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Intra-tumoral YAP and TAZ heterogeneity
drives collective NSCLC invasion that is targeted
by SUMOylation inhibitor TAK-981

Richa Sharma,1 Shagun Sharma,1 Pratik Shriwas,1 Labdhi Mehta,1 An H. Vu,1 Janna K. Mouw,1 Junghui Koo,1

Chunzi Huang,1 Veronika Y. Matsuk,1 Carol Tucker-Burden,1 Gregory Joseph,1 Madhusmita Behera,1

Shi-Yong Sun,1 Melissa A. Roy,2 Melissa Gilbert-Ross,1 Ticiana Leal,1 Adam I. Marcus,1 andMala Shanmugam1,3,*
SUMMARY

Non-small cell lung cancer (NSCLC) collective invasion is supported by cooperativity of proliferative
(follower) and invasive (leader) cells. H1299-isolated follower cells exhibit higher Yes-associated protein
(YAP) expression, while leader cells were found to express elevated transcriptional coactivator with PDZ-
bindingmotif (TAZ/WWTR1) expression. Suppressing TAZ (not YAP) in leader cells reduced invasion. TAZ-
regulated leader cell invasion is associated with activation of the EGFR-PI3K-AKT axis. NSCLC patient
samples also demonstrated heterogeneity in YAP and TAZ expression. YAP and TAZ regulate prolifera-
tion of follower and leader cells. Our results highlight the need to inhibit both YAP and TAZ to effectively
target their regulation of collective invasion.We identify that the SUMOylation inhibitor TAK-981 reduces
YAP and TAZ expression, decreasing tumor burden and metastasis in a murine NSCLC model. Our study
reveals an intra-tumoral division of labor, driven by differential YAP and TAZ expression, which can be
effectively targeted with TAK-981 for NSCLC therapy.

INTRODUCTION

Lung cancer remains the leading cause of cancer-related deaths withmetastases and the refractory nature of themetastasized cancer contrib-

uting to dismal survival rates.1,2 Eighty-five percent of lung cancers are of the non-small cell lung cancer (NSCLC) subtype that metastasize to

the bones, lungs, brain, liver, adrenal glands, and extra thoracic lymph nodes.3,4 Staging correlates with the extent of metastases, and stage IV

NSCLC patients have a 5% survival rate at 5 years compared to a 57% survival rate reported for stage I diagnoses, underscoring the need to

prevent and target cancer metastases.5

Tumor cells extravasate into surrounding tissues and organs, largely via single cells or collective invasion of packs of cells.6 Most solid tu-

mors includingNSCLC exhibit collective invasion, where groups of tumor cells collectivelymove as a pack to distant sites. We and others have

shown that the cells in these collective packs exhibit phenotypic, genetic, epigenetic, and metabolic heterogeneity that is required to sustain

collective invasion.7–9 Intra-tumoral heterogeneity contributes to differential therapy sensitivity, relapse, and poor clinical outcomes.10–13

Investigating phenotypically heterogeneous cell populations is hampered by the inability to isolate phenotypically distinct cellular popula-

tions. We have taken advantage of pure populations of proliferative ‘‘follower’’ and invasive ‘‘leader’’ NSCLC cells isolated from the collec-

tively invading H1299 cell line isolated using a spatiotemporal genomic and cellular analysis technique.7 Here, H1299 lung cancer cells were

stably transfected with Dendra2, a photoconvertible fluorophore. Invading cells were photoconverted, flow sorted, and expanded, gener-

ating pure populations of leader and follower cells.7 The presence of leader and follower types of cells and division of labor contributing

to the progression of disease has also been observed in breast, ovarian, and lung cancers.14–18 H1299-isolated leader cells (hereafter referred

to as leader cells) secrete increased vascular endothelial growth factor (VEGF) that facilitates follower cell recruitment in invasive chains

through an atypical VEGF signaling cascade.7,15 Leader cells also exhibit increased fibronectin synthesis and secretion that activates integ-

rin/focal adhesion kinase (FAK) signaling to promote invasion.7 Additionally, epigenetic alterations in leader cells were found to increase fi-

lopodial motor proteinMYO10 expression to alter filopodia dynamics and fibronectin patterning at the edge of 3D collectively invading packs

of cells.19 We previously demonstrated that follower and leader cells exhibit distinct metabolic dependencies that drive proliferation versus

invasive states. We found proliferative follower cells exhibit elevated GLUT1 expression and increased glycolysis, while invasive leader cells

exhibit a greater dependence on mitochondrial oxidative phosphorylation (OXPHOS) driven by elevated pyruvate dehydrogenase (PDH)

activity.20
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Figure 1. YAP and TAZ are differentially expressed in H1299 leader (L) and follower (F) cells, and TAZ regulates leader cell migration and collective

invasion with follower cells

(A) YAP and TAZ expression evaluated and quantified in nuclear and cytosolic fractions of leader and follower cells using Lamin B1 and GAPDH as loading

controls. Data are mean G SEM from three independent experiments.

(B) Quantitation of total YAP and TAZ protein levels, normalized to loading control. Data are mean G SEM from six independent experiments.

(C) Representative immunofluorescence images of endogenous YAP (red) and TAZ (green) merged with nuclear stain DAPI (blue) in leaders and follower cells

(scale bar, 10 mm).

(D) YAP and TAZ expression in non-targeting (control) or YAP/TAZ shRNA-transduced leader and follower cells assessed by western blot analysis.

(E) Cells from (D) evaluated for migratory potential in a scratch assay at indicated time points with gap closure quantified relative to respective controls (n = 3;

scale bar, 100 mm).

(F–I) Proliferation and invasive potential of spheroids generated from control or YAP or TAZ-KD (F andG) leader cells, (H and I) follower cells, and (J and K)mixes of

10% leader cells with 90% follower cells (L:F, 1:9) assessed for 3D invasive area (n = 4; scale bar, 100 mm).

(L) Expression levels of indicated proteins evaluated in lysates from (B). Representative blots from one of three independent experiments are presented using

b-actin as loading control. Data are represented as meanG SEM. An ordinary one-way ANOVA with a Tukey’s multiple comparisons test was used to determine

significance compared to control or as indicated. *p < 0.05, **p < 0.01 ***p < 0.001 compared to the indicated group in post hoc tests.
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Elucidating the mechanistic basis and factors necessary for maintaining phenotypic heterogeneity and collective cell invasion can reveal

newer methods to target collective cell invasion. The individual cells within an invading pack are subject to different mechanical and extrinsic

environmental conditions. One central pathway responsive to mechanical stress is the Hippo signaling pathway comprising the highly

conserved large tumor suppressor (LATS1/2) andMST1/2 kinases.21 Hippo signaling engages downstream transcription factors Yes-associated

protein (YAP) and transcriptional coactivator with PDZ-bindingmotif (TAZ, also calledWWTR1) that, with specific co-activators, play central roles

in the growth of embryonic tissues, wound healing, and organ regeneration.22 A wide variety of human malignancies exhibit hyperactivation of

YAP and TAZ.23 Despite playing complementary roles, YAP and TAZ activate distinct transcriptional signatures. YAP promotes metastatic

signaling in triple-negative breast cancer, melanoma, andNSCLC.24–26On the other hand, TAZ is hyperactivated in papillary thyroid carcinoma,

Ewing sarcoma, breast cancer, and NSCLC leading to epithelial-to-mesenchymal transition (EMT) and increased invasion.27,28 YAP has been

reported to preferentially regulate cell proliferation and cell-cycle progression, whereas TAZ regulates cell adhesion and cell migration.29

Nevertheless, the functional implications of the non-overlapping biology they regulate in collective invasion remain underexplored.

In this study, we took advantage of proliferative follower and invasive leader cells to investigate whether YAP and TAZ contribute to their

distinct phenotypes and collective invasion. We found follower cells exhibit higher expression and nuclear localization of YAP in contrast to

the leader cells that exhibit higher expression and nuclear localization of TAZ. TAZ was found to be necessary for maintaining the invasiveness

of leader cells through EGFR-PI3K/AKT signaling. Elevated YAP expression in follower cells maintained their proliferation. The heterogeneity

in YAP and TAZ expression was necessary to sustain the phenotypic heterogeneity in collectively invading NSCLC.

Historically, targeting the YAP/TEA domain (TEAD) interaction has been thought to be fundamental in cancer therapy, with less emphasis

on targeting TAZ-driven biology. Our studies thus provide the impetus for therapeutic targeting of both YAP and TAZ in NSCLC. In investi-

gating the basis for differential YAP/TAZ expression in leader cells and follower cells, we found the E3 ubiquitin (Ub) ligase bTrCP to play a

central role in regulating TAZ stability, leading to increased expression of TAZ in leader vs. follower cells. Our studies reveal the utility of the

small ubiquitin-like modifier (SUMO) inhibitor TAK-981 in reducing both YAP and TAZ expression and its preclinical utility in NSCLC.

