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Abstract

Lung cancer continues to be the primary cause of cancer-related mortality globally.
This is mainly because it is often diagnosed at advanced stages. Initial symptoms are
typically mild or mistaken for common respiratory conditions, which leads to delayed
detection and metastatic disease. This limits available treatment options and results in

poor prognosis, with fewer than 20% of patients achieving five-year survival.

Extracellular matrix (ECM) stiffness is recognized as a critical regulator of cell behavior,
broadly influencing cell signaling pathways that govern growth, survival, and
differentiation. The tumor microenvironment in lung cancer can become increasingly
stiff and fibrotic. While increased ECM stiffness is associated with cancer progression
its role in shaping lung cancer cell behavior and therapy response remains

incompletely understood.

In this thesis, polyacrylamide-based hydrogels with tunable stiffness were employed
to assess the effects of substrate stiffness on the morphology and proliferation of three
EGFR-mutant non-small cell lung cancer (NSCLC) cell lines, namely PC9, HCC4006
and HCCB827 cells, as well as their response to the EGFR inhibitor Osimertinib.

We found that on softer matrices PC9, HCC4006, and HCC827 cells exhibit reduced
spreading and adopt more circular shapes. Furthermore, all three cell lines
demonstrated slower proliferation on soft substrates than on stiffer ones. The impact
of matrix stiffness on Osimertinib response was cell line-dependent with HCC827 cells
being very sensitive to the drug on both matrices and HCC4006 cells being more

sensitive to Osimertinib when they are on softer matrix.

These results underscore the pivotal role of ECM stiffness in modulating lung cancer
cell responses to mechanical stimuli and reveal the complex relationship between
matrix rigidity and tumor progression. Substrate stiffness significantly influences lung
cancer cellular phenotypes, including morphology and proliferation rates, with cells on
softer, physiologically relevant substrates exhibiting distinct characteristics compared
to those on stiffer substrates. The observed differential responses of EGFR-mutant cell
lines to osimertinib treatment indicate that the microenvironment's mechanical
properties substantially affect therapeutic outcomes. Further research is necessary to
elucidate the mechanisms underlying these effects and to advance the understanding

of cancer progression and therapy response.



MepiAnyn

O kapkivog Tou TTveUpova TTapauéVEl N KUpIa aitia BvnoiudtnTag TTou OXETICETAI JE TOV
KAPKiVO TTaYKOOMiwG. AuTé o@eileTal KUPIWG OTO Yeyovog OTI Guyva diayIyVWOKETAI O€
TTpoxwpnuéva oT1ddia. Ta apxikd cuuTITwHaTa gival ouvnBwg ATa 1 ekKAaupavovTal
WG KOIVEG avVaTTIVEUOTIKEG TTABACEIG, yEYOVOG TTOU 0dnyei o€ kKaBuoTepnuévn didyvwaon
KAl OTNV EPPAVION PETACTATIKNG VOoOU. Q¢ atroTEAECHA, OI DIABECINEG BEPATTEUTIKEG
ETMAOYEG €ival TTEPIOPICHEVEG Kal N TTPOYVWOT) TTAPOUEVEI OUOHEVAG, ME AlyOTEPO aTTd

10 20% TWV a0OEVWV VA ETTITUYXAVOUV TTEVTAETH ETTIRIWON.

H akopwia tng eéwkuttdpiag Bepéhiag ouciag (ECM) avayvwpiletal wg KpPioINog
PUBUIOTAG TNG KUTTOPIKAG OUMTTEPIPOPAS, €TTNPEACOVTAG TIG 000UG KUTTAPIKAG
onpaToddéTnong Tmou pubuidouv TNV avatTuén, Tnv emBiwaon Kai T d1IaPopPOoTIoiNcn TWV
KUTTApWY. ZTOV KOPKivo Tou TTveUpova, To PMIKPOTTEPIBAAAOV TOU OyKOU UTTOPEI va Yivel
MO GKAPTITO Kal Ivdes. Evw n auénuévn akapwia Tng ECM €xel GUOXETIOTEN PE TNV
€EENIEN TOU Kapkivou, 0 POAOG TNG OTN CUUTTEPIPOPAS TWV KAPKIVIKWY KUTTAPWY TOU

TTveUova Kal TNV a1TOKPIoH Toug oTn Bepatreia dev gival akdun atmoAuTa katavonTog.

