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Abstract:

Epithelial-mesenchymal Transition (EMT) is a multi-step process that involves cytoskeletal
rearrangement. Here, using novel image quantification tools, we have identified an intermediate
EMT state with a specific cytoskeletal signature. We have been able to partition EMT into two
steps: (1) initial formation of transverse arcs and dorsal stress fibers and (2) their subsequent
conversion to ventral stress fibers with a concurrent alignment of fibers. Using the Orientational
Order Parameter (OOP) as a figure of merit, we have been able to track EMT progression in live
cells as well as characterize and quantify drug responses. Our technique has improved thr oughput
and is non-destructive, making it a viable candidate for studying a broad range of biological
processes. Further, owing to the increased stiffness (and hence invasiveness) of the intermediate
phenotype compared to mesenchymal cells, our work can be instrumental in aiding the search for
new treatment strategies that combat metastasis by specifically targeting the fiber alignment
pr ocess.
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I ntroduction:

Metastatic disease is the leading cause of cancer death. Although there are more than 100 different
variations of cancer, certain hallmarks are consistent across different malignancies. A healthy tissue can
develop a primary tumor based on genetic mutations' that can sustain proliferative signaling while
resisting growth suppressors and apoptosis. With the formation of a new blood circulation system
(angiogenesis)?, the primary tumor starves the neighboring healthy tissue and due to their uninhibited
growth, the cancer tissue achieves replicative immortality. Cells from the primary tumor can eventualy
metastasize and start secondary tumors’. Metastasis often creates insurmountable difficulties in
developing treatment strategies and contributes to the high mortality rates.

Numerous studies have enhanced our understanding of metastasis and its markers*>®, which have
demonstrated that metastasis is a complex process involving a myriad of cellular transformation and
migration events. One of the key steps in metastasis is Epithelial Mesenchymal Transition (EMT),
through which the cells in epithelial tissue are transformed into a highly invasive mesenchymal
phenotype”®. Epithelial cells are characterized by cell-cell adhesion and apical to basal polarity both of
which are lost during EMT®. This process involves downregulation of proteins such as E-cadherin and
cytokeratin with a concurrent increase in expression levels of proteins such as N-cadherin, Snail and Slug.
Cells undergoing EMT are known to demonstrate heightened drug resistance properties’®™*?, The EMT
program in cancer metastasis co-opts the normal physiological processes in embryonic development™ and
would healing.

Cytoskeletal rearrangement accompanies EMT, in which cortical actin** is re-organized into highly
aligned actin stress fibers™. This, in turn, plays an important role in changing the elasticity and migration
capabilities of the tumor cells. This altered elasticity of mesenchymal cellsis essential movement through
constricted space within the tumor microenvironment facilitating access to the vasculature. The
corresponding cytoskeletal rearrangement is conserved across most solid malignancies. A more complete
understanding of the interrelation between the EMT genetic program and stress fiber formation is
required.

The cytoskeletal reorganization requisite for the formation and alignment of stress fibers during EMT will
advance our understanding of metastatic behavior. Stress fibers are responsible for maintaining cell shape,
aiding in cell migration and intracellular cargo transport. These fibers are a complex moiety consisting of
actin filaments held together by actin binding proteins (ABPs) such as myosin, a-actinin and filamin'®*’.
Based on the presence and localization of specific ABPs, the stress fibers can have vastly different
structures and functions, such as transverse arcs, dorsal fibers, ventral fibers'®'%?**% Monitoring the
formation of stress fibersin EMT and correlating them with the corresponding ABPs could be utilized to
develop anew and reliable reporter for EMT and thus develop screens for inhibitors of the EMT process.

There have been multiple approaches to study and track cellular EMT, employing simple biochemical
experiments and mass cytometry studies”™?* to analyze the regulation of EMT marker proteins as well as
single cell RNA sequencing techniques™. These studies have confirmed the existence of intermediate
states with partial EMT phenotypes based on marker proteins and gene expression levels™. However,
such techniques can be expensive, low throughput and involve cellular destruction, which prevents
tempora assessments. Here, we propose an imaging based non-destructive method for quantifying the
cytoskeletal changes accompanying EMT in live cells which provides a novel tool with improved
throughput for tracking EMT progression in real time.


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We are focusing on lung cancer metastasis, the leading cause of cancer death world-wide %', In this
study, we propose that the epithelial cells with cortical actin (C) traverse one or more intermediate states
(1) before reaching a fina mesenchymal state with aligned stress fibers (A). Because the final aligned
state is reported to have enhanced invasiveness, it would be advantageous to intervene at the intermediate
states in order to prevent invasion. We further propose that the formation of stress fibers is a separate
event from fiber alignment and as such the intermediate states should have non-aligned stress fibers. We
have exploited the sequential formation of different types of stress fibers as a key for identifying a non-
binary EMT state that exists as an intermediate between the epithelial and mesenchymal phenotypes. This
intermediate phenotype is characterized by disorganized actin cytoskeleton and predominantly different
stress fibers compared to normal mesenchymal cells. Actin stress fibers can be treated as a composition of
guasi-straight elements, which will have a distinctive geometric pattern from other artefact structures and
noise. We have used previously described tools®**® to extract the geometry of the actin cytoskeleton as a
series of straight lines with their corresponding locations, lengths and angles. We used the angular
distribution of the cell cytoskeleton to calculate the Orientational Order Parameter (OOP)****** which
serves as a figure of merit for stress fiber alignment (enabling us to identify the C, | and A states) as well
as EMT progression. We confirmed the viability of OOP as an EMT reporter by inhibiting EMT using
multiple drugs to arrest the alignment of fibers. We have also correlated the intermediate phenotype with
lower stiffness compared to mesenchymal cells (stiffer than epithelial cells) supporting their partial EMT
properties.

Results:

Célls in early phases of EMT demonstrate a novel cytoskeletal architecture distinct from later
phases. Because formation of actin stress fibers is a well-established phenomenon as cells undergo EMT
(Fig. 1A), we sought to understand the evolution of the cellular cytoskeleton during EMT. There is a
growing recognition that EMT is a non-binary process, and there have been previous studies identifying
the intermediate states involved using mass cytometry and single cell RNA sequencing®. Due to the
extensive interconnectedness between the genetic pathways responsible for EMT and actin stress fiber
formation, the intermediate partial EMT states are likely to have their own cytoskeletal signatures. We
chose A549, H460 and H1299 cell-lines because they are well-established lung cancer models. To study
the sequentia evolution of stress fibers, we induced EMT in the cells using Transforming Growth Factor-
Bl (TGFB1) and fixed them at specific time intervals up to 48 hours after the addition of TGFB1
(Supplementary Fig. 1A). Initialy, there was no stress fiber in most cells (Fig. 1B). We observed that
cells at the later time-points had well-aligned (semi-parallel) stress fibers consistent with the
mesenchymal phenotype (Fig. 1C). In contrast, at earlier time-points, stress fibers were observed, but they
were completely disorganized (Fig. 1D). The progress of EMT was aso confirmed by tracking the
expression levels of E-cadherin and N-cadherin with time in A549 cell. Not only E-cadherin almost
completely lost in the cells treated with TGFB1 for 48 hours confirming their mesenchymal nature, after
14 hours of TGFB1 treatment, there was still a significant amount of E-cadherin (though it is less than
untreated cells), indicating at a partial EMT nature of the earlier cytoskeletal phenotype. Expression of
Vimentin, Slug and N-cadherin were upregulated as a function of time with the earlier time-points having
an intermediate levels expression (Supplementary Fig. 1B,C).