RESULTS
YAP and TAZ are differentially expressed in H1299-derived leader and follower cells and uniquely support invasion vs.

proliferation

Hippo signaling effectors YAP and TAZ are known to play a central role in promoting tumor growth and metastases.30 Given the previously

established phenotype of H1299 leader cells as highly invasive in contrast to follower cells as highly proliferative,31 we investigated a role for

YAP and TAZ in supporting these distinct phenotypes.We found follower cells exhibited higher expression of YAPwhile leader cells exhibited

elevated expression of TAZ. (Figures 1B and 1D). Since the effector activities of YAP and TAZ depend on their nuclear translocation, we eval-

uated their nuclear abundance in leader and follower cells.We found higher nuclear TAZ vs. YAP in leader cells and higher nuclear YAP vs. TAZ

in follower cells (Figures 1A and 1C). To investigate whether differential YAP and TAZ expression contributes to the distinct invasive vs. pro-

liferative phenotypes, we generated YAP/TAZ knockdown (KD) of leader and follower cells (KD efficiency for two different short hairpin RNAs

(shRNAs) is shown in Figures 1D and S1). We interrogated the effects of YAP or TAZ KD on proliferation, migration, and 3D spheroid invasion

(Figure 1D). The impact of YAP or TAZ KD on themigratory capacity of leader and follower cells was examined using a wound healing scratch

assay. Leader TAZ-KD cells exhibited significantly reducedmigratory potential as compared to leader YAP-KD cells (Figure 1E). Follower cells

do not migrate, and, as anticipated, neither YAP nor TAZ suppression altered their migratory capacity (Figure 1E). Leaders are positioned at

the leading edge of the collectively invading pack and are required for the collective migration of the pack, as a whole.31 We therefore inves-

tigated the effects of YAP and TAZ KD on invasion and proliferation in 3D cultures, in which leader cells mixed with follower cells, in a pre-

viously optimized (1:9) ratio,31 cooperate to collectively invade. Both YAP and TAZ KD in leader cells inhibited their 3D invasion and prolif-

eration (Figures 1F and 1G) with no effect noted in follower cell invasion with YAP or TAZ KD although there was a significant decrease

in their 3D proliferation (Figures 1H and 1I). We found significant suppression of collective invasion and proliferation of leaders with TAZ

KD vs. leader YAP-KD cells in the follower-leader mixture invasion assays (Figures 1J and 1K). Neither YAP nor TAZ KD of follower cells
iScience 27, 111133, November 15, 2024 3
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impacted the 3D invasive potential of the corresponding follower-leader mixes (Figures 1J and 1K). Collective invasion occurrence in 3D cul-

ture was verified by demonstrating N-cadherin expression, a key regulator of collective cell migration, at adherens junctions in a pack of

invading parental H1299 cells (Figure S1E). Evaluation of TAZ and YAP expression in collectively invading spheroids qualitatively demon-

strates increased TAZ in leading vs. trailing cells of the collective pack and, in contrast, elevated YAP in cells interior of the spheroid vs.

the cells at the leading edges (Figure S1E).

To start to understand the mechanistic basis for TAZ selectively regulating invasion, we queried leader and follower YAP/TAZ-KD cells for

regulation of proteins canonically associated with migration/invasion. In leader cells, TAZ KD reduced expression of N-cadherin, fibronectin,

Zeb1, and connective tissue growth factor (CTGF) genewhile KD of YAP suppressedCTGF expression. Fibronectin andCTGF levels were also

downregulated in follower YAP- and TAZ-KD cells (Figure 1L). Lastly, we previously reported leader cells exhibit increased dependence on

OXPHOS that is required to maintain invasiveness.20 We therefore tested the effects of YAP/TAZ KD on follower and leader cell OXPHOS

capacity and found leader cells to exhibit reduced oxygen consumption rate and coupled respiration upon TAZ vs. YAP KD (Figure S2).

Overexpression of TAZ but not YAP significantly increased the invasive potential of leader cells; however, YAP or TAZ overexpression did

not increase follower cell invasive potential (Figure S3). Our findings, in sum, reveal differential expression of YAP and TAZ in

proliferative vs. invasive cells, and non-redundant roles for YAP and TAZ that support collective invasion.

YAP and TAZ exhibit intra-tumoral heterogeneity in human NSCLC metastases, and TAZ expression positively correlates

with fibronectin expression in human NSCLC

To further investigate the clinical relevance of YAP and TAZ, we examined their protein expression in human lung cancer tumor metastases.

Both YAP and TAZ were found to exhibit heterogeneity in intra-tumoral expression patterns (Figure 2A). Since we do not have leader or fol-

lower markers, the cellular quantification of YAP/TAZ could not be performed in these samples; however, these results underscore a potential

role for differential expression of YAP and TAZ within a tumor. Since fibronectin is highly expressed in leader cells as compared to follower

cells,19 despite it also being a secreted protein, we used fibronectin as a proxy to correlate with biology related to leader types of cells in

tumor samples. Interrogating the cancer genome atlas (TCGA)-Broad Institute Firehose lung adenocarcinoma (LUAD) dataset, we showed

a significant correlation between fibronectin and TAZ levels, which was not detected between fibronectin and YAP expression (Figure 2B).

TAZ increases EGFR expression in leader cells

Expression of EGFR mutants and/or increased expression of EGFR are known to correlate with aggressive metastatic NSCLC.32 EGFR reg-

ulates Hippo signaling in a feedforward loop.33–36 We therefore investigated the relationship of YAP/TAZ and EGFR expression in follower

and leader cells and queried our institutional dataset (Winship molecular profiling study 2020) for YAP and TAZmRNA expression and its cor-

relation with EGFR mRNA. Our data show a positive correlation of both YAP and TAZ mRNA with EGFR mRNA expression (Figure 3A). Inves-

tigation of the levels of EGFR protein in leader and follower cells, interestingly, revealed higher EGFR protein expression in leader compared

to follower cells, correlatingwith TAZ expression (Figures 3B and 3D). TAZ KD, unlike YAPKD, suppressed EGFR expression in leader cells with

no effect noted in follower cells that basally express low levels of EGFR (Figure 3B). Next, to test the sufficiency of TAZ in inducing EGFR

expression, we overexpressed TAZ or YAP in TAZ-KD leader cells and evaluated EGFR expression. Overexpression of TAZ in TAZ-KD leader

cells increased EGFR protein and mRNA expression (Figures 3C and 3D). YAP overexpression however did not increase EGFR expression in

TAZ-KD leader cells (Figure 3D) to the same extent as TAZ overexpression in leader cells. We additionally tested the effects of pharmacolog-

ical inhibition of EGFR on YAP and TAZ expression. The effects of erlotinib on EGFR inhibition were confirmed by demonstrating a

dose-dependent reduction of pAKT in leaders and not in follower cells (Figure 3E). Erlotinib reduced leader cell migration in a scratch assay

(Figure S4C) and in a 3D invasion assay of leader cells and mixtures of leader and follower cells in a dose-dependent manner correlating with

decrease in 3D proliferation (Figures 3F and 3G), consistent with EGFR being upstream of TAZ. No effects of erlotinib were detected on fol-

lower cell migration and invasion, as anticipated, yet their 3D proliferation was significantly reduced (Figures S4C and 3F). Additionally, erlo-

tinib treatment significantly reduced invasive markers fibronectin, N-cadherin, vimentin, and Zeb1 only in leader cells in a dose-dependent

manner, phenocopying TAZ KD effects (Figure S4B). EGFR stimulation increased pAKT and TAZ levels, supportive of EGFR being upstreamof

TAZ (regulating TAZ stability via AKT/GSK3b) (Figure S11). Lastly, TAZ-overexpressing leader cells were insensitive to erlotinib treatment, sug-

gesting EGFR is upstream of TAZ (Figure S10). These results, in sum, demonstrate that TAZ and EGFR regulate their expression reciprocally

and support leader cell migration and invasiveness.

