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Summary  

Tumor heterogeneity and cisplatin resistance are a major cause of tumor relapse and 
poor survival. Here we show that in lung adenocarcinoma (LUAD), paxillin (PXN) and 
integrin beta 4 (ITGB4) are associated with tumor progression, and cisplatin resistance. 
Silencing PXN and ITGB4 render cisplatin tolerant cells sensitive, and immunologically 
neutralizing ITGB4 improves sensitivity. The N-terminal half of PXN is intrinsically 
disordered and interacts with ITGB4 to regulate expression of USP1 and VDAC1 which 
are required for maintaining genomic stability and mitochondrial function in LUAD. By 
virtual screening an FDA-approved compound library, we identified compounds that 
interact with PXN in silico and attenuate cisplatin resistance in LUAD cells. RNAseq 
analysis identified a double negative feedback loop between ITGB4 and microRNA miR-
1-3p, suggesting that bistability could lead to stochastic switching between cisplatin-
sensitive and resistant states in these cells. The data highlight an alternate, non-
genetic, mechanism underlying chemoresistance in lung cancer.   
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Introduction 

Lung cancer is the most frequently diagnosed cancer and a leading cause of cancer-
related deaths worldwide (Bray et al, 2018). Approximately 85% of patients have a 
group of histological subtypes collectively known as non-small cell lung cancer 
(NSCLC), of which lung adenocarcinoma (LUAD) and lung squamous cell carcinoma 
are the most common subtypes, followed by squamous cell carcinoma and less so, 
large-cell carcinoma (Salgia, 2016; Herbst et al, 2018). LUAD accounts for ~40% of all 
lung cancers. These histologies possess different clinical characteristics, and there are 
potential differences in response to cytotoxic chemotherapies. Approximately 40–50% 
of patients with NSCLC will be diagnosed with advanced or metastatic disease and are 
not candidates for curative therapy. Recent advances have transformed lung cancer 
care with a percentage of patients receiving first-line tyrosine kinase inhibitors based on 
their genomic-informed markers (Tan et al, 2017). However, immunotherapy alone or in 
combination with platinum-based chemotherapy is now the recommended first-line 
treatment option for the remainder of these patients. 

Cisplatin [Cis-diamminedichloroplatinum(II)] is a widely prescribed platinum-based 
compound that exerts clinical activity against a wide spectrum of solid neoplasms, 
including testicular, bladder, ovarian, colorectal, lung, and head and neck cancers 
(Galluzzi et al, 2012; Galluzzi et al, 2014). Cisplatin treatment is generally associated 
with high rates of clinical responses. However, in the vast majority of cases, malignant 
cells exposed to cisplatin activate a multipronged adaptive response that renders them 
less susceptible to the anti-proliferative and cytotoxic effects of the drug, and eventually 
resume proliferation. Thus, a large number of cisplatin-treated patients experience 
therapeutic failure and tumor recurrence. However, the exact mechanism(s) underlying 
the emergence of drug resistance remains poorly understood and a bewildering 
plethora of targets have been implicated in different cancer types. For example, in 
NSCLC alone, dysregulation of genes involved in cell cycle arrest and apoptosis 
namely, mouse double minute 2 homolog (MDM2), xeroderma pigmentosum 
complementation group C, stress inducible protein and p21 (Sarin et al, 2017), 
cytoplasmic RAP1 that alters NF-κB signaling, upregulation of antiapoptotic factor BCL-
2 (Xiao et al, 2017), enhanced Stat3 and Akt phosphorylation, high expression of 
survivin (Hu et al, 2016), hypoxia factor HIF-1α and mutant p53 (Deben et al, 2018), 
have been implicated in cisplatin resistance. Furthermore, although changes in 
administration schedules, choice of methods, and frequency of toxicity monitoring have 
all contributed to incremental improvements, chemoresistance limits the clinical utility of 
cisplatin (Fennell et al, 2016). Therefore, there is a dire need for a deeper 
understanding of chemoresistance and the identification of prognostic and predictive 
markers to discern responders from non-responders. 
   
Here, we interrogate the role of the focal adhesion (FA) complex in cisplatin resistance. 
The FA complex is a large macromolecular assembly through which mechanical force 
and regulatory signals are transmitted between the extracellular matrix and an 
interacting cell (Chen et al, 2003). Paxillin (PXN), integrins, and focal adhesion kinase 
(FAK) are among the major components of this complex. Human PXN is a 68 kDa (591 
amino acids) protein (Salgia et al, 1995) and is a recognized contributor to cisplatin 
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resistance in lung cancer (Wu et al, 2014). The N-terminus contains a proline-rich region 
that anchors SH3-containing proteins and five leucine-rich LD domains (LD1–LD5) with 
a consensus sequence LDXLLXXL (Turner, 1998; Turner, 2000; Kanteti et al, 2016). 
The LD2-LD4 region includes sequences for the recruitment of signaling and structural 
molecules, such as FAK, vinculin, and Crk. This region has also been reported to 

interact with integrin  more specifically, integrin 4 (ITGA) (Liu et al, 1999; Liu and 
Ginsburg, 2000). The C-terminal region is also involved in the anchoring of PXN to the 
plasma membrane and its targeting to FAs. It contains four cysteine-histidine-enriched 
LIM domains that form zinc fingers, suggesting that PXN could bind DNA and act as a 
transcription factor. Consistently, PXN is reported to locate to the nucleus which is 
regulated by phosphorylation (Dong et al, 2009; Ma and Hammes, 2018). In LUAD, 
expression of PXN is correlated with tumor progression and metastasis (Song et al, 
2010; Mackinnon et al, 2011). Further, phosphorylation of PXN activates the ERK 
pathway, increased Bcl-2 expression, and cisplatin resistance (Wu et al, 2014). Finally, 
specific PXN mutants, through their interactions with Bcl-2 and dynamin-related protein 
1, also regulate cisplatin resistance in human lung cancer cells (Kawada et al, 2013).  
 
Integrins are transmembrane receptors that facilitate cell-extracellular matrix adhesion; 
they form a critical link between the extracellular matrix and the cell interior by 
interacting with the FA via PXN. Upon ligand binding, integrins activate signal 
transduction pathways that mediate cellular signals, such as regulation of the cell cycle, 
organization of the intracellular cytoskeleton, and movement of new receptors to the cell 
membrane (Giancotti and Rusolahti, 1999; Maziveyi and Alahari, 2107). Integrins are 
obligate heterodimers of one α and one β subunit. In mammals, there are 24 α and 9 β 

subunits (Alberts et al, 2014). Among the various  subunits, 1 is ubiquitously 

expressed in most cell types and can dimerize with multiple  subunits, forming 

receptors for various matrixes. On the other hand, integrin 4 (ITGB4) is reported to be 

quite selective and heterodimerizes only with the 6 subunit and binds to laminin 
(Mainiero et al, 1997). ITGB4 is also unique because of its >1000 amino acid-long 

cytoplasmic domain compared to ~50 amino acid-long domain of other  forms (Su et 
al, 2008). Interaction of ITGA6/B4 and Shc leads to activation of the RAS-MAPK 
signaling pathway for cell cycle progression and proliferation (Mainiero et al, 1995). 
ITGA6/B4 can also activate the PI3 kinase pathway followed by Rac1 to promote tumor 
invasion (Shaw et al, 1997). In NSCLC, the receptor tyrosine kinase MET interacts with 
ITGA6/B4 and this interaction is required for HGF-dependent tumor invasion (Trusolino 
et al, 2001). In addition, the presence of the ITGA6/B4 heterodimer in tumor-derived 
exosomes facilitates the creation of the microenvironment for lung metastasis (Hoshino 
et al, 2015). Together, these observations underscore the importance of the FA 
complex in NSCLC pathophysiology. However, how the interactions of the individual 
components of the FA complex may contribute to cisplatin resistance remains poorly 
understood. 
 
In this manuscript, we demonstrate that a significant portion of the N-terminal half of 
PXN is intrinsically disordered and that the interaction between ITGB4 and PXN is 
critical for cisplatin resistance. ITGB4 and PXN double knockdown down affects the 
expression of > 300 genes which are constituents of various pathways required for lung 
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cancer proliferation and survival. USP1 and VDAC1 are two of the top ten genes that 
are downregulated by the double knockdown and are essential for inducing DNA 
damage repair induced by cisplatin and for maintaining mitochondrial function, 
respectively.  Via an in silico screen designed to identify small molecule compounds that 
can bind to PXN, we obtained candidate drugs from a library of FDA-approved 
compounds. Several of these compounds are efficacious in alleviating cisplatin 
resistance in LUAD cell lines expressing high levels of ITGB4/PXN. Furthermore, using 
tumor-derived exosomes isolated from patient blood, we identified ITGB4/PXN as 
potential biomarkers for cisplatin response. Finally, RNAseq analysis identified a double 
negative feedback loop between ITGB4 and the microRNA miR-1-3p, suggesting that 
bistability can lead LUAD cells to stochastically switch between cisplatin-resistant and 
sensitive phenotypes, underscoring a non-genetic mechanism driving the evolution of 
chemoresistance. 
 

Results 

Upregulation of both PXN and ITGB4 but not PXN alone correlates with cisplatin 
resistance  
 
In order to identify the genes upregulated in cisplatin resistance in LUAD cell lines, we 
performed GSEA analysis on RNAseq data from the Molecular Signatures Database 
v6.2 (MSigDB), a collection of annotated gene sets (Broad Institute) using the Gene Set 
Enrichment Analysis (GSEA) software. GSEA is a computational method that 
determines whether an a priori defined set of genes shows statistically significant 
concordant differences between two biological states. We identified a set of eleven 
genes that were upregulated in cisplatin-resistant LUAD cells compared to sensitive 
cells (Supplementary Table 1). Four of these eleven genes namely, PXN, ITGB4, 
ITGA7, and Rac Family Small GTPase 1, are constituents of the FA complex activation, 
formation, and downstream signaling pathways. Therefore, to verify the correlation of 
these genes with cisplatin resistance, we randomly selected five LUAD cell lines that 
harbored wild type (WT) KRAS and five that carried a mutant (MT) version of KRAS, 
treated them with 10 μM cisplatin for 72 h, and determined cell viability using the CCK-8 
viability assay. Among the KRAS WT cell lines, H1437 and H1993 were significantly 
more resistant while amongst the KRAS MT cell lines, H441 and H2009 were relatively 
more resistant than the other three cell lines (Fig. 1A).  
 
Next, we determined the protein expression of PXN, ITGB4, ITGA7, and FAK in these 
cell lines by immunoblotting. Rac1 expression was undetectable in these cell lines. 
However, PXN and FAK were expressed in all the cell lines tested regardless of 
whether they were cisplatin-sensitive or resistant (Fig. 1B). While the expression of 
ITGB4 and ITGA7 was variable among the cell lines, ITGB4 expression was high in the 
two cisplatin-resistant cell lines, H2009 and H1993. We also analyzed the mRNA 
expression patterns encoding these two proteins in these cell lines and confirmed that 
the mRNA was consistently upregulated for both PXN and ITGB4 in the H2009 and 
H1993 cell lines (Fig. 1C & D).  

Co-expression of PXN & ITGB4 correlates with poorer prognosis in LUAD patients 
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Since LUAD cell lines overexpressing PXN appeared sensitive to cisplatin treatment 
when they did not express ITGB4, we hypothesized that there is a correlation between 
PXN and ITGB4. To test the hypothesis, gene expression profiles of the patients 
diagnosed with "Lung Adenocarcinoma" were extracted from The Cancer Genome Atlas 
(TCGA) database and analyzed for expression of ITGB4 and PXN (Fig. 1E). The gene-
level expression values, FPKM, were analyzed according to the Cox proportional 
hazards model: Survival ~ Sex + Stage + Age + PXN * ITGB4. Stage and PXN * ITGB4 
showed significant contribution to the model. We separated the patients into two groups 
by the median value of the PXN*ITGB4 product (Supplementary Table 2). The Kaplan-
Meier curves showed clear survival difference between the two groups and the log rank 
test showed significant differences between the two curves (p=0.000089) (Fig. 1F). In 
addition, we performed immunohistochemistry on needle biopsy specimens obtained 
from 2 de-identified cases from City of Hope. PXN staining was detected using yellow 
and ITGB4 with pink color. Thus, the coexpression of the two molecules would generate 
an orange or bright red color based on the expression level. Indeed, we observed 
significant coexpression of ITGB4 and PXN in various regions of the tumor (Fig. 1G and 
H). The case represented in Fig. 1G had weak expression of ITGB4 and coexpression 
generated an orange color. The second case (Fig. 1H) had high expression of ITGB4 
and for the same reason it generated a reddish pattern implying coexpression. We 
further extended the IHC staining to 3 more cases where staining of the whole tumor 
section was done. We observed variability in the expression of PXN and ITGB4 among 
cases and within the sample as well. PXN is expressed in most of the region of the 
tumor but ITGB4 expression is sporadic and the level of ITGB4 expression is also 
variable among cases. Case 3 had high expression of ITGB4, Case 4 had intermediate 
expression, and Case 5 had weak expression.  PXN expression was seen in the tumors 
and also in the peripheral region surrounding the tumor tissue that is lymphoid tissue. 
The normal lung tissue also had weak expression of PXN. The coexpression of PXN 
and ITGB4 (red or orange color) is limited to some regions of the tumor, emphasizing 
heterogeneity in their expression patterns (Supplementary Fig. 1A). This observation 
led us to hypothesize cisplatin treatment favors selection of a subclonal population of 
tumor cells with coexpression of ITGB4 and PXN. Therefore, we interrogated the role of 
ITGB4 in cisplatin resistance in those cell lines that had high expression of PXN. 
 
