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Abstract

As a key process within the tissue microenvironment, integrin signaling can influence cell functional responses to growth

factor stimuli. We show here that clustering of integrin α5ß1 at the plasma membrane of colorectal cancer-derived epithelial

cells modulates their ability to respond to stimulation by receptor tyrosine kinase (RTK)-activating growth factors EGF, NRG

and HGF, through GSK3-mediated suppression of Akt pathway. We observed that integrin α5ß1 is lost from the membrane of

poorly organized human colorectal tumors and that treatment with the integrin-clustering antibody P4G11 is sufficient to

induce polarity in a mouse tumor xenograft model. While adding RTK growth factors (EGF, NRG and HGF) to polarized

colorectal cancer cells induced invasion and loss of monolayer formation in 2D and 3D, this pathological behavior could be

blocked by P4G11. Phosphorylation of ErbB family members as well as MET following EGF, NRG and HGF treatment was

diminished in cells pretreated with P4G11. Focusing on EGFR, we found that blockade of integrin α5ß1 increased EGFR

phosphorylation. Since activity of multiple downstream kinase pathways were altered by these various treatments, we

employed computational machine learning techniques to ascertain the most important effects. Partial least-squares

discriminant analysis identified GSK3 as a major regulator of EGFR pathway activities influenced by integrin α5ß1. Moreover,

we used partial correlation analysis to examine signaling pathway crosstalk downstream of EGF stimulation and found that

integrin α5ß1 acts as a negative regulator of the AKT signaling cascade downstream of EGFR, with GSK3 acting as a key

mediator. We experimentally validated these computational inferences by confirming that blockade of GSK3 activity is

sufficient to induce loss of polarity and increase of oncogenic signaling in the colonic epithelial cells.
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INTEGRATION, INNOVATION AND INSIGHT

This study integrates quantitative experimental measurement of intestinal epithelial cell signaling pathway activities

with phenotypic responses to a spectrum of growth factor and extracellularmatrix stimuli, via computationalmodeling

of the cue-signal-response relationships using a range of data-drivenmultivariate inference techniques. Insights gained

from the study center on how multiple signaling pathways operate together to govern cell morphological responses to

Integrin Alpha5 Beta 1 and EGF Receptor costimulation, with a key finding being a vital role for GSK3 in coreographing

network pathway balances that influence intestinal epithelial cell function.

INTRODUCTION

Receptor tyrosine kinases (RTKs) are a large family of cell-surface

growth factor receptors that govern many aspects of cell behav-

ior [1, 2], a trait which makes them critical mediators of can-

cer development and progression. RTK signaling propagates via

proximal nodes such Ras and PI3K [3–6] to downstream cascades

of protein–protein interactions, culminating in a governance of

a broad array of cellular responses. Sustained signaling through

the ErbB (EGFR) and HGF families of receptors supports hyper-

proliferation and loss of apico-basolateral polarity, processes

that support cancer progression [6–9]. For instance, EGFR can

signal through the RAS/ERK and PI3K/Akt pathways [5, 10] with

investigators commonly noting that a particular pathway may

be predominant in a particular experimental set-up; however,

the mechanistic reasons for these observations are not well

understood.

Adhesion signaling through the integrin family of ECM recep-

tors alters howa cancer cell integrates soluble growth factor cues

into a phenotypic response [11–13]. Recent work suggests that, in

addition to downstream nodes of crosstalk, direct interactions

between integrin β1 and EGFR have significant influence on

EGFR signaling [14–17]. These effects can be both stimulatory

as well as inhibitory to EGFR signal transduction, depending

on the integrin β1 heterodimerization partner as well as the

EGFR-output measured. For instance, integrin α5ß1 seems to

negatively regulate aspects of EGFR signaling in epithelial cells,

whereas integrin α2 may be stimulatory [18–20]. Other studies

show that integrin α5ß1 engagement leads to enhanced EGFR

signaling [21, 22]. To complicate the picture further, still other

studies suggest that integrin α5ß1 is able to alter the magnitude

of the PI3K/Akt signaling cascade [23] downstream of EGFR in a

manner that is controlled by expression of integrin α5ß1 in con-

junction with cognate matrix ligands [24]. Such a body of com-

peting hypotheses suggests context-dependent roles for integrin

α5ß1 and highlights a need for an integrative computational

analysis of how integrin α5ß1 signaling alters a cell’s response

downstream of EGFR activation.

In previous work, we showed that lateral clustering of inte-

grin α5ß1 by the P4G11 antibody contributes to apico-basolateral

polarity in invasive colorectal cancer (CRC) cells [25]. To advance

these observations further, in our newwork herewe find that cell

surface integrin α5ß1 correlates with apico-basolateral polarity

in both human tumor and mouse xenograft model of CRC.

Analyzing the integrated effects of activating RTK signaling and

integrin α5ß1 in CRC cells, which normally exhibit a polarized

phenotype when cultured in 3D type 1 collagen, we ascertain

that concurrent treatment of EGF,HGF andNRGwith the integrin

α5ß1-clustering antibody mAb P4G11 abrogates the effect of

these growth factors to induce loss of polarity and invasion.

Based on measurements of key signaling pathway activities, we

then constructed a machine learning-based model characteriz-

ing how P4G11 accomplishes this suppression, which yielded

inference that clustered active integrin α5ß1 acts as a neg-

ative regulator of EGFR signaling via GSK3 as a key media-

tor.