TAZ-regulated migration involves the PI3K/AKT axis

EGFR canonically engages the PI3K-AKT-mTOR axis and/or Ras-Raf-MAPK or extracellular signal-regulated kinases (ERK) signaling axis.37

We examined pERK1/2 in both YAP- and TAZ-KD leader cells and follower cells and found no alteration in pERK levels (Figure S5). We

therefore queried the role of the PI3K/AKT axis in mediating the distinct YAP/TAZ-driven effects in follower and leader cells. Concordant

with elevated EGFR expression, leader cells also demonstrated higher basal levels of pAKT and pS6 (Figure 4A). YAP and TAZ KD sup-

pressed pAKT and pS6 expression only in leader cells (Figure 4A). Overexpression of YAP or TAZ in leader cells exhibiting TAZ KD restored

pAKT and pS6 (Figure 4B). To further query the role of AKT in TAZ-mediated regulation of invasion in leader cells, we overexpressed

constitutively active HA-AKT1 or FLAG-AKT2 in leader TAZ-KD cells and evaluated the invasive potential and proliferation of their

spheroids. Overexpression of AKT1 and 2 in TAZ-KD leader cells rescued invasion and proliferation in leader TAZ-KD cells and rescued

the suppressed collective invasion and proliferation of TAZ-KD leader cells mixed with follower cells (Figures 4C–4F). Both AKT1 and 2
4 iScience 27, 111133, November 15, 2024



Figure 2. YAP and TAZ exhibit intra-tumoral heterogeneity in NSCLCmetastases, and TAZ expression correlates with fibronectin expression in NSCLC

(A) Representative IHC images of YAP and TAZ, from 3 metastatic human non-small cell lung cancer samples. Arrows show neoplastic cells with more intense

staining. Arrowheads show neoplastic cells with minimal to no staining. Scale bar, 20 mm.

(B) Correlation analysis of the TCGA-Broad institute (Firehose LUAD dataset) cohort (n = 365) for fibronectin protein with YAP or TAZ expression. A Spearman

correlation of 0.2852 (****) and 0.03 (not significant) was determined for TAZ and YAP association with FN, respectively.
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overexpression did not increase follower cell invasive potential (Figure S6). These results importantly identify a role for AKT1/AKT2 down-

stream of TAZ in leader cell invasion (Figures 4C and 4E).

Increased bTrCP expression contributes to reduced TAZ expression in follower vs. leader cells

We next examined the basis of differential YAP/TAZ expression in follower and leader cells. YAP mRNA expression was higher in follower

vs. leader cells corresponding with elevated YAP protein expression (Figures 5A and 5B). Interestingly, TAZmRNA levels were comparable

in follower and leader cells (Figure 5A). We next tested whether altered TAZ protein stability accounted for differential TAZ protein expres-

sion. Treatment of leader and follower cells with the proteasome inhibitor MG132 increased TAZ expression in follower cells, suggesting

reduced TAZ stability in follower vs. leader cells (Figure 5B). Glycogen synthase kinase 3 (GSK3) phosphorylates the N-terminal phospho-

degron in TAZ, increasing its binding to the Skp1-Cullin-F-box (SCF)bTrCP subunit of E3 Ub ligase, bTrCP, leading to TAZ ubiquitylation and

degradation.38 GSK3 activity is suppressed by AKT phosphorylating serine 9 in GSK3b.39 We found leader cells exhibited higher GSK3b

phosphorylation than follower cells that correlated with their elevated pAKT expression (Figure 5C). Since GSK3b is inhibited by AKT,

we tested the effects of AKT inhibition on YAP and TAZ expression. Supportively, we detected suppression of pGSK3b upon AKT inhibition

that corresponded with a reduction of TAZ protein expression in leader cells (Figure 5D). AKT inhibition in follower cells did not impact

pGSK and downstream TAZ levels (Figure 5D).
iScience 27, 111133, November 15, 2024 5



Figure 3. TAZ and EGFR are reciprocally regulated in leader cells

(A) Correlation analysis of EGFR mRNA and YAP and TAZ mRNA expression in our institutional Winship molecular profiling (2020) dataset. A Spearman

correlation of 0.4260 (****) and 0.5205 (****) for TAZ and YAP, respectively, vs. EGFR expression was noted (n = 343).
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Figure 3. Continued

(B) Whole cell lysate of leader and follower non-targeting (control) or YAP/TAZ-KD cells from Figure 1B evaluated for EGFR expression. Data are mean G SEM

from three independent experiments.

(C) Whole cell lysates of leader cells, leader TAZ-KD cells, or L TAZ-KD cells overexpressing (OE) YAP or TAZ were evaluated for indicated proteins.

Representative blots from one of three independent experiments presented.

(D) EGFR mRNA expression in YAP or TAZ OE leader and follower cells.

(E) Examination of the effect of erlotinib (72 h treatment at indicated doses) on indicated proteins isolated from whole cell lysates of leader and follower cells.

Quantitation of the immunoblot analyses (F) for YAP and TAZ, normalized to the loading control. Densitometric quantification from n = 3 blots represented as

mean G SEM.

(F and G) Effect of erlotinib on invasive potential and proliferation of spheroids generated with leader cells, follower cells, or 90% follower and 10% leader cells

mixes (L: F, 1:9.) with the quantification of invasive area. (n= 4; scale bar, 100 mm). Data are represented asmeanG SEM. An ordinary one-way or two-way ANOVA

with a Tukey’s multiple comparisons test was used to determine significance compared to control or as indicated. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared to the indicated group.
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E3 Ub ligases play a central role in transferring Ub to target proteins, catalyzing the initial steps of protein degradation. We found

increased expression of bTrCP in follower vs. leader cells (Figure 5C). bTrCP overexpression reduced YAP and TAZ expression in leader

and follower cells, supporting its central role in contributing to differential YAP and TAZ expression in follower and leader cells (Figure 5E).

bTrCP KD led to an increase in TAZ expression in follower cells (Figure 5F). While E3 Ub ligases exhibit substrate specificity, each target pro-

teinmay be regulatedbymultiple E3 Ub ligases. To identify additional E3 Ub ligases thatmay account for differential TAZ stability, we queried

their expression in follower and leader RNA sequencing (RNA-seq).19 Several E3Ub ligaseswere found to exhibit higher expression in follower

vs. leader cells (Figures S7A and S7B). We hypothesized that KD of these E3 Ub ligases would also rescue TAZ degradation and restore TAZ

levels in follower cells. As predicted, we detected an increase in TAZ levels in follower vs. leader cells upon KD of E3 Ub ligases like Smurf2,

MARCH4, and TRIM38 that exhibited elevated expression in follower cells (Figures S7C and S7D). Overall, these findings suggest that

increased PI3K/AKT signaling in leader cells inhibits GSK3, protecting TAZ from degradation by downstream E3 Ub ligases as outlined in

schematic Figure 5G.

SUMOylation inhibitor TAK-981 targets YAP and TAZ expression and suppresses collective invasion

Our studies demonstrate distinct signaling regulated by YAP and TAZ promoting follower cell proliferation vs. leader cell invasion. The ne-

cessity for both phenotypes in collective invasion underscores the need to target both YAP and TAZ in NSCLC. Verteporfin (VP) is an Food and

Drug Administration-approved drug that targets YAP/TEAD interactions.40,41 We therefore tested the effects of VP on YAP and TAZ expres-

sion in follower and leader cells. VP suppressed YAP, TAZ, TEAD, and pAKT only in follower cells with no effect in leader cells (Figure S8A).

Leader cell migration was unchanged following VP treatment (Figure S8B). Likewise, in 3D cultures of leader cells, follower cells, and leader

and follower cell mixes, VP did not impact invasion and proliferation (Figure S8C). In conclusion, our data underscore the need to target both

YAP and TAZ to suppress collective invasion and suggest that agents like VP do not effectively target the distinct biology sustained by both

YAP and TAZ.

Given our results showing the large number of E3 Ub ligases capable of regulating YAP and TAZ and the need to increase ubiquitination to

suppress protein expression, targeting E3 Ub ligases did not seem to be a plausible approach for targeting both YAP and TAZ expression. In

contrast to ubiquitination, SUMOylation of proteins promotes stability.42 Previous studies have demonstrated YAP SUMOylation and hypoth-

esized that TAZ is SUMOylated and that YAP and TAZ’s SUMOylation promotes their stability by preventing their ubiquitination.43 Therefore,

we hypothesized that inhibiting SUMOylation of YAP and TAZ would be an effective method to target their expression.

