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SUMMARY

Tumor heterogeneity and cisplatin resistance are major causes of tumor relapse
and poor survival. Here, we show that in lung cancer, interaction between paxillin
(PXN) and integrin b4 (ITGB4), components of the focal adhesion (FA) complex,
contributes to cisplatin resistance. Knocking down PXN and ITGB4 attenuated
cell growth and improved cisplatin sensitivity, both in 2D and 3D cultures. PXN
and ITGB4 independently regulated expression of several genes. In addition,
they also regulated expression of common genes including USP1 and VDAC1,
which are required for maintaining genomic stability and mitochondrial function,
respectively. Mathematical modeling suggested that bistability could lead to sto-
chastic phenotypic switching between cisplatin-sensitive and resistant states in
these cells. Consistently, purified subpopulations of sensitive and resistant cells
re-created the mixed parental population when cultured separately. Altogether,
these data point to an unexpected role of the FA complex in cisplatin resistance
and highlight a novel non-genetic mechanism.

INTRODUCTION

Lung cancer is the most frequently diagnosed cancer and a leading cause of cancer-related death world-

wide (Bray et al., 2018). Approximately 85% 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 large cell carcinoma (Salgia, 2016; Herbst et al.,

2018). LUAD accounts for �40% of all lung cancers. These subtypes differ in their cell of origin and display

different patterns of genomic alterations that influence their response to cytotoxic chemotherapies.

Approximately 40% to 50% 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 for a per-

centage of patients, with EGFR mutations, receiving first-line tyrosine kinase inhibitors (Tan et al., 2017).

However, immunotherapy alone or in combination with platinum-based chemotherapy remains the recom-

mended first-line treatment option for the remainder of these patients.

Cisplatin is a widely prescribed platinum-based compound that is effective against a wide spectrum of solid

neoplasms, including testicular, bladder, ovarian, colorectal, lung, and head and neck cancers (Galluzzi et al,

2012, 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 ren-

ders them less susceptible to the anti-proliferative and cytotoxic effects of the drug, and eventually resume pro-

liferation. Nonetheless, 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 (Sarin

et al., 2017; Xiao et al., 2017; Hu et al., 2016; Deben et al., 2018). Furthermore, although changes in administra-

tion schedules, choice of methods, and frequency of toxicity monitoring have all contributed to incremental im-

provements, chemoresistance limits the clinical utility of cisplatin (Fennell et al., 2016).

The focal adhesion (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.,
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2003). Paxillin (PXN), integrins, and focal adhesion kinase (FAK) are among the major components of this

complex. In LUAD, expression of PXN is correlated with tumor progression and metastasis (Song et al.,

2010; Mackinnon et al., 2011). Furthermore, phosphorylation of PXN activates the MAPK/ERK pathway,

increasing Bcl-2 expression and cisplatin resistance (Wu et al., 2014). Furthermore, certain PXN mutants,

through their interactions with Bcl-2 and dynamin-related protein 1 (DRP1), also regulate cisplatin resis-

tance 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 that regulate cell cy-

cle, organization of the intracellular cytoskeleton, and movement of new receptors to the cell membrane

(Giancotti and Ruoslahti 1999; Maziveyi and Alahari, 2017). Integrins are obligate heterodimers of one a

and one b subunit. In mammals, there are 24 a and 9 b subunits (Alberts et al., 2014). Among the various

b subunits, b1 is ubiquitously expressed in most cell types and can dimerize with multiple a subunits, form-

ing receptors for extracellular matrix proteins. On the other hand, integrin b4 (ITGB4) is reported to be

quite selective and heterodimerizes only with the a6 subunit and binds to laminin (Mainiero et al., 1997).

ITGB4 is also unique because of its >1,000-amino acid-long cytoplasmic domain compared with the

�50-amino acid-long domain of other b forms (Su et al., 2008). In NSCLC, the receptor tyrosine kinase

MET interacts with ITGA6/B4, and this interaction is required for hepatocyte growth factor (HGF)-depen-

dent tumor invasion (Trusolino et al., 2001). In addition, the presence of the ITGA6/B4 heterodimer in tu-

mor-derived exosomes facilitates the creation of a microenvironment that promotes lung cancer (Hoshino

et al., 2015). Together, these observations underscore the importance of the FA complex in NSCLC path-

ophysiology. However, how the interactions of the individual components of the FA complex may

contribute to cisplatin resistance remains poorly understood.

In this article, we demonstrate that direct interaction between paxillin (PXN) and integrin b4 (ITGB4), two

key components of the FA complex, contributes to cisplatin resistance in LUAD. Thus, knocking down

PXN and ITGB4 in cisplatin-resistant NSCLC cells significantly attenuated cell growth and improved

cisplatin sensitivity, and the double knockdown showed an additive effect both in 2D and 3D spheroid cul-

tures. Mechanistically, PXN or ITGB4 independently regulated expression of several unique genes, and

together regulate expression of USP1 and VDAC1 that are required for maintaining genomic stability

and mitochondrial function, respectively. Mathematical modeling suggested that bistability could lead

to stochastic phenotypic switching between cisplatin-sensitive and resistant states in these cells. Consis-

tently, purified subpopulations of sensitive and resistant cells re-created the mixed parental population

when cultured separately. Taken together, our data highlight a novel role for the FA complex in cisplatin

resistance in LUAD and uncover a non-genetic mechanism underlying chemoresistance in the disease.

RESULTS

Upregulation of Both PXN and ITGB4 butNot PXNAlone Correlates with Cisplatin Resistance

A gene set enrichment (GSE) analysis of the RNA sequencing (RNA-seq) data from the Molecular Signa-

tures Database v6.2 (MSigDB), a collection of annotated gene sets (Broad Institute), identified a set of

11 genes that were upregulated in cisplatin-resistant cells compared with sensitive cells (Table S1). Four

of these 11 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 mM 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, whereas among the KRASMT cell lines, H441 and H2009 were rela-

tively more resistant than the other three mutant cell lines (Figure 1A).

An immunoblotting analysis of the cell lysates revealed that PXN and FAK were expressed in all the cell

lines tested regardless of whether they were cisplatin sensitive or resistant (Figure 1B). The expression

of ITGB4 and ITGA7 was variable, whereas RAC1 and ITGA6 were undetectable among the cell lines.

ITGB4 expression was high in the two cisplatin-resistant cell lines, H2009 and H1993. Finally, a qPCR anal-

ysis using total RNA from the cell lines showed that the mRNAs for both PXN and ITGB4 were also upregu-

lated in the H2009 and H1993 cell lines (Figures 1C and 1D). In contrast, very low expression of ITGA6 was

observed in these cell lines compared with SW480 that was used as a positive control (Figure S1).
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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 five cell lines with mutant (MT) KRAS were treated with 10 mM

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 (C) PXN and (D) ITGB4 in cisplatin-resistant cell lines.

(E) Gene expression profiles of patients with LUAD were extracted from TCGA database, and expressions of PXN and

ITGB4 were higher compared with 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) Immunohistochemistry staining of tissue from Case 1 (needle biopsy) showing ubiquitous expression of PXN (yellow)

and weak expression of ITGB4 (pink).

(H) Staining of Case 2 (needle biopsy) showing ubiquitous expression of PXN (yellow) and high expression of ITGB4 (pink).

Data are represented as mean G SD (****p < 0.0001 one-way ANOVA).
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Co-expression of PXN and ITGB4 Correlates with Poorer Prognosis in Patients with LUAD

As LUAD cell lines overexpressing PXN were sensitive to cisplatin treatment when they did not express

ITGB4, we hypothesized that there is a correlation between PXN and ITGB4 expression and cisplatin

resistance. To test this hypothesis, gene expression profiles of 498 patients diagnosed with ‘‘lung

adenocarcinoma’’ were extracted from The Cancer Genome Atlas (TCGA) database and analyzed for

expression of ITGB4 and PXN (Figure 1E). The gene-level expression values FPKM (fragments per kilo-

base of exon model per million reads mapped) were analyzed according to the Cox proportional haz-

ards 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 (Table S2). 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) (Figure 1F). In addition, we performed immunohistochemistry (IHC) on needle biopsy spec-

imens obtained from two de-identified cases from City of Hope. PXN staining was detected using yel-

low, and ITGB4, with pink color. Thus, the coexpression of the two molecules would generate an or-

ange or bright red color based on the expression level. Indeed, we observed significant coexpression

of ITGB4 and PXN in various regions of the tumor (Figures 1G and 1H). The case represented in Fig-

ure 1G had weak expression of ITGB4, and coexpression generated an orange color. The second case

(Figure 1H) that had high expression of ITGB4 generated a reddish pattern, implying coexpression. We

further extended the IHC staining to three 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 was expressed in most regions of the tumor, but ITGB4 expression was sporadic, and the

level of ITGB4 expression was also variable among cases. Case 3 had high expression of ITGB4, Case

4 had intermediate expression, and Case 5 had weak expression (Figures S2A–S2C). The immunostain-

ing also suggests that PXN expression was not only limited to the tumors but also could be observed

in the surrounding lymphoid tissue. The PXN staining in normal lung tissue was weak compared with

tumor tissue, reconfirming the upregulation of PXN in adenocarcinoma. The coexpression of PXN and

ITGB4 (red or orange color) was limited to some regions of the tumor, emphasizing heterogeneity in

their expression patterns (Figures S2A–S2C). This suggested that cisplatin treatment appears to favor

the selection of a subclonal population of tumor cells having coexpression of ITGB4 and PXN. There-

fore, next, we interrogated the role of ITGB4 in cisplatin resistance in those cell lines that had high

expression of both ITGB4 and PXN.