MATERIALS AND METHODS

Antibodies

AIIB2 and P4G11 hybridomas were purchased from the Iowa

Developmental Studies Hybridoma Bank. Antibodies were

produced and purified by the Vanderbilt Antibody Core Facility

(VAPR). P4G11 was used at 10 µg/ml in all studies, unless oth-

erwise indicated. DyLight 594–conjugated P4G11 was produced

by VAPR. Monovalent P4G11 F(ab)′ fragments were produced

using the Ficin Digestion Kit from Millipore and conjugated

to DyLight 594 by VAPR. Integrin α5ß1–blocking JBS5 was

purchased from ThermoFisher (MA1-81134). Staining antibodies

were Integrin a5, ThermoFisher (PA5-79529), E-cadherin, Abcam

(ab40772), phalloidin-568 (A12380). All secondary antibodies

were purchased from Invitrogen.

Cell lines

Details on derivation and culture of CC and SC cell lines from

parental HCA-7 cell line are described in Li et al. [29]. These cells

were cultured for a maximum of 10 passages. Caco-2 cells were

purchased from ATCC and grown in DMEM supplemented with

10% FBS.

Animal studies

HCA-7 derived SC cells in PBS (10 million cells/mouse) were

injected into nude mouse (Jackson labs) flank on right side

and allowed to establish tumors and proliferate for 7 days until

palpable. Mice were then treated with P4G11 (100µg/ml in saline,

200µg/mouse/dose total) or vehicle (saline. 200µl) via intraperi-

toneal injection every other day for three weeks. Tumors were

then excised, cut in half, and fixed in either formalin and sub-

mitted for paraffin embedding or 4% paraformaldehyde.

3D type-1 collagen cultures

Briefly, 3D collagen sandwich assays were set-up using three

layers of type-I collagen as previously described in detail [29].

Top and bottom layers consisted of 2 mg/ml collagen alone, and

the middle layer consisted of 2 mg/ml collagen plus cells at

5000 cells/ml in a single-cell suspension. Collagen mixture was

neutralized using sterile NaOH and each layer was neutralized
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and allowed to polymerize before the next layer was added. All

three layers contained 400 µl per well of a 12-well culture dish.

Medium (400 µl) with or without reagents was added on top and

changed every 2–3 days. Colonies were observed and counted

after 14–17 days.

Collagen coating

Coverglass or Transwell filters were incubated with 0.3 mg/ml

type-1 collagen in PBS for 30 min and rinsed twice with

phosphate-buffered saline (PBS).

Tissue sections

Tumor xenografts or human tissues were fixed in 4% PFA, placed

overnight in 30% sucrose, and frozen in OCT compound (Tis-

sueTech). Frozen blocks were cryosectioned into 6 µm sections,

permeabilized with 1% Triton, and blocked with glycine (0.3 M,

30 min) and DAKO protein block (1 h) sequentially. Primary

antibody was added overnight. Secondary antibodies from Invit-

rogen (Alexa Fluor-linked) were added at 1:1000 for 30 min.

Slides were washed, mounted in Prolong (Life Technologies),

and analyzed with confocal microscopy using a Nikon A1R LSM

confocal microscope. H&E staining was performed by the VUMC

histology core and imaged using a Leica SCS400 slide scanner.

3D immunofluorescence

Collagen sandwich was fixed in 4% paraformaldehyde (PFA) for

30 min at room temperature. Middle layer was removed and

placed into IF buffer (1% BSA, 1% Triton X-100 in PBS) overnight.

Alexa Fluor 568–phalloidin and 4′,6-diamidino-2-phenylindole

(DAPI) were added for 4 h at 4◦C before wash and confocal

microscopy on Nikon A1R. For immunofluorescence, primary

antibodies were added at 1:200 overnight in IF buffer. Samples

were then washed, and secondary antibody was added at 1:1000

for 1 h at 4◦C. Samples were washed and whole mounted onto

a #1.5 glass coverslip and subsequently analyzed using confocal

microscopy on a Nikon A1R LSM.

Colony counting

Colonies were counted using GelCount (Oxford Optronix) with

identical acquisition and analysis settings and represented as

mean from triplicates± SEM.For cystic and invasivemorphology,

counts were performed manually from three individual wells

and represented as mean ± SEM.

Luminex assay and sample preparation

Cells were plated in 96-well plates coated with monomeric type-

1 collagen and grown for 5 days under indicated conditions. For

short-term signaling experiments, cells were treated with indi-

cated antibody or inhibitor treatment in 2% serum-containing

media for 4 h prior to addition of growth factor. Following growth

factor addition, cells were kept at 37◦C for indicated length of

time and then reaction was stopped with a fast rinse of 4◦C PBS

followed by addition of 4◦C Luminex cell lysis buffer. Cells were

lysed for 30 min at 4◦C on an orbital shaker and centrifuged at

14000 g for 10 min. Ten microliter of lysate was used for each

Luminex reaction with a total volume of 50 µl in a 384-well plate.

Beads were incubated with lysate and assay buffer overnight at

4◦C followed by washing and addition of secondary antibody for

30 min and PE for 15 min. Samples were washed and read on a

Bio-plex 3D suspension array system Luminex reader. Long-term

experiments utilizing GSK3a/b inhibitor CHIR99021 used a 10 nM

concentration for five days. Short-term Luminex experiments

utilized a concentration of 10 nM pretreatment for 1 h prior to

EGF addition and signaling analysis.

Partial least-squares analysis

Partial least-squares discriminant analysis (PLSDA) and partial

least-squares regression (PLSR) were performed using the MAT-

LAB PLS Toolbox (Eigenvector Research, Inc.). Data were normal-

ized along each X and Y parameter by Z-score before application

of the algorithm. Cross-validation was performedwith one-third

of the relevant dataset. The number of latent variables (LVs) was

chosen so as to minimize cumulative error over all predictions.