Subasumstat (TAK-981) is a SUMO inhibitor currently in phase 1 clinical trials for the treatment of non-Hodgkin’s lymphomas, multiple

myeloma, and advanced or metastatic solid tumors (NCT03648372, NCT04074330, NCT04776018, and NCT04381650). TAK-981 treatment of

leader and follower cells reduced both YAP and TAZ expression in a dose-dependent manner, with leader cells showing increased reduction

of both YAP and TAZ at lower doses (Figure 6A). Co-treatment with TAK-981 and translation inhibitor cycloheximide further reduced YAP and

TAZ expression, and TAK-981 treatment had no effect on the mRNA expression of YAP and TAZ in leader and follower cells (Figures S9C and

S9E), suggesting TAK-981 reduction of YAP and TAZ expression occurs via reduction of protein stability (Figure S9C). To confirm that TAK-981

targets the SUMOylation of YAP and TAZ, we analyzed YAP and TAZ immunoprecipitates for basal SUMOylation and the effect of TAK-981 on

SUMOylation. We demonstrated SUMOylation of YAP and report SUMOylation of TAZ. SUMOylation of immunoprecipitated TAZ was found to

be higher in leader vs. follower cells, and both SUMOylated YAP and TAZ were reduced upon TAK-981 treatment (Figure 6B). The leader cells,

interestingly, were more sensitive to TAK-981-induced suppression of YAP and TAZ expression (Figure 6A), corresponding with their elevated

SUMOylation. This is a new report of a small-molecule SUMOylation inhibitor to target both YAP and TAZ expression.

We next analyzed the effect of TAK-981 on invasive markers and representative proteins of the EGFR-PI3K/AKT pathway in leader and

follower cells. TAK-981 reduced the expression of EGFR, pS6 and pAKT, CTGF, and other proteins involved inmetastases such as fibronectin,

N-cadherin, and Zeb1 (Figures 6C and 6D), phenocopying the effects we observed with TAZ KD in leader cells.

Leader cells treated with TAK-981 exhibited reduced migration (Figure S9D). Additionally, TAK-981 reduced the invasive potential and

proliferation of leader and follower cells and their mixes in 3D cultures (Figures 6E and 6F). To further demonstrate that the effects of

TAK-981 were mediated via suppression of YAP and TAZ, we tested the effect of TAK-981 treatment on TAZ-overexpressing leader cells

mixed with follower cells in a spheroid invasion assay. TAZ overexpression in leader cells restored both pAKT expression and the invasion
iScience 27, 111133, November 15, 2024 7



Figure 4. TAZ-regulated collective invasion is rescued by AKT OE

(A and B)Whole cell lysate of leader and follower non-targeting (control) or YAP/TAZ shRNA KD cells (cells from Figure 1D) or leader TAZ-KD cells OE YAP or TAZ

evaluated for expression of indicated proteins using b-actin as a loading control. Representative blots from one of three independent experiments presented.

pAKT/AKT quantification data represented mean G SEM from three independent experiments.

(C–F) Invasion and proliferation evaluated (C and D) in spheroids generated from leader cells or TAZ-KD leader cells OE AKT1 or AKT2, or (E and F) in mixes with

follower cells (1:9 ratio) with corresponding quantification of invasive area. (n = 4; scale bar, 100 mm). Data are represented as meanG SEM. An ordinary one-way

ANOVA with a Tukey’s multiple comparisons test was used to determine significance compared to control or as indicated. *p < 0.05 **p < 0.01, ***p < 0.001,

****p < 0.0001 compared to the indicated group.
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of leader cell spheroids treated with TAK-981 (Figure S12). TAZ overexpression promoted resistance to TAK-981, suggesting TAK-981 reduc-

tion of TAZ is required to prevent invasion (Figure S12).

We also assessed the effect of TAK-981 on proliferation of leaders, followers, and other parental lung cancer cell lines. TAK-981 signifi-

cantly decreased the proliferation of leader cells and lung cancer cells in a dose-dependent manner, with no effect on the proliferation of

followers (Figures S9A and S9B). In sum, our model outlines how YAP and TAZ intra-tumoral heterogeneity regulates collective invasion

that is inhibited by SUMOylation inhibitor TAK-981. Higher TAZ in leader cells supports invasion via EGFR-AKT signaling, and active AKT

blocks GSK3b to prevent TAZ from being degraded by bTrCP (Figure 6G).

SUMOylation inhibitor TAK-981 suppresses tumor growth in vivo

Our findings show that TAK-981 effectively targets the collective invasion of leader and follower cells. To investigate the efficacy of TAK-981 in

other heterogeneous lung cancer parental cell lines, TAK-981 was administered in a panel of NSCLC cell lines with different KRAS/EGFR/

STK11/P53 mutational profiles. TAK-981 treatment markedly reduced the proliferation of these cell lines and YAP, TAZ, and pAKT/AKT

expression (Figures 7A and S5B). Furthermore, 3D collective invasion of a panel of NSCLC lines was significantly inhibited by TAK-981

(Figure 7B). To evaluate the efficacy of TAK-981 in vivo, H1299 cells were injected subcutaneously into non-obese diabetic severe combined

immunodeficiency gamma (NSG)mice following the scheme outlined in Figure 7C.When tumors were palpable (3 weeks after injection), mice

were treated with TAK-981 (25 mg/kg) or vehicle control intraperitoneally thrice weekly and tumor growth and animal body weight monitored

till sacrifice on day 45. TAK-981-treatedmice showed a significant reduction in tumor growth compared with vehicle-treatedmice determined

by endpoint tumor weight evaluation (Figure 7D). Additionally, TAK-981-treated mice exhibited significant reduction in tumor volume
8 iScience 27, 111133, November 15, 2024



Figure 5. AKT-GS3b-bTrCP axis contributes to differential TAZ expression in follower and leader cells

(A) Evaluation of YAP and TAZ mRNA expression in leader and follower cells.

(B) YAP, TAZ, and b-actin expression in leader and follower cells treated with indicated doses of MG132 for 16 h.

(C) Whole cell lysates of leader and follower cells analyzed for bTrCP, AKT, GSK3b, and their phosphorylation status using b-actin as a loading control. bTrCP

expression levels were quantified, and data represent mean G SEM from n = 3.

(D) Indicated proteins evaluated and quantified in leader and follower cells treated with indicated doses of AKTi for 24 h. Data represent meanG SEM from n= 3.

(E) Whole cell lysates of leader and follower cells expressing non-targeting control or bTrCP-directed shRNA evaluated for the indicated proteins.

(F) Evaluation of indicated proteins in leader and follower cells overexpressing bTrCP. Representative blot from one of three independent experiments

presented.

(G) Schematic showing the mechanistic basis for differential expression of TAZ in leader and follower cells, created with Biorender.com. Data are represented as

mean G SEM. An ordinary one-way ANOVA with a Tukey’s multiple comparisons test or t test was used to determine significance compared to control or as

indicated. *p < 0.05 **p < 0.01 compared to the indicated group in the post hoc tests.
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compared to the vehicle-treated animals (Figures 7D–7F). TAK-981 was well tolerated during treatment, supported by a gain in average body

weight (Figure S13). TAK-981-treated tumors exhibited downregulated YAP, TAZ, CTGF, andN-cadherin expression and variable decrease in

pAKT/AKT expression (Figure 7G). Lastly, examination of lung and liver histology demonstrated a significant reduction of micro and macro

metastases (Figures 7H and 7I). Livers of treated animals showed fibrin around the capsule and extramedullary hematopoiesis (EMH) of inde-

terminate significance. In sum, TAK-981 inhibits YAP/TAZ-driven signaling and tumor growth in a preclinical murine model of NSCLC.

DISCUSSION

Intra-tumoral phenotypic heterogeneity sustains cooperative biology, underpinning several hallmark characteristics of cancer.12 Combination

therapies thus need to be designed to target distinct phenotypes that cooperate to drive cancer development, progression, and therapy

resistance. A large focus in cancer therapy has been to investigate and target the most represented genetic/epigenetic drivers and key

signaling pathway effectors with less focus on strategies to co-target distinct cooperative phenotypes such as proliferative and invasive cells,

quiescent and cycling cells, drug-resistant persister cells, and their sensitive counterparts. These observations underscore the importance of

identifying phenotypic heterogeneity and their drivers.

Alterations in the extrinsic stroma andmicroenvironment are considered causal in cancermetastases and pathogenesis.44 The transcriptional

co-activators YAP and TAZ are at the nexus of integrating mechanical stress and environmental cues to intracellular biology regulating survival,
iScience 27, 111133, November 15, 2024 9
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Figure 6. SUMOylation inhibitor TAK-981 suppresses YAP and TAZ SUMOylation and YAP/TAZ expression

(A) Leader and follower cells treated with indicated doses of TAK-981 for 72 h were evaluated for YAP and TAZ. Expression levels normalized to b-actin (loading

control) are presented. Data are presented as means G SEM from three independent repeats. One representative experiment of an n = 3 is shown.