H460 and H1299 cells also demonstrated similar features for early and late phase EMT (Supplementary
Figs. 2A-G). Though the stress fibers in individua cells were aligned in the mesenchymal phenotype,
different cells in the same region demonstrated different directions of fiber orientation (Supplementary
Fig. 2C). To quantify the difference in the angular distribution of stress fibers, we extracted the actin
filaments as a series of straight lines with their corresponding locations, angles and their lengths using a
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morphological component analysis and line segmentation algorithm. We then calculated the Orientational
Order Parameter (OOP) from the angular distributions (Supplementary Fig. 3). A narrow angular
distribution of well-aligned stress fibers corresponds to a high OOP vaue (Fig. 1E) and a broad
distribution in disorganized fibers resultsin alow OOP vaue (Fig. 1F). The cell population demonstrated
aignment of fibers with time in EMT and the OOP value concurrently increased (Fig. 1G), making the
OOP vaue a good phenotypic marker (or ‘figure of merit’) for the alignment of stress fibers aswell asthe
progression of EMT. Previous studies have utilized cell aspect ratios as well as the actin fluorescence
intensity as markers for cytoskeletal remodeling®. But a comparison of simple fluorescence intensity
cannot uncover reorganization of the existing cytoskeleton effectively. Also, cells with well-aligned fibers
can have completely different aspect ratios (Fig. 1H,1). Thus, the OOP vaue is a more relevant cell state
marker during the EMT and can extract more information from similar fluorescent images than existing
methods.

Early and late stage EMT cells have predominantly different types of stressfibers. It can be inferred
from the alignment of stress fibers that EMT is a continuous process where first the stress fibers are
formed throughout the cell in different orientations and subsequently align to produce the final phenotype.
In this case, the cells with nest-like architecture would be a single point in time snapshot of an undefined
point along the transition pathway. In order to verify that the two architectures were distinct phenotypes,
we investigated the nature of their stress fibers. Based on the presence and localization of Actin Binding
Proteins (ABPs), the stress fibers can have completely different morphology and function (Fig. 2A). Focal
Adhesion Kinase demonstrates the most distinct localization patterns across different stress fiber
types'®*®. We stained cells for both actin (Figs. 2B,E) and FAK (Figs. 2C,F) and compared the patterns in
the two phenotypes. Cells in early EMT had fewer FAK spots predominantly around the cell edge
compared to cellsin late EMT which had FAK spots throughout the cell. From the overlay images (Figs.
2D,G) we observed that the stress fibers in the late EMT stage cells were capped on both ends with FAK.
In contrast, the early EMT cells had stress fibers with only one or neither of their ends FAK-capped.

Identifying and quantifying a phenotypic transition in single cell EMT trajectories. Two possible
models may explain the existence of the two phenotypesin early and later stage EMT. In the first model,
the two phenotypes represent two separate cell populations resulting from different genetic pathways that
were activated at different time points. A second model describes the disorganized phenotype
transitioning into a higher degree of alignment with the progression of EMT. To determine which of the
two proposed models is operative, we tracked single cells (stained with SiR-Actin) (Figs. 3A,B)
undergoing EMT over time. The gradua increase in the OOP value (Fig. 3G, Supplementary Fig. 4)
suggests a phenotypic transition rather than two independent and distinct populations.

Phenotypic transition responds to EMT pathway inhibition. Multiple genetic pathways are involved
in EMT. These pathways can operate consecutively or in parale and each of these pathways have
different levels of crosstalk with the formation of stress fibers. As the stress fiber alignment is a distinct
process from the formation of stress fibers, we can expect each step to be controlled by a different part of
the EMT signaling cascade. We sought to verify the two-step nature of EMT by differentially affecting
the two steps using known pathway inhibitors for EMT. First, we inhibited the Rho-ROCK pathway,
which is one of the most well-known EMT pathways®*3"3#404! \When we inhibited this pathway with
Rhosin®, it resulted in a complete suspension of stress fiber formation in the drug treated cells (Fig.4B).
To quantify the suspension of stress fiber formation, we compared the number of extracted fibers as well
as the total length of fiber extracted in untreated cells vs inhibitor treated cells (Fig.4E, Supplementary
Fig. 5). We observed that inhibitor treated cells had demonstrably fewer extracted fibers. The Wnt
pathway*>***® was also assessed by inhibition utilizing two different methods. We used XAV 939 to
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inhibit Tankyrase1/2*"* and JNK-1-8 to inhibit c-Jun N-terminal kinase 1/2 (INK 1/2)* both of which are
involved in the Wnt pathway. With both these inhibitors the cells demonstrated a disorganized stress fiber
arrangement. (Figs. 4C,D,F). We then evaluated the accuracy of the OOP value in characterizing the drug
response. We calculated the OOP values for a series of cell populations (Fig. 4G) as well as single cell
trgjectories (Fig. 4H) undergoing EMT with and without pathway inhibitors. We found that the OOP for
inhibitor treated cells did not increase with time which corroborated the arrest of phenotypic transition.

Theearly EMT phenotype demonstrates a partial EM T nature and has different elastic properties
compared to mesenchymal cells. Lung cancer mesenchymal cells are known to be stiffer compared to
epithelia cells®. Due to the extensive interrelationship between the actin cytoskeleton and elastic
properties of cells, the nest-like phenotype can also be expected to demonstrate a partial epithelial nature
and be more compliant compared to the mesenchymal phenotype. To asses this relationship, we
conducted atomic force microscopy, performing force curve measurement experiments to calculate the
elastic modulus (Young's Modulus) of the three phenotypes. The epithelial cells had the lowest Young's
modulus and the late EMT mesenchymal phenotype had the highest Young's modulus. The Young's
modulus of the nest-like phenotype was intermediate between the two (Fig.5).