Knocking down ITGB4 attenuates proliferation and migration of cisplatin-resistant cells  

We determined the effect of knocking down ITGB4 on cell proliferation using H1993 and 
H2009 cells. Cells were transiently transfected with a control (scrambled) and ITGB4-
specific siRNA, and the effect of silencing its expression on cell proliferation was 
determined using the IncuCyte Live Cell Imaging System (Essen Bioscience, Ann Arbor, 
MI). To facilitate live cell analysis, we generated stable cell lines with nuclear expression 
of the red fluorescence protein (RFP) mKate2 (Supplementary Fig. 2A). Knocking 
down ITGB4 significantly attenuated their proliferation (Fig. 2A) and immunoblotting 
analysis using total cell lysates and qPCR analysis with RNA extracted from transfected 
cells confirmed a significant decrease in ITGB4 both at the protein and mRNA level 
(Fig. 2B). We also analyzed the doubling time of both cell types. In the case of H2009 
cells, we observed that by 50 h post transfection, control (scramble siRNA) cells 
showed a 4-fold increase in cell count, indicating a doubling time to be approximately 25 
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h. However, in ITGB4 knocked down H2009 cells, the doubling time increased to 40 h. 
Similarly, in H1993, knocking down ITGB4 led to only 0.2-fold increase in cell count by 
72 h, leading to an estimated doubling time of approximately 120 h compared to 72 h for 
control cells (Supplementary Fig. 1B). We also knocked down integrin A7 in H2009 
cell lines to validate its role in cell proliferation but did not observe any significant 
change (Supplementary Fig 2D). Additionally, we also checked for up regulation of 

expression of other integrin  forms in response to ITGB4 knockdown and found an 
increase in the expression of ITGB1, ITGB2, and ITGB3 at mRNA level 
(Supplementary Fig. 2E).  We further tested the inhibitory effect of ITGB3 inhibitors in 
the ITGB4 knocked down cells but found no significant difference in their proliferation 
(Supplementary Fig. 2F). 

To discern the effect of knocking down ITGB4 on cell migration, H1993 and H2009 cells 
were transfected with the control or ITGB4-specific siRNA in 6-well plates and 12 h post 
transfection, the cells were trypsinized and reseeded at high density in a 96-well plate. 
A scratch wound was generated using the WoundMaker from Essen Bioscience and 
wound healing was observed in real time using the IncuCyte Live Cell Imaging System 
(Supplementary Fig. 2C, Supplementary video 1 and 2). While both cell lines 
transfected with the scramble siRNA achieved 100% confluency of the wound within 48 
h, H1993 and 2009 cells in which ITGB4 was knocked down reached ~ 60% and ~ 80% 
confluency, respectively; neither cell line reached 100% confluency even after 96 h (Fig. 
2C).  We next estimated the rate of wound closure. The rate was determined by dividing 
initial wound width by the time taken to close the wound. In the case of the H1993 cells, 

the wound closure rate was ~ 25 M/h, and on knocking down ITGB4, the rate 

significantly dropped to <10 M/h. Similarly, in the case of the H2009 cells, the wound 

width closure rate dropped from 22 M/h to about 18 M/h (Fig. 2D). Together, these 
results confirmed the significance of ITGB4 in modulating cell proliferation and migration 
in cisplatin-resistant LUAD cell lines.  

Knocking down ITGB4 increases sensitivity to cisplatin treatment. 

Next, we determined if inhibition of cell proliferation by knocking down ITGB4 had a 
cytostatic or cytotoxic effect and whether it was synergistic with cisplatin treatment. To 
determine apoptosis, we employed the Essen Bioscience Caspase-3/7 Green apoptosis 
assay in live cells, which uses NucView™488, a DNA intercalating dye, to enable 
quantification of apoptosis over time. The dye is tagged to DEVD peptide and non-toxic 
to cells but once the caspase-3/7 is activated, it cleave the dye from the DEVD region. 
The free dye can intercalate with the DNA leading to the generation of green 
fluorescence that is then detected in real time and quantified using the IncuCyte System 
(Supplementary Fig 3A and  Supplementary video 3,4,5 and 6).  

To address this, we treated H1993 and H2009 cells with cisplatin for 3 days and 
analyzed the changes by immunoblotting. We observed a reduction in the expression of 
phosphorylated as well as total FAK and PXN, but not in ITGB4 expression (Fig. 2E). 
Next, we transiently transfected H1993 and H2009 cells with ITGB4 siRNA and 24 h 

post-transfection treated them with 10 M cisplatin and determined cell proliferation and 
caspase activity. In H1993, ITGB4 knockdown, or cisplatin treatment, inhibited cell 
proliferation significantly and the fold change in cell count was ~1, indicating a cytostatic 
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effect. However, in response to cisplatin in ITGB4 knockdown cells, the fold change 
dipped to <1, alluding to a cytotoxic effect (Fig. 2F). Further, live caspase-3/7 activity 
analyzed in the same cells showed a 5- to 6-fold increase in activity compared to control 
by 24 h and by 72 h, caspase activity increased to 20-fold. Addition of cisplatin to the 
ITGB4 knockdown cells had an additive effect but cisplatin treatment alone did not 
induce caspase activity, indicating the reduction in cell proliferation by cisplatin was 
cytostatic but that knocking down ITGB4 induces cytotoxicity (Fig. 2G).  In KRAS MT 
H2009 cells, a similar trend was observed but the cell proliferation did not drop <1 and 
the induction of caspase activity by ITGB4 knockdown was weak. Knocking down 
ITGB4 induced caspase activity within 24 h of seeding, whereas cisplatin treatment 
alone induced apoptosis in H2009 cells by 72 h and the combination had an additive 
effect (Fig. 2H and I). ITGB4 knockdown in another KRAS WT cell line H1650 also 
inhibited cell proliferation and induced cell death. However, cell death was not due to 
caspase activation but appeared to be due to cell bursting which is related to anoikis 
(Supplementary Fig. 3B and Supplementary video 7 and 8). Together, these data 
underscore the role of ITGB4 in imparting cisplatin resistance in these two LUAD cell 
lines irrespective of their KRAS status. 

It has been shown that the cytoplasmic domain of ITGB4 acts as a scaffold for various 
kinases involved in activating the MAPK, PI3k or Akt pathways (Trusolino et al, 2001). 
MET Proto-Oncogene, Receptor Tyrosine Kinase (MET) is also one of the interacting 
partners of ITGB4 and is responsible for HGF-dependent phosphorylation and activation 
of ITGB4 (Trusolino et al, 2001). Of the two cell lines used in the present study, H1993 
is known to harbor MET amplification. Thus, we asked if ITGB4 knockdown disrupts 
MET activity. Indeed, we observed a decrease in MET expression in ITGB4 knocked 
down cells at the protein level but there was no significant change in the mRNA 
expression, suggesting that ITGB4 may be involved in MET protein stability in these 
cells (Fig. 2J and Supplemental Fig. 3C). However, in H2009 cells that do not carry 
MET amplification, no detectable decrease in MET expression was observed 
(Supplemental Fig. 3D). These data led us to conclude that the cells dependent on 
MET signaling (H1993) may be more sensitive to ITGB4 knockdown while cells 
independent of MET signaling (H2009) may be insensitive. 

Treating cells with ITGB4 antibody or knocking down both PXN and ITGB4 has a 
synergistic effect on attenuating cisplatin resistance  

Having demonstrated that silencing ITGB4 expression can increase significant 
sensitivity to cisplatin, we asked if blocking the ITGB4 extracellular epitope with an 
antibody would have a similar effect. H1993 cells were first incubated with anti-ITGB4 
antibody for 6 h in ultra-low attachment tissue culture plates and then plated on tissue 
culture-treated plates. As expected, antibody-treated cells were unable to attach to the 
plate, indicating neutralization of ITGB4 epitopes by the antibody. The cells were 
allowed to grow for 72 h and proliferation was determined using red fluorescence count. 
We observed that antibody-treated cells proliferated slower than untreated or control 
IgG-treated cells. However, ITGB4 antibody treatment induced 5- to 7-fold higher 
caspase activity than untreated cells (Fig. 3A and 3B). Furthermore, immunoblotting 
performed on whole cell lysates prepared from these cells showed a decrease in ITGB4 
and PXN protein levels after 48 h of culturing, which further declined steadily until 72 h 
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(Fig. 3C). In contrast, cells incubated with control IgG antibody in ultra-low attachment 
plates for the same period of time and re-plated in tissue-culture treated plates did not 
show any change in the ITGB4 protein level, suggesting that decrease in protein levels 
was due to anti-ITGB4 antibody treatment and not due to any difference in culturing 
conditions.  

Next, we investigated the effect of combining the antibody and cisplatin treatments to 
determine potential synergy between the two modalities. Indeed, combining the two 
treatments showed an additive effect on cell proliferation and caspase-3/7 activity 
compared to either treatment alone. Furthermore, we also observed a synergistic effect 
even when a much lower dose (2.5 μM instead of 10 μM) of cisplatin was used (Fig. 3D 
and E), suggesting that tumors expressing high ITGB4 can be treated with anti-ITGB4 
antibody in combination with a low dose of cisplatin, which in turn can reduce the 
undesirable toxicity associated with cisplatin.  

Since cisplatin treatment caused changes in expression of FAK and PXN but not ITGB4 
(Fig. 2E), and all three proteins are required for FA complex formation and activation, 
we asked if PXN knockdown alone can induce similar phenotype or PXN and ITGB4 
double knockdown can synergistically change cell proliferation and survival rates. In 
H1993 cells, PXN knockdown inhibited cell proliferation by 15% compared to 50% 
inhibition by ITGB4 knockdown and 70% inhibition caused by double knockdown (Fig 
3F). Treating H1993 single and double knockdown cells with cisplatin induced cytotoxic 
effect; a drop in the fold change of cell count by 40% and 60%, respectively was 
observed compared to control (scramble siRNA) cells treated with cisplatin. However, 
cisplatin treatments on PXN knockdown cells had a weaker effect (Fig. 3G). We further 
tested the effect of knockdown on apoptosis and found that PXN knockdown did not 
activate caspase-3/7 but had an additive effect when knocked down together with 
ITGB4. Further, knocking down ITGB4 alone or together with PXN made the cells more 
prone to cisplatin toxicity by inducing apoptosis (Fig. 3H). In case of the H2009 cells, 
double knockdown inhibited cell proliferation significantly, indicating a cytostatic effect 
compared to scramble knockdown (Fig. 3I). We observed a similar effect when these 
double knockdown cells were treated with cisplatin, unlike the cytotoxic effect observed 
in H1993 cells (Fig. 3K). Again, double knockdown or ITGB4 single knockdown induced 
apoptosis significantly within 24 h of seeding compared to PXN or scramble knockdown. 
Addition of cisplatin further sensitized these cells as seen by an increase in apoptosis at 
24 h and 48 h. (Fig. 3J). Immunoblotting analysis confirmed knockdown of both ITGB4 
and PXN (Fig. 3L). In addition we observed that PXN knockdown induced expression of 
tumor suppressor p27, with simultaneous reduction in phosphorylation of the 
retinoblastoma protein Rb1, suggesting cell cycle inhibition. Indeed, cell cycle analysis 
after knocking down PXN increased G1 population by 20% indicating slowing of G1-S 
transition, whereas knocking down ITGB4 resulted in partial decrease of S phase 
population and accumulation in G1 as well as G2 population. In addition, ITGB4 and 
PXN double knockdown increased further the population of both G1 and G2, indicating 
cell cycle halt at both G1-S and G2-M phases (Fig. 3M), which may explain the 
synergistic phenotype.  
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Knocking down PXN or ITGB4 disrupts spheroid growth 

To mimic conditions closer to in vivo, we discerned the effect of knocking down PXN or 
ITGB4 in spheroids (3D) formed from the cell lines used in 2D culture. H2009 cells 
engineered to express RFP (mKate2) were first transfected with scrambled or 
PXN/ITGB4-specific siRNA and then seeded in an ultra-low attachment round bottom 
plate for generating spheroids. Within 4 h of seeding, we observed spheroid formation in 
wells seeded with cells that were transfected with the control siRNA but not in the cells 
transfected with ITGB4 and PXN siRNA (Supplementary Fig. 3G , Supplementary 
video 9 to 12). The double knockdown cells took longer time for forming spheroids. 
Once they formed spheroids, they were monitored for 5 days using IncuCyte live cell 
imaging system (Fig 4A). The spheroid growth and survival were quantitated by 
monitoring dye intensity and area in real time. We observed a reduction in spheroid 
area in double knockdown cells by >40% compared to that seen in the spheroids 
formed by cells transfected with the scrambled siRNA (Fig. 4B). Again, spheroids 
formed using the cells with the double knockdown showed decline in red fluorescence 
intensity and by day 4, the intensity was only ~ 30% of the control (Fig. 4C). These data 
suggest that the cell-to-cell interaction, which is essential for the spheroid formation, 
was disrupted by ITGB4 and PXN knockdown and thus, the observed decrease in 
spheroid integrity. Additionally, we treated the single and double knockdown spheroids 
with cisplatin and observed that double knockdown spheroids were most sensitive 
followed by spheroids with only ITGB4 knocked down. However, PXN knocked down 
spheroids behaved similarly to that of control (Fig. 4D and E). By immunoblotting 
analysis, we confirmed that spheroids continued to have diminished levels of ITGB4 and 
PXN by 72 h post-Si RNA transfection (Fig. 4F). To confirm that the reduction in 
spheroid size was due to cell death upon treatment with cisplatin, we assayed them for 
caspase-3/7 activity using the Essen BioScience assay as described above. We 
observed a 20-fold higher caspase-3/7 activity with double knockdown compared to Si 
Scramble by day 5 (Supplementary Fig. 3F). We also analyzed caspase activity in 
control spheroids and double knockdown spheroids treated with cisplatin and found that 
the double knockdown spheroids exhibited a strong synergistic effect (Fig. 4G). 
Considered together, the data from the 2D and 3D culture experiments revealed that the 
interaction between PXN and ITGB4 is important for modulating cisplatin resistance in 
these LUAD cell lines.  