TNV TTapouca JITTAWMATIKN epyaacia, udpoyEAEG BACIOUEVEG O€ TTOAUAKPUAOUIBIO pE
pPUBUICOUEVN OKaPWia XPNnoIdoTroINBnKav yia Tn digpelvnon Twv MIOPACEWY TNG
OKAPWIAG TOU UTTOOTPWHATOG 0T Hop@oAoyia Kal Tov TToOAaTTAacIoopo Tpiwv EGFR-
METAANQYUEVWY KUTTOPIKWY CEIPWY M MIKPOKUTTAPIKOU KaPKiVOU Tou TIveUNOVQ,
ouykekpipéva Twv PC9, HCC4006 kar HCC827, kabwg Kal oTnv atrokpIcr] TOUG OToV

avaoToAéa Tou EGFR ooiyepTivipn.

AlamoTwOnke 611 0¢ palakdTEpa uTToOTPpWHATA Ta KUTTapa PC9, HCC4006 «ai
HCC827 eu@avifouv peiwpévn €EATTAwON Kal UloBeToUV TTO 0QAIPIKO  OXAMO.
EmmAéov, kai o1 TPEIG KUTTAPIKEG OEIpEG  Trapoucdiacav  Bpadutepo  pubuod
TTOANQTTAQCIACOU 0€ JOAAKA UTTOOTPWHATA O GUYKPION KE TTIO AKauTTTa. H eTTidpacn
TNG OKAPWIOG oTNV aTTOKPIOT OTNV OCIKEPTIVIUTIN aTTOdEiXBNKE £COPTWMEVN ATTO TNV
KUTTApIK o€ipd, Je Ta kKOTTapa HCC827 va eugavifouv uwnAn esuaicbnoia oto
PApuaKko Kal oTa dUO UTTOCTPWHATA, evw Ta KUTTapa HCC4006 rtav 1o euaiocdnta

OTNV OCIMEPTIVIMTTN OTavV KaAAIEpyoUVTAY O HAAAKOTEPA UTTOOTPWHATA.

AuTA Ta aTTOTEAETPATA UTTOYPAMMICOUV TOV KEVTPIKO pOAO TnNG akapwiag Tng ECM otn
PUBUION TWV ATTOKPICEWV TWV KAPKIVIKWY KUTTAPWY TOU TIVEUUOVA O€ PNXAVIKA
epebiopara kalr amokaAUTITouV Tnv TTOAUTTAOKN OX€0n METAEU TNG OKAUWiag Tng
BepéNiag ouaiag kal TNG eEENIENG Tou Oykou. H akapyia Tou UTTOOTPWHATOG ETTNPEACE!
OoNMUAvTIKA TN JOPPOAOYIa TwV KUTTAPWY Kail Tov puBuod Tou TToAAaTTAaciacpou Toug. Ol

OIOPOPETIKEG ATTOKPIOEIG TWV KUTTAPIKWYV oelpwv EGFR oTn Bepartreia pe ooiyepTIviuTTn
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uTTOONAWVOUV  OTI Ol PNXOVIKEG 1010TNTEG TOU MPIKPOTTEPIBAANOVTOG [TTOpPEl  va
ETTNPEACOUV TNV ATTOTEAEOUATIKOTNTA TNG BepaTreiag. ATTITEITAI TTEPAITEPW £PEUVA YIA
N OlEPEUVNON TWV UTTOKEINEVWY UNXAVIOHWY QUTWV TWV ETOPACEWY Kal yia TNV

karavonon g €€€AIENG Tou KapKivou Kal TG avTatmmokpiong oTn Bepartreia.



1. Introduction

1.1. Lung Cancer

1.1.1 Epidemiology of lung cancer

Lung cancer is one of the most common types of cancer globally, accounting for about
13% of all cancer cases and is the leading cause of cancer-related deaths worldwide
(Figure 1) (Siegel et al., 2024). The disease mainly affects older people, with most
diagnoses occurring in individuals aged 65 and older. Despite breakthroughs in
diagnostic methods and treatment regiments, lung cancer remains one of the most
frequent malignancies (Bradley et al., 2019; Siegel et al., 2020). The persistently high
mortality rates are primarily attributed to challenges in early detection and the
predominance of advanced-stage diagnoses at the time of clinical presentation (Huang
et al., 2025). Early detection of lung cancer remains challenging due to its
characteristic lack of specific early symptoms, often leading to diagnoses at advanced
stages, significantly hindering prognosis and treatment efficacy (Tang et al., 2025; Wu
et al., 2025).
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Figure 1. Estimated age-standardized incidence and mortality rates in 2022, World, both sexes,
all ages (Global Cancer Observatory, WHO).