Discussion:

To better understand the cytoskeletal rearrangements involved in EMT we tracked EMT progression in
lung cancer cells. We identified a novel phenotype in which the stress fibers were not aigned in any
particular direction. This alignment process was also identified in single cells by tracking them through
EMT. Thus, we identified the alignment process as a phenotypic transition. These results indicate that
EMT is at least a two-step process, the first step being the formation of stress fibers followed by their
alignment. The nest-like phenotype is an intermediate along the pathway. The lack of a common direction
of aignment of stress fibers from cell to cell is indicative that the aignment process is likely not
influenced by availability of space in a particular direction. Cells respond to matrix stiffness by altering
their own mechanical properties™®. This disoriented stress fiber architecture with no dominant direction
of alignment was previously reported for cells grown on soft surfaces*. The difference in their fiber
alignment isindicative of adifference between the stiffness of the two phenotypes. Our AFM experiments
corroborate the hypothesis that difference in cytoskeletal architecture results in altered mechanical
properties. We demonstrated that the nest-like phenotype occupies an intermediate elastic niche between
epithelial and mesenchymal cells. Earlier studies have reported a decrease in cell stiffness as cells
undergo EMT****%*%_ Byt recently, it has been demonstrated that in the case of pre-invasive breast cancer
and non-small cell lung cancer there is a concurrent increase in cell stiffness/rigidity with EMT
progression resulting from regulation of motor proteins®>’. A possible explanation is that EMT induced
by growth factors have different physiological effects resulting in cell stiffening. Growth factor
concentration is usually highest at the tumor margins from where the cells begin to migrate, therefore
growth factor exposure in vitro may reflect the in vivo environment at the tumor margins. It is also
possible that this phenomenon is unique to certain types of cancer cells. Cellsin the lung and airways are
exposed to constant expansion and compression which thus requires a compliant lung epithelium. Upon
EMT induction, the remodeling of the cytoskeleton promotes elevated rigidity. Our findings suggest that
the stiffness of the intermediate phenotype is a property indicative of its partial epithelial nature which is
intermedi ate between the epithelial and mesenchymal phenotypes.

To quantify this cytoskeletal phenomenon, we developed an image analysis and quantification technique
that can identify and differentiate between the phenotypes from simple fluorescent images of the cell
cytoskeleton. Though recently reported techniques can extract similar information about the stress
fibers™®*, our technique assigns a figure of merit for the relative aignment of fibers to individual cells.

-5-
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Beyond EMT, our technique is also capable of quantifying other biological processes that involve a
cytoskeletal remodeling and may have broad applications.

Transverse arcs don’t have any FAK-capping whereas dorsal and ventral stress fibers have one and both
ends FAK-capped respectively'®*°. Based on the FAK patterns in the two phenotypes we identified the
stress fiber types in each phenotype. We demonstrated that the mesenchymal phenotype has ventral stress
fibers whereas the intermediate phenotype predominantly has dorsal fibers and transverse arcs. The
enhancement of ventral stress fibers results in better anchoring on the substrate. Thisin turn is likely to
increase the motility of the cells. Also, as the stress fiber mesh moves to the ventral side of the cells with
progression of EMT, the elastic properties of the cells are likely to change as well.

As anticipated, our results demonstrate that either the first step or both the steps, as discussed above, are
dependent on the Rho-GTPase (Rho-ROCK) pathway. The Wnt pathway is involved in the stress fiber
aignment process but not their formation. JNK is also involved in the p38-MAPK pathway®®, which is
known to have comprehensive cross-talk with the Wnt pathway™. Inhibition of the Wnt pathway alone
with tankyrase resulted in similar outcomes which suggests the involvement of the p38-MAPK pathway
in the fiber alignment process. We anticipate that the stress fiber alignment is carried out in conjunction
with a kinase controlled by the Wnt (or Wnt/p38-MAPK) pathway. The identification and silencing of
this kinase may be a valuable tool for controlling similar biological processes. Further studies will be

required to definitively define the requisite pathways.

As dtress fibers are involved in multiple functions in healthy cells, it is unlikely that the complete
termination of stress fiber formation is a viable clinical approach to counter metastasis. However,
arresting the second step, the alignment process, alone may allow for the proper functioning of normal
cells. Inhibiting the alignment process may thus impede cell migration and prevent metastasis.

Conclusions:

In this work we discovered a partidl EMT phenotype in lung cancer cells with a unique cytoskeletal
signature which are consistent with decreased invasiveness. We have partitioned the cytoskeletal
component of EMT into two separate steps. (1) formation of stress fibers and (2) aignment of stress
fibers. We have aso demonstrated that it is possible to arrest the aignment process selectively by
inhibiting the Wnt pathway. We have developed an image quantification technique that can identify and
differentiate between different cytoskeletal morphologies from simple fluorescent images.

In future studies, we will evaluate EMT in a broader spectrum of cell lines to further our understanding of
partial epithelia phenotypesin the context of different lung cancer driver mutations. Correlating the time-
evolution of the transcriptome with the increase in OOP, followed by subsequent silencing of key genes,
may define additional mechanisms operative in this process.

In conclusion, we have demonstrated that accurate assessments of cytoskel etal dynamics can inform our
understanding of the determinants of EMT progression providing biological data potentialy relevant in
future clinical applications.

Materialsand Methods:

Cell Culture: A549 cells were cultured in DMEM (Gibco, catalog no. 11995-065) supplemented with 10%
FBS (Gibco, catalog no. A31604-01) and 1% penicillin streptomycin (10000U/ml, Gibco, catalog no.
15140-122). H460 and H1299 cells were cultured in RPMI (Gibco, catalog no.A10491-01) supplemented
with 10%FBS (Gibco, catalog no. A31604-01) and 1% penicillin streptomycin (10000U/ml, Gibco,
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catalog no.15140-122). EMT in al cells lines were induced by addition of 5ng/ml Targeted Growth
Factor-B1 (TGFB1) (Peprotech, catalog no. 100-21-10UG) for 48 hours™.

Western Blot Analysis: Total cell lysates were prepared and western blots were done as reported earlier®
using the primary and secondary antibodies (Table 1). BCA method was used for estimation of protein
concentrations using manufacturer’s guidance. An equal volume of 2xSDS sample buffer was added and
the samples were denatured by boiling for 5 minutes. Samples were applied to a SDS-PAGE and
transferred to an Immobilon PVDF membrane (Millipore, USA). The membranes were blocked with 5%
skimmed milk prepared using Tris-buffered saline with 0.05% Tween 20, and then treated with primary
antibodies. The membranes were incubated with primary antibodies overnight at 4°C. The membranes
were then rinsed three times with Tris-buffered saline containing 0.1 percent Tween 20 (TBST) after
incubation with primary antibodies. The membranes were then incubated in TBST containing 5% BSA
for 1 hour with horseradish peroxidase-conjugated goat anti-mouse IgG and horseradish peroxidase-
conjugated goat anti-rabbit 1gG secondary antibodies (LI-COR Biosciences, Lincoln, NE). After that, the
blots were washed three times in TBST and the immune-complexes were visualized with the ECL kit
(GEHealthcare, USA)®. Proteins were observed and scanned using an Odyssey Infrared Imaging System
(L1-COR Biosciences, Lincoln, NE) with 700- and 800-nm channels to scan the membrane. As interna
loading controls, the blots were re-probed with anti-GAPDH or anti-actin antibodies. Image J software
was used to compute the relative densitometric values. Band intensity was also quantified by Imagel
software (Rasband,1997—2014). The obtained images were converted to 8-bit format and then subjected
to background subtraction through the rolling ball radius method. Quantification of peak area of obtained
histograms were performed for each individually selected band. All Western blots were performed
independently in triplicates and the data are represented as the standard error of the mean (SEM) for al
performed repetitions™. Internal loading controls were used to normalize the data. The results from the
untreated groups were used to calculate relative values.