Knocking down ITGB4 Attenuates Proliferation and Migration of Cisplatin-Resistant Cells

We infected H1993, H2009, H358, and A549 cells with IncuCyte NucLight lentivirus particles for generating

stable cell lines expressing nucleus-restricted red fluorescence protein, mKate2 (Figure S3A). These stable

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). We tested three small interfering RNA (siRNA) constructs fromOriGene

in the commonly employed NSCLC cell lines H358 and A549. siRNA C was found to be most effective in

knocking down ITGB4 and inhibiting proliferation (Figures S3B–S3D). Consistent with these findings,

knocking down ITGB4 using siRNA C in H1993 and H2009 cells significantly attenuated their proliferation

(Figure 2A). The knockdown was confirmed with immunoblotting analysis using total cell lysates and qPCR

analysis with RNA extracted from transfected cells (Figure 2B). Henceforth, we used the siRNA C construct

for the remainder of the experiments.

Next, we calculated the effect of ITGB4 knockdown on doubling time of H2009 and H1993. In the H2009

cells, we observed that by 50 h post transfection, control (scramble siRNA) cells showed a 4-fold increase

in cell count, indicating the doubling time to be approximately 25 h. However, in ITGB4 knocked down

H2009 cells, the doubling time increased to 40 h. Similarly, in H1993, knocking down ITGB4 led to only a

0.2-fold increase in cell count by 72 h, leading to an estimated doubling time of approximately 120 h

compared with 72 h for control cells (Figure S4A). We also knocked down ITGA7 in H2009 cell lines to vali-

date its role in cell proliferation but did not observe any significant change (Figure S4B). In addition, we also

determined expression of other integrin b forms to rescue the effect of ITGB4 knockdown and found an

increase in the mRNA levels of ITGB1, ITGB2, and ITGB3 (Figure S4C). We further tested the inhibitory

effect of ITGB3 inhibitors in the ITGB4 knocked down cells but found no significant difference in their pro-

liferation (Figure S4D).
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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 and B) (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 and D) (C) A scratch wound assay demonstrating the effect of knocking down ITGB4. ITGB4 knockdown (red)

significantly halted the 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 mM) treatment for 72 h reduced expression of phosphorylated PXN, PXN, and total FAK, but not ITGB4.

(LE = low exposure, HE = high exposure).

(F) ITGB4 knockdown in H1993 cells inhibited proliferation and addition of cisplatin had a cytotoxic effect (****p < 0.0001

two-way ANOVA).

(G) ITGB4 knockdown in H1993 cells increased caspase-3/7 activity. Treating ITGB4 knockdown cells with cisplatin had an

added effect of inducing caspase activity, but drug treatment alone did not have a cytotoxic effect (****p < 0.0001 two-

way ANOVA).

(H) ITGB4 knockdown in H2009 cells inhibited proliferation by 72 h and addition of cisplatin had a cytostatic effect

(****p < 0.0001 two-way ANOVA).
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To discern the effect of knocking down ITGB4 on cell migration, H1993 and H2009 cells were transfected

with the control (scrambled) or ITGB4-specific siRNA in 6-well plates; 12 h post transfection, the cells were

trypsinized and reseeded at high density in a 96-well plate. Once wells were confluent, a scratch wound was

generated using the WoundMaker tool (Essen Bioscience), and wound healing was observed in real time

using IncuCyte (Figure S4E, Videos S1 and S2). Both cell lines transfected with the scramble siRNA achieved

100% confluency of the wound within 48 h, whereas cells in which ITGB4 was knocked down reached �60%

and �80% confluency, respectively, and neither cell line reached 100% confluency even after 96 h (Fig-

ure 2C). We next estimated the rate of wound closure. The rate was determined by dividing the initial

wound width by the time taken to close the wound. In the case of the H1993 cells, the wound closure

rate was �25 mm/h, and on knocking down ITGB4, the rate significantly dropped to <10 mm/h. Similarly,

in the case of the H2009 cells, the wound width closure rate dropped from 22 mm/h to about 18 mm/h (Fig-

ure 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

We treatedH1993 andH2009 cells with cisplatin for 3 days and observed reduction in the expression of PXN

and FAK within 48 h of cisplatin treatment, whereas the ITGB4 expression remained unaltered (Figure S4F).

We observed a reduction in the expression of total FAK and PXN as well as phospho PXN, but not in ITGB4

expression (Figure 2E). Next, we transiently transfected H1993 and H2009 cells with ITGB4 siRNA and 24 h

post-transfection treated them with 10 mM cisplatin and then determined cell proliferation and caspase ac-

tivity (Figure S5A, Videos S3, S4, S5, and S6). In H1993, cisplatin treatment inhibited cell proliferation signif-

icantly, and the fold change in cell count was �1, indicating a cytostatic effect. However, in ITGB4 knock-

down cells, the fold change in response to cisplatin dipped to below 1, alluding to a cytotoxic effect

(Figure 2F). Furthermore, live caspase-3/7 activity analyzed in the same cells showed a 5- to 6-fold increase

in activity compared with control by 24 h, and by 72 h, caspase activity increased to 20-fold versus control

(Figures S5B–S5E). Addition of cisplatin to the ITGB4 knockdown cells enhanced cisplatin sensitivity, but

cisplatin treatment alone did not induce caspase activity, indicating that whereas the reduction in cell pro-

liferation by cisplatin was cytostatic, knocking down ITGB4 with cisplatin present induced cytotoxicity (Fig-

ure 2G). In KRAS MT H2009 cells, a similar trend was observed, but cell proliferation did not drop below 1,

and the induction of caspase activity by ITGB4 knockdown was weak. Knocking down ITGB4 induced cas-

pase activity within 24 h of seeding, whereas cisplatin treatment alone induced apoptosis in H2009 cells by

72 h and the combination increased sensitivity to cisplatin (Figures 2H and 2I). 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 (Figures

S5F and S5G, Videos S7 and S8). Furthermore, ITGB4 knockdown also sensitized H358 and A549 cells to

2.5 mM cisplatin (Figures S6A and S6B). 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 Tyro-

sine 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 ac-

tivity. 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 (Figures 2J and S6C). However, in H2009 cells that have no MET ampli-

fication, no detectable decrease in MET expression was observed (Figure S6C). These data suggested that

the cells dependent on MET signaling (H1993) may be more sensitive to ITGB4 knockdown, whereas cells

independent of MET signaling (H2009) may be insensitive.

Figure 2. Continued

(I) ITGB4 knockdown in H2009 cells 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 that MET protein expression in H1993 cells was reduced 4 days after knocking down ITGB4. Data

are represented as mean G SD.
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Figure 3. Knocking Down Both PXN and ITGB4 has a Synergistic Effect on Attenuating Cisplatin Resistance in 2D

and 3D Cultures

(A) Double knockdown of both PXN and ITGB4 (red) in H1993 cells had a synergistic effect on inhibiting proliferation

compared with single knockdown of either gene (green/blue) and control (black). (****p < 0.0001 two-way ANOVA).

(B) Adding 10 mM cisplatin to the double knockdown cells (red) had an even greater effect on inhibiting proliferation

compared with single knockdown of either gene (green/blue) and control (black) treated with cisplatin. (****p < 0.0001

two-way ANOVA).

(C) Double knockdown of both PXN and ITGB4 (red) in H2009 cells also had a synergistic effect on inhibition of

proliferation compared with single knockdown of either gene (green/blue) and control (black). (****p < 0.0001 two-way

ANOVA).