RNAseq analysis suggests that multiple pathways converge in cisplatin resistance 

To identify the effect of ITGB4/PXN knockdown on the expression of genes involved in 
signaling, we determined the changes in global gene expression patterns using 
RNAseq. RNA was extracted from both single and double knockdown cells 48 h post 
siRNA transfection and total RNAseq was performed as described in the Methods. In 
all, 30 million reads were analyzed for each condition. In all, 237 genes were 
downregulated when ITGB4 was knocked down and 158 genes were downregulated 
upon knocking down PXN. In the case of the double knockdown, we identified 329 
genes that were downregulated (Fig. 4H). Interestingly, 5 genes ARL6IP1, GPR160, 
IFIT1, KIF14, and TSN were common to both single and double knockdown samples 
(Supplementary Fig. 4A). Of these, ARL6IP1 is known to have anti-apoptotic role and 
KIF14 is known to control cell division, cell cycle progression, and apoptosis. 
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Comparative GSE analysis of the RNAseq data between control and double knockdown 
showed significant enrichment of genes regulated by MYC (Fig. 4I), genes associated 
with G2-M checkpoint, and genes regulated by the E2-F transcription factor required for 
cell cycle progression (Supplementary Fig. 4B). Myc is known to induce tumorigenesis 
by regulating the expression of genes required for suppressing tumor senescence, 
activating tumor stemness, modifying tumor microenvironment, inducing angiogenesis 
and suppressing immune activation. In murine models, Myc knockout is enough to 
contain and eradicate KRAS-driven lung cancer (Soucek et al). Therefore, we 
determined the effect of ITGB4 and PXN knockdown in regulating MYC targets. The top 
10 genes contributing significantly to down regulation of the MYC pathways were 
interrogated (Fig. 4J). Differential expression analysis of RNAseq revealed a list of 96 
unique genes which were downregulated only in double knockdown cells.  DAVID 
analysis performed on these 96 genes indicated that they are involved in regulation of 
transcription, G2/M transition, cell adhesion, and TGF-beta signaling (Supplementary 
Table 3). DAVID analysis of the 206 genes that were downregulated in double 
knockdown as well as PXN or ITGB4 single knockdown are listed Supplementary 
Table 4. 

ITGB4 and PXN maintain genomic stability and mitochondrial function. 

The Hallmark pathways represent specific well-defined biological processes and exhibit 
coherent expression. G3BP1, USP1, and VDAC1 were the top 3 downregulated genes 
constituting the MYC1 Targets V1 Hallmark pathway. To validate the RNAseq data, we 
performed western blotting and qPCR experiments. These results confirmed that 
knocking down either PXN or ITGB4 resulted in the decreased expression of all 3 genes 
but in double knockdown the decrease in expression becomes more cumulative at both 
protein (Fig. 5A) as well as RNA level (Supplementary Fig. 4C). Furthermore, we also 
analyzed the expression of these genes in lung TCGA data set to determine the 
expression of USP1 and VDAC1 in tumor and normal samples (Fig 5B).  

We next asked whether knocking down USP1, G3BP1 or VDAC1 gene would 
recapitulate the phenotype of the ITGB4/PXN double knockdown. To this end, we used 
3 siRNA constructs for each gene USP1, VDAC1, and G3BP1 (OriGene). 10 nM of 
each siRNA was transfected in the H2009 cells and the optimal siRNA construct was 
selected by correlating knockdown efficiency and phenotype (fold change in cell 
proliferation) (Supplementary Fig. 4D). G3BP1 siRNA knockdown inhibited its 
expression but did not inhibit cell proliferation or induce caspase activity 
(Supplementary Fig. 4D and E). For USP1, siRNA sequence B and for VDAC1 siRNA 
sequence A were selected for all downstream experiments. 

USP1 knockdown inhibited cell proliferation by more than 2-fold within 72 h of seeding 
with simultaneous increase in caspase activity. Furthermore, addition of a lower dose of 
cisplatin (2.5 μM) to USP1 knocked down H2009 cells decreased their proliferation by 3-
fold (Fig. 5C) and increased apoptosis by 200-fold within 72 h (Fig. 5D). We also tested 
the sensitization of H2009 and H1993 cells to the USP1-selective inhibitor ML323 (Qin 

et al). We treated cells with ML323, 5 M and 10 M for 3 days but did not see any 
significant change in the cell proliferation rates (Supplementary Fig. 4F). These data 
indicate that H2009 and H1993 cell survival and proliferation is dependent on USP1 
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protein level.  ML323, a USP1 inhibitor known to disrupt the USP1-UAF interaction and 
may not decrease USP1 protein level and hence, could not reproduce the phenotype of 
USP1 knockdown. Furthermore, USP1 is a deubiquitinase known to increase DNA 
repair activity in cisplatin-treated cells (Iraia et al). Therefore, we sought to measure 
changes in the γH2AX foci as a measure of DNA damage in the double knockdown or 
USP1 knockdown cells. We observed that double knockdown cells have significantly 
higher γH2AX foci counts compared to control or USP1 knockdown. Addition of cisplatin 
in conjunction with USP1 knockdown further increased the extent of DNA damage (Fig. 
5E).  

On the other hand, VDAC1 is an ion channel pump located in the mitochondrial and 
plasma membranes. Cox regression analysis on VDAC1 expression identified it as an 
independent factor with significant prognostic value (p<0.0001) for worse overall 
survival (Calire eta al). Therefore, we determined the significance of VDAC1 knockdown 
in our experimental set up. Knocking down VDAC1 led to a decrease in cell proliferation 
by 50% within 72 h. However, this did not contribute to apoptosis induction at an early 
time point even in the presence of cisplatin. Although at a later time point (120 h), we 
observed an increase in apoptosis by 2-fold (Fig. 5F and G). To discern the role of 
VDAC1 in mitochondrial function, we knocked down VDAC1 as well as PXN and ITGB4 
in H2009 cells and analyzed mitochondrial respiration in absence and presence of 
cisplatin using the Seahorse XF Analyzer (Agilent, Santa Clara, CA). The raw data was 
normalized to the live cell count. Knocking down VDAC1 or ITGB4/PXN changed the 
oxygen consumption rate (OCR) of cells, which is measured by the basal as well as 
maximal mitochondrial OCR compared to the control, and these rates were further 
increased in presence of cisplatin (Fig. 5 H, I, and J).  

Oxidative phosphorylation is an efficient but slow process of ATP production in 
comparison to the glycolytic pathway and is more preferably used by tumor cells. 
Pyruvate generated during glycolysis is oxidized by mitochondria for oxidative 
phosphorylation leading to mitochondrial ATP production, which is required for ATP-
linked respiration (Ajit et al). Treating cells with Oligomycin, which inhibits the electron 
transport chain and blocks mitochondrial ATP generation, can inhibit ATP-linked 
respiration. On one hand, an increase in ATP-linked respiration is indicative of the 
availability of more substrates like pyruvate to drive oxidative phosphorylation. On the 
other hand, it also suggests an increase in ATP demand of the cell. Therefore, we 
calculated ATP-linked respiration and observed an increase in the linked respiration in 
double knockdown cells which increased further upon addition of cisplatin. Control 
(scramble siRNA treated) cells in the presence of cisplatin showed increased ATP-
linked respiration which is indicative of a stress-induced increase in ATP demand. The 
same increase in ATP demand was also seen in these cells upon VDAC1 knockdown or 
double knockdown (Fig. 5K).  

Mitochondria maintain a proton motive potential for ATP generation under ideal 
conditions. A proton leak can affect the membrane potential and consequently, a 
decrease in ATP production. In order to maintain the proton motive force intact, 
mitochondria increase their respiration and oxygen consumption rate as measured by 
increase in basal and maximal respiration. We observed an increase in the proton leak 
for ITGB4 and PXN double knockdown which may explain their increase in respiration 
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to compensate for the loss in membrane potential (Fig. 5L). Further, respiratory 
capacity is measured by considering the ratio of maximal respiration compared to basal 
respiration, which does not show much difference across samples (Supplementary Fig 
4G).   

We also checked the possibility of decreased expression of ITGB4 and PXN upon 
knocking down USP1 or VDAC1 but did not observe any change (Supplementary Fig. 
4H).Taken together, these data suggest that USP1 and VDAC1 are downstream of PXN 
and ITGB4 and thus, knocking down USP1 and VDAC1 should recapitulate the 
phenotype of PXN and ITGB4. Therefore, we transfected H2009 cell line with 10 nM of 
siRNA against ITGB4 and PXN or siRNA against USP1 and VDAC1 and compared 
changes in proliferation rates. Cell proliferation was reduced by 50% after knocking 
down either of the combination. Addition of cisplatin to either combination had an 
additive effect in inhibiting cell proliferation. Interestingly, there was no significant 
difference between either gene combinations (Fig. 5M).   

Irradiation is known to increase mitochondrial respiration causing an increase in 
generation of mitochondrial ROS which eventually induces apoptosis (Tohru Yamamori 
et al). Therefore, we asked if increased mitochondrial respiration leads to increased 
reactive oxygen species (ROS) generation in the double knockdown cells. We 
estimated the production of ROS using ROS-Glo Kit from Promega in two cisplatin-
resistant cell lines by knocking down USP1/VDAC1 or ITGB4/PXN. We observed an 
increase in the generation of ROS by knocking down either ITGB4/PXN or 
USP1/VDAC1 compared to control (scramble siRNA) knockdown (Fig. 5N). Addition of 
cisplatin to control cells increased ROS production but had no significant effect on the 
double knockdown cells. In previous experiments we did not observed any change in 
the expression of PXN and ITGB4 on knocking down either USP1 or VDAC1. Again we 
did not observe any change in PXN and ITGB4 expression in USP1 and VDAC1 double 
knockdown cells indicating the regulation of USP1 and VDAC1 by PXN and ITGB4 is 
unidirectional. (Supplementary Fig. 4I) 

Taken together, the data suggests that ITGB4 and PXN regulate USP1 and VDAC1 
expression, which plays a critical role in the tumor proliferation and sensitivity to 
cisplatin. Knocking down either ITGB4/PXN or USP1/VDAC1 increases mitochondrial 
oxygen consumption rate, leading to increase in ROS generation which eventually leads 
to DNA damage. The induction of DNA damage was cumulative when cisplatin was 
added to these cells. To repair this extensive DNA damage, cells need to activate the 
DNA repair mechanism like USP1 activation, which were abrogated by ITGB4 and PXN 
double knockdown. 

Finally, since double knockdown silenced USP1 expression alluding to possible 
transcriptional regulation, we analyzed the upstream sequence of USP1 promoter 
region using Genome Browser and identified two potential acetylated histone H3K27 
binding sites. To determine the functional significance of these sites, we knocked down 
both PXN and ITGB4 and after 72 h, performed chromatin immunoprecipitation (ChIP) 
using an anti-acetylated histone H3K27 antibody from Diagenode. In the double 
knockdown samples, we observed reduced binding of acetylated H3K27 at the 
promoter, suggesting that USP1 expression is induced by hyper acetylation (Fig. 5O). 
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Of note, the data also suggest that ITGB4 and PXN involvement is not limited to 
migration and invasion; they may also be involved in controlling the epigenetic 
landscape of lung cancer. However, additional studies are needed at the global level 
along with other histone acetylation forms. 

Biochemical data demonstrate direct interaction between PXN and ITGB4 
 
From the foregoing, it follows that PXN and ITGB4 interact with each other and also with 
FAK and that this interaction is important in cisplatin resistance. To determine these 
interactions, we performed co-immunoprecipitation experiments with an ITGB4 antibody 
as well as with FAK or PXN antibodies in separate experiments. Immunoblotting with 
ITGA6 antibody served as a positive control as it is known to interact with ITGB4 (Aydin 
et al). To our surprise however, we were unable to detect the ITGA6 protein in H2009 
and H1993 cell lines. However, the pulldown showed the presence of ITGA7 (Fig 6A). 
Furthermore, the immunoprecipitation data indicated a stronger interaction between 
FAK and ITGB4 compared to PXN and ITGB4, suggesting that FAK interaction with 
ITGB4 is PXN-dependent or vice versa. To test this possibility, we knocked down PXN 
and repeated immunoprecipitation with the ITGB4 antibody. This experiment 
demonstrated that indeed, FAK interacts with ITGB4 irrespective of PXN (Fig. 6B). We 
next performed immunoprecipitations using lysates from cells treated with cisplatin for 
48 h to determine if cisplatin induced any change in the interaction of ITGB4, FAK, and 
PXN (Fig. 6C and D). By immunoprecipitating ITGB4 as well as PXN, we observed no 
change in the interactions among FAK, PXN, and ITGB4 in presence of cisplatin, which 
again indicated the involvement the FA complex in imparting cisplatin resistance. 
Considered together, the co-immunoprecipitation data suggested that disrupting 
interaction between PXN, ITGB4, and FAK in cisplatin-resistant cells could make them 
more susceptible to cisplatin.  
 