Lung cancer is categorized into two main types: small cell lung carcinoma (SCLC),
which comprises about 15% of all cases, and non-small cell lung carcinoma (NSCLC),
which accounts for roughly 85% of the cases (Araghi et al., 2023). Moreover, NSCLC
is subclassified into three principal histological subtypes: adenocarcinoma, squamous
cell carcinoma, and large cell carcinoma (Figure 2). Adenocarcinoma is the most
prevalent subtype, accounting for approximately 40% of all lung cancer cases, and it
is associated with a low 5-year survival rate of approximately 15%, due to late-stage
diagnosis and drug resistance, in comparison to squamous cell carcinoma and large
cell carcinoma which are less prevalent (Chen et al., 2014; Zappa & Mousa, 2016).
The standard approach for identifying these NSCLC subtypes relies primarily on
immunohistochemical assays, followed by molecular analysis of the tumor. In the past
two decades, the integration of molecular techniques into pathological diagnosis has
enabled more precise categorization of lung cancers. This has greatly improved
diagnostic accuracy, going beyond traditional histopathology to include genetic and

molecular changes (Pisano et al., 2022).

A Lung cancer histology B NSCLC histology

Other (4%)

SCLC (15%) |

/
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NSCLC ~
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Figure 2. Lung Cancer histology. Lung cancers are classified info SCLC or NSCLC (A), with
the latter further subdivided into squamous and non-squamous (B). Adapted from (Thai et al.,
2021).



1.1.2 Histology of NSCLC

Adenocarcinoma typically arises from type Il alveolar epithelial cells that secrete
mucus. It develops in the peripheral regions of the lung and is observed in both
smokers and non-smokers from both genders. Its peripheral location is thought to be
associated with cigarette smoke filtration, which allows deeper inhalation, leading to
the development of tumors in the outer lung areas. Adenocarcinoma tends to grow
more slowly than other NSCLC subtypes, often resulting in earlier detection and
potentially better outcomes compared to central tumors (Zappa & Mousa, 2016).
Conversely, squamous-cell carcinoma arises centrally from the bronchial epithelium
and is strongly associated with cigarette smoking. Large cell carcinoma, representing
5-10% of lung cancers cases, is characterized by poorly differentiated cells and often

presents with early invasion of lymph nodes and distant organs (Zhang et al., 2023).

1.1.3 Epidemiology and Molecular Heterogeneity
Molecular profiling has revealed significant heterogeneity within NSCLC, with key
driver mutations influencing therapeutic decisions. Common genetic alterations include

mutations in KRAS and EGFR genes and ALK, and ROS1 rearrangements (Figure 3).

Mutations of the EGF receptor is the second most frequent alteration, detected in 15—
20% of NSCLC cases, with higher prevalence among non-smokers, females, and
Asian populations (Melosky et al., 2022) More often EGFR mutations occur within the
tyrosine kinase domain and consist mainly of exon 19 deletions (54%) and the L858R
point mutation in exon 21 (41%) (Riely et al., 2024). These alterations lead to
constitutive activation of the receptor, promoting cellular proliferation and survival. The
diverse landscape of oncogenic drivers also includes BRAF, MET, and HER2
alterations, alongside NTRK and RET fusions (Figure 3), underscoring the necessity
for comprehensive genomic profiing to guide targeted therapeutic strategies
(Friedlaender et al., 2024).

Kras is a small GTPase that functions downstream of receptor tyrosine kinases such
as EGFR and becomes activated upon ligand stimulation. In NSCLC, oncogenic KRAS
mutations impair its intrinsic GTPase activity and therefore lock the protein in its active,
GTP bound state. Constitutively active KRAS drives continuous activation of
downstream effectors, especially the RAF-MEK-ERK and PI3K-AKT pathways. As a
result, it drives ongoing transcriptional programs that support cell cycle progression,
survival, and metabolic changes, independently of ligand (Nussinov et al., 2016; Zhong
et al, 2016).
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Figure 3. Pie chart of oncogenic driver mutations in early-stage lung adenocarcinoma. Adapted
from (Skoulidis & Heymach, 2019).

ALK, ROS1, RET, and NTRK fusions produce chimeric receptor tyrosine kinases. The
partner gene provides dimerization domains, which lead to constant, ligand-
independent activation of the kinase domain and sustained downstream signaling (Di
Marco & Voena, 2022; Mulkidjan et al., 2023). Oncogenic BRAF mutations, usually
activating mutations or fusions in the kinase domain, also cause ongoing MEK-ERK
pathway signaling, bypassing upstream control and leading to unchecked cell-cycle

progression (Yan et al., 2022).