(B) Immunoprecipitates of YAP and TAZ from whole cell lysates leader and follower cells treated +/� TAK-981 for 6 h were evaluated for SUMO-1.

(C and D) Leader and follower cells treated with TAK-981 for 24 h followed by analysis of whole cell lysates for indicated proteins. Quantification of indicated

protein represented as mean G SEM from three independent repeats.

(E and F) Spheroids generated with leader cells, follower cells, or mixes of 90% follower cells and 10% leader cells (L:F, 1:9) treated with either DMSO or indicated

doses of TAK-981 were evaluated for invasive area with quantification of invasive area (n = 4; scale bar, 100 mm).
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Figure 6. Continued

(G) Schematic depiction of YAP- and TAZ-driven regulation of intra-tumoral heterogeneity supporting collective invasion that is inhibited by TAK-981,

created with Biorender.com. Data are represented as mean G SEM. An ordinary one-way ANOVA with a Tukey’s multiple comparisons test or t test was

used to determine significance compared to control or as indicated. **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the indicated group in the post

hoc tests.
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growth, and invasion.45 YAP and TAZ are critical during development, and their activities are largely suppressed in adult tissues, except for roles

in tissue repair, negating their requirement for normal adult functions.46 Importantly, these transcription factors are re-expressed in cancer cells

to regulate diverse sets of biological processes, providing a strong rationale for therapeutic targeting. What distinguishes these transcription

factors from other drivers of oncogenesis is that their functional roles are not generally consequent to proximal mutations/amplifications. YAP

and TAZ are responsive to extrinsic cues such asmechanical stress, 3D architecture, the extracellular matrix (ECM), and inflammation, in contrast

to growth factor/cytokine-driven oncogenic pathways. YAP and TAZ shuttle between the nucleus and cytoplasm and co-activate transcription of

genes largely in association with the TEAD family members.46,47 Despite 57% sequence similarity,29 RNA-seq of H1299 NSCLC cells exhibiting

suppression of YAP or TAZ shows regulation of both redundant and, importantly, non-overlapping genes.29 YAP-regulated genes were con-

nected to proliferation and cell cycle while TAZ-regulated genes were connected to EMT and invasion and migration. It is thus not surprising

that the original gene identified inDrosophila (Yorkie) has evolved to two orthologs regulating redundant but importantly unique repertoires of

genes. TAZ expression was found to increasewith cancer progressionwith higher expression detected in stage IV lung adenocarcinomas.30,48,49

TAZ is recognized as an oncogene in NSCLC50 with several oncogenic roles such as facilitating transforming growth factor b b1 EMT in oral

squamous cell carcinoma51 and in Src-driven metastases in breast cancer and melanoma.52

Our study importantly demonstrates an intra-tumoral division of labor driven by YAP and TAZ. We identify higher expression of TAZ in

leader invasive cells in contrast to elevated expression of YAP in the proliferative follower cells of collectively invading NSCLC, correlating

with elevated nuclear expression. While these observations stem from one follower/leader pair isolated from the H1299 line, the need to

target both YAP and TAZ was validated across a broader panel of lines. We also detected similar heterogeneity in YAP and TAZ NSCLC pa-

tients’ specimens by immunohistochemistry (IHC) and found that fibronectin expression (expressed at higher levels in our leader cells) cor-

relates with TAZ, not YAP, expression in NSCLC patients. We showed through suppression of YAP or TAZ their necessity in supporting the

proliferative vs. invasive phenotypes of follower and leader cells, respectively, and importantly their collective invasion. Mechanical stress and

ECM rigidity can drive nuclear localization of YAP/TAZ, EMT, and the migratory phenotype fueling metastases.53 Interestingly, in collectively

invading breast cancer cells, collagen-induced YAP increases leader cell emergence54 underscoring how YAP or TAZ are differentially

engaged to promote collective invasion. The cytoskeletal remodeling fueling migration is reported to consume 50% of the cellular ATP

budget,55,56 concordant with our observation that invasive leader cells are reliant on OXPHOS to sustain their migratory phenotype.20 In

line with these observations, we found TAZ suppression in leader cells to reduce oxygen consumption, OXPHOS, and migration/invasion.

EMT is known to promote invasion and metastases. In this process, epithelial cells lose polarity and intercellular cohesion to adopt a

mesenchymal, fibroblast-like, migratory phenotype. EMT is marked by elevated expression of cell adhesion molecules such as

N-cadherin, Zeb1, fibronectin, and CTGF, a known TAZ target gene.57–60 Importantly, suppression of TAZ, in contrast to YAP, in leader cells

reduces expression of N-cadherin, fibronectin, CTGF, and Zeb1, concordant with inhibition of migratory/invasive potential. YAP suppression

reduced the expression of CTGF and pAKT, supportive of YAP’s contribution to invasive signaling. Our results thus further shed light on how

TAZ mechanistically contributes to the invasiveness of leader like cells.

In sum, our results strongly support the utility of targeting both TAZ- and YAP-driven effects to comprehensively target NSCLC. Targeting

transcription factors, however, can be challenging. Current strategies targeting proteins include inhibiting transcription factor-coactivator pro-

tein-protein or protein-DNA interactions, altering the transcription factor expression level by altering post-translational modifications such as

ubiquitinylation or SUMOylation that regulate stability and proteasomal degradation, or direct targeting of the protein using proteolysis target-

ing chimaeras.61 The small-molecule benzoporphyrin VP (Visudyne), identified by Liu-Chittenden,62 disrupts the YAP-TEAD interaction in the

absence of photo-activation, blocking YAP-driven oncogenic growth. VP has historically been used as a photosensitizer in photodynamic ther-

apy for the treatment of subfoveal choroidal neovascularization.40 VP has shown anticancer effects against several solid tumors including breast,

prostate, pancreatic, and esophageal cancer when combined with conventional chemotherapy.41,62,63 We found that VP treatment did not

impact TAZ expression in leader cells; however, it significantly reduced YAP and TAZ expression in follower cells. Additionally, VP did not impact

themigratory and invasive potential of leader cells, supporting our premise to investigate othermethods to co-target both YAP and TAZ expres-

sion. TEAD inhibitors, currently in clinical trials, target the autopalmitoylation of TEADs disrupting their interaction with YAP/TAZ. While this

strategy targets YAP/TAZ/TEAD-driven gene expression, the efficacy and off-target toxicities are yet to be determined.64

Our evaluation of transcript expression shows elevated YAPmRNA in follower vs. leader cells, but comparable TAZmRNAexpression. This

suggests that elevated TAZ protein expression in leader over follower cells is likely consequent to post-transcriptional/translational mecha-

nisms. Phosphorylation, ubiquitination, acetylation, methylation, SUMOylation, and O-GlcNAcylation play a central role in regulating YAP/

TAZ stability.65–69 The E3 Ub ligase (bTrCP) is well documented to regulate TAZ expression. YAP and TAZ are ubiquitinated by F box protein

bTrCP in response to LATS-mediated phosphorylation of YAP and TAZ within their phosphodegron (DSGxS sequence).38,70 Additionally,

GSK3 can phosphorylate the N-terminal phosphodegron in TAZ. The SCFbTrCP E3 Ub ligase complex binds phosphorylated TAZ leading

to its ubiquitylation and degradation.38 We showed elevated AKT phosphorylation in leader cells that likely contributes to GSK3b inhibition

preventing TAZ phosphorylation and bTrCP-mediated degradation. Correspondingly we found elevated expression of bTrCP in follower vs.

leader cells, inversely correlatingwith TAZ expression.Our inquiry of follower leader RNA-seq showed several E3 Ub ligases such asMARCH4,
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Figure 7. TAK-981 inhibits the in vitro proliferation and collective invasion of NSCLC lines and in vivo tumor growth and metastases in a preclinical

model of NSCLC

(A) Indicated proteins and b-actin (loading control) were assessed in A549, H460, PC9, H596, H23, and H1975 cells after 72 h of TAK-981 treatment.

(B) Spheroids generated with indicated cell lines treated with either DMSO or TAK-981 (500 nM) were evaluated for invasive area and proliferation with

quantification of invasive area (n = 5; scale bar, 100 mm).

(C) Experimental treatment strategy used in H1299-NSG murine tumor model. Tumors were subcutaneously injected in NSG mice (n = 10 mice per group) and

randomized to two groups when tumors were palpable (approximately three weeks). Mice were treated with vehicle or 25 mg/kg TAK-981 thrice weekly.

(D) Bright-field images of tumors isolated from vehicle- and TAK-981-treated mice.
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Figure 7. Continued

(E and F) (E) Mean tumor weight and (F) mean tumor volume of mice treated with vehicle or TAK-981.