(D) With double knockdown of PXN and ITGB4 in combination with cisplatin (red), proliferation was greatly inhibited

compared with single knockdown of either gene (green/blue) and control (black) treated with cisplatin. (****p < 0.0001

two-way ANOVA).
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Knocking down Both PXN and ITGB4 has a Combined Effect on Attenuating Cisplatin

Resistance

As cisplatin treatment caused changes in expression of FAK and PXN but not ITGB4 (Figure 2E), and all

three proteins are required for FA complex formation and activation, we asked if PXN knockdown alone

can induce a similar phenotype or PXN and ITGB4 double knockdown can cooperate to change cell pro-

liferation and survival rates. In H1993 cells, PXN knockdown inhibited cell proliferation by 15% after 96 h

compared with 50% inhibition by ITGB4 knockdown and 70% inhibition caused by double knockdown (Fig-

ure 3A). 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 with control

(scramble siRNA) cells treated with cisplatin. However, treating PXN knocked down cells with cisplatin

had a weaker effect (Figure 3B). We further tested the effect of knocking down PXN on apoptosis and found

that PXN knockdown did not activate caspase-3/7 but increased caspase activity when combined with

ITGB4 knockdown. Furthermore, knocking down ITGB4 alone or together with PXN made the cells more

prone to cisplatin toxicity by inducing apoptosis (Figure S5C). In H2009 cells, double knockdown inhibited

cell proliferation significantly, indicating a cytostatic effect compared with scramble knockdown (Fig-

ure 3C). Unlike the cytotoxic effect observed in H1993 cells, we observed a cytostatic effect when these

double knockdown cells were treated with cisplatin (Figure 3D). Again, double knockdown or ITGB4 single

knockdown induced apoptosis significantly within 24 h of seeding compared with PXN or scramble knock-

down. Addition of cisplatin further sensitized these cells as seen by an increase in apoptosis at 72 h (Fig-

ure S5E). Immunoblotting analysis confirmed knockdown of both ITGB4 and PXN (Figure 3E). In addition,

we observed that PXN knockdown induced expression of the tumor suppressor p27 with simultaneous

reduction in phosphorylation of the retinoblastoma protein Rb1, suggesting cell cycle inhibition. Indeed,

a cell cycle analysis after knocking down PXN increased G1 population by 20% indicating slowing of G1-S

transition, whereas knocking down ITGB4 resulted in a decrease of S phase population and accumulation in

G1 as well as G2 populations. ITGB4 and PXN double knockdown increased further the population of both

G1 and G2, indicating that cell cycle is interrupted at both G1-S and G2-M phases (Figure 3F).

Knocking down PXN or ITGB4 Disrupts Spheroid Growth

To mimic conditions closer to in vivo, we studied the effect of knocking down PXN and ITGB4 in 3D

spheroid cultures. 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 to generate

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 (Figure S7A,

Videos S9, S10, S11, and S12). The double knockdown cells took much longer to form spheroids. Once

spheroids formed, they weremonitored for 5 days using the IncuCyte Live Cell Imaging System (Figure 3G).

By immunoblotting analysis, we confirmed that spheroids continued to have diminished levels of ITGB4

and PXN by 72 h post-siRNA transfection (Figure 3H).

Spheroid growth and survival were quantitated by monitoring red fluorescence intensity and area in real

time. We observed a reduction in spheroid growth in double knockdown cells by >40% compared with

that seen in the spheroids formed by cells transfected with the scrambled siRNA (Figure 3I). In addition,

spheroids formed from double knockdown cells showed a decline in red fluorescence intensity, and by

day 4, the intensity was only �30% of the control (Figure 3J). These data suggest that the cell-to-cell

Figure 3. Continued

(E) 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.

(F) 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.

(G) H2009 cells expressing mKate2 were transfected with siRNA, seeded in a 96-well ultra-low attachment plate (5,000

cells/well), and allowed to form a compact spheroid overnight. Images acquired by the IncuCyte Live Cell Imaging System

showed that spheroids with a single knockdown start disintegrating by day 3 and even earlier for double knockdown

spheroids (Day 1).

(H) Immunoblotting confirmed that the PXN and ITGB4 siRNA-mediated knockdown was still effective after 72 h in 3D

culture.

(I and J) To quantitate spheroid viability, (I) red fluorescence area and (J) mean intensity were measured. Both parameters

showed that double knockdown had a synergistic effect on attenuating spheroid viability (****p < 0.0001 two-way

ANOVA). Data are represented as mean G SD.
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interaction, which is essential for the spheroid formation, was disrupted by ITGB4 and PXN knockdown,

which resulted in the observed decrease in spheroid integrity. In addition, we treated the single and double

knockdown spheroids with cisplatin and observed that double knockdown spheroids were the most sensi-

tive, followed by spheroids with only ITGB4 knocked down. However, PXN knockdown spheroids behaved

similarly to the control group (Figures S7B and S7C). To confirm that the reduction in spheroid size was due

to cell death, we assayed them for caspase-3/7 activity using the Essen BioScience assay. We observed 20-

fold higher caspase-3/7 activity with double knockdown compared with scrambled siRNA by day 5 (Fig-

ure S7D). We also analyzed caspase activity in control spheroids and double knockdown spheroids treated

with cisplatin and found that the cell death in double knockdown spheroids exhibited an additive effect

(Figure S7E). 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.

Biochemical Data Demonstrate Direct Interaction between PXN and ITGB4

From the foregoing, it follows that PXN and ITGB4 interact with each other, and this interaction is important

in cisplatin resistance. ITGB4, PXN, and FAK are known to prime the formation of the FA complex. To deter-

mine these interactions, we performed co-immunoprecipitation (co-IP) experiments with an ITGB4 anti-

body as well as with FAK and PXN antibodies in separate experiments. Immunoblotting with ITGA6 anti-

body served as a positive control as it is known to interact with ITGB4 (Tözeren et al., 1994). Much to our

surprise, we were unable to detect the ITGA6 protein in the pulldown, but were able to detect ITGA7 lead-

ing to the possibility of ITGB4 heterodimer with ITGA7 in the H2009 cells (Figure 4A). Furthermore, the

immunoprecipitation data indicated a stronger interaction between FAK and ITGB4 compared with PXN

and ITGB4, suggesting that FAK interaction with ITGB4 is PXN-dependent, or vice versa. To test this pos-

sibility, we knocked down PXN and repeated immunoprecipitation with the ITGB4 antibody. This experi-

ment demonstrated that indeed, FAK interacts with ITGB4 irrespective of PXN (Figure 4B). We next per-

formed immunoprecipitations using lysates from cells treated with cisplatin for 48 h to determine if

cisplatin induced any changes in the interactions among ITGB4, FAK, and PXN (Figures 4C and 4D). By im-

munoprecipitating ITGB4, FAK, as well as PXN, we observed no changes in the interactions among FAK,

PXN, and ITGB4 in the presence of cisplatin, which again indicated the involvement of the FA complex

in imparting cisplatin resistance. We overexpressed ITGB4 and PXN in HEK293 cells and repeated the

co-IP experiment using the PXN antibody and were able to detect ITGB4 using the ITGB4-specific antibody

confirming the results from the endogenous IP (Figure 4E). Considered together, the co-IP data suggest

that the interactions among PXN, ITGB4, and FAK are responsible for cisplatin resistance and that disrupt-

ing this interaction could make these cells susceptible to cisplatin.

To validate the interaction of ITGB4 and PXN in situ, we performed proximity ligation assay (PLA). We pro-

cured the Duo Link In Situ Detection Kit from Sigma and performed the experiment on the H2009 cells as

per the manufacturer’s protocol to detect the interaction of ITGB4 (rabbit antibody) and PXN (mouse anti-

body). The PXN and FAK interaction served as positive control, and for the negative control, we used indi-

vidual antibodies for one specific target ITGB4, PXN, or FAK (Figure S8). The interaction of twomolecules is

detected by the red fluorescence emitted. The data validated the interaction of ITGB4 and PXN and sug-

gested that the interaction was variable among cells. Thus, whereas some cells showed high fluorescence,

the signal was weak in some cells. This is consistent with variable expression of ITGB4 observed in cell lines

and patient needle biopsies IHC data. In contrast, the interaction between FAK and PXN was uniform

across all the cells (Figures 4F and 4G).