The N-terminal region of PXN is intrinsically disordered 
 
Since PXN, especially the LD1-LD5 domain, is implicated in interacting with multiple 
proteins in the FA complex, we suspected that this region may be intrinsically 
disordered. Bioinformatics analysis using the PONDR prediction algorithm showed that 
indeed, the N-terminal half of the molecule, especially the regions connecting the LD 
domains, is predicted to be significantly disordered while the C-terminal half comprising 
the LIM domains is predicted as highly ordered (Fig. 6E). To experimentally verify the 
prediction, we employed circular dichroism (CD) and NMR spectroscopy. CD spectra 
were recorded as a function of temperature from 10° to 60°C. These spectra showed 
that the N-terminal region of PXN polypeptide chain lacks significant α-helical or β-
strand secondary structural elements over this temperature range as evidenced by low 
ellipticity values in the 215–230 nm region. However, a weak ellipticity minimum at ~222 
nm was observed, suggesting some helical character which could likely correspond to 
the short helical regions (5-7 amino acids) between the large disordered regions (Fig. 
6F). To corroborate the CD data, we used NMR. A two-dimensional 1H-15N HSQC 
spectrum of the LD2-LD4 region (Fig. 6G) confirmed that this domain is indeed 
disordered. Taken together, the biochemical, computational, and biophysical 
experiments not only provide good evidence that PXN is an intrinsically disordered 
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protein (IDP) and therefore can interact with multiple partners, but also suggest that the 
interactions between PXN, ITGB4, and FAK contribute to cisplatin resistance in lung 
cancer. Consistently, our data demonstrating a strong synergistic effect of the double 
knockdown underscored the importance of the PXN/ITGB4 complex in drug resistance 
in these cells.  

FDA approved drugs alleviate cisplatin resistance in LUAD 
 
A virtual screen of a library of 1440 FDA-approved drugs using binding pockets in the N-
terminal domain of PXN (Fig. 6H) identified several putative hits. The top 40 hits were 
then rescreened employing a cell-based assay to determine their efficacy using H358 
cells. We used the H358 cells because they have high expression of ITGB4/PXN and 
exhibit intermediate sensitivity to cisplatin. Cells were treated with various 
concentrations of the drugs (0.15 to 10 μM) for 72 h and the IC50 values were 
determined using the GraphPad software (Supplementary Table 5). We identified 11 
potential compounds that showed a significant decrease in cell proliferation with IC50s 

ranging from 0.8 nM to 1.54 M. We then used a sublethal dose to determine the effect 
of these compounds on ITGB4 and PXN expression and caspase activity 
(Supplementary Fig. 5A). Three of the 11 compounds carfilzomib, ixazomib, and 

CUDC-101 induced apoptosis and caused DNA damage measured by H2AX 
immunblotting and decrease in ITGB4 expression. We repeated the drug assay using 
the 11 compounds on H2009 cell line using a range from 10 μM to 0.08 μM. The 0.08 
μM of carfilzomib is highly potent to inhibit cell proliferation as compared to the other 10 
compounds (Supplementary Fig. 5B). CCK-8 viability assay was done on the cells 
treated with 0.08 μM of drugs ,  and again carfilzomib emerged as a strong inhibitor of 
cell viability (Supplementary Fig 5C). Further immunoblotting done on the H2009 cells 
at a sublethal dose using all the 11 compounds showed degradation or loss of ITGB4 
and PXN in the cells treated with carfilzomib only (Supplementary Fig. 5D). We further 
tested the effect of of top3 drugs carfilzomib, ixazomib, and CUDC-101on H2009 and 
H1993 cell lines. Of these, carfilzomib was the most efficacious with an IC50 of 0.418 

M (Fig. 6I and J) and 1.7 M (Supplementary Fig. 5E) in H2009 and H1993, 
respectively. Furthermore, we also confirmed significant inhibition of wound healing and 
reduction in wound closure rate in H2009 cells when treated with sublethal doses of 

200, 100, or 50 nM of carfilzomib (Fig. 6K). Ixazomib and CUDC-101 on the other hand, 
were less effective than carfilzomib in inhibiting wound healing (Supplementary Fig. 
5G). Finally, immunoblotting experiments using cell extracts from H2009 and H1993 
cells treated with a sublethal dose of carfilzomib showed a reduction in ITGB4 

expression together with an increase in the levels of p27, H2AX, and cleaved PARP 
(Fig. 6L and Supplementary Fig. 5F).   

Carfilzomib inhibited patient-derived organoids better than cisplatin. 

The experiments described above were done using 2D monolayer cultures. To discern 
the effect of the drug in 3D cultures, we employed H2009 spheroids. The spheroids 
were treated with different doses (150-600 nM) for 72 h and spheroid integrity was 
analyzed by measuring the red and green intensities using confocal microscopy. 
Consistent with the 2D data, a significant increase in caspase activity and decrease in 
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spheroid growth was observed. The confocal images taken 72 h post-treatment showed 
intact spheroids in the untreated condition but disintegrated spheroids with high green 
fluorescence (caspase activity) in the presence of carfilzomib (Fig. 7A-C).   

Next, we determined drug efficacy in patient tumor tissue-derived organoids form two 
NSCLC adenocarcinoma patients. The organoids were named as lung cancer stem cell 
(LCSC) because of the expression of the stem cell markers (Xinwei et al). 
Approximately 5000 cells/sample from 2 surgical samples were seeded in an ultra-low 
attachment plate and incubated at 37°C. Once organoids formed, carfilzomib and 
caspase assay dye were added, and the organoids were observed in real time using the 
IncuCyte Live Cell Analysis System. As expected, in one of the patient-derived 
organoids, cisplatin treatment alone decreased spheroid area and increased apoptosis 
as measured by green intensity (Fig. 7D). Furthermore, treating with carfilzomib also 
decreased spheroid growth and increased apoptosis. Indeed, by 72 h carfilzomib at a 

concentration of 2.5 M induced 5-fold increase in caspase activity compared to 
cisplatin alone but there was not much change in the spheroid area (Fig. 7E and F). -
Thus, no additive effect was apparent in this patient sample. However, in the second 
case, cisplatin did not induce any caspase activity but carfilzomib by itself induced ~50-
fold increase in caspase activity which was further enhanced when the two drugs were 
combined (Fig. 7G-I). We also tested the efficacy of ITGB4 antibody in disrupting 
organoid growth and inducing apoptosis. After 6 days of treatment, a significant 
decrease in organoid area was observed, suggesting that ITGB4 antibody treatment 
significantly affects patient-derived organoid growth compared to untreated or 2.5 µM 
cisplatin-treated, but could not disrupt the organoid or induce cytotoxicity 
(Supplementary Fig. 5H). Considered together, these data indicated that in patients 
who are resistant to cisplatin, sensitivity can be enhanced by using carfilzomib.  

Next, we treated the organoids with cisplatin alone or carfilzomib at 2.5 µM and 5 µM for 
48 h and processed the samples for immunobloting. We observed a decrease in the 
expression of ITGB4, USP1, PXN and VDAC1 which were found to be associated with 
cisplatin resistance in the present study (Fig. 7G). In addition, we also observed 
decrease in the expression of CD133 expression, a marker for cancer initiating cells, 
which are thought to be responsible for acquired drug resistance (Bertolini G et al). 
Thus, carfilzomib treatment can sensitize the tumor cells as well as the cancer initiating 
cells, suggesting a potential drug for cisplatin refractory lung cancer cases. 

Mathematical modeling indicates bistability  

Analysis of RNAseq data revealed that several microRNAs were also differentially 
regulated in response to single or double knockdown (Supplementary Table 6). In 
particular, mir-1-3p was upregulated both in ITGB4 single knockdown as well as in the 
ITGB4/PXN double knockdown by 3.1-fold and 2.54-fold, respectively. Furthermore, it 
was reported that overexpressing ITGB4 downregulates miR-1-3p (Gerson et al, 2012). 
Together, these observations suggested that there exists a double negative feedback 
loop between ITGB4 and miR-1-3p. Therefore, integrating these observations, we 
developed a mathematical model to simulate the dynamics of ITGB4/miR-1-3p feedback 
loop (Fig. 8A). This model showed the existence of two stable states (phenotypes): one 
(sensitive) state represented by (low ITGB4, high miR-1-3p) and the other (resistant) 
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state represented by (high ITGB4, low miR-1-3p) (Fig. 8B). Moreover, the model 
suggested it is possible for cells to switch their state under the influence of biological 
noise or stochasticity; thus, a sensitive cell can behave as resistant and vice-versa. 

Next, to investigate whether this co-existence of two states is a robust feature that can 
be expected from the given network topology, we implemented the algorithm RACIPE 
(Random Circuit Perturbation) which generates an ensemble of mathematical models 
with varying parameter sets (Huang et al, 2017). The results from this ensemble 
(n=100,000) were then plotted together to identify robust dynamical features of the 
underlying regulatory network; each mathematical model can represent one cell, and 
this ensemble represents a cell population with varying levels of genetic/phenotypic 
heterogeneity. RACIPE results for the ITGB4/miR-1-3p feedback loop showed that both 
ITGB4 and miR-1-3p exhibit bimodality, i.e. two subpopulations (Fig. 8B and C). These 
two subpopulations were also distinctly observed in a scatter plot of ITGB4/miR-1-3p 
showing negative correlation (r = - 0.82, p <0.001), reinforcing our previous results 
indicating the existence of two states – high ITGB4, low miR-1-3p and low ITGB4, high 
miR-1-3p. All in all, these results indicate that ITGB4/miR-1-3p feedback loop enables 
phenotypic plasticity.( Supplementary Fig. 6A) 

To test the predictions made by the model, we treated H2009 cells with cisplatin for 4 
days. On day 5, we subjected them to FACS analysis using an ITGB4 antibody. We 
observed a 15% decrease in ITGB4 low-expressing cells compared to untreated cells, 
suggesting that the H2009 cells are inherently a mixed population with variable 
expression of ITGB4. In presence of stress, the cells either increase the expression of 
ITGB4 or the cells having high ITGB4 get selected (Supplementary Fig. 6B). 
Additionally, we gated and purified 10% of median low ITGB4 expressing cells (Low 
Sorted) and 10% of median high ITGB4 (High Sorted) subpopulations from H2009 cells, 
by FACS sorting and cultured them separately. We seeded the sorted cells in 6 
independent wells and allowed them to proliferate. After 2 days, 3 out of 6 wells were 

treated with a sub-lethal dose of cisplatin (1M) for 2 days. The cells were then counted, 
and an equal number of cells were stained with ITGB4 antibody and PI and analyzed by 
Attune NxT Flow Cytometer. Interestingly, we observed that the ITGB4-low cells 
recreated ITGB4-intermediate and ITGB4-high population while ITGB4-high sorted cells 
kept on proliferating and increasing the population of cells having highITGB4. The high 
sorted cells crated an intermediate population of 30% where as the low sorted created a 
population of 80% similar to the parental cells. Thus indicating cells having intermediate 
or high ITGB4 expression were more preferentially favored. Finally, we treated these 
cells with cisplatin and observed a shift in population for the low and intermediate gated 
cells towards the higher gate, suggesting that (cisplatin) stress favored the population 
with high expression of ITGB4 (Fig. 8D). 

Exosomal ITGB4 and PXN as biomarkers for predicting cisplatin response  

Since ITGB4 and PXN are upregulated in cisplatin-resistant cells, we asked if a 
minimally invasive method could be developed to determine the expression of ITGB4 

and PXN in LUAD patients. To this end, we used 500 l of serum from healthy donors 
and LUAD patients and isolated exosomes by ultracentrifugation as described in the 
Methods. Exosomes were lysed and analyzed for ITGB4 and PXN expression by 
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western blotting. CD63 served as an exosomal marker protein. Indeed, we observed 
that of six patients that were tested, three patients had higher expression of ITGB4 and 
PXN. Interestingly, USP1, which we identified as being regulated by ITGB4, showed a 
similar pattern corresponding to ITGB4 (Fig. 8E). These data suggest that ITGB4 and 
PXN represent attractive predictive biomarkers for cisplatin resistance.  

Discussion 

It is generally held that the antineoplastic effects of cisplatin are due to its ability to 
generate unrepairable DNA lesions hence inducing either a permanent proliferative 
arrest (cellular senescence) or cell death due to apoptosis. The drug enters cells via 
multiple pathways and forms multiple DNA-platinum adducts which results in dramatic 
epigenetic and/or genetic alternations. Such changes have been reported to occur in 
almost every mechanism supporting cell survival, including cell growth-promoting 
pathways, apoptosis, developmental pathways, DNA damage repair, and endocytosis 

(Shen et al, 2012; Rocha et al, 2018). Therefore, at a single cell level, the genetic 
underpinning involved in cisplatin resistance is obvious; however, the exact molecular 
mechanism(s) underlying the emergence of cisplatin resistance remains poorly 
understood and a bewildering plethora of targets have been implicated in different 
cancer types.  
 