We orthogonally rotated the models so that maximal separation

was achieved across LV1 where noted. We calculated model

confidence by randomly permuting Y 100 times and rebuilding

the model to form a distribution of error for these randomly

generated models. We compared our model to this distribution

with the Mann–Whitney U-test to determine the significance of

our model. The relative contribution of each parameter to the

overall model prediction was quantified using Variable Impor-

tance in Projection (VIP) score. A VIP score > 1 (above average

contribution) was considered important for model performance

and prediction.

Partial correlation analysis

Cytokine data from Luminex measurements were transformed

using a z-score. Networks were constructed in R (64bit, version

3.43) with the GeneNet package [26, 27]. We constructed

networks for Luminex measurements from CC cells pretreated

with 10µg/ml P4G11 or JBS5 and/or and 10 nM GSK3a/b

inhibitor CHIR99021 in the presence or absence of 10 ng/ml EGF

(Visualization thresholds: p < 0.05 and/or FDR-based probability

>0.80).

RESULTS

Surface clustering of Integrin α5ß1 correlates with less
malignant tumors in vivo

Although downstream crosstalk between RTK and integrin sig-

naling pathways is well documented [28], the role of integrin

clustering in this crosstalk has not been well described. Our

previous work shows that clustering of integrin α5ß1 on the sur-

face of invading CRC cells reduces their migration and restores

epithelial polarity in vitro [25]. To ascertain if surface integrin

α5ß1 is lost from the surface of human CRC cells in vivo, we

obtained tumor and adjacent normal tissues from three patients

and used immunofluorescence to determine the localization of

integrin α5ß1 and E-cadherin. Figure 1A shows their distribution

in a representative region of tumor and adjacent normal tissue.

We note that although integrin α5ß1 is present at the lateral

surface of differentiated colonic epithelial cells as previously

described, this lateral staining is absent from the tumor. These

data suggested that surface integrin α5ß1 is not only important

in guiding epithelial morphogenesis in vitro but may also con-

tribute to aspects of CRC progression.

To further explore the effects of integrin α5ß1 clustering on

colorectal cell invasion in vivo, we treated invasive SC mouse

tumor xenograftswith integrin α5-activating and clustering anti-

body P4G11. SC cells were injected subcutaneously into the
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Figure 1. Presence of Integrin α5ß1 at lateral cell–cell junctions correlates

with increased epithelial organization in vivo. (A) FFPE sections from human

colorectal cancer tumors and adjacent normal regions were stained for integrin

α5 (green), E-Cadherin (red), and DAPI (blue) (B–C) HCA-7-derived SC cells were

injected subcutaneously into nudemice and allowed to establish palpable tumors

(1 week). Mice were subsequently given P4G11 or vehicle via intraperitoneal

injection for 21 days (B) Representative confocal images of SC tumor sections

stainedwith antibody against E-Cadherin (green), Phalloidin (red) andDAPI (blue).

Scale bar = 50um. Inset scale bar = 10um. Note appearance of basolateral anti-

mouse secondary antibody binding in P4G11-treated tumors. (C) Representative

histology of control and P4G11-treated tumors, scale bar = 500um, inset scale

bar = 50uM.

flank of a nude mouse and allowed to establish tumors over

three weeks. Mice were then treated with 100 µg/ml of P4G11

three times a week for three weeks at which point tumors were

excised and analyzed. To determine if P4G11 treatment induces

a higher level of apico-basolateral polarity, we examined the

distribution of E-cadherin and actin in FFPE sections. We find

that most lumens in P4G11-treated tumors are surrounded by

cells that exhibit epithelial polarity (Fig. 1B) whereas lumens

in untreated tumors are surrounded by disorganized cells that

do not. We also observed diminished invasion in P4G11-treated

animals, although the small number of mice in the experiment

made it difficult to draw statistically meaningful conclusions

(Fig. 1C). These data led us to conclude that clustering integrin

α5ß1 at the cell surface negatively regulates aspects of tumor

growth and organization in vivo and supported the possibility

of signaling changes downstream of P4G11-mediated integrin

clustering.

Surface clustering of Integrin α5ß1 via P4G11 blocks
growth factor-induced loss of polarity and invasion in
vitro

We next endeavored to understand how integrin clustering

produces the phenotypic behaviors described above. Since RTK

signaling is a strong driver of invasion and drug resistance

in human adenocarcinoma cell lines such as HCA7 and its

derivatives CC and SC [29], we hypothesized that P4G11’s

ability to enhance epithelial cell polarity and attenuate

cell invasion in vivo and in vitro could be due to negative

regulation of RTK signaling through integrin α5ß1 cluster-

ing.

To test whether P4G11 dampens RTK signaling,we treated CC

cells in type-1 collagen over the course of 15 days with EGF, NRG

and HGF with 10 µg/ml P4G11 as previously described [29]. Cell

colonies were then fixed and stained with phalloidin and DAPI,

then their morphology was analyzed using fluorescent confocal

microscopy. Individually each of these three growth factors is

sufficient to induce a loss of polarity and produce an invasive

phenotype in CC cells in 3D (Fig. 2A). Interestingly, treatment of

CC cells with growth factors and P4G11 together is sufficient to

block invasion, loss of cystic architecture, and loss of epithelial

polarity (Fig. 2A–C). To ascertain that P4G11 is not simply block-

ing integrin α5ß1 activity, we compared the P4G11 phenotype

to that of integrin ß1 blocking antibody AIIB2 and found that,

although blocking integrin ß1 additionally blocks invasion, it also

leads to a loss of lumen formation (Fig. 2D). We have previously

shown that P4G11 antibody bivalency is necessary for clustering

and activation of integrin α5ß1 and only bivalent P4G11 is able

to induce epithelial polarity and block invasion in CRC cells [25].