RNA-Seq Analysis Suggests that Multiple Pathways Converge in Cisplatin Resistance

To identify the effect of ITGB4/PXN knockdown on signaling, we determined the changes in global gene

expression patterns using RNA-seq. RNA was extracted from both single and double knockdown cells 48 h

post-siRNA transfection, and total RNA-seq was performed as described in the Methods. A total of 30

million reads were analyzed for each condition. We found that 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 (Figure 5A). Interestingly, five

genes, ARL6IP1, GPR160, IFIT1, KIF14, and TSN, were common to both single and double knockdown sam-

ples (Figure 5B). Of these, ARL6IP1 is known to have an anti-apoptotic role and KIF14 is known to control

cell division, cell cycle progression, and apoptosis. Comparative GSE analysis of the RNA-seq data be-

tween control and double knockdown cells showed significant enrichment of genes regulated by MYC,
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genes associated with G2-M checkpoint, and genes regulated by the E2-F transcription factors required for

cell cycle progression (Figures 5C and 5D). Myc is known to induce tumorigenesis by regulating the expres-

sion of genes required to suppress tumor senescence, activate tumor stemness, modify the tumor micro-

environment, induce angiogenesis, and suppress immune activation. In murine models, Myc knockout is

enough to contain and eradicate KRAS-driven lung cancer (Soucek et al., 2013). Therefore, we determined

the effect of ITGB4 and PXN knockdown in regulating MYC targets. The top 10 genes contributing signif-

icantly to downregulation of the MYC pathways were interrogated (Figure 5E). Differential expression anal-

ysis of RNA-seq yielded 96 unique genes that were downregulated only in double knockdown cells. DAVID

analysis performed on these 96 genes indicated that they are involved in the regulation of transcription,

G2/M transition, cell adhesion, and transforming growth factor (TGF)-b signaling (Table S3). DAVID analysis
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Figure 4. ITGB4/PXN/FAK Interact in the Focal Adhesion Complex

(A) Co-immunoprecipitation (co-IP) of H2009 whole-cell lysate with an ITGB4 antibody showing that FAK, PXN, and ITGA7

interact with ITGB4. Reverse co-IP with FAK and PXN antibody showing that ITGB4 binds to FAK and PXN.

(B) Knocking down PXN did not affect the interaction between FAK and PXN.

(C) PXN IP on H2009 cells after 48 h of cisplatin treatment (10 mM) did not affect interaction with ITGB4 and FAK.

(D) FAK IP and ITGB4 IP on H2009 cells after 48 h of cisplatin treatment (10 mM) did not affect interaction with PXN.

(E) We expressed truncated ITGB4 and PXN in HEK293 cells and then performed PXN co-IP (IgG used as control). The

immunoblot confirms the interaction (LE = low exposure, HE = high exposure).

(F and G) Proximity ligation assay (PLA) demonstrated the colocalization of (F) PXN/ITGB4 and (G) PXN/FAK by the

quantification of punctate red fluorescence, which indicates that the twomolecules are in close proximity (between 30 and

40 nm).
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Figure 5. Signaling Pathways of PXN and ITGB4 Converge in Mediating Cisplatin Resistance

(A) Total RNA was extracted from single and double knockdown cells 48 h after siRNA transfection. Total RNA-seq

revealed the number of genes downregulated with single knockdown of PXN and ITGB4 and when both genes are

knocked down simultaneously.

(B) Total RNA-seq after single and double knockdown of PXN and ITGB4 revealed that five common genes were

downregulated compared with control cells (SCR).

(C) Major pathways affected by double knockdown of PXN and ITGB4 were MYC targets, G2-M checkpoint, and E2-F

targets.
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of the 206 genes that were downregulated in double knockdown as well as PXN or ITGB4 single knockdown

are listed Table S4.

ITGB4 and PXN May Regulate Genomic Stability and Mitochondrial Function via USP1 and

VDAC1

The Hallmark pathways represent specific well-defined biological processes and exhibit coherent expres-

sion. G3BP1, USP1, and VDAC1 were the top three downregulated genes that contribute to the MYC1 Tar-

gets V1 Hallmark pathway. To validate the RNA-seq data, we performed western blot and qPCR experi-

ments. These results confirmed that knocking down either PXN or ITGB4 resulted in the decreased

expression of all three genes, but in double knockdown, the decrease in expression is seen at both protein

(Figure 5F) and RNA levels (Figure 5G). Furthermore, we analyzed the expression of these genes in lung

TCGA dataset to determine the expression of USP1 and VDAC1 in tumor and normal samples. Both

USP1 and VDAC1 mRNAs showed increased expression in tumor compared with normal tissue, and a

Cox regression analysis on VDAC1 expression identified VDAC1 as an independent factor with significant

prognostic value for worse overall survival (p < 0.0001) (Grills et al., 2011) (Figure 6A).

We next asked whether knocking down the USP1, G3BP1, or VDAC1 genes would recapitulate the pheno-

type of the ITGB4/PXN double knockdown. To this end, we tested three siRNA constructs for each gene

USP1, VDAC1, and G3BP1 (OriGene). The optimal siRNA construct was selected by transfecting H2009 cells

with 10 nM of each siRNA and screening for the phenotypes of reduced proliferation and induction of cas-

pase activity (Figures 6B and S9A). For USP1 and VDAC1, siRNA sequences B and A were selected for all

downstream experiments, respectively. The efficiency of these siRNAs in inhibiting gene expression was

confirmed using immunoblotting. In addition, we also checked the possibility of decreased expression

of ITGB4 and PXN upon knocking down USP1 or VDAC1 but did not observe any change (Figure 6C).

USP1 knockdown inhibited cell proliferation by more than 2-fold within 72 h of seeding and showed a simulta-

neous increase in caspase activity. Furthermore, addition of a lower dose of cisplatin (2.5 mM) to USP1 knock-

down H2009 cells decreased their proliferation by 3-fold (Figure 6D) and increased apoptosis by 200-fold within

72 h (Figure 6E).We also tested the sensitization of H2009 andH1993 cells to the USP1-selective inhibitorML323

(Liang et al., 2014).We treated cells withML323 (5 and 10 mM) for 3 days but did not see any significant change in

the cell proliferation rates (Figure S9B). These data indicate that H2009 and H1993 cell survival and proliferation

is dependent on USP1 protein level, but not the interaction between USP1 and UAF, as ML323 is known to

disrupt the USP1-UAF interaction, and therefore, may not decrease USP1 protein level. Hence, we could not

reproduce the phenotype of USP1 knockdown using ML323. Furthermore, USP1 is a deubiquitinase known

to increase DNA repair activity in cisplatin-treated cells (Garcı́a-Santisteban et al., 2013). Therefore, we sought

to measure changes in the gH2AX foci as a measure of DNA damage in the double knockdown (ITGB4/PXN) or

USP1 knockdown cells. We observed that double knockdown cells have significantly higher gH2AX foci counts

compared with control or USP1 knockdown. Addition of cisplatin in conjunction with USP1 knockdown further

increased the extent of DNA damage (Figure 6F).

On the other hand, VDAC1 is an ion channel pump located in the mitochondrial and plasma membranes.

Knocking down VDAC1 led to a decrease in cell proliferation by 50% within 72 h, but this did not contribute

to apoptosis induction even in the presence of cisplatin. However, at a later time point (120 h), we observed

a 2-fold increase in apoptosis (Figures 6G and 6H).

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 the absence and presence of cisplatin using

Figure 5. Continued

(D) Bar diagram showing the major Hallmark pathways affected by the double knockdown. The top 10 pathways were

arranged in descending order of their enrichment scor23e.

(E) Heatmap representation of top 10 genes that belong to hallmarkMYC target V1 pathways were analyzed after single or

double knockdown. The heatmap is representative of two experimental repeats.

(F) Immunoblotting confirmed decreased expression of top three genes (G3BP1, USP1, and VDAC1) that are

downregulated in MYC pathway after knockdown of PXN and/or ITGB4.

(G) qPCR results with single and double knockdown of PXN and ITGB4 confirmed downregulation of VDAC1 and USP1 at

the mRNA level (****p < 0.0001 two-way ANOVA). Data are represented as mean G SD.
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Figure 6. Knocking Down MYC Pathway Genes USP1 and VDAC1 Attenuates Cisplatin Resistance and USP1 is

Involved in Genomic Stability

(A) Gene expression profiles of patients with LUAD were extracted from TCGA database, and expressions of USP1 and

VDAC1 were higher compared with normal tissue.

(B) siRNA constructs A, B, or C against top three downregulated genes (VDAC1, USP1, and G3BP1) were tested to

determine the construct with maximum effect on inhibiting proliferation. (****p < 0.0001 two-way ANOVA).

(C) 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.

(D) In H2009 cells, knocking down USP1 (blue) attenuated proliferation (****p < 0.0001 two-way ANOVA).

(E) In H2009 cells, knocking down USP1 (blue) induced apoptosis and sensitized cells to a lower dose of cisplatin (2 mM)

(red) (****p < 0.0001 two-way ANOVA).
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the Seahorse XF Analyzer (Agilent, Santa Clara, CA). Knocking down VDAC1 or ITGB4/PXN increased the

oxygen consumption rate (OCR), which is measured by the basal as well as maximal mitochondrial OCR

compared with the control, and these rates were further increased in the presence of cisplatin (Figures

7A–7C). Thus, it is possible that the increase in oxygen consumption can lead to mitochondrial stress

and generation of reactive oxygen species (ROS), which in turn can inhibit cell viability.