Cell Staining (End Point Study): Cells were grown on 8 well culture dides (Sarstedt, Catalog no.
94.6170.802) for 24 hours and treated with 5ng/ml TGFB1 (and drugs) for 48 hours. After 48 hours, cells
were rinsed with PBS (Gibco, catalog no. 14190-136) and fixed with 4% paraformal dehyde (diluted from
10%) (Electron Microscopy Sciences, catalog no. 15712-S) for 20 minutes.

Time-point Study: Cells were grown on fibronectin coated cover-dides (neuVitro, catalog no. GG-12-
fibronectin) for 24 hours and treated with 5ng/ml TGFB (and drugs). At specific time intervals after
TGFB1 treatment, the cover-slides were rinsed with PBS (Gibco, catalog no. 14190-136) and fixed with
4% paraformaldehyde (diluted from 10%, Electron Microscopy Sciences, catalog no. 15712-S) for 20
minutes.

Drug Treatment: Cells were grown for 24 hours before being treated with 5ng/ml TGFH31 and specific
drugs (Table 2) for specified times (48 hours for end point experiments).

Cell Staining: Fixed cells permesabilized with 0.1% Triton X-100 (Research Products International Corp.,
catalog no. 11036) for 5 minutes, blocked with freshly prepared 5% BSA (Fisher BioReagents, catalog
no. BP 1600-100, CAS no. 9048-46-8) for 25 minutes, treated with 1:100 solution of primary antibody in
blocking medium at 4°C overnight. Next, the cells were rinsed thoroughly and stained with 1:200 solution
of secondary antibody in PBS for 2 hours followed by staining with Acti-Stain™ 670 Fluorescent
Phalloidin (Cytoskeleton.Inc, catalog no. PHDN1). Then the cover-slides were mounted on glass slides
using ProLong Diamond Antifade Mountant (Invitrogen, catalog no. P36961) and sealed with clear nail-
polish. Primary antibodies: Anti-FAK (D1) mouse monoclonal 1gG; antibody (Santa Cruz Biotechnology,
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catalog no. sc-271126). Secondary antibody: Alexa Fluor® 488 AffiniPure F(ab'), Fragment Donkey
Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories Inc., code. 715-546-151).

Live Cell Staining: A549 cells were grown on glass bottomed dishes (Cellvis, catalog no. D35-20-1.5-N)
for 24 hours and treated with 5ng/ml TGFH31 and 100nM SiR-actin kit (Cytoskeleton.Inc, CY-SC001).

Fluorescence Imaging: Huorescenct cells were imaged on a Nikon Ti-Eclipse microscope equipped with
a AURA light engine (Lumencor) light source and 60X oil immersion objectives lens (Nikon, Plan Apo
VC 60X/1.4). The images were captured using a iXon+ camera (Andor Technologies, model no. DU-
897E-CSO-#BV). For live cell imaging, a microscope mounted incubator (Warner Instruments, Inc.,
model no. DH-40iL) coupled with an automatic temperature controller (Warner Instruments, Inc., model
no. TC-324C) was used, which kept the cells at 37°C, 5% CO, and 90% rel ative humidity.

Image Analysis and OOP Calculation: Fluorescent images were processed using Matlab (version
2016a) and analyzed using previously described protocol®®. The raw fluorescent images were decomposed
into filament image, artefact image and noise. The filament image was enhanced to improve the contrast.
Next, a multi-scale line segmentation approach was used to extract the fibers as straight lines. Then fibers
that had similar orientation and were close to one another were stitched together. The filament angles
were extracted from the output and Orientational Order Parameter (OOP) was cal culated from the angular
distribution®*. OOP is calculated by generating a tensor from every angle (vector) and evaluating the
maximum eigen value of the mean order tensor. The OOP calculated here does not take into account the
length of fibers, but based on our observations, the lengths of fibers do not vary drastically. As our image
analysis software extracts the stress fibers as straight lines, they are chopped up into smaller lengths.

Atomic Force Microscopy: Cells were grown on glass bottomed dishes (FluoroDish, World Precision
Instruments Inc.) for 24 hours before addition of 5ng/ml TGF31. AFM force curves were obtained using a
Bruker Nanowizard 4A instrument coupled with a Zeiss Observer.Z1 Microscope with LSM5 Exciter
laser scanning confocal module and 40X oil immersion objective lens (Zeiss, EC Plan-NeoFluar
40X/1.3). A nitride tip (Bruker, SAA_SPH-5UM) with a nitride lever was used. All the force curves were
analyzed using the JPKSPM Data Processing Software.

Acknowledgements:

The authors thank Dr. Michael Lake for help with AFM experiments and Ms. Maya Segal for her help in
organization and writing of this manuscript. We acknowledge the support of the Nano and Pico
Characterization Lab at California NanoSystems Institute for the AFM experiments. The research was
supported by the STROBE National Science Foundation Science and Technology Center, Grant No.
DMR-1548924 and Willard Chair funds.

Authors contributions;

A.B. and SW. designed the research in consultation with M.P. and S.D. A.B. carried out the experiments,
data analysis and interpretation. S.D. provided the cell lines and drugs used. M.A. and H.S. developed the
basic stress fiber extraction algorithm. A.G. developed the code for OOP calculations. A.B. and S.W.
wrote the manuscript.

References:

@ Martinez-Jiménez, F.; Muifios, F.; Sentis, |.; Deu-Pons, J.; Reyes-Salazar, |.; Arnedo-Pac, C,;
Mularoni, L.; Pich, O.; Bonet, J.; Kranas, H.; Gonzalez-Perez, A.; Lopez-Bigas, N. A
Compendium of Mutational Cancer Driver Genes. Nat. Rev. Cancer 2020, 20 (10), 555-572.


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint

)

)

(4)
(5)

(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

(14)

(15

(16)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

https://doi.org/10.1038/s41568-020-0290-x.

Lugano, R.; Ramachandran, M.; Dimberg, A. Tumor Angiogenesis: Causes, Conseguences,
Challenges and Opportunities. Cell. Mal. Life Sci. 2020, 77 (9), 1745-1770.
https://doi.org/10.1007/s00018-019-03351-7.