To confirm the mechanism underlying P4G11-mediated RTK-

ligand blockade occurs only with bivalent antibody, we used a

monovalent P4G11 F(ab) fragment that binds integrin but cannot

cluster it. P4G11 F(ab) is unable to block growth factor-induced

loss of epithelial polarity or invasion (Fig. 2E, F). These data led

us to conclude that integrin α5ß1 clustering by P4G11 blocks RTK-

induced invasion and loss of epithelial polarity in type-1 collagen

to create a 3D environment.

Surface clustering of Integrin α5ß1 negatively regulates
RTK receptor phosphorylation

We next sought to determine the molecular mechanism under-

lying the ability of P4G11 to block CRC cell disorganization and

invasion following RTK stimulation. There are many cellular

mediators of integrin-RTK crosstalk that work together to inte-

grate mechanical and chemical stimuli into a single behavioral

phenotype (Fig. 3A). To measure the effect of P4G11 on cellular

kinases involved in RTK signal transduction, we first altered our

assay platform to a 2D Monomeric collagen (MMC)-coated sub-

strate. Focusing initially on EGF-elicited effects, we confirmed

that P4G11 is able to rescue EGF-mediated loss of polarity in

2D (Fig. 3B). We then used a Luminex-based assay to measure

the phosphorylation of several RTK family members in response

to a 5-minute stimulation with 20 ng/ml EGF, NRG or HGF fol-

lowing a 4-hour pretreatment with 10 ug/ml P4G11. We find

that pretreatment with P4G11 results in significant reduction in

levels of phosphorylated ErbB family members EGFR, ERBB2 and

ERBB3 as well as phosphorylated MET receptor (Fig. 3C and D).

Taken together, these observations indicate that integrin α5ß1

clustering is a broad negative regulator of RTK phosphorylation,

particularly that of ErbB family members.
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Figure 2. Surface clustering of Integrin α5ß1 via P4G11 blocks growth factor-induced loss of polarity and invasion in vitro CC cells were cultured for 15 days in 3D type

1 collagen and treated as indicated on days 8–15, fixed, stained with DAPI (blue) and Phalloidin (red), and imaged on a Nikon A1R confocal. (A) Representative confocal

images of CC colonies after treatment with 20 ng/ml EGF, NRG1, or HGF on days 8–15 or (B) cotreatment with the indicated ligand and 10µg/ml mAb P4G11 on days

8–15. (C) Quantification of the percentage of CC exhibiting an invasive colony phenotype post-treatment with EGF, NRG1 or HGF (black) or after cotreatment with ligand

and P4G11 (white) (mean ± SEM; n > 400 colonies from four separate replicates). (D) Representative confocal images of CC treated with ITGß1 blocking mAb AIIB2 on

days 8–15 alone or in concert with EGF stained with DAPI (blue) and Phalloidin (red). (E) Representative confocal images of CC colonies following treatment with EGF

or EGF plus P4G11 F(ab)′ fragment (F) Quantification of the percentage of CC exhibiting an invasive colony phenotype post-treatment with EGF or EGF and P4G11 F(ab)′

fragment. Scale bars = 50um unless otherwise indicated. P-value calculated by standard two-sided T-test and is <0.01 where indicated by asterisk (∗).

Integrin activation and clustering are complex biochemical

events involving both changes in conformation and action of

focal adhesion proteins [30]. Hence, we wanted to determine if

other means of altering integrin α5ß1 activity would also alter

RTK signaling. We continued to put primary focus on the EGF–

EGFR pathway because it yields the most robust phenotypic

effects, involves the best characterized receptor components,

and can be analyzed with the most specific reagents. To test

whether blocking integrin α5ß1 activity is sufficient to increase

EGFR signaling, we repeated the phosphoproteomic analysis

using the integrin α5ß1 blocking antibody JBS5, which stabilizes

the inactive conformation of integrin α5ß1 [31, 32].We found that

4-hour treatment with JBS5 is sufficient to significantly increase

baseline phospho-EGFR levels, but it does not significantly alter

response to acute EGF treatment (Fig. 3E). Since the increase in

phospho-EGFR following short-term integrin α5ß1 inhibition is

minor but present, we tested the effect of long-term integrin

α5ß1 inhibition on phospho-EGFR and ErbB2 in the presence or

absence of 20 ng/ml EGF. We find that continuous inhibition of

integrin α5ß1 over 3 days is sufficient to significantly raise base-

line p-EGFR, p-ErbB2 and p-Met (Fig. 3F, Supplementary Fig. 1).

This effect is amplified in cells cotreated with JBS5 and EGF

https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data
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Figure 3. Surface clustering of Integrin α5ß1 negatively regulates RTK receptor phosphorylation in CC cells in 2D. Signaling at the receptor level was analyzed in

CC cells grown on 2D MMC-coated substrates in the presence of different Integrin α5ß1 and RTK treatments. (A) Rudimentary schematic of players involved in the

signaling between tyrosine kinase and integrin receptor families. (B) CC cells were grown on Transwell filters for 5 days in the presence of EGF or EGF with P4G11, fixed,

stained with phalloidin (green) and DAPI (blue), and imaged using an A1R confocal microscope. (C) Heatmap summary of z-score normalized Luminex measurements

of phosphorylated RTK family members in CC cells pretreated with P4G11 and then stimulated for 5 min with EGF, NRG or HGF. Each block represents the value of a

single phospho-kinase in a single biological replicate; thus each row is a single biological replicate. Z-score was calculated per analyte. (D) Graphical representation of

measurements from (C). (E) CC cells were treated with P4G11, JBS5 or RGD for 4 h and stimulated with EGF for 5 min. Phospho-EGFR was measured using Luminex assay.