On the other hand, drug resistance is also thought to be strongly influenced by 
intratumoral heterogeneity and changes in the microenvironment (Álvarez-Arenas et al, 
2019). Again, while prevailing wisdom advocates that the heterogeneity arises from 
genetic mutations, and analogous to Darwinian evolution, selection of tumor cells 
results from the adaptation to the microenvironment (Gerlinger M, Swanton, 2010), it is 
now increasingly evident that non-genetic mechanisms may also play an important role 
and information transfer can occur horizontally via a Lamarckian mode of evolution 
(Álvarez-Arenas et al, 2019). Thus, a population of isogenic cells in the same 
environment can exhibit single-cell-level stochastic fluctuations in gene expression. 
Such fluctuations, known as gene expression noise or transcriptional noise, can result in 
isogenic cells ‘making’ entirely different decisions with regard to their phenotype and 
hence, their ability to adapt themselves to the same environmental perturbation (Balázsi  
et al, 2011; Farquhar et al, 2019; Engl, 2019). Transcriptional noise can arise from the 
intrinsic randomness of underlying biochemical reactions or processes extrinsic to the 
gene (Swain et al, 2002). Regardless, two main characteristics of gene expression 
noise are its amplitude and memory. Amplitude, often measured by the coefficient of 
variation, defines how far cells deviate from the average. Memory describes the time for 
which cells remain deviant once they depart from the average (Acar et al, 2005; 
Charlebois et al, 2011). Thus, it follows that the effect noise produces is likely reversible 
and hence, underscores its importance in phenotypic switching. 
 
Yet another source of noise that can be confounding in phenotypic switching is 
conformational noise (Mahmoudabadi et al, 2013) that stems from the ‘structural’ 
plasticity of the IDPs that lack rigid 3D structure and exist as conformational ensembles 
instead (Wright and Dyson, 2015; Turoverov et al, 2019). Because of their 
conformational dynamics and flexibility, IDPs can interact with multiple partners and are 
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typically located in ‘hub’ positions in protein interaction networks. The collective effect of 
conformational noise is an ensemble of protein interaction network configurations, from 
which the most suitable can be explored in response to perturbations. Moreover, the 
ubiquitous presence of IDPs as transcriptional factors (Staby et al, 2017; Tsafou et al, 
2018), and more generally as hubs (Patil et al, 2010; Hu et al, 2017), underscores their 
role in propagation of transcriptional noise. As effectors of transcriptional and 
conformational noise, IDPs rewire protein interaction networks and unmask latent 
interactions (Mahmoudabadi et al, 2013). Thus, noise-driven activation of latent 
pathways appears to underlie phenotypic switching events such as drug resistance. 
 
The present data suggest that cisplatin resistance in LUAD can arise stochastically in 
response to drug treatment. While it is possible that such resistance that is 
spontaneously, or randomly, acquired during the course of treatment can be due to 
random genetic mutations or stochastic non-genetic phenotype switching (Pisco et al, 
2013), our observations strongly support a non-genetic mechanism. A double negative 
feedback loop between ITGB4 and miR-1-3p results in bistability, facilitating a reversible 
phenotypic switch between cisplatin-sensitive and resistant states. A recent study on 
oxaliplatin chemotherapy in pancreatic ductal adenocarcinoma (Kumar et al, 2019) 
where the authors studied a coarse-grained stochastic model to quantify phenotypic 
heterogeneity in a population of cancer cells also mirrors the present findings 
suggesting the phenomenon may be applicable to many different cancers. Furthermore, 
a random population of cisplatin-resistant LUAD cells is heterogeneous and comprises 
individuals that either express high or low levels of ITGB4. These cells therefore are 
either more resistant or less resistant to cisplatin, respectively. However, when purified 
to homogeneity (>99%) and plated separately, the purified population recreates the 
heterogeneity. Taken together, these observations not only corroborate the bistability 
predicted by the model but also highlight the role of phenotypic switching in generating 
population heterogeneity in cancer. 

Additionally, it is important to note that, the interaction of ITGB4 with the intrinsically 
disordered PXN is critical since perturbing this interaction renders the cells sensitive. It 
is important to note that, in addition to the LD domains and the LIM domains, PXN also 
contains an SH3 domain-binding site and SH2 domain-binding sites (Salgia et al, 1995). 
Together, these motifs serve as docking sites for cytoskeletal proteins, tyrosine kinases, 
serine/threonine kinases, GTPase activating proteins, and a host of other adaptor 
proteins that recruit additional enzymes into complex with PXN. Thus, consistent with 
the functions of an IDP in a hub position, PXN serves as a docking protein to recruit 
signaling molecules to the FA complex and thereby, coordinate downstream signaling 
(Schaller, 2001, Oncogene). It is now well recognized that cellular protein interaction 
networks are organized as scale-free networks and hence, are remarkably resilient to 
perturbations (Barabasi and Albert, 1999; Barabasi, 2009). Thus, while disabling minor 
nodes does not significantly affect the continuity and hence, functionality of the network, 
attacking the critical nodes can incapacitate the entire network (Schwartz et al, 2002). 
Thus, it follows that PXN appears to constitute a critical hub and its malfunction 
accounts for the failure of the cisplatin-resistant cells to tolerate the drug. Additional 
studies elucidating the structural biology of PXN and the PXN/ITGB4/FAK complex that 
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are currently underway in our laboratories should provide a deeper understanding of the 
role of these molecules in cisplatin resistance.  

Although, IDPs in general have not been much appreciated as therapeutic targets since 
their inability to adopt well-defined structures provides significant obstacles for 
developing ligands that regulate their behaviors, emerging evidence indicates that 
indeed, they can be specifically targeted (Wójcik et al, 2018; Neira et al, 2017; Martin-
Yken et al, 2016; Yu et al, 2016; Berg, 2011; Jung et al, 2015; Ambadipudi 
and Zweckstetter, 2016). In fact, even transcription factors that were never the favourite 
drug targets, are now emerging as tractable to drug development (Tsafou et al, 
2018). Consistent with this growing body of evidence, we have identified a series of 
FDA-approved drugs including carfilzomib that perturb interactions involving an IDP and 
may be repurposed for alleviating cisplatin resistance in LUAD. By extrapolation, it is 
likely that some of these drugs may be effective in several other cancer types in which 
cisplatin therapy is administered. Thus, carfilzomib and the other drugs we identified in 
this study can not only hasten clinical trials in future, but may make the availability of the 
drug, if successful, more cost effective as well. Finally, it is conceivable that using the 
antibody-drug conjugation technology, carfilzomib or any of the other drugs identified in 
this study could potentially be conjugated to the ITGB4 antibody and delivered to the 
tumor site with high specificity (Yao et al, 2016). 

Yet another phenomenon that contributes to cisplatin resistance in NSCLC is epithelial 
to mesenchymal transition (EMT) (Fischer et al, 2015; Zheng et al, 2015). Consistently, 

we observed that the Smad and TGF- pathways that are known to be associated with 
EMT are affected by knocking down ITGB4 and PXN suggesting that there is crosstalk 
between the molecules that regulate EMT and signaling via the FA complex. Therefore, 
combining therapies that target the molecules involved in these two processes may 
prove more effective in treating these patients. 

As mentioned before, the role of the FA complex in serving as a conduit through which 
mechanical force and regulatory signals are transmitted between the extracellular 
matrix and an interacting cell is well established (Chen et al, 2003). Furthermore, the 
role of PXN in cisplatin resistance has also been recognized (Wu et al, 2014). However, 
as far as we are aware, the involvement of ITGB4 and the interaction between these 
molecules with FAK in modulating cisplatin resistance has not been reported. As 
summarized in Fig. 8F, these results suggest that PXN and ITGB4 are not only involved 
in tumor invasion and metastasis but are also required for regulating transcription of 
various genes involved in maintaining genomic stability and mitochondrial function (Fig. 
8F). These findings support a new role for the FA complex in cancer, particularly LUAD. 
Finally, the observation that these FA components may potentially serve as drug 
response predictors using a blood-based assay, and the identification of FDA-approved 
drugs that can potentially be repurposed to address drug resistance can have a 
significant impact on LUAD and perhaps, even other types of cancers that respond to 
cisplatin.  

Materials and methods 

Cell lines and reagents 
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Lung cancer cell lines (H23, H358, SW1573, H441, H2009, H522, H1650, H596, 
H1437, and H1993) were obtained from American Type Culture Collection (ATCC) 
(Manassas, VA, USA). All cell lines were cultured in RPMI 1640 medium (Corning) 
supplemented with fetal bovine serum (FBS) (10%), L-glutamine (2 mM), 
penicillin/streptomycin (50 U/ml), sodium pyruvate (1 mM), and sodium bicarbonate 
(0.075%) at 37°C, 5% CO2. Cisplatin was provided by City of Hope National Medical 
Center clinics. Anti-integrin beta 4 antibody, clone 8 was purchased from MilliporeSigma 
(Burlington, MA, USA). FDA-approved drugs were purchased from Selleck Chemicals 
(Houston, TX, USA). 

Antibodies 

Antibodies against ITGB4, FAK, phospho-FAK (Y397), γH2AX, p27, phospho-Rb 
(S807/811), USP1 were purchased from Cell Signaling Technology (Danvers, MA, 
USA). Antibodies against ITGA7, ITGA6, PXN, MET, G3BP1, VDAC1, and agarose-
conjugated antibodies (ITGB4, FAK, PXN) were purchased from Santa Cruz 
Biotechnology (Dallas, TX, USA). Cyclin D1 antibody was purchased from Invitrogen 
(Waltham, MA, USA). Phospho-PXN (Y31) and PARP antibodies were purchased from 
Abcam (Cambridge, UK). CD63 antibody was purchased from System Biosciences 
(Palo Alto, CA, USA). β-actin antibody was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 

Western blotting 

Cell lysates were prepared with 1X RIPA buffer (MilliporeSigma) and denatured in 1X 
reducing sample buffer at 95°C for 5 min. Protein samples (15 μg) were run on 4-15% 
TGX gels (Bio-Rad, Hercules, CA, USA) and transferred onto nitrocellulose membranes 
(Bio-Rad). Blots were blocked with 5% non-fat milk in TBS-T for 1 hour at room 
temperature and probed with primary antibody diluted in 2.5% BSA in TBS-T overnight 
at 4°C. After three washes with TBS-T, blots were incubated with HRP-conjugated 
secondary antibodies for 2 hours at room temperature. After three more washes, bands 
of interest were visualized via chemiluminescence using WesternBright ECL HRP 
substrate (Advansta, Menlo Park, CA, USA) and imaged with the ChemiDoc MP imager 
(Bio-Rad). 

Quantitative real-time PCR 
 
Quantitative real-time PCR (qPCR) reactions were performed using TaqMan Universal 
PCR Master Mix (Thermo Fisher Scientific, Waltham, MA) and analyzed by the Quant 
Studio7 Real-timePCR system (Life Technologies, Grand Island, NY). Total RNA 
isolation and on-column DNase digestion from cells were performed basing on the 
manufacturer’s protocol RNeasy Plus Mini Kit (Qiagen Cat #: 74134). 1 ug of RNA was 
used to synthesize the cDNA according to the one step cDNA synthesis kit from 
QuantaBio (Cat#: 101414-106). TaqMan probes for HS99999905 –GAPDH, 
HS00236216-ITGB4, HS01104424-PXN, HS00174397-ITGB1, HS00164957-ITGB2, 
HS01001469-ITGB3, HS01565584-MET, HS04978484-VDAC1, HS00428478-G3BP1 
and HS00163427-USP1 were purchased from ThermoFisher (Waltham, MA). The 
mRNA expression was analyzed using multiplex PCR for the targeted gene of interest 
and GAPDH as reference using two independent detection dyes FAM probes and VIC 
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probes respectively. Relative mRNA expression was normalized to GAPDH signals and 
calculated using the ddCt method. 
 
siRNA Transfection 

Knockdown of ITGB4 (Cat #: SR302473C), FAK (Cat #: SR303877C), USP1 (Cat #: 
SR305052B), and VDAC1 (Cat #: SR305067C) at the mRNA level was executed using 
siRNAs purchased from OriGene Technologies (Rockville, MD, USA). Knockdown of 
PXN was achieved by siRNA purchased from Life Technologies Corporation (Cat #: 
4392421). JetPRIME transfection reagent (Polyplus Transfection, Illkirch, France) was 
used to transfect the siRNAs according to the manufacturer’s protocol. Cells were 
seeded in 6-well plates (200,000 cells/well) and allowed to adhere overnight. Next day, 
10 nM siRNA was transfected with 4 μl jetPRIME reagent in complete growth medium 
for each well. Cell growth medium was changed the next day and expression was 
detected 72 h post-transfection by immunoblot. 

Cell viability assay 

Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies 
(Rockville, MD, USA). Cells were seeded on a 96-well plate and allowed to adhere in 
complete medium for 24 hours. Test compounds were added to 100 µl of medium at the 
indicated concentrations for 72 hours. Ten μl of the CCK-8 reagent were added to each 
well and absorbance at 450 nm was measured using a Tecan Spark 10M multimode 
microplate reader. 