MET alterations in lung cancer, such as exon 14 mutations, stabilize the MET receptor
and increase its kinase activity. This maintains activation of the downstream PI3K-AKT
and RAS-MAPK signaling and often serve as an alternative signaling pathway when
other oncogenic pathways are inhibited (Zhang et al., 2019). HER2 (ERBB2)
alterations, including exon 20 insertions, promote constitutive HER2 homo- or
heterodimerization and ongoing activation of PISK—-AKT and RAS-RAF-MEK-ERK
signaling. This supports cell growth, survival, and epithelial-mesenchymal transition in
NSCLC cells (Ismail et al., 2025; Peters & Zimmermann, 2014).
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1.2 Extracellular Matrix (ECM)

The ECM is a three-dimensional, non-cellular network essential for maintaining tissue
organization and function in organisms (Jiang et al., 2022). Its primary components are
collagens and proteoglycans (Zbek et al., 2010). Composed of approximately 300
distinct molecules, the ECM provides structura and biochemical support to cells,
tissues, and organs. Glycosaminoglycans and proteoglycans interact with growth
factors and matrix proteins to regulate cell proliferation (Yue et al.,, 2014).
Glycosaminoglycans also bind water, acting as lubricants and shock absorbers,
facilitating cell migration, and organizing collagen deposition. These features enable

the ECM to withstand high compressive forces (Farach-Carson et al., 2024).

The dynamic ECM consists of two main components: basement membranes and the
interstitial matrix (Figure 4) (Hynes et al., 2009). Basement membranes provide
structural support, regulate cell polarity, and bind growth factors and cytokines that

control differentiation and maintain tissue homeostasis (Hynes et al., 2009).

In contrast, the interstitial matrix forms a permeable three-dimensional scaffold that
surrounds cells, connecting them to each other and to the basement membrane
(Egeblad et al., 2010). It is rich in fibrillar collagens, proteoglycans, and glycoproteins
such as tenascin C and fibronectin, making it highly charged and hydrated, which
contributes to tissue tensile strength (Egeblad et al., 2010). When organized, ECM
components provide unique physical and biomechanical properties essential for
regulating cell behavior. The matrix can also initiate signaling events by serving as a

precursor for biologically active fragments (Hynes et al., 2009)
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Figure 4. ECM compartments. Schematic representation of the main components of the two

ECM compartments: basement membrane (BM) and interstitial matrix (IM). The legend
indicates the identity of each ECM component. Adapted from (Pompili et al., 2021).
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ECM undergoes significant alterations in response to disease or trauma, which can
severely compromise tissue integrity and function. For instance, fibrotic or scar tissue
that forms following injury displays structural properties that differ substantially from
those of healthy tissue. Excessive ECM deposition is a defining feature of fibrosis
(Keane et al., 2018).

In cancer, tumors manipulate ECM remodeling to establish a microenvironment that
supports tumorigenesis and metastasis. These tumor-induced changes promote tumor
growth, increase tumor cell migration, and prepare distant organs for metastasis
through ECM modification. Comprehensive understanding of these ECM remodeling
mechanisms is crucial for the development of effective therapies (Joyce & Pollard,
2009).

Continuous interactions between the ECM, tumor cells, immune cells, and cancer-
associated fibroblasts profoundly influence tumor progression, metastasis, immune
modulation, and metabolic reprogramming. These processes highlight the central role
of the ECM in cancer biology. The biophysical properties of the ECM, such as stiffness,
viscoelasticity, and permeability, are increasingly recognized as key regulators of tumor

behavior, with stiffness identified as particularly important (Zhang & Zhang, 2025).

1.2.2 Matrix stiffness in health and cancer

ECM stiffness, also known as the modulus of elasticity, is a fundamental biomechanical
property that describes its resistance to deformation under mechanical stress. It is
quantitatively measured in kilopascals (kPa), where 1 Pa equals 1 N/m? (one Newton
of force per square meter) (Feng et al., 2024). In healthy tissues, the ECM undergoes
continuous degradation and remodeling to preserve tissue integrity and function,
including the synthesis of new matrix proteins to replace degraded components (Lu et
al., 2011). This dynamic equilibrium is regulated by the interplay between matrix
metalloproteinases and their inhibitors, particularly tissue inhibitors of
metalloproteinases, as well as enzymes such as lysyl oxidase. In most solid tumors,
this regulatory balance is disrupted due to the activation of cancer-associated
fibroblasts (Lu et al., 2011; Pan et al., 2025). These cells promote fibrotic stromal
hyperplasia and increased ECM cross-linking, which collectively result in elevated
matrix stiffness (Wei et al., 2022).