(F) CC cells were grown in the presence of JBS5 and EGF for 5 days and then the amount of phospho-EGFR was measured by Luminex. P-values calculated by standard

two-sided T-test and is P < 0.05 where indicated by asterisk (∗).
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for the same 3-day period. These data support the model that

integrin α5ß1 activity negatively regulates response to EGFR

signaling and that loss of integrin α5ß1 regulation pushes the

CC cells to a higher state of EGFR signaling.

PLS-DA modeling implicates GSK3 in the dampening
process

We have shown that treatment of CC cells with P4G11 reduces

their responsiveness to RTK-ligand activation, pointing to a

broad RTK-dampening activity of clustered integrin α5ß1. We

next wanted to determine what components of EGFR signaling

play a role in this process. To determine what EGFR-pathway

kinases are downstreamof integrin α5ß1 regulation,we repeated

the acute stimulation experiments from Fig. 3 and measured

phosphorylation of key protein nodes within multiple kinase

pathways downstream of RTK activation in the presence and

absence of P4G11 via the Luminex-based assay. We observed a

highly heterogenous response, and although a general pattern

of P4G11-mediated reduction in pS/T Akt, pS/T MEK and pS/T

GSK3 was observed it gave inadequate statistical significance

(Fig. 4A and B).

Biological signaling networks involve multiple pathways

comprising nodes exhibiting highly correlated activities along

with diverse patterns in response to stimulation. In order

to identify key kinases responsible for mediating the P4G11-

elicited response, we employed a machine learning approach

known as Partial Least-Squares Discriminant Analysis (PLS-

DA) [33]. PLS-DA is used to identify combinations of variables

(e.g. phosphorylated kinases) that are statistically signifi-

cant in predicting a categorical group (e.g. P4G11 treated or

untreated) when no single variable is sufficient as a result

of the inherent co- and anticorrelations among nodes within

RTK-mediated signaling networks. The outcome of a PLS-

DA model is termed a LV, which is a weighted combination

of measured variables (phosphorylated kinases). In this set

of experiments, the directionality and magnitude associated

with each variable (phosphorylated kinase) corresponds to the

importance of this variable (kinase) in predicting if the sample

was treated with P4G11 or not, which is quantified as the VIP

score.

We began by building a single aggregative PLS-DA model of

kinase activation to predict whether or not cells were treated

with P4G11, based on the node activity patterns. This approach

did not result in a statistically significant model due to the

disparate nature of patterns generated by EGF, NRG and HGF

(Supplementary Fig. 2). Thus, in an aggregative model there was

too much variation contributed by the growth factors compared

to that contributed by P4G11 and this model would be diffi-

cult to interpret to better understand P4G11 effects. Therefore,

we instead constructed individual PLS-DA models, respectively

corresponding to each treatment, toward determining which

kinases were most predictive of samples treated with P4G11

over each of the four conditions separately. Figure 4C shows

that we are indeed able to build four statistically significant

models to predict which samples were treated with P4G11 based

on the phosphorylation of downstream kinases. The values of

each kinase on LV1 are shown in Fig. 4D. The only kinase with

a significant VIP score across all four models is GSK3 (Fig. 4E).

GSK3 phosphorylation is anticorrelated with the presence of

P4G11. This result suggests GSK3 may be involved in P4G11-

mediated dampening of RTK signaling. Although GSK3β is the

most highly expressed GSK3 family member in epithelial cells

and therefore a likelymediator of this process, the reagents used

in this study do not adequately differentiate between GSK3α

or GSK3β, and as such we will refer to the molecule simply

as GSK3.

GSK3 inhibition is sufficient to induce loss of epithelial
organization and apical-basolateral polarity

GSK3 is a tumor suppressor protein in epithelial cells, as a

multifaceted kinase with hundreds of predicted substrates [34];

one facet of its influence is in conjunction with Wnt signaling.

GSK3-mediated β-catenin phosphorylation leads to degrada-

tion of the latter with consequent inhibition of Wnt signaling

effects [35].Phosphorylation of GSK3 leads to its inactivation.

GSK3 has also been identified as a broad negative mediator of

signaling downstream of RTK family members, possibly through

its ability to enhance PTEN activity and reduce Akt signaling

[36]. Additionally, GSK3 is able to phosphorylate focal adhe-

sion kinase (FAK) in a manner that favors dynamic turnover

of cell/substratum adhesions during cell migration [37]. Taken

together this all raises the notion that GSK3 is a key mechanistic

mediator via which EGFR signaling effects are diminished by

P4G11.

Our signaling data shown in Fig. 4 led us to hypothesize that

the effects of GSK3 are deactivated by growth factor signal-

ing, and this deactivation is blocked by P4G11. GSK3 has pre-

viously been reported to regulate epithelial junction formation

and maintenance [38]. To test whether inhibiting GSK3 activity

is sufficient to induce a loss of epithelial polarity, we cultured

CC and Caco-2 cells in the presence of CHIR99021, a potent

inhibitor of both GSK3a and GSK3b activity [39], for three days on

Transwell filters coated with MMC. Inhibition of GSK3 resulted

in disruption of monolayer formation, creating a multilayered

phenotype in both cell lines (Fig. 5A).