Scratch wound healing assay 

Cells were seeded on a 96-well ImageLock (Essen BioScience, Ann Arbor, MI, USA) 
plate to reach 90% confluence by the next day. After cell adherence, 96 uniform wounds 
were created simultaneously using the WoundMaker (Essen BioScience) tool. Cells 
were washed once with serum-free medium and replenished with complete medium. To 
monitor wound healing, the plate was placed in the IncuCyte S3 Live-Cell Analysis 
System (Essen BioScience) and images were acquired every hour. Data analysis was 
generated by the IncuCyte software using a set confluence mask to measure relative 
wound density over time. 

Cell proliferation and apoptosis assay 

Cell proliferation assays were performed using cell lines stably transfected with 
NucLight Red Lentivirus (Essen Bioscience) to accurately visualize and count the 
nucleus of a single cell. Cells were seeded on a 96-well plate and allowed to adhere for 
24 h. Test compounds were added at indicated concentrations. Caspase-3/7 Green 
Apoptosis Reagent (Essen Bioscience) was also added as a green fluorescent indicator 
of caspase-3/7-mediated apoptotic activity. To monitor cell proliferation and apoptosis 
over time, the plate was placed in the IncuCyte S3 Live-Cell Analysis System (Essen 
BioScience) and images were acquired every 2 hours. Data analysis was generated by 
the IncuCyte software using a red fluorescence mask to accurately count each cell 
nucleus and a green fluorescence mask to measure apoptosis over time. 

Immunoprecipitation (IP) 
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Cells were lysed in the Pierce™ IP Lysis Buffer purchased from Thermo Fisher 
Scientific and 1 mg of protein was allowed to bind overnight in 4°C to agarose-
conjugated antibodies (Santa Cruz Biotechnology): ITGB4 (Cat #: sc-13543 AC), FAK 
(Cat #: sc-271195 AC), PXN (Cat #: sc-365379 AC). IP beads were washed 5 times 
with 1X RIPA buffer and denatured in 2X reducing sample buffer at 95°C for 5 min. 
Western blots according to aforementioned protocol were performed to determine IP 
results. 

3D spheroid assay 

3D spheroid experiments were performed using cell lines stably transfected with 
NucLight Red Lentivirus (Essen Bioscience) to visualize red fluorescence as an 
indicator of cell viability. Cells were seeded on a 96-well ultra-low attachment plate and 
allowed to form spheroids overnight. Drug treatment was added as indicated along with 
Cytotox Green Reagent (Essen BioScience), used as a green fluorescence indicator of 
cell death due to loss of cell membrane integrity. To monitor cell proliferation and 
apoptosis over time, the plate was placed in the IncuCyte S3 Live-Cell Analysis System 
(Essen BioScience) and images were acquired every 2 hours. Data analysis was 
generated by the IncuCyte software using a red fluorescence mask to accurately 
measure intensity and area of red fluorescence, indicating spheroid viability and a green 
fluorescence mask, indicating cell death. 

Cell cycle analysis 
 
H2009 cells were harvested and pelleted after 72 h following siRNA transfection. Ice 
cold 70% ethanol was added to the pellet with mild vortexing to fix the cells. The fixed 
cells were kept at 4°C for PI staining. FxCycle™ PI/RNase Staining solution from 
Invitrogen was used for staining the DNA according to the manufacturer’s protocol prior 
the FACS analysis.  Univariate model of Watson (Pragmatic) was used for cell cycle 
analysis. 
 
Confocal microscopy 
 
3D spheroids were seeded and imaged in 96-well clear ultra-low attachment 
microplates (Corning) using Zeiss LSM 880 confocal microscope with Airyscan at the 
Light Microscopy/Digital Imaging Core Facility at City of Hope. Images were processed 
using ZEN software and analyzed using ImageJ (Schneider, C. A.; Rasband, W. S. & 
Eliceiri, K. W. (2012), "NIH Image to ImageJ: 25 years of image analysis", Nature 
methods 9(7): 671-675, PMID 22930834). 
 
Seahorse XF Cell Mito Stress Test metabolic assay 
 
Cells were seeded in complete growth medium on a Seahorse XF Cell Culture 
Microplate (Agilent Technologies, Santa Clara, CA, USA) to reach 90% monolayer 
confluence by the next day. One day prior to assay, 5 μM cisplatin was added for 24 h. 
On the day of the assay, mitochondrial inhibitor compounds were added to injection 
ports of the XFe96 FluxPak sensor cartridge at a final concentration of: oligomycin 1 
μM, FCCP 1 μM, rotenone/antimycin A 1 μM each. Culture medium was changed to 
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assay medium: Seahorse XF RPMI medium supplemented with 1 mM sodium pyruvate, 
2 mM L-glutamine, and 10 mM glucose. After completion of assay, cells were 
immediately stained with Hoechst dye and imaged using BioTek. Images were analyzed 
with QuPath (Bankhead, P. et al. (2017). QuPath: Open source software for digital 
pathology image analysis. Scientific Reports. https://doi.org/10.1038/s41598-017-
17204-5) to obtain number of cells in each well and normalize data according to cell 
number. 
 
ROS production assay 
 
Cells were seeded in a 96-well plate and placed in an incubator at 37°C for 72 h. 50 μl 
of medium from each well was transferred to another 96-well plate to measure ROS 
production with ROS-Glo™ H2O2 Assay (Promega, Madison, WI, USA). Remaining 
plate with cells was used to perform CellTiter-Glo® Luminescent Cell Viability Assay 
(Promega) to normalize ROS data to number of viable cells. Luminescence was 
measured using a Tecan Spark 10M multimode microplate reader. 
 

H2AX foci staining and analysis 
 
Cells were seeded (50,000 cells/well) on glass cover slips coated with 0.1% gelatin 
(Millipore) in a 12-well plate. Next day, 5 μM cisplatin was added for 24 h. Cells were 
fixed in 4% formaldehyde for 30 min at room temperature and blocked. Primary 
antibody against γH2AX (Cell Signaling Technology) was incubated in 4°C overnight. 
Then secondary antibody was incubated for 2 hours at room temperature. Cover slips 
were mounted on glass slides and imaged with Zeiss LSM 880 confocal microscope at 
the Light Microscopy/Digital Imaging Core Facility at City of Hope. Using QuPath 
(Bankhead, P. et al. (2017). QuPath: Open source software for digital pathology image 
analysis. Scientific Reports. https://doi.org/10.1038/s41598-017-17204-5), green 
fluorescent subcellular particles were counted in each nucleus to obtain γH2AX foci 
count per cell.  
 
Exosome isolation and analysis: 

200 μl of serum from patient or healthy donor was taken and diluted with PBS to 5ml. 
The diluted serum was filtered through 0.22-micron syringe filter and ultra-centrifuged at 
90,000 × g for 90 min. The supernatant was decanted, and the pellet was washed and 
centrifuged in 15 ml of PBS as before. The PBS was decanted, and pellet was 
suspended in 50 μl of 1X RIPA buffer containing protease inhibitors for 30 min on ice 
and transferred to 1.5 ml tube for quantification and denaturation as mentioned above 

Chromatin Immunoprecipitation 
 
Briefly, five million formaldehyde-fixed cells were lysed in 200 μl of SDS lysis buffer and 
diluted to 2 ml in ChIP dilution buffer in the presence of protease inhibitors. Lysates 
were sonicated using Bioruptor PICO for 3 cycles and each cycle has 10 repeats of 30 
sec pulse and 30 sec break. Lysates were precleared in salmon sperm DNA and protein 
A agarose by centrifugation. Prior to addition of antibody, 10% of the lysate was used 
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for input and the remaining lysate was divided into two equal parts, one for IgG control 
and other for H3K27 acetylated antibody from Diagenode. Downstream processing of 
the chromatin bound antibody was done as per the manufacturer’s protocol for EZ-
magna ChIP A/G (Millipore, Temecula, CA). The extracted DNA was used for SYBR 
green based qPCR assay using the primers sequences Upstream USP1R-5’-
AGGTTCACAGCATTCTCAATCC-3’, Upstream USP1F-
CAGTGCCTGTGAAACTTTGGA, Promoter USP1F-CTCAGCTCTACAGCATTCGC and 
Promoter USP1R-GGCCATCCAATGAGACAAGG. The data was analyzed based on 
the percentage of input. 
 
In-silico prediction of paxillin conformational ensemble 
 
Using in-silico modeling and enhanced sampling MD simulations, we predicted the 
conformational ensemble of Paxillin N-terminal domain between LD2 and LD4 bound to 
FAK. Starting from the crystal structures of FAK bound to the LD2 and LD4 motifs of 
Paxillin (pdb IDs 1OW8 and 1OW7 [2]), we modeled the disordered region of Paxillin 
(~110 residues) between LD2 and LD4 as a random coil using Modeller. The N and the 
C termini of Paxillin and FAK were capped by the acetyl and N-methyl acetamide 
groups respectively. This structure was subjected to temperature replica exchange 
simulations (REMD) [5] using the AMBER ff14SBonlysc force-field and the implicit 
solvation model GBneck2, as recommended in the AMBER16 manual. Twenty-six 
replicas between 280K and 480K were used and the individual temperatures were 
chosen to maintain an exchange success rate of 20%. To maintain structural integrity 
when subjected to high temperature during REMD, the backbone atoms of the helical 
regions of FAK and the bound LD2 and LD4 domains of Paxillin were position-
restrained with a force of 5 kcal/mol. During REMD, the temperature was maintained 
using the Langevin thermostat with a collision frequency of 1.0. To accelerate the MD, 
the system was subjected to hydrogen mass repartitioning, which allowed a 4 
femtosecond timestep to be used. The replicas were initially minimized using the 
conjugate gradient method followed by gradual heating to their respective temperatures 

over 1 ns. The REMD simulation was carried out for 1.15 s for each replica, followed 

by clustering of the lowest temperature conformations by the Paxillin C atoms using 
hierarchical agglomerative clustering. The representative structures from the top 3 most 
populated clusters were used for virtual screening. 
 
Virtual ligand screening to identify small molecule inhibitors of Paxillin-FAK interaction 
 
The top Paxillin conformations obtained from REMD were scanned for druggable 
pockets using the program FindBindSite (FBS). The top ranked pockets in each Paxillin 
conformation were further screened by proximity to the FAK interface. In total, 4 pockets 
among 3 Paxillin conformations were selected for virtual screening. The protein 
structures were prepared using Maestro (Schrodinger™, LLC). The SelleckChem FDA-
approved drug library containing approximately 1400 compounds was then docked to 
each pocket separately using Glide standard precision. The ligand library was prepared 
using the LigPrep module of Maestro and all possible protonation states at neutral pH 
were generated. During docking, the protein atoms were scaled by 0.8 and 10 docked 
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poses per ligand were retained. Next, the best docked pose for each ligand was 
selected by Glide score and was optimized by reassigning the side chains within 5Å of 
the docked ligand using Prime followed by minimization of the entire complex using 
MacroModel (Schrodinger™, LLC). Using MacroModel, a crude binding energy score 
was generated for each docked complex by subtracting the sum of individually solvated 
protein and ligand energies from the energy of the solvated complex. This score was 
used to select the top 50 ligands from each binding pocket, which were then subjected 
to thorough optimization and binding free energy calculation using the MMGBSA 
method in PrimeX. The top 10 compounds by binding free energy from each binding 
pocket were selected for experimental testing.  
 
Fluorescence-activated cell sorting (FACS) and analysis 
 
Cells were trypsinized and resuspended (5 million) in PBS with 2% FBS. Cells were 
stained with ITGB4 antibody conjugated to Alexa Fluor® 488 (5 μl/1 million cells) (R&D 
Systems, Minneapolis, MN, USA) and Propidium Iodide Ready Flow™ Reagent (1 
drop/1 million cells) (Invitrogen) for 30 min at 4°C. The Analytical Cytometry Core 
Facility at City of Hope carried out and assisted all FACS sorting and analysis 
experiments. Gates were set to sort cell populations having low 10% and high 10% 
expression of ITGB4 using the FACSAria™ Fusion (BD Biosciences, San Jose, CA, 
USA). Sorted cells were immediately cultured in 12-well plates and treated with cisplatin 
(1 μM) for 48 h. Then, equal number of untreated and treated cells were collected and 
stained with same reagents as above. FACS analysis was performed to determine shifts 
in cell population using the Attune NxT Flow Cytometer (Invitrogen). 
 