(G) Western blot to assess expression level of indicated proteins in tumors from vehicle- and TAK-981-treated mice.

(H) Representative images of lung and liver macro mets (indicated by arrows) identified from vehicle-treated groups. TAK-981-treated lung indicates (with arrow)

a micro met while a liver section shows EMH and fibrin overlaying the capsule.

(I) Percentage lung metastases was calculated by quantification of total macro and micro mets area normalized to total area in H&E-stained lung sections from

vehicle- and TAK-981-treatedmice (n= 10). Data are represented asmeanG SEM. t test was used to determine significance compared to control or as indicated.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the indicated group in the post hoc tests.
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SMURF2, and TRIM3 to be increased in follower cells. Suppression of these E3Ub ligases restored TAZ expression in follower cells. Among the

investigated E3UB ligases, bTrCPwasmost effective in rescuing TAZ protein fromdegradation, whichwas further confirmedby bTrCP KD and

overexpression.

SUMOylation plays a pivotal role in regulating YAP and TAZ stability by antagonizing ubiquitination. SUMOylation is a reversible post-

translational modification involving covalent attachment of a SUMOprotein to lysine residues of target proteins.42 While ubiquitination is pri-

marily involved in protein degradation, SUMOylation plays a broader role in various cellular processes involved in cell growth and survival.

Hence, the balance between SUMOylation and deSUMOylation is crucial in maintaining cellular integrity.42

Because enzymes in the SUMOylation pathway are upregulated and associated with poor prognosis in several cancers, there is increased

interest in the development of SUMOylation inhibitors. ML-792 is a synthetic selective small-molecule inhibitor of SUMO-activating enzyme sub-

unit (SAE2) inhibiting SUMOylation.71,72 Subasumstat (TAK-981) is derived from ML-792. TAK-981 shows enhanced selectivity and durability of

the SUMO-inhibitor adduct and was shown to inhibit tumor growth at lower concentrations than ML-792.71 Our findings corroborate the pre-

viously identified SUMOylationof YAP73 and reports SUMOylation of TAZ. Interestingly, wedetected increasedTAZ SUMOylation in leader cells;

hence, inhibiting SUMOylation would be an attractive strategy to target YAP and TAZ stability in leader cells. SUMOylation was overall elevated

in leader cells, and treatment with TAK-981 reduced SUMOylation of both YAP and TAZ and their expression. This is a previously unreported

documentation of TAK-981 to reduceboth YAP and TAZ expression. Importantly, our preclinical evaluation of TAK-981 inH1299 cells introduced

intoNSGmice showed a reduction of tumor burden andmicro andmacrometastases. TAK-981 was found to reduce both YAP and TAZ expres-

sion in tumors, corroborating our in vitro findings detected across several NSCLC lines expressing common driver genetic lesions.

EGFR activity indirectly inactivates LATS1/2, leading to increased nuclear localization of YAP in head and neck squamous cell carcinoma.74

YAP/TAZ increases expression of EGFR ligands such as amphiregulin (AREG) to increase EGFR signaling.75,76 EGFR is also a YAP/TEAD

target,74 and increased YAP and TAZ expression has been observed in EGFRmutant NSCLC.77 Our studies demonstrate elevated expression

of EGFR in invasive leader cells in contrast to the proliferative follower cells. Additionally, EGFR expression in leader cells was regulated by

TAZ but not YAP, identifying the unique consequences of differential YAP and TAZ expression. The EGFR-TAZ connection was further corrob-

orated by elevated AKT activity, a well-known downstream effector of EGFR, in invasive leader cells and downregulation of AKT upon TAZ

suppression.37 We interestingly detected reduction of pAKT in YAP-KD leader cells despite maintenance of EGFR expression, suggesting

an additional EGFR-independent path to regulating AKT phosphorylation. The effects of TAZ and EGFR suppression on leader cell invasion

were reversed by AKT overexpression, supporting the downstream role of AKT in TAZ-regulated invasion. In contrast, overexpression of YAP

in TAZ-KD leaders rescued AKT with minimal rescue of EGFR expression, supportive of the role of TAZ in regulating EGFR expression.

Collectively, our studies reveal how invasive and proliferative phenotypes in NSCLC are maintained by heterogeneous YAP and TAZ

expression. We provide rationale for a translationally relevant strategy that can be leveraged to target both YAP and TAZ proteins centered

on the use of the newly developed SUMOylation inhibitor, TAK-981. Our observations importantly underscore the continued need to identify

and target phenotypic heterogeneity that supports collective cell invasion in NSCLC.

Limitations of the study

The limitations of our study include lack of defined leader and follower cell markers restricting inquiry in collectively invading human NSCLC.

Additionally, there is a lack of preclinical NSCLCmodels that can effectively isolate the effects of perturbing leader vs. follower cells in metas-

tasis. Furthermore, while the study demonstrates the efficacy of TAK-981 in suppressing YAP and TAZ in a preclinical murine model, further

validation in human NSCLC metastases is warranted.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

YAP (WB, IF) Cell Signaling Technology Cat#14074; RRID: AB_2650491

TAZ (WB, IHC, IF) Cell Signaling Technology Cat#4883; RRID: AB_1904158

TEAD1 Cell Signaling Technology Cat#12292; RRID: AB_2797873

S6 Cell Signaling Technology Cat#2317; RRID: AB_2238583

pS6 Cell Signaling Technology Cat#4858; RRID: AB_916156

Zeb1 Cell Signaling Technology Cat#70512; RRID: AB_2935802

CTGF Cell Signaling Technology Cat#86641; RRID: AB_2800085

EGFR Cell Signaling Technology Cat#4267; RRID: AB_2246311

pAKT Cell Signaling Technology Cat#4060; RRID: AB_2315049

AKT Cell Signaling Technology Cat#4691; RRID: AB_915783

bTrCP Cell Signaling Technology Cat#4394; RRID: AB_10545763

pGSK3-b Cell Signaling Technology Cat#9336; RRID: AB_331405

GSK Cell Signaling Technology Cat#12456; RRID: AB_2636978

SUMO-1 Cell Signaling Technology Cat#4940; RRID: AB_2302825

actin Cell Signaling Technology Cat#3700; RRID: AB_2242334

N-cadherin BD Biosciences Cat#610920; RRID: AB_2077527

Fibronectin Abcam Cat#ab2413; RRID: AB_2262874

YAP (IHC, IP, IF) Cell Signaling Technology Cat#12395; RRID: AB_2797897

TAZ (IP) Abcam Cat#ab242313

Alexa Fluor� 568 goat anti-rabbit Invitrogen Cat#A11011; RRID: AB_143157

Alexa Fluor� 635 goat anti-mouse Invitrogen Cat#A31574; RRID: AB_2536184

Alexa Fluor� 594 goat anti-rabbit Invitrogen Cat#A32740; RRID: AB_2762824

Alexa Fluor� 488 goat anti-mouse Invitrogen Cat#A32723; RRID: AB_2633275

Bacterial strain

Stable Competent E. Coli NEW ENGLAND Biolabs C3040I

Biological sample

Human lung cancer tissue microarray TissueArray.Com LC817b

Chemicals, peptides, and recombinant proteins

Erlotinib Selleckchem Cat#S7786

Matrigel Basement Membrane Matrix Corning Cat#356237

jetPRIME Polyplus transfection reagent Polypus Cat#114-07

Polybrene Transfection Reagent Sigma-Aldrich Cat# TR-1003-G

RPMI 1640 Corning Cat#10-040-CV

Puromycin Thermo Scientific Cat#AAJ67236-8EQ

4–20% Mini-PROTEAN� TGX Stain-Free� Protein Gels Bio-Rad Cat#4568096

4–20% Mini-PROTEAN� TGX Stain-Free� Protein Gels Bio-Rad Cat#4568093

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad Cat#5000006

Live dead stain Invitrogen Cat#S34859

(2-Hydroxypropyl)-b-cyclodextrin Sigma Cat#H107

PVDF membrane Millipore Cat#IPVH00010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DAPI Thermo Scientific Cat#D1306