We next sought to understand howGSK3 inhibition alters sig-

naling downstream of EGF stimulation in CC cells. To do this, we

measured the phosphorylation of 19major kinase nodes in path-

ways downstream of EGFR using Luminex following a 5-minute

EGF stimulation after a 4-hour treatment with CHIR99201 (GSKi)

with or without P4G11. Surprisingly,we found few obvious differ-

ences in signaling following GSK3 inhibition across all samples.

Notably, phosphorylation of p38 was slightly elevated with GSK3

inhibition, whereas phosphorylation of p70s6 was decreased, as

was that of its substrate S6RP (Supplementary Fig. 3). To enhance

insights from this complex compendium of measurements we

built a PLS-DA model to elucidate the identities of kinase activi-

ties that most substantively covary with GSK3 inhibition in pres-

ence and absence of P4G11 following EGF treatment (Fig. 5B). We

found that performing PLS-DA with four categorical groups (EGF,

EGF + P4G11, EGF + GSKi, and EGF + P4G11 + GSKi) separates the

data most strongly on whether the samples were treated with

GSKi (LV1). Examining the loadings on LV1, we found that BAD,

JNK, p38 MAPK, Src, and STAT3 were most strongly associated

with GSK3 inhibition. Moreover, the LV1 scores in this model

are consistent with how strongly polarizing cells are shifted

to an unpolarized phenotype, with P4G11 + EGF treated cells

havingmore negative scores on LV1 and EGF + GSKi havingmore

positive scores compared to all samples.

Despite the complexity of response to GSK3 inhibition, we

sought to test whether signaling outcomes of GSK3 inhibition

covary with cancer-promoting signaling. We performed a PLSR

analysis to determine if higher levels of inactive phospho-GSK3

levels covaried with higher RTK pathway signaling, similarly to

our previous demonstration of this approach for epithelial cell

adhesion and migration [40]. Here, the PLS approach was used

https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data
https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data


160 Integrative Biology, 2021, Vol. 13, No. 6

Figure 4. PLS-DA modeling of signaling downstream of EGF reveals P4G11-specific signatures and implicates GSK3 as a downstream player. CC cells were grown on

2D MMC-coated substrate, incubated with P4G11 for 4 h, and then treated with EGF for 5 min. Phosphorylation state of kinases downstream of EGFR family members

and Met was measured by Luminex. (A) Heatmap summary of z-score normalized Luminex measurements of phosphorylated RTK-signaling pathway members in CC

cells pretreated with P4G11 and then stimulated for 5 min with EGF, NRG or HGF. (B) Graphical representation of selected measurements from (A). Notably, no single

difference between P4G11 treated and untreated samples were statistically significant across any one kinase we measured when using a standard T-test analysis and

a P < 0.05 cutoff. (C) Four separate PLS-DA models were trained corresponding to each growth factor. Shown are scores plots for the samples in LV1 and LV2 space;

variance explained refers to the predictor variables. Each dot represents the score of the function applied to a single biological replicate. (D) Summary of loadings from

each model. Negative values covary with growth factor alone, and positive loadings covary with P4G11 treatment. (E) Variable Importance in Projection (VIP) scores were

calculated for each kinase in each model, and these are summarized here. Shown are VIP scores above 1, as that is the significance cutoff.

to determine which combination of phosphorylated kinases was

quantitatively (rather than categorically, as is the utility of PLS-

DA) predictive of a high level of GSK3 inhibition following EGF

treatment. We used the level of phospho-GSK3 as the response

variable and the other kinases as measured variables. We find

that high activity through both Akt and ERK pathways is pre-

dictive of a given sample having high inactive GSK3 (Fig. 5B),

implicating a key contribution by GSK3 in regulation of RTK
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Figure 5. GSK3α/β inhibitor is sufficient to induce loss of polarity with or without P4G11. (A) CC cells were grown on 2D MMC-coated substrates and treated with GSK3

inhibitor 10 nM CHIR99021 for 5 days. Cells were fixed and stained with Phalloidin (green) and DAPI (blue) and examined using a Nikon A1R microscope to ascertain

their ability to form a monolayer. (B) PLS-DA was used to build a model to predict perturbation ID based on phosphorylated kinase activity. Shown are the scores plot of

the samples in the plane of LV1 and LV2, color-coded by the treatment combination and the loadings plot showing the direction and magnitude of the covariance for

each kinase included in the model. (C) PLS-R analysis was used to determine which combination of phosphorylated kinases covaried with high levels of inactivation

p-GSK3. Shown are the scores plot of the samples in the plane of LV1 and LV2, color-coded by the measured level of phosphorylated GSK3 and the loadings plot showing

the direction and magnitude of the covariance for each kinase included in the model; variance explained refers to the predictor variables.

signaling pathways,with its inhibition is sufficient to induce loss

of polarity in CRC cells.

Integrin α5ß1 modulates signaling crosstalk
downstream of EGFR through GSK3 and PTEN

The results described above render evident that phenotypic

changes in cell behavior can arise from heterogenous modest

changes in activities within multiple kinase pathways instead

of critically by large changes in any individual pathway. Par-

tial correlation analysis offers a mathematical tool for assess-

ing how quantitative associations between pairs of proteins

are affected by diverse perturbations that broadly have largely

activating or inhibiting effects across a highly correlated net-

work [41]; this enables inference of the most strongly coupled

nodes.