Mathematical modeling 

Bifurcation diagram was obtained MATCONT (cite: 

https://dl.acm.org/citation.cfm?id=779362). Next, Random circuit perturbation (RACIPE) 

algorithm was run on the two-node network – ITGB4/ miR-1-3p. The continuous gene 

expression levels were obtained as output with randomly chosen parameters for the 

regulatory links. The algorithm was used to generate 100,000 mathematical models, 

each with a different set of parameters for the following ODEs: 

u = Gu Hs (I, I0u
, nIu, λ-

Iu) – kuu 

I = GI Hs (u, u0
I
, nuI, λ-

uI) – kII 

where, u denotes miR-1-3p and I denotes ITGB4. Gu and GI are the maximum 

production rates of miR-1-3p and ITGB4 respectively. And, ku and kI are their innate 

degradation rates respectively. 
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Figure Legends: 

 

Figure 1. PXN and ITGB4 are upregulated in lung cancer and in cisplatin-resistant 
LUAD cell lines. A) Five LUAD cell lines with wild type (WT) KRAS and 5 cell lines with 
mutant (MT) KRAS were treated with 10 μM cisplatin for 72 h and cell viability was 
determined using Cell Counting Kit-8 assay. B) Immunoblot showing that the most 
cisplatin-resistant cell lines (H1993 and H2009) have high expression of both PXN and 
ITGB4. C) and D) qPCR results demonstrating high mRNA expression of PXN and 
ITGB4 in cisplatin-resistant cell lines. E) Gene expression profiles of LUAD patients 
were extracted from TCGA database and expression of PXN and ITGB4 were higher 
compared to normal tissue. F) Kaplan-Meier curves indicate significant survival 
difference (p=0.000089) between the two groups (PXN low + ITGB4 low and PXN high 
+ ITGB4 high). G) and H) Immunohistochemistry staining of tissue microarrays showing 
ubiquitous expression of PXN (yellow) and differential expression of ITGB4 (pink). (**** 
p<0.0001 One-way ANOVA)  
 
Figure 2. Knocking down ITGB4 attenuates proliferation and migration and 
increases sensitivity of cisplatin-resistant cells. H2009 and H1993 stable cell lines 
expressing mKate2 were transfected with control (Si Scramble) or ITGB4-specific (Si 
ITGB4) siRNA. A) ITGB4 knockdown cells (red) had a significantly reduced proliferation 
rate than control cells (black). (****p<0.0001 Two-way ANOVA) B) Immunoblotting and 
qPCR data confirming the knockdown. C) A scratch wound assay demonstrating the 
effect of knocking down ITGB4. ITGB4 knockdown (red) significantly halted migration 
and did not close the wound completely after 96 h in both resistant cell lines. 
(****p<0.0001 Two-way ANOVA) D) Rate at which the wound closed was also 
significantly decreased in ITGB4 knockdown cells (red). (****p<0.0001 and *p<0.0156 
Two-way ANOVA). E) Cisplatin (10 μM) treatment for 72 h reduced expression in 
phosphorylated and total FAK and PXN but not ITGB4. F) and G) ITGB4 knockdown in 
H1993 cells inhibited proliferation and increased caspase-3/7 activity. Treating ITGB4 
knockdown cells with cisplatin had an additive effect to induce caspase activity but drug 
treatment alone did not have a cytotoxic effect. (****p<0.0001 Two-way ANOVA) H) and 
I) ITGB4 knockdown in H2009 cells inhibited proliferation by 72 h but did not induce 
caspase activity. Cisplatin treatment to ITGB4 knockdown cells for 72 h had an additive 
effect to induce caspase activity. (****p<0.0001 Two-way ANOVA) J) Immunoblot 
showing MET protein expression in H1993 cells was reduced 4 days after knocking 
down ITGB4.  
 
Figure 3. Neutralizing ITGB4 with an antibody or knocking down both PXN and 
ITGB4 has a synergistic effect on attenuating cisplatin resistance. H1993 cells 
were treated with an antibody (10 μg/ml) targeting the ITGB4 extracellular epitope in an 
ultra-low attachment 96-well plate for 6 h then transferred to a tissue culture-treated 96-
well plate and allowed to attach overnight. A) and B) After 96 h, proliferation was 
inhibited, and apoptosis was significantly induced in cells treated with the ITGB4 
antibody (red) compared to untreated (black) and cells treated with an IgG antibody 
(green) used as a control. (****p<0.0001 Two-way ANOVA, multiple comparison) C) 
Immunoblotting confirmed decreased expression of ITGB4, PXN, and MET with ITGB4 
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antibody treatment after 48 h compared to IgG antibody control. D) and E) ITGB4 

antibody (10 g/ml) treatment in combination with a lower dose of cisplatin (2.5 μM 
instead of 10 μM) exhibited a synergistic effect on inhibition of proliferation and 
increased caspase activity. (****p<0.0001 Two-way ANOVA) F) Double knockdown of 
both PXN and ITGB4 (red) in H1993 cells had a synergistic effect on inhibiting 
proliferation compared to single knockdown of either gene (green/blue) and control 
(black). G) Adding 10 μM cisplatin to the double knockdown cells (red) had an even 
greater effect on inhibiting proliferation compared to single knockdown of either gene 
(green/blue) and control (black) treated with cisplatin. (****p<0.0001 Two-way ANOVA) 
H) ITGB4 knockdown and double knockdown of PXN and ITGB4 induced apoptosis in 
H1993 and rendered cells more prone to toxic effects of cisplatin. (****p<0.0001 Two-
way ANOVA) I) Double knockdown of both PXN and ITGB4 (red) in H2009 cells also 
had a synergistic effect on inhibition of proliferation compared to single knockdown of 
either gene (green/blue) and control (black). (****p<0.0001 Two-way ANOVA) J) and K) 
Double knockdown of PXN and ITGB4 also induced strong apoptosis and in 
combination with cisplatin, proliferation was greatly inhibited and caspase activity 
increased at an earlier time point of 24 h. (****p<0.0001 Two-way ANOVA) L) 
Immunoblotting confirmed siRNA-mediated knockdown of PXN and ITGB4. PXN 
knockdown alone increased expression of p27 and decreased levels of phospho-Rb 
(S807/811), indicating cell cycle arrest. M) Cell cycle analysis revealed that knocking 
down PXN induced G1-S arrest whereas knocking down ITGB4 arrested cells in G2-M. 
Double knockdown of PXN and ITGB4 arrested cells in G1-S and G2-M.  
 
Figure 4. Both PXN and ITGB4 are necessary for spheroid viability and their 
signaling pathways converge in cisplatin resistance. H2009 cells expressing RFP 
were transfected with siRNA, seeded in a 96-well ultra-low attachment plate (5000 
cells/well), and allowed to form a compact spheroid overnight. A) Images acquired by 
the IncuCyte Live Cell Imaging System showed spheroids with single knockdown to 
start disintegrating by Day 3 and even earlier for double knockdown spheroids (Day 1). 
B) and C) To quantitate spheroid viability, red fluorescence area and intensity were 
measured. Both parameters showed that double knockdown had a synergistic effect on 
attenuating spheroid viability. (****p<0.0001 Two-way ANOVA) D) and E) Spheroids 
with ITGB4 single knockdown and PXN/ITGB4 double knockdown were sensitized to 

cisplatin (10 M) treatment indicated by a decrease in red fluorescence area and 
intensity. (****p<0.0001 Two-way ANOVA) F) Immunobloting confirmed PXN and ITGB4 
siRNA-mediated knockdown is still present after 72 h in 3D culture. G) Double 
knockdown spheroids treated with cisplatin had the greatest cytotoxic effect indicated by 
the green fluorescence in the confocal images acquired by a Zeiss LSM 880 
microscope. (**p<0.002, ***p<0.0009 Two-way ANOVA) H) Total RNA was extracted 
from single and double knockdown cells 48 h after siRNA transfection. Total RNASeq 
revealed the number of genes downregulated with each single knockdown of PXN and 
ITGB4 and when both genes are knocked down simultaneously. I) Bar diagram showing 
the major Hallmark pathways affected by the double knockdown. The top 10 pathways 
were arranged in descending order of their enrichment score. J) Heat map 
representation of top 10 genes that belong to hallmark MYC target V1 pathways were 
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analyzed after single or double knockdown. The heat map is representation of two 
experimental repeats. 
 
Figure 5. Both PXN and ITGB4 are involved in genomic stability and 
mitochondrial function. A) Immunobloting confirmed decreased expression of top 3 
genes (G3BP1, USP1, and VDAC1) downregulated in MYC pathway after knockdown of 
PXN and/or ITGB4. B) Gene expression profiles of LUAD patients were extracted from 
TCGA database and expression of USP1 and VDAC1 were higher compared to normal 
tissue. C) and D) In H2009 cells, knocking down USP1 (blue) attenuated proliferation, 
induced apoptosis, and sensitized cells to a lower dose of cisplatin (2 μM) (red). 

(****p<0.0001 Two-way ANOVA) E) After knocking down PXN/ITGB4 and USP1, H2AX 
foci were detected via immunofluorescence, imaged with confocal microscopy, and 
counted with QuPath image analysis software. Knockdown exhibited greater number of 

cells with higher H2AX foci counts. Added cisplatin increased number of detected 

H2AX foci. (*p=0.04, **p=0.004, ***p,<0.0001) F) and G) Similarly, knocking down 
VDAC1 (blue) inhibited cell proliferation by 50% within 72hrs, but could induce 
apoptosis only at later time point. Cisplatin (red) addition has an additive effect to 
VDAC1 knockdown in inhibiting proliferation. H) – J) Using the Seahorse XF Analyzer, 
cellular metabolic activity was measured with knockdown and in presence of cisplatin. 
Knocking down PXN/ITGB4 or VDAC1 increased basal (I) and maximal (J) 
mitochondrial oxygen consumption rate per 1000 cells. (**p=0.0029, ****p<0.0001 One-
way ANOVA) K) and L) ATP-linked respiration (K) and proton leak (L) also showed an 
increase in the same knockdown cells. (* p=0.01 One-way ANOVA) M) Double 
knockdown of PXN/ITGB4 (red) and USP1/VDAC1 (blue) inhibited proliferation to 
similar extent whether in the absence or presence of cisplatin. (****p<0.0001 Two-way 
ANOVA) N) Reactive oxygen species (ROS) production was measured using the ROS-
Glo™ H2O2 Assay. Double knockdown of PXN/ITGB4 and USP1/VDAC1 induced 
higher levels of ROS compared to control.  O) ChIP was performed with an acetylated 
H3K27 antibody 72 h after siRNA-mediated knockdown of PXN/ITGB4. With the 
knockdown, H3K27 acetylation at the promoter region of USP1 was greatly reduced 
compared to that of an upstream region, indicating ITGB4 and PXN role in USP1 
transcriptional activation. 
 
Figure 6. PXN is intrinsically disordered and its interaction with ITGB4 can be 
disrupted by an FDA-approved compound. A) Co-immunoprecipitation (co-IP) of 
H2009 whole cell lysate with an ITGB4 antibody showing FAK, PXN, and ITGA7 interact 
with ITGB4. Reverse co-IP with FAK and PXN antibody showing ITGB4 binds to FAK 
and PXN. B) Knocking down PXN did not affect the interaction between FAK and PXN.  
C) and D) Treating H2009 cells with 10 μM cisplatin for 48 h did not induce any changes 
in the interaction between ITGB4, FAK, and PXN. E) PONDR prediction algorithm 
determined that the N-terminal region of PXN to be intrinsically disordered whereas the 
C-terminal half is highly ordered. F) Circular dichroism (CD) spectra were recorded as a 
function of temperature 10°C to 60°C. Low ellipticity values near the 215-230 nm region 
indicated that the N-terminal region lacks any secondary structure. G) NMR 
spectroscopy using a two-dimensional 1H-15N HSQC spectrum was used to analyze the 
LD2-LD4 region of PXN to confirm that it is indeed disordered. H) Using the binding 
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pocket in the N-terminal region of PXN, 1440 FDA-approved drugs were virtually 
screened. I) Molecular structure of carfilzomib. J) H2009 cells were treated with an 
increasing dose of carfilzomib to determine IC50. K) Scratch wound assay using H2009 
cells treated with a sublethal dose of carfilzomib (50-200 nM) showed dose-dependent 
inhibition of cell migration. (**p-0.002, ***p-0.0001, p-****<0.0001) L) Immunoblot of 
H2009 cells treated with carfilzomib showed reduced expression of ITGB4 and 

phospho-Rb (S807/811) and increased expression of p27, H2AX, and cleaved PARP, 
indicating cell cycle inhibition and cell death. 
 
Figure 7. Carfilzomib is more effective than cisplatin in 3D spheroids and patient-
derived organoids. A) Confocal images taken of H2009 spheroids treated with 300 nM 
and 600 nM carfilzomib for 72 h depicted disintegration and induction of caspase activity 
marked by green fluorescence.  B) and C) Carfilzomib treatment of H2009 spheroids 
reduced viability of spheroids as quantitated by lower red fluorescence intensity (B) and 
increased caspase activity (C) in a dose-dependent manner. (****p<0.0001 Ordinary 
one-way ANOVA) D – I) Surgical samples from lung cancer patients were obtained and 
cultured to form organoids (5000 cells/well). In one patient sample (LCSC4) (D), 

cisplatin (5 M) alone and carfilzomib (2.5 M) alone decreased the size of the organoid 
(E), but there was a 5-fold greater induction of apoptosis with carfilzomib compared to 
cisplatin in reference to cisplatin, (****p<0.0001 Two-way ANOVA) (F). The combination 
of carfilzomib and cisplatin did not have an additive effect. In another patient sample 
(LCSC2) (G), cisplatin and carfilzomib decreased the spheroid area (H). Cisplatin alone 
did not induce any caspase activity, but carfilzomib induced a ~50-fold increase in 
apoptosis. (****p<0.0001 Two-way ANOVA) (I). Caspase activity was enhanced with the 
combination of both drugs. (****p<0.0001 Two-way ANOVA) J) These patient-derived 
organoids were treated with cisplatin and carfilzomib at indicated concentrations and 
collected after 48 h for immunoblot. Cisplatin treatment had a minimal effect whereas 
carfilzomib had a more toxic effect on cells marked by decreased expression of ITGB4, 
PXN, USP1, VDAC1, and CD133. 
 