Hanahan, D.; Weinberg, R. A. Hallmarks of Cancer: The next Generation. Cell 2011, 144 (5),
646-674. https://doi.org/10.1016/j.cell.2011.02.013.

Hart, I. aN. R. SCIENCE & PRACTICE Biology of Tumour Metastasis. Cell 1453-1457.

Ko, J.; Winslow, M. M.; Sage, J. Mechanisms of Small Cell Lung Cancer Metastasis. EMBO Mol.
Med. 2021, 13 (1). https.//doi.org/10.15252/emmm.202013122.

Weigelt, B.; Peterse, J. L.; Van't Veer, L. J. Breast Cancer Metastasis: Markers and Models. Nat.
Rev. Cancer 2005, 5 (8), 591-602. https://doi.org/10.1038/nrc1670.

Lamouille, S.; Xu, J.; Derynck, R. Molecular Mechanisms of Epithelial-Mesenchymal Transition.
Nat. Rev. Mol. Cell Biol. 2014, 15 (3), 178-196. https://doi.org/10.1038/nrm3758.

Xiao, D.; He, J. Epithelial Mesenchymal Transition and Lung Cancer. J. Thorac. Dis. 2010, 2 (3),
154-159. https://doi.org/10.3978/j.issn.2072-1439.2010.02.03.7.

Wodarz, A.; Néthke, I. Cell Polarity in Development and Cancer. Nat. Cell Biol. 2007, 9 (9),
1016-1024. https://doi.org/10.1038/nchb433.

Nurwidya, F.; Takahashi, F.; Murakami, A.; Takahashi, K. Epithelial Mesenchymal Transitionin
Drug Resistance and Metastasis of Lung Cancer. Cancer Res. Treat. 2012, 44 (3), 151-156.
https://doi.org/10.4143/crt.2012.44.3.151.

Tan, T. Z.; Miow, Q. H.; Miki, Y.; Noda, T.; Mori, S.; Huang, R. Y .; Thiery, J. P.

Epithelial [ Tmesenchymal Transition Spectrum Quantification and Its Efficacy in Deciphering
Survival and Drug Responses of Cancer Patients. EMBO Mol. Med. 2014, 6 (10), 1279-1293.
https://doi.org/10.15252/emmm.201404208.

Byers, L. A.; Diao, L.; Wang, J.; Saintigny, P.; Girard, L.; Peyton, M.; Shen, L.; Fan, Y.; Giri, U.;
Tumula, P. K.; Nilsson, M. B.; Gudikote, J.; Tran, H.; Cardnell, R. J. G.; Bearss, D. J.; Warner, S.
L.; Foulks, J. M.; Kanner, S. B.; Gandhi, V.; Krett, N.; Rosen, S. T.; Kim, E. S,; Herbst, R. S.;
Blumenschein, G. R.; Lee, J. J.; Lippman, S. M.; Ang, K. K.; Mills, G. B.; Hong, W. K_;
Weinstein, J. N.; Wistuba, 1. I.; Coombes, K. R.; Minna, J. D.; Heymach, J. V. An Epithelial-
Mesenchymal Transition Gene Signature Predicts Resistance to EGFR and PI3K Inhibitors and
Identifies Axl as a Therapeutic Target for Overcoming EGFR Inhibitor Resistance. Clin. Cancer
Res. 2013, 19 (1), 279-290. https://doi.org/10.1158/1078-0432.CCR-12-1558.

Nieto, M. A. Epithelia Plasticity: A Common Theme in Embryonic and Cancer Cells. Science
(80-.). 2013, 342 (6159). https://doi.org/10.1126/science.1234850.

Svitkina, T. M. Actin Cell Cortex: Structure and Molecular Organization. Trends Cell Biol. 2020,
30 (7), 556-565. https://doi.org/10.1016/j.tch.2020.03.005.

Haynes, J.; Srivastava, J.; Madson, N.; Wittmann, T.; Barber, D. L. Dynamic Actin Remodeling
during Epithelia-Mesenchymal Transition Depends on Increased Moesin Expression. Mol. Biol.
Cell 2011, 22 (24), 4750-4764. https://doi.org/10.1091/mbc.E11-02-0119.

Tojkander, S.; Gateva, G.; Lappaainen, P. Actin Stress Fibers - Assembly, Dynamics and
Biologica Roles. J. Cell &ci. 2012, 125 (8), 1855-1864. https://doi.org/10.1242/j¢s.098087.


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(A7) Pollard, T. D.; Cooper, J. A. Actin, a Central Player in Cell Shape and Movement. Science (80-.).
2009, 326 (5957), 1208-1212. https://doi.org/10.1126/science.1175862.

(18) Burridge, K.; Guilluy, C. Focal Adhesions, Stress Fibers and Mechanical Tension. Exp. Cell Res.
2016, 343 (1), 14-20. https://doi.org/10.1016/j.yexcr.2015.10.029.

(19) Livne, A.; Geiger, B. The Inner Workings of Stress Fibers - From Contractile Machinery to Focal
Adhesions and Back. J. Cell Sci. 2016, 129 (7), 1293-1304. https://doi.org/10.1242/jcs.180927.

(20) Podllard, T. D. Actin and Actin-Binding Proteins. Cold Spring Harb Perspect Biol 2016, 8, 1-18.

(21) Gross, S. R. Actin Binding Proteins: Their Ups and Downsin Metastatic Life. Cell Adhes. Migr.
2013, 7 (2), 199-213. https://doi.org/10.4161/cam.23176.

(22) Podllard, T. D. Actin and Actin-Binding Proteins. A Critical Evaluation of Mechanisms and
Functions. Ann. Rev. Biochem. 1986, 55, 987-1035.

(23) Karacosta, L. G.; Anchang, B.; Ignatiadis, N.; Kimmey, S. C.; Benson, J. A.; Shrager, J. B.;
Tibshirani, R.; Bendall, S. C.; Plevritis, S. K. Mapping Lung Cancer Epithelial-Mesenchymal
Transition States and Trajectories with Single-Cell Resolution. Nat. Commun. 2019, 10 (1), 1-15.
https://doi.org/10.1038/s41467-019-13441-6.

(24) Krishnaswamy, S.; Zivanovic, N.; Sharma, R.; Pe'Er, D.; Bodenmiller, B. Learning Time-Varying
Information Flow from Single-Cell Epithelial to Mesenchymal Transition Data; 2018; Vol. 13.
https://doi.org/10.1371/journal .pone.0203389.