We hypothesized that clustered integrin α5ß1 serves as a

negative regulator of EGFR signaling in polarized epithelial

cells and that this regulation occurs in part through integrin

α5ß1 blocking deactivation of GSK3 following EGF stimulation

(Fig. 6A). To determine whether modulating integrin α5ß1

activity alters direct relationships between kinases downstream

of EGFR, we pretreated CC cells with integrin α5ß1 clustering

antibody P4G11 or integrin α5ß1 blocking antibody JBS5 for
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Figure 6. Partial correlation analysis shows Integrin α5ß1 is a negative regulator of EGFR signaling through Akt. (A) Hypothetical negative modulation of EGFR signaling

by Integrin α5ß1 via GSK3 (B) CC cells were cultured on 2D MMC-coated substrates and treated with P4G11 or JBS5 for 4 h prior to a 5-minute treatment with 20 ng/ml

EGF. Kinase phosphorylation was measured by Luminex. Partial correlation analysis for selected treatments was performed, and the statistically significant edges are

visualized here. Thick edges have a significant P (P < 0.05) and an FDR-based probability measure of greater than 0.80; thin edges only have a P < 0.05 and are less

significant. Kinases are loosely organized and color-coded by pathway. Red edges indicate negative correlations and blue edges indicate positive edges. Full set of

results for all treatment combinations can be found in supplement. (C) Refined model of how Integrin α5ß1 negatively modulates Akt signaling and pathway crosstalk

downstream of EGFR. (D) CC cells were grown on 2D MMC-coated substrates in the presence of JBS5 with or without EGF for 5 days. Akt phosphorylation was measured

by Luminex.

4 h and then performed a 5-minute stimulation with EGF. We

measured phosphorylation of 19 kinases in the EGFR pathway

by Luminex (Supplementary Fig. 3) and used partial correlation

analysis to uncover the most significant node–node activity

couplings (Fig. 6B). Little baseline association is uncovered

in untreated and P4G11-treated cells, but blocking integrin

https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data
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Figure 7. Partial correlation analysis shows GSK3α/β inhibition potentiates EGFR signaling downstream of Integrin α5ß1. (A) CC cells were cultured on 2D MMC-coated

substrates and treated with P4G11, JBS5, or CHIR90021 for 4 h prior to a 5-minute exposure to 20 ng/ml EGF. Kinase phosphorylation was measured by Luminex. Partial

correlation analysis for selected treatments was performed and the statistically significant edges are visualized here. Thick edges have a significant P (P < 0.05) and an

FDR-based probability measure of greater than 0.80; thin edges only have a P < 0.05 and are less significant. Kinases are loosely organized and color-coded by pathway.

Red edges indicate negative correlations and blue edges indicate positive edges.

α5ß1 with JBS5 yield results in significant activity associations

between EGFR and members of the Akt pathway in the absence

of EGF. In the presence of EGF alone, we find a positive

association between EGFR and Erk1/2 and a negative association

between EGFR and Stat3; these associations disappear in P4G11-

treated cells. Intriguingly, coupling appears between members

of the Akt and Mek signaling pathways in CC cells treated with

both EGF and JBS5 (Fig. 6C and D; Supplementary Fig. 3).

To test whether GSK3 plays a role in negatively regulating

RTK signaling downstream of integrin α5ß1 clustering, we

repeated the above studies in the presence of CHIR99021.

Again, signaling network node phosphorylation changes were

found (Supplementary Fig. 3), and partial correlation analysis

was performed (Fig. 7). Treatment of cells with both EGF and

CHIR99021 yields a highly interconnected network compared

to EGF treatment alone, suggesting that GSK3 does negatively

regulate crosstalk between Akt and MEK/ERK signaling cascades

downstream of EGFR activation.When GSK3 activity is inhibited,

P4G11 is not able to reduce the associations between Akt

and MEK/ERK pathway members as strongly as P4G11 alone

following EGF treatment, but CHIR99021 is not able to fully

block P4G11-mediated loss of all network associations. The

inability of GSK3 inhibition to block all P4G11 dampening effects

suggests that P4G11-mediated integrin α5ß1 clustering results

in signaling or signal modification that is not completely GSK3-

dependent.

Summarizing these modeling-derived insights, GSK3 inhibi-

tion in the presence of integrin α5ß1 inhibition leads to a loss of

the Akt pathway heavy connections present in just JBS5-treated

cells. A major role for GSK3 in choreographing signaling down-

stream of integrin α5ß1 is highlighted. Inhibiting activities of

bothGSK3 and integrin α5ß1 in the presence of EGF yields greater

overall correlation across the multiple pathways, indicating that

the effect of GSK3 is to shift quantitative weights of various

pathways in diverse treatment contexts.

DISCUSSION

In this study, we have addressed how integrin α5ß1 clustering

generates downstream signaling crosstalk that suppresses RTK

signaling-induced colonic epithelial cell behavior, such as loss

of polarity and increased migratory invasion. Our approach uses

integrin α5ß1 clustering antibody P4G11 as a tool tomodulate the

relevant signaling activities, multiplex measurement of key sig-

naling phosphoprotein nodes, and multivariate computational

techniques, to elucidate signaling network relationships asso-

ciated with the downstream consequences of clustering. Our

central finding is that RTK-elicited activation of the Akt pathway

is diminished by α5ß1 clustering and that this amelioration is

critically governed via GSK3.