Fixation buffer Biolegend Cat#420801

Intracellular staining perm wash buffer Biolegend Cat#421002

Prolong gold mounting media Thermo Scientific Cat#P10144

N-Ethylmaleimide Sigma Cat#S3692

Protein G Agarose Millipore Cat#16-266

RIPA Buffer Sigma Cat#R0278

BLOK Casein in TBS G-Biosciences Cat#786-196

AKT inhibitor VIII MedChemExpress Cat#HY-10355

EGF recombinant protein Thermo Scientific Cat#AF-100-15

TAK-981 MedChemExpress Cat#HY-111789

Critical commercial assays

CellTiter-Glo assay Promega Cat# G9248

CellTiter-Glo 3D Promega Cat#G9681

GeneJET RNA Purification Kit Thermo Scientific Cat#K0732

RevertAid First Strand cDNA Synthesis Kit Thermo Scientific Cat#K1622

DyNAmo ColorFlash probe quantitative

polymerase chain reaction (PCR) kit

Thermo Scientific Cat#F456S

NE-PER Nuclear and Cytoplasmic

Extraction Reagents

Thermo Scientific Cat#78833

ImmPRESS HRP Reagent Kit VectorLabs MP-7401

ImmPACT DAB Peroxidase Substrate Kit VectorLabs SK4105

Experimental models: Cell lines

Human:H1299-leader cells Commander et al.20 N/A

Human:H1299-follower cells Commander et al.20 N/A

Human:H1299 Commander et al.20 N/A

Human:H460 Adam Marcus, Emory University N/A

Human:H23 Adam Marcus, Emory University N/A

Human:H1975 Adam Marcus, Emory University N/A

Human:H596 Adam Marcus, Emory University N/A

Human:PC9 Sun et al.78 N/A

Human:A549 ATCC Cat#CCL-185

Human:H293T ATCC Cat#CRL-3216

Experimental models: Organisms/strains

NOD scid gamma NSG� Jackson Laboratory Cat#006667

Oligonucleotides

shRNA targeting sequence TAZ#1;

TAAGCTTTATGGGTGTTAATT

Merck Cat#TRCN000370006

shRNA targeting sequence TAZ#2;

CAGCCAAATCTCGTGATGAAT

Merck Cat#TRCN000319150

shRNA targeting sequence YAP#1;

CAGGTGATACTATCAACCAAA

Merck Cat#TRCN000107267

shRNA targeting sequence YAP#2;

CAGGTGATACTATCAACCAAA

Merck Cat#TRCN000107267

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

shRNA targeting sequence bTrCP#1;

GCACATAAACTCGTATCTTAA

Merck Cat#TRCN0000006542

shRNA targeting sequence bTrCP#2;

GCGTTGTATTCGATTTGATAA

Merck Cat#TRCN0000006543

EGFR Taqman� assay probe Thermo Scientific Cat#Hs01076078_m1

YAP Taqman� assay probe Thermo Scientific Cat#Hs00902712_g1

TAZ Taqman� assay probe Thermo Scientific Cat#Hs00210007_m1

Smurf2 Taqman� assay probe Thermo Scientific Cat#Hs00224203_m1

MARCH4 Taqman� assay probe Thermo Scientific Cat#Hs00863129_m1

DTX3 Taqman� assay probe Thermo Scientific Cat#Hs01595350_m1

LONRF3 Taqman� assay probe Thermo Scientific Cat#Hs00983071_m1

MID1 Taqman� assay probe Thermo Scientific Cat#Hs00931793_m1

TRIM38 Taqman� assay probe Thermo Scientific Cat#Hs00197164_m1

TRIM8 Taqman� assay probe Thermo Scientific Cat#Hs00229451_m1

TRIM6 Taqman� assay probe Thermo Scientific Cat#Hs04194831_s1

Recombinant DNA

pLVX-IRES-Neo Takara Cat#632181

HA-AKT1-pLVX-IRES-Neo This paper N/A

Flag-AKT2-pLVX-IRES-Neo This paper N/A

Flag-TrCP-pLVX-IRES-Neo This paper N/A

EGFP-TAZ-pLVX-IRES-Neo This paper N/A

mCherry-YAP-pLVX-IRES-Neo This paper N/A

Software and algorithms

Fiji software Schindelin et al.79

GraphPad Prism software GraphPad Software http://www.graphpad.com

Biorender Science Suite Inc. https://www.biorender.com

Adobe Illustrator Adobe Inc https://www.adobe.com/

products/illustrator.html
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vivo animal studies

Animal experiments were conducted according to protocols approved by Emory University’s Institutional Animal Care and Use Committee

(IACUC). 9-week-old Male NSG� mouse (body weight 27G2 g) obtained from Jackson Laboratories were used for animal experiments.

Formalin-fixed paraffin-embedded tumors from lung cancer patients were obtained from TissueArray.com.
Cell lines

Leader and follower cells derived fromH1299 andH1299, H460, H23, H1975, H596 lung cancer cell lines were obtained fromDr. AdamMarcus,

Winship Cancer Institute, Emory University. A549 and Human embryonic kidney (HEK) 293T cells were obtained from the American Type Cul-

ture Collection (ATCC). PC9 was obtained from Dr. Shi-Yong Sun, Winship Cancer Institute, Emory University. Follower and leader low pas-

sage cells were used for these experiments with validation of their identity by interrogating fibronectin expression.7
Cell culture

NSCLC lines were cultured in complete RPMI 1640 with 10% fetal bovine serum (FBS). HEK293T cells were cultured in Dulbeccoʼs modi-

fied Eagle’s medium (Gibco) with 10% FBS and penicillin (100 U/ml)/ streptomycin (100 mg/ml) and maintained in a 37�C incubator with

5% CO2.
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METHOD DETAILS

Generation of shRNA KDs

shRNA bacterial stocks were obtained from Sigma-Aldrich and plated on LB agar plates containing ampicillin. Plasmids purified from ampi-

cillin-resistant colonies were transfected intoHEK293T using jetPRIMEPolyplus transfection reagent.Mediumwas changed after 4 h, and then

incubated for 72 h to allow for virus production. The supernatant was collected and filtered using a 0.45 mm filter. Leader and follower cells

were transduced with lentiviral particles using a standard transduction protocol. Briefly, 1.5x104 leader and follower cells were seeded in a

6-well plate in complete RPMI media. The following day, 500 ml of virus and Polybrene Infection/Transfection Reagent was added to a final

concentration of 8 ug/ml. Spinfection was performed by centrifugation at 2500 rpm at room temperature for 30 minutes followed by a media

replacement (with completemedia) after 24 h. Puromycin (0.5 mg/ml for leader cells and 2 mg/ml for follower cells) was added the followingday

and cultures selected for 7 days.
Reverse transcription quantitative polymerase chain reaction

Reagents/probes used are as listed: Thermo Scientific GeneJET RNA Purification Kit used for RNA isolation; cDNA synthesis, Thermo Scien-

tific RevertAid First Strand cDNASynthesis Kit ; ThermoScientificDyNAmoColorFlash probequantitative polymerase chain reaction (PCR) kit;

Bio-Rad S1000 Thermal Cycler and TaqMan probes with Applied Biosystems 7500 Real-Time PCR system.
Immunoblotting

Cells were harvested and washed twice with phosphate-buffered saline (PBS) and whole-cell lysates prepared with radioimmunoprecipi-

tation assay (RIPA) buffer supplemented with phosphatase and protease inhibitors and 1% phenylmethylsulfonyl fluoride (PMSF) following

20min on ice. Cell debris was removed by centrifugation at 14,000 rpm at 4�C for 15 min. Total protein concentration was determined using

Bio-Rad Protein Assay Dye Reagent Concentrate. Samples were normalized to a total protein concentration of 20 to 30 mg in 13 Laemmli

buffer containing b-mercaptoethanol and boiled for 10 min at 95�C followed by resolution by SDS–polyacrylamide gel electrophoresis.

Proteins were transferred to polyvinylidene fluoride (PVDF) membrane. PVDF membranes were incubated in blocking solution [5% milk

in tris-buffered saline (TBS) with Tween 20] for 1 hour, followed by washing and incubation with primary antibodies [1:1000 dilution or

as suggested by the manufacturer in BLOK Casein in TBS] overnight. After washing, secondary antibodies were added at a dilution of

3:10,000 in blocking solution for 1 hour. Nuclear and cytoplasmic extracts were prepared as per manufacturer’s instructions using

NE-PER� kit.
Cell viability/proliferation assays

CellTiter-Glo assay was performed using 2000 cells per 100 microliters plated in triplicates in 96-well white flat-bottom plates. One hundred

microliters of CellTiter-Glo assay reagent was added to each well, followed by a 10 min incubation at room temperature. ATP levels were

assessed using a BioTek SYNERGY H1 microplate reader following the manufacturer’s instructions. Proliferation in 3D culture was measured

using CellTiter-Glo 3D as per manufacturer’s instructions with relative luminescence units (RLU) plotted. Live dead stain was used to analyze

cell viability as per the manufacturer’s instructions using a Cytek Aurora flow cytometer and analyzed with theDeNovo Software FCS Express

version 4.
Live cell oxygen consumption and extracellular acidification rates

Oxygen consumption rate and extracellular acidification rates were measured using Seahorse bioscience extracellular flux (XFe96) analyzer.