Figure 8. Mathematical modeling suggests that cisplatin resistance can be 
stochastic and reversible state, and ITGB4 and PXN detected in exosomes 
represent attractive biomarkers. A) A double negative feedback loop between ITGB4 
and miR-1-3p leads to bistability. B)  A mathematical model stimulating the dynamics of 
ITGB4 and miR-1-3p showed cisplatin resistance to be a reversible state. High ITGB4 
and low miR-1-3p render cells to be resistant whereas low ITGB4 and high miR-1-3p 
represents a more  state. C) To test this mathematical model, RACIPE algorithm 
generated an ensemble (n = 100,000) with varying parameter sets then plotted to 
represent robust dynamical patterns. Results showed that ITGB4 and miR-1-3p exhibit 
bimodality: two distinct subpopulations of cells that are negatively correlated, reinforcing 
the previously described negative feedback loop. D) H2009 cells were stained with 
ITGB4 antibody conjugated to Alexa Fluor 488 and sorted based on gates set to high 
and low ~10% of ITGB4-expressing population using the FACSAria Fusion instrument. 
Sorted cells were subsequently cultured for 48 h and then treated with 1 μM cisplatin for 
48 h. Then using the Attune NxT Flow Cytometer, equal numbers of cells were stained 
again and analyzed to determine shifts in population between untreated and treated 
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cells. Low sorted cells treated with cisplatin had a greater cell population that shifted 
toward higher ITGB4 expression. High sorted cells treated with cisplatin did not undergo 
significant changes in population compared to untreated. E) Human sera (500 μl) were 
obtained from healthy donors and LUAD patients. Exosomes were isolated, lysed, and 
analyzed for expression of ITGB4 and PXN by immunoblotting. Compared to that of 
healthy donors, exosomes of patients had increased expression of ITGB4 and PXN and 
also USP1, which we identified to be regulated by ITGB4. F) Schematic depicting the 
interaction between ITGB4 and PXN regulating downstream proteins USP1 and VDAC1 
at the transcriptional level to coordinate cisplatin resistance.  
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Supplementary information: 

 

Equations: 

µ* = gµ3p Hs (I, λI,µ3p) – mI Yµ(µ3p) - kµ3p µ3p 

mI
* = gmI Hs (C, λc,mI) – mI Ym (µ3p) – kmI mI  

I* = gI mI L(µ3p) – kI I 

where HS is the shifted Hill function, defined as HS (B,λ ) = H-(B)+λH+ (B) , H− (B) =1/ 

[1+(B / B0)nB ] , H+ (B) =1−H− (B) and λ is the fold change from the basal synthesis rate 

due to protein B. λ >1 for activators, while λ <1 for inhibitors. 

The total translation rate:  

mI L(µ3p) = m∑ liCn
iMn

i (μ)
n

i=0
 

The total mRNA active degradation rate: 

mI Ym (µ3p) = m∑ γ𝑚𝑖
Cn
iMn

i (μ)
n

i=0
 

The total miR active degradation rate is 

mI Yµ(µ3p) = m∑ γ𝜇𝑖Cn
iMn

i (μ)
n

i=0
 

 

Parameters used in panel A: 

n (# of miR binding sites) 0 1 2 3 

L only li 1.0 0.5 0.2 0.02 

Y only γmi (Hour-1)  0.3 1.5 7.5 

Both,             
L stronger 

li 1.0 0.6 0.3 0.1 

γmi (Hour-1)  0.04 0.2 1.0 

---- γmi (Hour-1)  0.005 0.05 0.5 

 

Parameter Value 

kµ3p  
(hour-1) 

 

0.05 

kmI 

(hour-1) 
0.5 

kI 

(hour-1) 
0.1 
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gµ3p  
(molecules/hour) 

2900 

gmI 

(molecules/hour) 
30 

gI 

(hour-1) 
100 

I0µ3p  
(molecules) 

6000 

µ3p0 

(molecules) 
10000 

C0
mI 

(molecules) 
250000 

nI,µ3p 3 

nµ3p 6 

nC,mI 3 

λI,µ3p 0.3 

λC,mI 10 

 

The feedback loop was constructed based on data reported in the manuscript (ITGB4 

inhibits miR-1-3p) and publicly available data (miR-1-3p inhibits ITGB4) - 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGB4.  

The parameters for microRNA-mediated dynamics were estimated from our previous 

models for microRNA-mediated regulation of EMT (Lu et al. 2013). 

 

Supplementary Figure Legends  

Supplementary Figure 1. Variability of expression of PXN and ITGB4 in tumor 
tissue samples. A) Immunohistochemistry staining of lung adenocarcinoma tumor 
tissue showed that Case 1 had high PXN and intermediate ITGB4 expression. In Case 
2, PXN expression is low and ITGB4 expression is high. In Case 3, both PXN and 
ITGB4 expression are low. 

Supplementary Figure 2. Cell proliferation, apoptosis, and wound healing assay 
methods. A) Stable cell lines were generated to express nuclear mKate2 red 
fluorescent protein (RFP) using the NucLight Red Lentivirus Reagent (Essen 
BioScience). Upon selection with puromycin, cells were analyzed with the IncuCyte 
software to create a mask around each individual nucleus and obtain accurate real-time 
cell counts for proliferation assays. B) Doubling times for H2009 and H1993 cells 
transfected with scramble siRNA (siControl) were measured and compared to that of 
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cells with ITGB4 knockdown (siITGB4). C) Scratch wound healing assays were 
performed by creating an initial scratch wound with the WoundMaker tool. Wound 
closure was quantitated by monitoring cells that migrated to fill the initial wound. Cells 
transfected with scramble siRNA (Si Scramble) were able to completely fill the scratch 
wound by day 3 whereas ITGB4 knockdown cells (Si ITGB4) were not. D) H2009 cells 
transfected with10 nM of siRNA constructs A, B, and C, targeting ITGA7 had minimal 
effect on proliferation. E) Knocking down ITGB4 increased mRNA expression of other 
integrin beta forms such as ITGB1, ITGB2, and ITGB3 but had no significant effect on 
the expression of ITGA7. F) In order to nullify the effect of ITGB3 rescue, H2009 cells 
transfected with siRNA ITGB4 were treated with ITGB3 inhibitors. There was no 
significant effect in the fold change in proliferation compared to the ITGB4 knockdown 
cells 

Supplementary Figure 3. ITGB4 knockdown alone induces varying effects in 
different LUAD cell lines. A) Proliferation and apoptosis assays were executed with 
stable cell lines expressing nuclear RFP and the IncuCyte Caspase-3/7 Green Reagent 
(Essen BioScience), which emits green fluorescence when cleaved by activated 
caspase-3/7. Apoptosis is induced with knockdown of ITGB4 (Si ITGB4) by day 4 and 
enhanced with added cisplatin (Si ITGB4+Cisplatin). B) Nuclear RFP-expressing cell 
line H1650 was transfected with ITGB4 siRNA (Si ITGB4) and monitored in real-time 
with the IncuCyte. Over the course of 10 h, ITGB4 knockdown induced cells with an 
intact membrane to undergo anoikis-like bursting, attenuating cell proliferation in Si 
ITGB4 (red) cells compared to control (black). C) H1993 cells harbor MET amplification 
and upon ITGB4 knockdown, MET expression at only the protein level decreases but no 
change in the mRNA expression, indicating ITGB4 is required for MET protein stability 
but not for transcriptional regulation. However, ITGB4 knockdown increased apoptosis 
significantly compared to control cells. D) H2009 cells that do not have amplified MET 
did not show any significant change in the protein as well as mRNA expression. They 
also did not show significant increase in apoptosis with ITGB4 knockdown. E) H2009 
cells expressing nuclear RFP were seeded in an ultra-low attachment 96-well plate to 
facilitate spheroid formation. After 4 h, double knockdown of PXN and ITGB4 impeded 
cells from forming a compact spheroid as observed in control and single knockdown 
conditions. F) In H2009 cells, single knockdown of ITGB4 (Si ITGB4) significantly 
induced apoptosis and double knockdown of PXN and ITGB4 (Si ITGB4+Si PXN) had 
an enhanced effect.  

Supplementary Figure 4. Both ITGB4 and PXN knockdown downregulate genes 
involved in a common pathway. A) Total RNA sequencing after single and double 
knockdown of PXN and ITGB4 revealed that 5 common genes were downregulated 
compared to control cells (SCR). B) Major pathways affected by double knockdown of 
PXN and ITGB4 were MYC targets, G2-M checkpoint, and E2-F targets. C) qPCR 
results with single and double knockdown of PXN and ITGB4 confirmed downregulation 
of VDAC1, USP1, and G3BP1 at the mRNA level. D) SiRNA constructs A, B, or C 
against top four genes (KIF14, VDAC1, USP1, and G3BP1) down regulated were tested 
to determine the construct with maximum effect on inhibiting proliferation. KIF14 
construct C, VDAC1 construct A, and USP1 construct B showed significant effect on cell 
proliferation. E) The selected constructs were tested for induction of caspase-3/7 activity 
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by tracking green fluorescence using live cell imaging and analysis for 72 hrs. F) H2009 
and H1993 cells treated with ML323, a USP1 inhibitor, did not undergo significant 
changes in proliferation compared to untreated cells (black). G) Spare respiratory 
capacity, which is the ratio of maximal respiration vs. basal respiration, did not show any 
significant change between control and knockdown cells. H) Double knockdown of PXN 
and ITGB4 (Si ITGB4+Si PXN) decreased expression of USP1 and VDAC1. However, 
knocking down USP1 (Si USP1) or VDAC1 (Si VDAC1) did not affect expression of 
ITGB4 or PXN. I) H2009 and H1993 cells with PXN/ITGB4 or USP1/VDAC1 double 
knockdown confirmed by immunoblot to be used for ROS production assay. 

Supplementary Figure 5. FDA-approved compounds were screened and tested to 
determine the most effective compound in cisplatin-resistant cell lines. A) Eleven FDA-
approved compounds that exhibited the greatest inhibitory effect on H358 cells were further 
analyzed with immunoblot. H358 cells were treated with each compound at the indicated 
sublethal dose for 72 h. B) and C) H2009 cells treated with the eleven FDA-approved 
compounds at 0.08 μM. Cell proliferation over the course of 72 h was monitored and viability 
percentage compared to untreated was measured using CCK-8 assay. D) Immunoblot of H2009 
cells treated with sublethal dose of eleven drugs for 72 h showed reduction in both ITGB4 and 
PXN expression with only carfilzomib treatment. E) H1993 cells were treated with an increasing 
dose of carfilzomib to determine cell proliferation effect with change in dose and determine the 
IC50. F) Immunoblot of H1993 cells treated with carfilzomib showed reduced expression of 
ITGB4 and phospho-Rb (S807/811) and increased expression of p27, γH2AX, and cleaved 
PARP, indicating cell cycle inhibition and cell death. G) Ixazomib and CUDC-101, two 
compounds that induced caspase activity, were further analyzed with scratch wound healing 
assays in H2009 cells by taking into parameters relative wound density and wound closure rate. 
Only ixazomib impeded cell migration and CUDC-101 did not. H) Treating the patient-derived 
organoids Lcsc4 with 20 μg/ml of ITGB4 antibody decreased the spheroid area significantly, but 
combination with cisplatin 2.5 μM had no additive effect.   

Supplementary Figure 6. A) RACIPE ensemble results (n=100,000) show ITGB4 and 
miR-1-3p exhibit bimodality: two distinct subpopulations of cells, as shown via z-socre 
distributions of ITGB4 and miR-1-3p. B) FACS analysis using an anti-ITGB4 antibody 
showed enrichment of high ITGB4 population upon cisplatin treatment in H2009 cells. 

Supplementary Video 1,2: Wound healing assay, post Scramble or ITGB4 SiRNA 
transfection in H1993 cells respectively. 

Supplementary Video 3,4,5,6: Real time increase of green fluorescence indicating 
activation of caspase 3/7 activity after scramble Si RNA transfection alone or with 
cisplatin treatment or ITGB4 Si RNA transfection alone or with cisplatin treatment 
respectively. 

Supplementary Video 7,8: Cell bursting after scramble knockdown or ITGB4 
knockdown in H1650 cell lines respectively. 

Supplementary Video 9,10,11,12: Live video showing change in H2009 cell line 
derived spheroid after scramble knockdown or PXN knockdown or ITGB4 knockdown or 
both PXN and ITGB4 knockdown respectively. 
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Table 1. Genes upregulated in cisplatin-resistant lung adenocarcinoma cell line from 

Molecular signature database , Broad Institute. 

Table 2. Cox proportional hazards model: Survival ~ Sex + Stage + Age + PXN * 

ITGB4.  

Table 3. DAVID analysis of 96 unique genes downregulated in double knockdown of 

PXN and ITGB4. 

Table 4. DAVID analysis of 206 common genes downregulated in single and double 

knockdown of PXN and ITGB4. 

Table 5. IC50 values of H358 cells treated with 11 FDA approved compounds  . 

Table 6. MiRNAs differentially regulated by single and double knockdown of PXN and 

ITGB4 

Table 7. SiRNA sequences used for knockdown experiments 
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