(25) vanDijk, D.; Sharma, R.; Nainys, J.; Yim, K.; Kathail, P.; Carr, A. J.; Burdziak, C.; Moon, K. R.;
Chaffer, C. L.; Pattabiraman, D.; Bierie, B.; Mazutis, L.; Wolf, G.; Krishnaswamy, S.; Pe' er, D.
Recovering Gene Interactions from Single-Cell Data Using Data Diffusion. Cell 2018, 174 (3),
716-729.€27. https.//doi.org/10.1016/j.cell.2018.05.061.

(26) Siegd, R. L.; Miller, K. D.; Jemal, A. Cancer Statistics, 2020. CA. Cancer J. Clin. 2020, 70 (1), 7-
30. https://doi.org/10.3322/caac.21590.

(27) Jemad, A.; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Murray, T.; Thun, M. J. Cancer Statistics, 2008.
CA. Cancer J. Clin. 2008, 58 (2), 71-96. https://doi.org/10.3322/ca.2007.0010.

(28) Starck, J. L.; Elad, M.; Donoho, D. L. Image Decomposition via the Combination of Sparse
Representations and a Variational Approach. |IEEE Trans. Image Process. 2005, 14 (10), 1570-
1582. https://doi.org/10.1109/TIP.2005.852206.

(29) Candes, E.; Demanet, L.; Donoho, D.; Ying, L. Fast Discrete Curvelet Transforms. Multiscale
Model. Smul. 2006, 5 (3), 861-899. https://doi.org/10.1137/05064182X .

(30) Alioscha-Perez, M.; Benadiba, C.; Goossens, K.; Kasas, S.; Dietler, G.; Willaert, R.; Sahli, H. A
Robust Actin Filaments Image Analysis Framework. PLoS Comput. Biol. 2016, 12 (8), 1-23.
https://doi.org/10.1371/journal .pcbi.1005063.

(31) Volfson, D.; Cookson, S.; Hasty, J.; Tsimring, L. S. Biomechanical Ordering of Dense Cell
Populations. Proc. Natl. Acad. Sci. U. S, A. 2008, 105 (40), 15346-15351.
https://doi.org/10.1073/pnas.0706805105.

(32) Grosberg, A.; Kuo, P. L.; Guo, C. L.; Geisse, N. A.; Bray, M. A.; Adams, W. J.; Sheehy, S. P,;
Parker, K. K. Self-Organization of Muscle Cell Structure and Function. PLoS Comput. Biol. 2011,
7 (2). https://doi.org/10.1371/journal .pchi.1001088.

(33) Drew, N. K.; Eagleson, M. A.; Baldo Jr, D. B.; Parker, K. K.; Grosberg, A. Metrics for Assessing

-10-


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cytoskeletal Orientational Correlations and Consistency. 2015, 1-22.
https://doi.org/10.7280/D1X59T.

Prager-Khoutorsky, M.; Lichtenstein, A.; Krishnan, R.; Rgjendran, K.; Mayo, A.; Kam, Z.; Geiger,
B.; Bershadsky, A. D. Fibroblast Polarization Is a Matrix-Rigidity-Dependent Process Controlled
by Focal Adhesion Mechanosensing. Nat. Cell Biol. 2011, 13 (12), 1457-1465.
https://doi.org/10.1038/nch2370.

Gupta, S. K.; Li, Y.; Guo, M. Anisotropic Mechanics and Dynamics of a Living Mammalian
Cytoplasm. Soft Matter 2019, 15 (2), 190-199. https://doi.org/10.1039/c8sm01708e.

Koral, A.; Taiyab, A.; West-Mays, J. A. RhoA/ROCK Signaling Regulated TGFB-Induced
Epithelial-Mesenchymal Transition of Lens Epithelial Cellsthrough MRTF-A. Mol. Med. 2016,
22, 713-723.

Bendris, N.; Arsic, N.; Lemmers, B.; Blanchard, J. M. Cyclin A2, Rho GTPasesand EMT. Small
GTPases 2012, 3 (4). https://doi.org/10.4161/sgtp.20791.

Ungefroren, H.; Witte, D.; Lehnert, H. The Role of Small GTPases of the Rho/Rac Family in
TGF-B-Induced EMT and Cell Motility in Cancer. Dev. Dyn. 2018, 247 (3), 451-461.
https://doi.org/10.1002/dvdy.24505.

Du, W.; Tang, H.; Lei, Z.; Zhu, J.; Zeng, Y .; Liu, Z.; Huang, J. A. MiR-335-5p Inhibits TGF-B1-
Induced Epithelial-Mesenchymal Transition in Non-Small Cell Lung Cancer via ROCK 1. Respir.
Res. 2019, 20 (1), 1-11. https://doi.org/10.1186/s12931-019-1184-X.

Matsuoka, T.; Yashiro, M. Rho/ROCK Signaling in Moatility and Metastasis of Gastric Cancer.
World J. Gastroenterol. 2014, 20 (38), 13756—13766. https.//doi.org/10.3748/wjg.v20.i38.13756.

Li, B.; Zhao, W. D.; Tan, Z. M.; Fang, W. G.; Zhu, L.; Chen, Y. H. Involvement of Rho/ROCK
Signalling in Small Cell Lung Cancer Migration through Human Brain Microvascular Endothelial
Cells. FEBS Lett. 2006, 580 (17), 4252—4260. https://doi.org/10.1016/j.febsl et.2006.06.056.

Tsubaki, M.; Genno, S.; Takeda, T.; Matsuda, T.; Kimura, N.; Yamashita, Y.; Morii, Y ;
Shimomura, K.; Nishida, S. Rhosin Supressed Tumor Cell Metastasis through Inhibitionof
Rho/Y AP Pathway and Expression of RHAMM AndCXCR4 in Melanoma and Breast Cancer
Cells. Biomedicines 2021, 9 (35).

Esposito, M.; Fang, C.; Cook, K. C.; Park, N.; Wel, Y .; Spadazzi, C.; Bracha, D.; Gunaratna, R.
T.; Laevsky, G.; DeCoste, C. J.; Slabodkin, H.; Brangwynne, C. P.; Cristea, |. M.; Kang, Y. TGF-
-Induced DACT1 Biomolecular Condensates Repress Wnt Signalling to Promote Bone
Metastasis. Nat. Cell Biol. 2021, 23 (3), 257-267. https://doi.org/10.1038/s41556-021-00641-w.

Zhang, J.; Tian, X.-J.; Xing, J. Signal Transduction Pathways of EMT Induced by TGF-B, SHH
and WNT and Their Crosstalks. J. Clin. Med. 2016, 5 (41).

Steinway, S. N.; Zanudo, J. G. T.; Rountree, C. B.; Feith, D. J.; Loughran, T. P.; Albert, R.
Network Modeling of TGFB Signaling in Hepatocellular Carcinoma Epithelial-to-Mesenchymal
Transition Reveals Joint Sonic Hedgehog and Wnt Pathway Activation. Cancer Res. 2014, 74
(21), 5963-5977.