The Agilent Seahorse XF Cell Mito Stress Test was performed. In brief, leader or follower cells were seeded at a density of 20,000 cells per well

of an XF 24 well cell culture microplate and incubated overnight to ensure attachment. Before the assay, cells were equilibrated in buffered

(pH 7.4) Seahorse XF basemedium supplemented with 10mMglucose, 1 mM sodiumpyruvate, and 2mMglutamine in a non-CO2 incubator.

Cellular metabolism was examined through sequential injections of oligomycin (2.5 mM), carbonyl cyanide 4- (trifluoromethoxy) phenylhydra-

zone (FCCP, 0.5 mM) and rotenone (2 mM)/ antimycin A (2 mM). Basal respiration rate was calculated as baseline OCR subtracted by the OCR

after the injection of antimycin and rotenone.
Spheroid formation and invasion assays

Spheroids were formed by seeding 3000-5000 leader and follower cells/well in ultra-low attachment 96-well round bottom plates. After

spheroid formation in round bottom plates, the spheroids were embedded within the recombinant basement matrix (Matrigel) in a

35 mm glass bottom dish with a 14 mmmicrowell where the bottom surface is with a No. 1.5 coverglass (Mattek P35G-1.5-14-C) for imaging

purposes and allowed to invade and traffic along the interface between the glass coverslip and the 3Dmatrix for up to 72 h at 37�C. For drug
treatments, compounds were added directly to the matrigel during the embedding process, as well as to the growth media. Images of the

spheroids were taken using an Olympus IX51 microscope (4X magnification and 0.30 NA) with an Infinity2 CCD camera. Invasive area was

quantified on the 2D images by measuring both the total spheroid area around the outer perimeter and the inner spheroid core in

ImageJ/Fiji and calculating the difference between the two measures.
20 iScience 27, 111133, November 15, 2024



ll
OPEN ACCESS

iScience
Article
Scratch assay

0.12x106 follower cells and 0.18 x106 leader cells per well were seeded in 12-well plates. When cells were approximately 90-100% confluent, a

scratch was introduced with a 200mL pipette tip. Gap closure was imaged at 0 and 24 h with Olympus IX51 microscope 10X magnification,

capturing at least 4 fields for each condition. The migration distance was assessed manually using image J software (National Institutes of

Health, USA). Gap closure was calculated using the following formula: (0hr gap width-24 h gap width)/0hr gap width.
In vivo mouse studies

H1299 cells obtained from Adam Marcus, Winship Cancer Institute, Emory University were injected into NSG�. H1299 derived allograft ex-

periments were approved by the Institutional Animal Care and Use Committee (IACUC) of Emory University (PROTO201700269). 1X106 H1299

cells suspended in 100 mL PBS were introduced by subcutaneous injection in the right flank. When tumors were palpable, approximately

3 weeks after injection of tumor cells, treatments were started. Intraperitoneal injection of 0.2 mL of 25 mg/kg TAK- 981 suspended in

20% HPBCD (Sigma), pH 6-7 or vehicle control were performed thrice weekly. Tumor volume, and body weight were measured twice a

week using a digital vernier caliper, until the end point of the experiment. The mean tumor volume was calculated using the formula: volume

(V)= L XWXWX 0.5, whereW and L are the width and length of the tumor, respectively.Mice were euthanized according to IACUCguidelines

and necropsied at 45 day. Tumor and lung tissues were isolated.
Immunohistochemistry (IHC) staining

Lung cancer tissue samples were obtained from TissueArray.Com. Slides were deparaffinized with antigen retrieval performed using Antigen

Unmasking Solution. BlockALL Blocking solution was applied for blocking endogenous peroxidase. Immunohistochemistry staining was per-

formed using anti-TAZ antibody (1:600), anti-YAP antibody (1:600). ImmPRESS HRP Reagent Kit and ImmPACT DAB Peroxidase Substrate Kit

were used for detection per manufacturer’s instructions. Brightfield images were captured using Keyence BZ-X 810 and DAB staining inten-

sities were quantified using ImageJ. H&E sections of lung and liver were evaluated for presence of micro and macro metastases. Micro me-

tastases were defined as clusters of less than 10 cells, including individual cells. Macro metastases were defined as clusters of greater than 10

cells.
Immunofluorescence and confocal microscopy

Leader and follower cells were seeded onto coverslips. Next day, after 2 PBS washes, cells were fixed with fixation buffer. Cover slips were

washed thrice with 1X PBS and then blocked with 4% BSA prepared in intracellular staining perm wash buffer for 1 h, followed by overnight

incubation with primary antibody YAP (1:500) and TAZ (1:500) prepared in perm wash buffer at 4�C. Subsequently, cells were washed with

perm wash buffer and stained with Alexa Fluor 568 and 635 conjugated secondary antibody prepared in perm wash buffer for 1 h at RT. After

PBS wash, DAPI was added for nuclear staining followed by mounting of coverslips with prolong gold mounting media. Micrographs were

captured using confocal Leica SP8 at 60X magnification and zoom factor of 1.5.

H1299 3D spheroids were fixed using fixation buffer for 40 min at RT. After 2 PBS washes, the spheroids were blocked for 1 h with 2% BSA

prepared in intracellular staining perm wash buffer. This was followed by an overnight incubation at RT with primary antibodies; rabbit TAZ

(1:300), YAP (1:300), and mouse N-Cadherin (1:300) prepared in perm wash buffer with 2% BSA. Following a wash with perm wash buffer, the

spheroids were stained for 1 h at RT with Alexa Fluor 594 and 488 conjugated secondary antibodies against rabbit andmouse, respectively, in

perm wash buffer. After a PBS wash, DAPI was used for nuclear staining, followed by a 10 min PBS wash. The 3D invading spheroids were

imaged using confocal Nikon Crest Optics SD at 20X and 40X magnification.
Coimmunoprecipitation

Cells were washed once with PBS and lysed in RIPA buffer containing 20 mM N-ethylmaleimide, protease and phosphatase inhibitors and

PMSF for 30 min on ice. Debris was removed by centrifugation at 14,000 rpm at 4�C for 15 min. Total protein concentration was determined

using Bio-Rad Protein Assay Dye Reagent Concentrate. 400mL lysates containing 200 mg protein were precleared by incubating for 1 h at 4�C
with 50 mL of Protein G Agarose, prewashed with PBS. Precleared lysates were collected by centrifugation at 5000 rpm for 2 min at 4�C and

incubatedwith rotation overnight at 4�Cwith 50 mL of ProteinGAgarose, preincubatedwith 5 mL of TAZ and YAP antibody overnight. Pelleted

matrix was washed twice with 500 mL ice-cold PBS, and proteins were eluted after boiling at 95�C for 5 min in 30 mL of 23 electrophoresis

sample buffer containing b-mercaptoethanol.
Bioinformatics analysis

The Winship Molecular profiling study (2020) conducted in partnership with Caris life Sciences was used to perform correlation analyses.80

Log2 transformed data were normalized and a Spearman correlation analysis performed to determine p value (two-tailed) for the above

studies. This institutional dataset was downloaded from cBioPortal (https://cbioportal.winship.emory.edu/) for n=343 LUAD patients

(accessed on 06/01/2023). The cohort contained samples from NSCLC patients who have been treated with various therapy including drugs

for immunotherapy such as pembrolizumab (Keytruda), nivolumab/ipilimumab combination and targeted therapy with EGFR inhibitors such

as osimertinib and gefitinib. Bioinformatics analysis: TCGA- Firehose legacy LUAD cohort (n=365) protein expression dataset was
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downloaded from cbioportal (https://www.cbioportal.org/). Pearson correlation analysis (p-value (two-tailed) % 0.05) was performed using

Graphpad prism software, version 9. Clinicopathological features of the dataset are described in Tables S1 and S2.
QUANTIFICATION AND STATISTICAL ANALYSIS

Graphical presentation and statistical analysis were performed using GraphPad Prism 9.0. Statistical analysis of significance was based on

unpaired two-tailed Student’s t test and one -way ANOVA followed by Tukey post hoc test for all figures and Pearson’s r for Figure 2.

Data with error bars representmeanG standard error of themean (SEM). The number of experimental replicates is listed in each figure panel.

Statistical analyses were performed based on the homogeneity of variances and assumptions of normal distribution. p values of less than 0.05

were considered statistically significant.
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