions at each time point (**p<0.01; ***p<0.001). Flank tumors (D) harvested at week 3 and lungs

(E) harvested at week 4 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), 50

μm (inset, right).
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