Oxidative phosphorylation is an efficient but slow process of ATP production when compared with the

glycolytic pathway, and is preferentially used by tumor cells. Pyruvate generated during glycolysis is

oxidized by mitochondria for oxidative phosphorylation, which leads to mitochondrial ATP production, a

required process for ATP-linked respiration (Divakaruni et al., 2014). Treating cells with oligomycin, which

inhibits the electron transport chain and blocks mitochondrial ATP generation, can inhibit ATP-linked respi-

ration. 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 (Figure 7D).

Under ideal conditions, mitochondria maintain a proton motive potential for ATP generation. To maintain the

proton motive force, mitochondria increase their oxygen consumption rate as measured by increases in basal

and maximal respiration. We observed an increase in the proton leak in the case of ITGB4 and PXN double

knockdown that may explain the increase in respiration to compensate for the loss in membrane potential (Fig-

ure 7E). Furthermore, respiratory capacity ismeasuredby considering the ratio ofmaximal respiration compared

with basal respiration. However, we did not observe a discernable difference across the samples (Figure S9C).

Taken together, these data suggest that USP1 and VDAC1 are downstreamof PXN and ITGB4, and thus, knock-

ing down USP1 and VDAC1 should recapitulate the phenotype of PXN and ITGB4 knockdown.

Double Knockdown of USP1 and VDAC1 Recapitulates the Phenotype Caused by Silencing

Both ITGB4 and PXN

H2009 cells were transfected with a combination of ITGB4 and PXN siRNAs or USP1 and VDAC1 siRNAs,

and changes in cell proliferation rates were compared. Proliferation was reduced by 50% after knocking

down either of these combinations. The addition of cisplatin to either knockdown pair had an additive ef-

fect in inhibiting cell proliferation, but there was no significant difference observed between either gene

combinations (Figure 7F).

Irradiation is known to increase mitochondrial respiration, causing an increase in generation of mitochon-

drial ROS, which eventually induces apoptosis (Yamamori et al., 2012). Therefore, we asked if increased

mitochondrial respiration leads to increased ROS generation in double knockdown cells. We observed

an increase in the generation of ROS by knocking down either ITGB4/PXN or USP1/VDAC1 combination

compared with the control (scramble siRNA) (Figures 7G and 7H). Addition of cisplatin to control cells

increased ROS production but had no significant effect on the double knockdown cells, and no change

in PXN and ITGB4 expression in USP1 and VDAC1 double knockdown cells was observed, indicating

that the regulation of USP1 and VDAC1 by PXN and ITGB4 is unidirectional (Figure 7I).

ITGB4 and PXN Regulate USP1 Transcription Epigenetically

Finally, as the double knockdown cells silenced USP1 expression, alluding to possible transcriptional regu-

lation, we analyzed the upstream sequence of the USP1 promoter region using UCSCGenomeBrowser and

identified two potential acetylated histone H3K27-binding sites. To determine the functional significance

Figure 6. Continued

(F) After knocking down PXN/ITGB4 and USP1, gH2AX foci were detected via immunofluorescence, imaged with confocal

microscopy, and counted with QuPath image analysis software (**p = 0.004, ****p < 0.0001).

(G) Knocking down VDAC1 (blue) inhibited cell proliferation by 50%within 72 h, and cisplatin (red) addition has an additive

effect to VDAC1 knockdown in inhibiting proliferation (****p < 0.0001 two-way ANOVA).

(H) Knocking down VDAC1 (blue) could induce apoptosis only at a later time point (***p = 0.0001 two-way ANOVA).

Data are represented as mean G SD.
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Figure 7. Both PXN and ITGB4 are Involved in Mitochondrial Function

(A) Using the Seahorse XF Analyzer, cellular mitochondrial activity was measured with knockdown of PXN/ITGB4 or

VDAC1 and in the absence or presence of cisplatin.

(B and C) Knocking down PXN/ITGB4 or VDAC1 increased basal (B) and maximal (C) mitochondrial oxygen consumption

rate per 1,000 cells (*p = 0.021, **p = 0.0029, ****p < 0.0001 one-way ANOVA).

(D and E) ATP-linked respiration (D) and proton leak (***p = 0.0006, ****p < 0.0001) (E) also showed an increase in the

same knockdown cells. (*p = 0.01 one-way ANOVA).

(F) Double knockdown of PXN/ITGB4 (red) and USP1/VDAC1 (blue) inhibited proliferation to a similar extent in the

absence or presence of cisplatin (****p < 0.0001 two-way ANOVA).
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of these sites, we knocked down both PXN and ITGB4, and after 72 h, performed chromatin immunopre-

cipitation using an anti-acetylated histone H3K27 antibody (Diagenode, Denville, NJ). In the double knock-

down samples, we observed reduced binding of acetylated H3K27 at the promoter, suggesting that USP1

expression is induced by hyper-acetylation (Figure 8A). 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 epige-

netic landscape of lung cancer. However, additional studies are needed at the global level along with an-

alyses of other histone acetylation states.

Mathematical Modeling Indicates Bistability

Analysis of RNA-seq data revealed that several microRNAs were also differentially regulated in response to

single or double knockdown (Table S5). In particular, mir-1-3p was upregulated both in ITGB4 single knock-

down and 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 obser-

vations suggested that there exists a double-negative feedback loop between ITGB4 and miR-1-3p. Inte-

grating these observations, we developed a mathematical model to simulate the dynamics of ITGB4/miR-

1-3p feedback loop (Figure 8B). 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) state represented by

(high ITGB4, lowmiR-1-3p) (Figure 8C). Moreover, the model suggested that it is possible for cells to switch

their state under the influence of biological noise or stochasticity; thus, a sensitive cell can behave as resis-

tant, and vice versa (Figure 8D).

To discern 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 (RandomCircuit 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

(Figure 8C). These two subpopulations were also distinctly observed in a scatterplot 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 (Figure S9D).

To test the predictions made by the model, we treated H2009 cells with cisplatin for 4 days. On day 5, we

subjected them to fluorescence-activated cell sorting (FACS) analysis using an ITGB4 antibody. We

observed a 15% decrease in ITGB4 low-expressing cells compared with untreated cells, suggesting that

the H2009 cells are inherently a mixed population with variable expression of ITGB4. In the presence of

stress, the cells either increase the expression of ITGB4 or the cells having high ITGB4 get selected (Fig-

ure S9E). In addition, 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 six independent wells and allowed them to proliferate. After

2 days, three of six wells were treated with a sub-lethal dose of cisplatin (1mM) for 2 days. The cells were then

counted, and an equal number of cells were stained with ITGB4 antibody and propidium iodide and

analyzed by Attune NxT Flow Cytometer. Interestingly, we observed that the ITGB4-low cells recreated

ITGB4-intermediate and ITGB4-high population, whereas ITGB4-high sorted cells kept on proliferating

and increasing the population of cells having highITGB4. The high sorted cells created an intermediate

population of 30%, whereas the low sorted created a population of 80% similar to the parental cells sug-

gesting that cells having intermediate or high ITGB4 expression were preferentially selected. Finally, we

treated these cells with cisplatin and observed a shift in population for the low and intermediate gated cells

toward the higher gate, suggesting that (cisplatin) stress favored the population with high expression of

ITGB4 (Figure 8E).

Figure 7. Continued

(G and H) Reactive oxygen species (ROS) production in (G) H2009 and (H) H1993 cells was measured using the ROS-Glo

H2O2 Assay.

(I) H2009 and H1993 cells with PXN/ITGB4 or USP1/VDAC1 double knockdown was confirmed by immunoblot to be used

for ROS production assay. Data are represented as mean G SD.
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Figure 8. Mathematical Modeling Suggests that Cisplatin Resistance Can Be Stochastic and Reversible

(A) Chromatin immunoprecipitation 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 with that of an upstream region, indicating the roles of ITGB4 and PXN in USP1 transcriptional activation.

(B) A double-negative feedback loop between ITGB4 and miR-1-3p leads to bistability.

(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.
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DISCUSSION

A Non-genetic Mechanism Drives Cisplatin Resistance in Lung Cancer

It is generally held that the antineoplastic effects of cisplatin are due to its ability to generate unrepairable

DNA lesions resulting in 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.

Drug resistance is also observed to be strongly influenced by intratumoral heterogeneity and changes in

the microenvironment (Álvarez-Arenas et al., 2019), and heterogeneity is thought to arise from genetic mu-

tations, and analogous to Darwinian evolution selection of tumor cells is believed to result from the adap-

tation to the microenvironment (Gerlinger and Swanton, 2010).