Wu, Y.; Ginther, C.; Kim, J.; Mosher, N.; Chung, S.; Salmon, D.; Vadgama, J. V. Expression of
Wnt3 Activates Wnt/B-Catenin Pathway and Promotes EM T-like Phenotype in Trastuzumab-
Resistant HER2-Overexpressing Breast Cancer Cells. Mol. Cancer Res. 2012, 10 (12), 1597-1606.

Huang, S. M. A.; Mishina, Y. M.; Liu, S.; Cheung, A.; Stegmeier, F.; Michaud, G. A.; Charlat, O.;

-11 -


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Wiellette, E.; Zhang, Y .; Wiessner, S.; Hild, M.; Shi, X.; Wilson, C. J.; Mickanin, C.; Myer, V .;
Fazal, A.; Tomlinson, R.; Serluca, F.; Shao, W.; Cheng, H.; Shultz, M.; Rau, C.; Schirle, M.;
Schlegl, J.; Ghiddli, S.; Fawell, S.; Lu, C.; Curtis, D.; Kirschner, M. W.; Lengauer, C.; Finan, P.
M.; Talarico, J. A.; Bouwmeester, T.; Porter, J. A.; Bauer, A.; Cong, F. Tankyrase Inhibition
Stabilizes Axin and Antagonizes Wnt Signalling. Nature 2009, 461 (7264), 614-620.
https://doi.org/10.1038/nature08356.

Casas-Selves, M.; Kim, J.; Zhang, Z.; Helfrich, B. A.; Gao, D.; Porter, C. C.; Scarborough, H. A.;
Bunn, P. A.; Chan, D. C.; Tan, A. C.; DeGregori, J. Tankyrase and the Canonical Wnt Pathway
Protect Lung Cancer Cells from EGFR Inhibition. Cancer Res. 2012, 72 (16), 4154-4164.
https://doi.org/10.1158/0008-5472.CAN-11-2848.

Y amanaka, H.; Moriguchi, T.; Masuyama, N.; Kusakabe, M.; Hanafusa, H.; Takada, R.; Takada,
S.; Nishida, E. INK Functionsin the Non-Canonical Wnt Pathway to Regulate Convergent
Extension Movementsin Vertebrates. EMBO Rep. 2002, 3 (1), 69-75.
https://doi.org/10.1093/embo-reports/kvi008.

Gladilin, E.; Ohse, S.; Boerries, M.; Busch, H.; Xu, C.; Schneider, M.; Meister, M.; Eils, R. TGFS3-
Induced Cytoskeletal Remodeling Mediates Elevation of Cell Stiffness and Invasivenessin
NSCLC. &ci. Rep. 2019, 9 (1), 1-12. https://doi.org/10.1038/s41598-019-43409-X.

Discher, D. E.; Janmey, P.; Wang, Y. L. Tissue Cells Feel and Respond to the Stiffness of Their
Substrate. Science (80-. ). 2005, 310 (5751), 1139-1143. https://doi.org/10.1126/science.1116995.

Engler, A. J; Sen, S.; Sweeney, H. L.; Discher, D. E. Matrix Elagticity Directs Stem Cell Lineage
Specification. Cell 2006, 126, 677-689.

Osborne, L. D.; Li, G. Z.; How, T.; O’Brien, E. T.; Blobe, G. C.; Superfine, R.; Mythreye, K.
TGF-B Regulates LARG and GEF-H1 during EMT to Affect Stiffening Response to Force and
Cdll Invasion. Mal. Biol. Cell 2014, 25 (22), 3528-3540. https.//doi.org/10.1091/mbc.E14-05-
1015.

Guck, J.; Schinkinger, S.; Lincoln, B.; Wottawah, F.; Ebert, S.; Romeyke, M.; Lenz, D.; M., E. H.;
Ananthakrishnan, R.; Mitchell, D.; Kas, J.; Ulvick, S.; Bilby, C. Optical Deformability as an
Inherent Cell Marker for Testing Malignant Transformation and Metastatic Competence. Biophys.
J. 2005, 88, 3689-3698.

Fritsch, A.; Hockel, M.; Kiessling, T.; Nnetu, K. D.; Wetzdl, F.; Zink, M.; K&s, J. A. Are
Biomechanical Changes Necessary for Tumour Progression? Nat. Phys. 2010, 6 (10), 730-732.
https://doi.org/10.1038/nphys1800.

Lin, H. H.; Lin, H. K.; Lin, I. H.; Chiou, Y. W.; Chen, H. W.; Liu, C. Y.; Harn, H. |. C.; Chiu, W.
T.; Wang, Y. K.; Shen, M. R.; Tang, M. J. Mechanical Phenotype of Cancer Cells: Cell Softening
and Loss of Stiffness Sensing. Oncotarget 2015, 6 (25), 20946—20958.
https://doi.org/10.18632/oncotarget.4173.

Tavares, S.; Vieira, A. F.; Taubenberger, A. V.; Araljo, M.; Martins, N. P.; Bras-Pereira, C;
Polonia, A.; Herbig, M.; Barreto, C.; Otto, O.; Cardoso, J.; Pereira-Leal, J. B.; Guck, J.; Paredes,
J.; Janody, F. Actin Stress Fiber Organization Promotes Cdll Stiffening and Proliferation of Pre-
Invasive Breast Cancer Cells. Nat. Commun. 2017, 8 (May).
https://doi.org/10.1038/ncomms15237.

Hauke, L.; Narasimhan, S.; Primef3nig, A.; Kaverina, |. A Focal Adhesion Filament Cross-
Correlation Kit for Fast , Automated Segmentation and Correlation of Focal Adhesions and Actin
Stress Fibersin Cells. Author Summary. 2021.

-12 -


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Rimoli, C. V.; Augusto, C.; Cruz, V.; Curcio, V.; Mavrakis, M.; Brasselet, S. 4polar-STORM
Polarized Super-Resolution Imaging of Actin Filament Organization in Cells. bioRxiv 2021,
2021.03.17.435879.

Xiang, Y.; Ye, W.; Huang, C.; Lou, B.; Zhang, J.; Yu, D.; Huang, X.; Chen, B.; Zhou, M. Brusatol
Inhibits Growth and Induces Apoptosis in Pancreatic Cancer Cells via INK/P38 MAPK/NF-
Kb/Stat3/Bcl-2 Signaling Pathway. Biochem. Biophys. Res. Commun. 2017, 487 (4), 820-826.
https://doi.org/10.1016/j.bbrc.2017.04.133.

Wang, B.; Zhang, L.; Zhao, L.; Zhou, R.; Ding, Y .; Li, G.; Zhao, L. LASP2 Suppresses Colorectal
Cancer Progression through INK/P38 MAPK Pathway Meditated Epithelial-Mesenchymal
Transition. Cell Commun. Sgnal. 2017, 15 (1), 1-8. https://doi.org/10.1186/s12964-017-0179-9.