Because of this network pathway crosstalk complexity, we

employed partial correlation analysis to help elucidate our key

insights as illustrated in Figs. 6 and 7. Partial correlations char-

acterize the quantitative relationships between any two nodes

in the integrin α5ß1 / RTK signaling network after account-

ing for their shared correlations with all the other nodes. For

instance, looking at Fig. 6B for EGF treatment conditions, there

are multiple strong partial correlations—some positive, some

negative—between certain nodes. These represent significant

heterogeneity among pathway node interactions induced by EGF

treatment, which this modeling technique reveals underneath

a more general overall activation of the network broadly. As

examples, the interaction between EGFR and ERK elicited by EGF

treatment is substantially further strengthened relative to the

https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data
https://academic.oup.com/ib/article-lookup/doi/10.1093/ib/zyab009#supplementary-data
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overall network activation, whereas the interaction between Src

and Akt becomes relatively weakened. Similarly, one can see in

Fig. 7 the interactions between GSK3 and various other signaling

nodes becomes relatively weakened upon treatment with the

GSK3 inhibitor.

Addition of P4G11 is then seen to abrogate this heterogeneity,

implying that even though the network is activated broadly

by EGF, the clustering of α5ß1 integrin renders the balance

among the various pathways to be more homogeneous. It can be

inferred,accordingly, that an imbalance among certain pathways

downstream of EGF is required for loss of epithelial polarity

and enhanced invasive migration. Integrin α5ß1 blocking anti-

body JBS5 also invokes alternative diversifications of pathway

activities especially with respect to GSK3; these heterogeneities

are largely mitigated by EGF treatment, especially that of an

otherwise negative partial correlation between EGFR and GSK3

activities. This finding suggests that GSK3 may be a particularly

critical node for modulating phenotypically germane pathway

activity imbalances—which is observed experimentally (Fig. 5).

Comparing Fig. 7 to Fig. 6B, a GSK3 inhibitor dramatically modu-

lates the strongest node–node associations under all treatment

conditions.

The notion that integrin α5ß1 can regulate Akt downstream

of EGFR has been previously reported, but only in the context

of knockout or overexpression studies; overexpression of inte-

grin α5 can lead to increased levels of Akt signaling whereas

knockout of α5 or β1 leads to a reduction of Akt signaling [42–

44]. Although this seems counter to our observation, it is in line

with previous work showing that integrin α5ß1 in a stabilized

adhesion functions to promote epithelial polarity [25, 45, 46].

Recent studies further implicate integrin recycling as intricately

involved with epithelial polarity and differentiation by targeting

a protein involved in integrin trafficking post internalization

[47], and that EGFR signaling requires coordinate recycling with

integrin ß1 via Rab-coupling protein RCP [15]. We speculate

that because integrin α5ß1 can mediate EGFR endocytosis and

potentiate EGFR signaling, stabilizing integrin α5ß1 adhesions

may dampen EGFR signaling by slowing EGFR endocytosis. This

notion resonates with the important earlier finding that certain

cytoskeletal proteins such as Mena interact with integrin α5ß1

in a way that affects FAK activity and consequent downstream

signaling [48].

Foundational work on endocytic trafficking processes has

shown the EGFR signaling differs between the plasma mem-

brane and in endosomes [49–51]; but the specific mediators of

these processes remain poorly understood. One could imagine

that a detailed analysis of endocytic vesicles containing EGFR

and integrin α5ß1 in the presence and absence of P4G11 could

identify key protein mediators of this process. If integrin α5ß1

directly recruits thesemediators as it is recycled, it could suggest

that integrin α5ß1 and its recycling rate is itself a broadmediator

of signaling downstream of EGFR and perhaps other RTKs. This

raises a hypothesis, testable in future work, that modulating

endocytic processes may alter the recruited mediators and con-

sequently modify downstream signaling and phenotypic effects.

Another conceivable possibility is that rather than a direct

interaction between RTKs and integrins with downstream

results, the dampening phenotype of P4G11 could be mediated

indirectly via GSK3. Of the various signaling mediators, GSK3 is

the protein most covaried with the P4G11-mediated negative

regulation of RTK signaling phenotype and its inhibition

reverses aspects of P4G11-mediated dampening. These data

are surprising, as GSK3 is most commonly known as a tumor

suppressor that negatively regulates the Wnt pathway [35].

WhenWnt is activated, GSK3 is phosphorylated on an inhibitory

site and rendered unable to perform its tumor suppressive

functions, including preventing b-catenin degradation. In the

context of EGFR signaling, EGF addition to cells has been shown

to increase GSK3 inhibitory phosphorylation, thus inhibiting

the tumor suppressor [52, 53]. Coordinate stimulation of murine

epithelial cells in vivo with EGF and the same GSK3 inhibitor

we use, CHIR-99021, leads to loss of junctional E-Cadherin and

a thinning of the F-actin layer [54]. Our data support this, and

we find that treatment of CC and Caco-2 cells in vitro with

CHIR-99021 is sufficient to induce a loss of polarity which is not

rescued by P4G11 treatment. This experiment is complicated by

the role of GSK3 in the Wnt pathway and thus cell polarity, so

further studies are necessary to determine the steps between

P4G11-mediated integrin a5 clustering and GSK3 activity to

ascertain the specificity of the role of GSK3 downstream of

integrin a5. However, our data are in line with work showing that

integrin α5 can be immunoprecipitated with dephosphorylated

GSK3, phosphatase PP2P, and scaffolding protein RACK1 and

is necessary for dephosphorylation of the inhibitory Ser9

residue [55]. Because GSK3 has hundreds of reported substrates

including Akt and the focal adhesion scaffolding protein FAK

[36, 37], it could serve as a link through which integrin α5β1

could broadly modulate EGFR and other RTKs. Hence, although

integrin α5ß1 has frequently been cast to have a detrimental role

in oncology as tumor cells with high levels of integrin recycling

have increased proliferation, metastasis and angiogenesis, its

contributions may be influenced by adhesion dynamics. This

offers a further hypothesis, that can be tested by examining

effects of FAK-mediated signaling modulators.
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