Contrary to theprevailingwisdom, however, it is now increasingly evident that non-geneticmechanismsmayalso

play an important role as information transfer can occur horizontally via a Lamarckianmodeof evolution (Álvarez-

Arenas et al., 2019). Thus, a population of isogenic cells in the same environment can exhibit single-cell-level sto-

chastic fluctuations in gene expression. Such fluctuations, known as gene expression noise or transcriptional

noise, can result in isogenic cells ‘‘making’’ entirely different decisionswith regard to their phenotype, 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 amplitude andmemory.Amplitude, oftenmeasuredby the coefficient of variation, defines how far cells

deviate from the average.Memory describes the amount of 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, underscoring its importance in phenotypic switching.

The present data suggest that cisplatin resistance can arise stochastically in response to drug treatment.

Our data suggest that 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. Additional

studies that are currently underway in our laboratory will help confirm this feedback circuit. Nonetheless,

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 appli-

cable across cancer types. Furthermore, a random population of cisplatin-resistant LUAD cells is heteroge-

neous 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 re-created 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.

An Unsuspected Role for the Focal Adhesion Complex in Cisplatin Resistance

One of our significant findings reported in this article is the critical role played by the major components of

the FA complex. More specifically, as far as we are aware, the interaction between ITGB4 and PXN has not

been suspected, much less investigated, in cisplatin resistance.

Figure 8. Continued

(D) 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

sensitive state.

(E) 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 mM 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 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 with untreated.

(F) Schematic depicting the interaction between ITGB4 and PXN regulating downstream proteins USP1 and VDAC1 at the

transcriptional level to coordinate cisplatin resistance. Data are represented as mean G SD.
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Human PXN is a 68-kDa (591 amino acids) protein (Salgia et al., 1995), and its upregulation is a recognized

contributor to cisplatin 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, 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 a, more specifically, integrin a4 (ITGA4) (Liu et al., 1999; Liu and

Ginsberg, 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, behavior that is regulated by its phosphorylation state (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). Furthermore, phosphorylation of PXN activates the ERK pathway,

increasing Bcl-2 expression and cisplatin resistance (Wu et al., 2014). Finally, specific PXNmutants, through

their interactions with Bcl-2 and DRP1, also regulate cisplatin resistance in human lung cancer cells (Kawada

et al., 2013).

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 cytoskel-

etal 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, PXN appears to serve as a

docking protein to recruit signaling molecules to the FA complex and thereby coordinate downstream

signaling (Schaller, 2001). It is now well recognized that cellular protein interaction networks are orga-

nized as scale-free networks and hence are remarkably resilient to perturbations (Barabasi and Albert,

1999; Barabasi, 2009). Thus, whereas disabling minor nodes does not significantly affect the continuity,

and hence the functionality of the network, attacking the critical nodes occupying hub positions typically

constituted by intrinsically disordered proteins can incapacitate the entire network (Schwartz et al., 2002).

Therefore, PXN appears to constitute a critical hub and its malfunction appears to account for the failure

of the cisplatin-resistant cells to tolerate the drug. Consistent with this argument, a significant portion of

the N terminus of PXN is reported to be intrinsically disordered (Neerathilingam et al., 2016). Additional

studies elucidating the structural biology of PXN and the PXN/ITGB4/FAK complex that are currently un-

derway in our laboratories should provide a deeper understanding of the role of these proteins in

cisplatin resistance.

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-b pathways that are known to be associated with EMT are affected by knocking down ITGB4 and

PXN, suggesting that there is cross talk 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.

It is well established the FA complex serves as a conduit through which mechanical force and regulatory

signals are transmitted between the extracellular matrix and an interacting cell (Chen et al., 2003). Further-

more, 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 modu-

lating cisplatin resistance has not been reported. Similarly, the interaction between ITGB4 and integrin

alpha 7 has not been observed either. As summarized in Figure 8F, ITGB4 and PXN regulate transcription

of USP1 and VDAC1 that play critical roles in tumor proliferation and sensitivity to cisplatin. The double

knockdown of either ITGB4/PXN or USP1/VDAC1 combination increases mitochondrial oxygen consump-

tion rate, leading to increased ROS generation resulting ultimately in increased DNA damage. Further-

more, the induction of DNA damage was cumulative when cisplatin was added to these cells. To repair

this extensive DNA damage, cells need to activate DNA repair mechanisms like USP1, which were abro-

gated by ITGB4 and PXN double knockdown rendering the cells more sensitive to cisplatin. Taken

together, our results suggest that PXN and ITGB4 are not only involved in tumor invasion and metastasis

but also required for the regulation of the transcription of various genes involved in maintaining genomic

stability and mitochondrial function (Figure 8F). These findings support a new role for the FA complex in

cancer, particularly in LUAD.
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Limitations of the Study

The study was conducted using siRNAs that silence gene expression transiently. To address this limitation,

we transfected H2009 cells with two different concentrations of p-GFP-V-RS plasmid expressing short

hairpin RNA against ITGB4. GFP-positive cells were followed after 48 h of transfection for 3 days. However,

we did not discern any significant change in proliferation, whereas the control cells had 4-fold increase in

cell growth. We also performed puromycin selection to generate a stable cell line, but the cells were

growth-arrested as seen by their bigger, flattened adherent shape in contrast to a spindle shape of the cells

transfected with the vehicle only (Figures S10A and S10B).
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Supplemental Table and Figure Legends 

Table S1. Genes upregulated in cisplatin-resistant lung adenocarcinoma cell line 
from Molecular Signatures Database (MSigDB), Broad Institute. Related to Figure 1. 

Table S2. Cox proportional hazards model: Survival ~ Sex + Stage + Age + PXN * 
ITGB4. Related to Figure 1F. 

Table S3. DAVID analysis of 96 unique genes downregulated in double knockdown 
of PXN and ITGB4. Related to Figure 5D-F. 

Table S4. DAVID analysis of 206 common genes downregulated in single and 
double knockdown of PXN and ITGB4. Related to Figure 5D-F. 

Table S5. MiRNAs differentially regulated by single and double knockdown of PXN 
and ITGB4. Related to Figure 8B-D. 

Table S6. SiRNA sequences used for knockdown experiments. Related to Figures 2-
7. 

Figure S1. Expression of ITGA6 in NSCLC cell lines. Related to Figure 1B. 
Protein expression of ITGA6 and PXN in the 5 KRAS mutant and 5 KRAS WT NSCLC 
cell lines. SW480 cells were used as positive control for ITGA6 expression. 

Figure S2. Variability of expression of PXN and ITGB4 in tumor tissue samples. 
Related to Figure 1G. 
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. 
B) and C) Multiplex staining of ITGB4 and PXN staining in 5 City of Hope patients. The
images were deconvoluted using QuPath software, and percentage of area was 
calculated for either ITGB4 or PXN or both. Data are represented as mean +/- SD. 

Figure S3. ITGB4 knockdown attenuates cell proliferation in commonly used 
NSCLC cell lines. Related to Figure 2. 
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) Effect of 3 different ITGB4 siRNA constructs (A, B, C) on cell proliferation over the
course of 72 h in H358 cells. C) Effect of 3 different ITGB4 siRNA constructs (A, B, C) on 
cell proliferation over the course of 72 h in A549 cells. D) Immunoblot confirming ITGB4 
knockdown upon Si ITGB4 transfection in H358 and A549 cells. Data are represented as 
mean +/- SD. (****p<0.0001) 



Figure S4. ITGB4 knockdown has a specific effect in NSCLC compared to other 
integrin forms. Related to Figure 2. 
A) Doubling times for H2009 and H1993 cells transfected with scramble siRNA (siControl) 
were measured and compared to that of cells with ITGB4 knockdown (siITGB4). B) 
H2009 cells transfected with 10 nM of siRNA constructs A, B, and C, targeting ITGA7 had 
minimal effect on proliferation. C) 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. D) 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. E) 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. F) H2009 and H1993 cells treated with 10 µM cisplatin over the 
course of 72 h. Data are represented as mean +/- SD. 
 
Figure S5. ITGB4 knockdown induces cell death in NSCLC. Related to Figure 2. 
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. B) In 
H1993 cells with ITGB4 knockdown (red), apoptosis increased significantly compared to 
control cells (black). C) ITGB4 knockdown and double knockdown of PXN and ITGB4 
induced apoptosis in H1993 and rendered cells more prone to toxic effects of cisplatin. 
(*p=0.03, **p=0.002, ****p<0.0001 Two-way ANOVA) D) H2009 cells did not show 
significant increase in apoptosis with ITGB4 knockdown. E) Double knockdown of PXN 
and ITGB4 in H2009 cells induced strong apoptosis and in combination with cisplatin, 
caspase activity increased at an earlier time point of 24 h. (**p=0.02, ***p=0.0002, 
****p<0.0001 Two-way ANOVA) F) 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 were 
observed to undergo anoikis-like bursting. G) ITGB4 knockdown (red) in H1650 cells 
attenuated cell proliferation compared to control (black). Data are represented as mean 
+/- SD. 
 