Ju, H. K.; Young, S. J; Eom, K. S;; Young, I. H.; Hag, R. K.; Seung, H. J.; Cheol, H. K.; Y oung,
B. P.; Myung, G. L.; In, G. H.; Jung, K. S.; Kim, D. G. Transtorming Growth Factor B1 Induces
Epithelial-to-Mesenchymal Transition of A549 Cells. J. Korean Med. Sci. 2007, 22 (5), 898—904.
https://doi.org/10.3346/jkms.2007.22.5.898.

Paul, M. K.; Bisht, B.; Darmawan, D. O.; Chiou, R.; Ha, V. L.; Wallace, W. D.; Chon, A. T.;
Hegab, A. E.; Grogan, T.; Elashoff, D. A.; Alva-Ornelas, J. A.; Gomperts, B. N. Dynamic
Changesin Intracellular ROS Levels Regulate Airway Basal Stem Cell Homeostasis through
Nrf2-Dependent Notch Signaling. Cell Siem Cell 2014, 15 (2), 199-214.
https://doi.org/10.1016/j.stem.2014.05.0009.

Li,R.;Ong, S.L.; Tran, L. M.; Jing, Z.; Liu, B.; Park, S. J.; Huang, Z. L.; Walser, T. C.; Heinrich,
E.L.; Lee, G.; Saehi-Rad, R.; Crasson, W. P.; Pagano, P. C.; Paul, M. K.; Xu, S.; Herschman, H.;
Krysan, K.; Dubinett, S. Chronic IL-1B-Induced Inflammation Regulates Epithelial-to-
Mesenchymal Transition Memory Phenotypes via Epigenetic Modifications in Non-Small Cell
Lung Cancer (Scientific Reports, (2020), 10, 1, (377), 10.1038/S41598-019-57285-Y). Sci. Rep.
2020, 10 (1), 1-15. https://doi.org/10.1038/s41598-020-61341-3.

Gallo-Oller, G.; Ordofiez, R.; Dotor, J. A New Background Subtraction Method for Western Blot
Densitometry Band Quantification through Image Analysis Software. J. Immunol. Methods 2018,
457 (March), 1-5. https://doi.org/10.1016/j.jim.2018.03.004.

-13-


https://doi.org/10.1101/2021.06.17.448784

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.17.448784; this version posted June 17, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tables:

Table 1: Primary and secondary antibodies used along with their infor mation.

Antibody Company CatalogueNo. | Primary | Incubation | Incubation

name dilution | time temperature (°C)

GAPDH Advanced 2-RGM2 1:10,000 | Overnight 4
Immuno Chemical
Inc

B-Actin Cdll Signaling 12262 1:10,000 | Overnight 4
Technology

E-Cadherin BD Transduction 610182 1: 400 Overnight 4
Laboratories

N-Cadherin BD Transduction 610920 1:400 Overnight 4
Laboratories

Slug Cell Signaling 9585 1: 300 Overnight 4
Technology

Goat anti- LI-COR 926-32210 1:5000 | 60 minutes Room

mouse 1gG Biosciences Temperature

Goat anti-rabbit | LI-COR 926-68071 1:5000 | 60 minutes Room

1gG Biosciences Temperature

Table2: EMT inhibitorsused along with their infor mation.

Target Protein Drug Name Catalog No. | Concentration

(Selleckchem.com)

Rho-GTPase Rhosin Hydrochloride | S8988 0.4 uM

JINK 1/2 JNK-IN-8 $4901 20 nM

Tankyrase 1/2 XAV-939 S1180 11 nM
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Fig. 1 | Identification and quantification of cytoskeletal phenotypes. A, Cartoon image of cells
undergoing EMT with formation of stress fibers and up/downregulation of proteins. B, C, D, Fluorescent
images of A549 cells stained with phalloidin after 0, 14 and 48 hours of TGF31 induced EMT
respectively. E, F, Angular distribution of stress fibers and corresponding Orientational Order Parameter
(OOP) valuesfor cells shown in C and D respectively. G, Plot of OOP values for a cell population against
time of TGFB1 treatment. Error bars correspond to standard error values for every time point. H, I,
Fluorescent images of two cells stained with phalloidin with highly aligned stress fibers (similar OOP
values) but drastically difference aspect ratios. Scale bar: 16pum.
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Fig. 2 | Focal Adhesion Kinase (FAK) pattern revealstypes of stressfibers. A, Cartoon representation
of stress fibers and actin binding proteins. B, Fluorescent image of cell with disoriented actin stress fibers
(OOP = 0.32). C, Fluorescent image of FAK of the same cell shown in B showing few FAK spots near
the cell-edge. D, Overlay image of actin (red) and FAK (green) of the same cell shown in B showing
stress fibers with zero or one FAK capping. E, Fluorescent image of cell with semi-parallel actin stress
fibers (OOP = 0.90). F, Huorescent image of FAK of the same cells shown in E showing FAK spots
throughout the cell. G, Overlay of actin (red) and FAK (green) for the same cell shown in E showing

FAK spots on both ends of stress fibers. Scale bar: 16um.
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Fig. 3| Tracking phenotypic transition in single cell stained with SiR-actin. A, B, A single A549 cell
stained with SiR-actin after 12 hours and 48 hours of TGF31 addition respectively. C, D, Extracted stress
fiber image from A and B respectively. E, F, Angular distribution and OOP values of the cells shown in
A and B respectively. G, Plot of OOP values of asingle cell against time of TGF1 treatment. Scale bar:
16um.
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Fig. 4 | Quantification of drug response of EMT over 48 hours. A-D, A549 cells stained with
phalloidin after 48 hours of EMT induction in the presence of no drug (A), Rhosin (B), INK 1/2 Inhibitor
(C) and Tankyrase Inhibitor (D). E, Boxplot comparison of the number of stress fibers extracted from
control (no drug) cells vs Rhosin treated cells. F, Comparison of average OOP values for control cells and
cells treated with JINK 1/2 and Tankyrase Inhibitors. G, Plots of OOP vaues against time of a cell
population undergoing EMT with (blue) and without (red) the presence of Tankyrase Inhibitor. Error bars
correspond to standard errors at each time point. H, Plots of OOP values against time of a single cell
undergoing EM T with (blue) and without (red) the presence of Tankyrase Inhibitor. Scale bar 16um.
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Fig. 5| Measurement of elastic properties of cells. Young' s Modulus values at 0 (blue), 14 (brown) and
48 (green) hours after EMT induction using TGFB1 showing their mean and standard errors along with a
plot of the mean values (black). Young's modulus values were extracted from AFM force curve
measurements. Plot of mean OOP values for cell populations against hours after EMT (red) showing
mean values and standard errors at 0, 14 and 48 hour time points.
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