Figure S6. ITGB4 knockdown enhances cisplatin sensitivity and double knockdown 
with PXN impedes spheroid viability. Related to Figure 3. 
A) Effect of ITGB4 knockdown (3 different siITGB4 constructs) and cisplatin 2.5 μM on 
cell proliferation in H358 cells. B) Effect of ITGB4 knockdown (3 different siITGB4 
constructs) and cisplatin 2.5 μM on cell proliferation in A549 cells. C) Expression of C-
MET at the mRNA and protein level upon ITGB4 knockdown (red) compared to control 
(black). Data are represented as mean +/- SD.  
 
Figure S7. PXN and ITGB4 knockdown induces caspase activity in spheroid 
culture. Related to Figure 3G-J. 



A) 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. B) and C) 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 mean intensity. (****p<0.0001 Two-way 
ANOVA) D) 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. (*p=0.014, ***p=0.0002) E) 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). Data are represented as mean +/- SD. 
 
Figure S8. Control experiments for proximity ligation assay (PLA). Related to Figure 
4F and G. 
Each antibody (FAK, ITGB4, and PXN) used in the PLA experiment was tested separately 
as a negative control.  
 
Figure S9. Supporting data for Figures 6-8. Related to Figures 6-8. 
A) The selected constructs were tested for induction of caspase-3/7 activity by tracking 
green fluorescence using live cell imaging and analysis for 72 h. (****p<0.0001) B) H2009 
and H1993 cells treated with ML323, a USP1 inhibitor, did not undergo significant 
changes in proliferation compared to untreated cells (black). C) Spare respiratory 
capacity, which is the ratio of maximal respiration vs. basal respiration, did not show any 
significant change between control and knockdown cells. D) RACIPE ensemble results 
(n=100,000) show ITGB4 and miR-1-3p exhibit bimodality: two distinct subpopulations of 
cells, as shown via z-score distributions of ITGB4 and miR-1-3p. E) FACS analysis using 
an anti-ITGB4 antibody showed enrichment of high ITGB4 population upon cisplatin 
treatment in H2009 cells. Data are represented as mean +/- SD. (****p<0.0001) 
 
Figure S10. Knocking down ITGB4 with shRNA. Related to Figure 2. 
A) Effect of knocking down ITGB4 with shRNA on cell proliferation over the course of 3 
days. B) Images of H2009 cells stably transfected with plasmid pGFP-V-RS only or 
expressing ITGB4 shRNA at 20X magnification. 
 
  



Original
Member

Entrez
GeneId

Gene
Symbol GeneDescription

AF010316 9536 PTGES Prostaglandin E Synthase

AF019770 9518 GDF15 Growth Differentiation Factor 15

J04164 8519 IFITM1 Interferon Induced Transmembrane Protein 1

M29366 2065 ERBB3 V-erb-b2 ErythroblasticLeukemia Viral Oncogensis

M29870 5879 RAC1 Ras-related C3 BotulinumToxin Substrate 1

M33882 4599 MX1 Myxovirus(Influenza Virus) Resistance 1

S80437 2194 FASN Fatty Acid Synthase

U09579 1026 CDKN1A Cyclin-dependent Kinase Inhibitor 1A

U14588 5829 PXN Paxillin

X53587 3691 ITGB4 Integrin, Beta 4

X74295 3679 ITGA7 Integrin, Alpha 7

Estimate Standard
Error

Relative
Risk P-Value

gender[1] - 0.04918 0.154775 0.952008 0.750665

stage[S2] 0.738091 0.194204 2.09194 0.000144

stage[S3] 1.17346 0.192492 3.23316 1.09E- 09

stage[S4] 1.31524 0.284479 3.72563 3.78E- 06

age 2.36E- 05 2.14E- 05 1.00002 0.271914

ENSG00000089159*
ENSG00000132470 0.000156 3.03E- 05 1.00016 2.47E- 07

Category Term Fold Enrichment Count PValue
GOTERM_BP_DIRECT GO:0006355~regulation of transcription, DNA-templated 2.232978723 17 0.0029
GOTERM_BP_DIRECT GO:0003158~endothelium development 65.85098039 2 0.0296
GOTERM_BP_DIRECT GO:0000086~G2/M transition of mitotic cell cycle 5.767969085 4 0.0314
GOTERM_BP_DIRECT GO:0006351~transcription, DNA-templated 1.717851662 17 0.0316
GOTERM_BP_DIRECT GO:0015677~copper ion import 56.44369748 2 0.0345
GOTERM_BP_DIRECT GO:0002544~chronic inflammatory response 43.90065359 2 0.0441

GOTERM_BP_DIRECT
GO:0007156~homophilic cell adhesion via plasma membrane
adhesion molecules 5.001340283 4 0.0448

KEGG_PATHWAY hsa04350:TGF-beta signaling pathway 8.471674877 3 0.0454
KEGG_PATHWAY hsa00450:Selenocompound metabolism 27.90669371 2 0.0671
GOTERM_BP_DIRECT GO:0001701~in utero embryonic development 4.225731362 4 0.0673
GOTERM_BP_DIRECT GO:0008284~positive regulation of cell proliferation 2.543600101 6 0.0841

GOTERM_BP_DIRECT
GO:0010971~positive regulation of G2/M transition of mitotic
cell cycle 21.9503268 2 0.0864

Table S1.

Table S2.

Table S3.



Category Term Fold Enrichment Count PValue

GOTERM_BP_DIRECT GO:0006334~nucleosome assembly 5.759560967 8 4.79E-04

GOTERM_BP_DIRECT GO:0007265~Ras protein signal transduction 6.119533528 5 0.00891

KEGG_PATHWAY hsa04810:Regulation of actin cytoskeleton 3.04717608 8 0.01475

GOTERM_BP_DIRECT GO:0001525~angiogenesis 3.073487691 8 0.01553

KEGG_PATHWAY hsa05034:Alcoholism 3.163381947 7 0.02182

GOTERM_BP_DIRECT GO:0017085~response to insecticide 85.67346939 2 0.02309

KEGG_PATHWAY hsa05322:Systemic lupus erythematosus 3.5815689 6 0.02467

GOTERM_BP_DIRECT GO:0032091~negative regulation of protein binding 6.01217329 4 0.02854

KEGG_PATHWAY hsa04070:Phosphatidylinositol signaling system 4.081039393 5 0.03263

GOTERM_BP_DIRECT

GO:0060978~angiogenesis involved in coronary

vascular morphogenesis 57.11564626 2 0.03444

GOTERM_BP_DIRECT GO:0006203~dGTP catabolic process 57.11564626 2 0.03444

GOTERM_BP_DIRECT

GO:0045815~positive regulation of gene expression,

epigenetic 5.527320606 4 0.03538

GOTERM_BP_DIRECT GO:0009611~response to wounding 5.439585358 4 0.03684

GOTERM_BP_DIRECT

GO:0043928~exonucleolytic nuclear-transcribed mRNA

catabolic process involved in deadenylation-dependent

decay 8.862772695 3 0.04437

GOTERM_BP_DIRECT GO:0035404~histone-serine phosphorylation 42.83673469 2 0.04565

GOTERM_BP_DIRECT GO:0007052~mitotic spindle organization 8.567346939 3 0.04718

GOTERM_BP_DIRECT GO:0030855~epithelial cell differentiation 4.895626822 4 0.04791

GOTERM_BP_DIRECT

GO:0006335~DNA replication-dependent nucleosome

assembly 8.031887755 3 0.053

GOTERM_BP_DIRECT GO:0061551~trigeminal ganglion development 34.26938776 2 0.05674

KEGG_PATHWAY hsa04152:AMPK signaling pathway 3.251559841 5 0.06526

GOTERM_BP_DIRECT GO:0042060~wound healing 4.283673469 4 0.06621

GOTERM_BP_DIRECT GO:0032958~inositol phosphate biosynthetic process 28.55782313 2 0.06769

GOTERM_BP_DIRECT GO:0071455~cellular response to hyperoxia 24.47813411 2 0.07852

GOTERM_BP_DIRECT GO:0051290~protein heterotetramerization 6.119533528 3 0.08541

GOTERM_BP_DIRECT GO:0007160~cell-matrix adhesion 3.807709751 4 0.08722

GOTERM_BP_DIRECT GO:0051597~response to methylmercury 21.41836735 2 0.08923

GOTERM_BP_DIRECT

GO:0030514~negative regulation of BMP signaling

pathway 5.711564626 3 0.09605

GOTERM_BP_DIRECT GO:0060627~regulation of vesicle-mediated transport 19.03854875 2 0.09981

GOTERM_BP_DIRECT GO:0030903~notochord development 19.03854875 2 0.09981

Table S4.



siRNA Sequence
Target Gene Locus ID RefSeq Construct Sequence (5’-3’)
PXN 5829 NM_001080855.2,

NM_001243756.1,
NM_002859.3,
NM_025157.4

- GCUUCGCUGUCGGAUUUCATT

ITGB4 3691 NM_000213,
NM_001005619,
NM_001005731,
NM_001321123

A CAGUUCUGCGAGUAUGACAACUUCC
B CGAGAAGCUUCACACCUAUUUCCCT
C* GUCAGUUCUGCGAGUAUGACAACTT

USP1 7398 NM_001017415,
NM_001017416,
NM_003368

A AGCUACAAGUGAUACAUUAGAGAGT
B* GGAGCACAAAGCCAACUAACGARCAG
C GGCAAGUUAUGAAUUGAUAUGCAGT

VDAC1 7416 NM_003374,
NR_036624,
NR_036625

A* ACAACACUCAGAAUCUAAAUUGGAC
B GGAAUUUCAAGCAUAAAUGAAUACT
C GCACCAGAGUAUGAAAUAGCUUCCA

ITGA7 3679 NM_001144996,
NM_001144997,
NM_002206

A AGUGAAGUCCUCCAUAAAGAACUTG
B GUAUGAGGUCACGGUUUCCAACCAA
C CUUAGUUUGCUGCCAUCAGUCUAGT

KIF14 9928 NM_001305792,
NM_014875

A GCACUGACAAGAAAUGUUAUAAAGA
B CACGAUCACAGAAUAACAAGUCGAA
C GGCAUAACUAGUUGAAAUUGGCCAT

G3BP1 10146 NM_005754,
NM_198395

A GUGCGAGAACAACGAAUAAAUAUTC
B CCCGUAAGAAGGAAUGUUACUUUAA
C ACCACCUCAUGUUGUUAAAGUACCA

* Denotes optimal siRNA construct used for downstream experiments

Table S6.

Activation Score
Predicted
Activation P -value

ITGB4 Knockdown

miR -223 2.236 Activated 0.0985

miR -210 2.449 Activated 0.00772

miR-124-3p 2.077 Activated 0.00352

miR-1-3p 3.128 Activated 0.0000133

PXN KD

miR -199a-5p -2.43 Inhibited 0.000731

PXN/ITGB4 Knockdown

miR-291a-3p 2.562 Activated 1.25E -08

miR -124-3p 2.292 Activated 0.0000371

miR -30c-5P 2.345 Activated 0.0081

miR -1-3p 2.543 Activated 0.00296

miR -199a- 5p -2.135 Inhibited 0.0015

Table S5.
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Transparent Methods 
 
Cell lines and reagents 

Lung cancer cell lines (A549, 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. 

Antibodies 

Antibodies against ITGB4 (cat #: 4707), FAK (cat #: 3285), phospho-FAK (Y397) (cat #: 
8556), γH2AX (cat #: 2557), p27 (cat #: 3686), phospho-Rb (S807/811) (cat #: 8516), 
USP1 (cat #: 8033), and ITGA6 (cat #: 3750) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Antibodies against ITGA7 (cat #: sc-515716), ITGA6 
(cat #: sc-53356), PXN (cat #: sc-5574), MET (cat #: sc-10), G3BP1 (cat #: sc-365338), 
and VDAC1 (cat #: sc-390996) , and agarose-conjugated antibodies (ITGB4, FAK, PXN, 
IgG) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Cyclin D1 
antibody was purchased from Invitrogen (cat #: MA5-14512) (Waltham, MA, USA). 
Phospho-PXN (Y31) (cat #: ab4832) antibody was purchased from Abcam (Cambridge, 
UK). β-actin antibody was purchased from Sigma-Aldrich (cat #: A5441) (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 and RNAseq 
 
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-time PCR 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 gene of interest and GAPDH as 
reference using two independent detection dyes FAM probes and VIC probes 
respectively. Relative mRNA expression was normalized to GAPDH signals and 
calculated using the delta delta Ct method.  
 
RNA was extracted from both single and double knockdown H2009 cells 48 h post siRNA 
transfection, and total RNAseq was performed by the Integrative Genomics Core at City 
of Hope. RSeQC showed no substantial bias in the coverage of RNAseq reads. A total of 
30 million reads were analyzed for each condition. 
 
siRNA and shRNA 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. Similarly, the plasmid pGFP-V-RS expressing shRNA 
against ITGB4 was used to transfect H2009 cells, and puromycin (ThermoFisher) was 
used to generate a stable cell line. The sequences of all the siRNAs used are described 
in Table S6. 

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. 

Immunohistochemistry (IHC) 

Dual IHC stain for ITGB4 and PXN was performed on Ventana Discovery Ultra (Ventana 
Medical Systems, Roche Diagnostics, Indianapolis, USA) automated IHC stainer. Briefly, 
tissue samples were sectioned at a thickness of 5 µm and mounted on positively charged 
glass slides. The slides were loaded on the machine and deparaffinization, rehydration, 
endogenous peroxidase activity inhibition and antigen retrieval were performed. Then, 
the two antigens were sequentially detected, and heat inactivation was used to prevent 
antibody cross-reactivity between the same species. Following each primary antibody 
incubation, DISCOVERY anti-mouse HQ or DISCOVERY anti-Rabbit NP and 
DISCOVERY anti-HQ-HRP or anti-NP-AP were incubated. The stains were then 
visualized with DISCOVERY Purple and DISCOVERY Yellow Kit, respectively, 



counterstained with hematoxylin (Ventana) and cover slipped. The slides were scanned 
using the Motic Easy Scanner and 40X images were analyzed using the QuPath software. 
 

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 Imaging 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 Imaging 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. 

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 Imaging 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 et al, 2012). 
 
Co-immunoprecipitation (Co-IP) 
 
For all co-IP experiments, cells were lysed in the Pierce™ IP Lysis Buffer (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. Multiple 
gels were run using the same lysates to detect all the specific antibodies. Exogeneous 
expression of ITGB4 and PXN was achieved in HEK293 cells by transfecting 7 ug of both 
pRK5 beta 4 and pBMN-PXN-HA-IRES-Hygro with Lipofectamine 3000 (Invitrogen) in a 
10 cm dish. pRK5 beta4 was a gift from Filippo Giancotti (Dans et al, 2001) (Addgene 
plasmid # 16037; http://n2t.net/addgene:16037; RRID: Addgene16037). Cells were lysed 
72h post transfection and co-IP was performed according to above protocol.  
 
Proximity ligation assay (PLA) 
 
To perform a complete Duolink® PLA in situ experiment, we used two primary antibodies 
(PLA, Immunofluorescence validated) that recognize PXN, ITGB4 or FAK epitopes. The 
starter kit from SIGMA supplies all other necessary reagents for Duolink® PLA reactions, 
which include a pair of PLA probes (Anti-Rabbit PLUS and Anti-Mouse MINUS), red 
detection reagents, wash buffers, and mounting medium. The primary antibodies used 
came from the same species as the Duolink® PLA probes for ITGB4 (Cell Signaling 
Technology, cat #: 4707)/PXN or FAK (Cell Signaling Technology, cat #: 3285) /PXN 
(clone 5H11, Invitrogen, cat #: MA5-13356) PLA. Analysis was carried out using standard 
immunofluorescence assay technique. We used a confocal microscope (LSM880) to 
capture images.  
 
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 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 et al, 2017) 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 cells 
on the first plate were 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 et al, 
2017), green fluorescent subcellular particles were counted in each nucleus to obtain 
γH2AX foci count per cell.  
 
Chromatin immunoprecipitation (ChIP) 
 
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 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’,UpstreamUSP1F-
CAGTGCCTGTGAAACTTTGGA, Promoter USP1F-CTCAGCTCTACAGCATTCGC and 
Promoter USP1R-GGCCATCCAATGAGACAAGG. The data was analyzed based on the 
percentage of input. 
 
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 using MATCONT (Dhooge et al, 2003). 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: 
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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. 

Equations: 
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where HS is the shifted Hill function, defined as ( ) ( ) ( ),    SH B H B H B − += + , 

( ) ( )0 1/  1  /  
nB

H B B B− = + 
 

, ( ) ( ) 1H B 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:  
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The total mRNA active degradation rate: 
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The total miR active degradation rate is 
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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 

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). 

 

  

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