In cancer, the ECM undergoes substantial modifications that facilitate tumor growth
and metastasis (Figure 5) (Petrik et al., 2010). These alterations encompass changes
in the composition, structure, and regulation of the ECM (Dzobo & Dandara, 2023).

Key elements of the tumor microenvironment, including cancer-associated fibroblasts,

13



contribute to both ECM stiffening and degradation, thereby promoting tumor
progression (Najafi et al., 2019). Additionally, reciprocal interactions occur between
cancer cells and the ECM, wherein cancer cells remodel the ECM, and in turn, the

ECM modulates cancer cell behavior (Endo & Inoue, 2019; Popova & Jlicker, 2022)
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Figure 5. Alterations in tumor matrix stiffness: normal organs are surrounded by collagen,
which forms an ECM that is compliant and soft. In several solid tumors, the accumulation of
ECM proteins causes a gradual rise in matrix stiffness parallel with the tumor’s growth. Tumor
cells and other TME cells, particularly CAFs, produce collagen and Lysyl oxidase (LOX),
resulting in collagen crosslinking, ECM rearrangement, and increased stiffness. In addition,
increasing stiffness within tumors contributes to the continuous activation of CAFs, establishing
a feed-forward loop that aids in the formation of a permanently stiff tumor niche. The invasive

tumor front is stiffer than the tumor’s core. Adapted from (Safaei et al., 2023).

Under physiological conditions, each organ in the human body exhibits a characteristic
stiffness (Figure 6) (Wells et al., 2013). Pathological conditions, such as fibrosis and
cancer, disrupt this homeostasis and result in altered organ stiffness. In cancer, tumor
tissues typically display increased stiffness relative to healthy tissues, with values

ranging from 1 kPa in brain tumors to 70 kPa in cholangiocarcinoma (Jain et al., 2014).

The stiffness of lung cancers is approximately 20-30 kPa, substantially greater than
the 0.2kPa observed in normal lung parenchyma (Ishihara & Haga, 2022; Park et al.,
2024). Similarly, pancreatic cancer tissues can exceed 6 kPa, a notable increase from
the 1-3 kPa of healthy pancreatic tissue, indicating disease states like fibrosis or
cirrhosis (Huang et al., 2025; Ishihara & Haga, 2022; Kpeglo et al., 2022). Additionally,
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in breast, tissue stiffness was measured to be several times stiffer than normal breast
tissue (Ishihara & Haga, 2022; Kraning-Rush & Reinhart-King, 2012). This elevated
stiffness has emerged as a critical determinant in regulating tumor progression and

metastasis, serving as a diagnostic and prognostic marker.

Fluid, blood Endothelial Smooth Skeletal Plastic/

or mucus Lung Breast tissue Stromal tissue muscle muscle glass
[ 4 ‘
s,_ d x \\\
W @ ~
Neural Cartilage Bone

50 200 400 800 1200 2000 3000 5000 12,000 20,000 2-4GPa

Elastic modulus (Pa)

\ 4

Increasing stiffness

Figure 6. Variations in tissue stiffness. Mechanically static tissues such as brain or compliant
tissues such as lung exhibit low stiffness, whereas tissues exposed to high mechanical loading,
such as bone or skeletal muscle, exhibit elastic moduli with a stiffness that is several orders of

magnitude greater. Adapted from (Cox & Erler, 2011).

The response of epithelial cells to matrix stiffness is mediated by an intricate
mechanotransduction cascade, in which cells sense mechanical signals in their
environment and activate intracellular signaling pathways. These pathways involve
integrin clustering and activation of focal adhesion kinase (FAK), the Rho/Rho-
associated protein kinase (ROCK) pathway, and the extracellular signal-regulated
kinase (ERK) pathway (Desai et al., 2016). Integrins serve as primary

mechanotransduction sensors within cells (Ross et al., 2013).

1.2.3 ECM in pulmonary cancer

The lung’s ECM comprises various core matrisomal proteins that provide structural
support, along with enzymes that remodel these proteins and soluble factors linked to
the matrix. These proteins work together as a dynamic network that is constantly being
remodeled. Compared with normal lung tissue, primary lung tumors display significant
changes in these matrisomal proteins (Zhou et al.,, 2018). Differences in the
composition and structure of the ECM in the central airways and distal parenchyma
strongly influence how these lung region’s function (Burgess et al., 2016; Zhou et al.,
2018). Studies have linked ECM composition in NSCLC tumors to the risk of disease
recurrence (Figure 7), suggesting that the ECM regulates cancer spread, dormancy,

or growth in the lungs and other sites (Parker & Cox, 2020).
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Within the central lung, the ECM is primarily composed of fibrillar collagens, particularly
types I and Il. Conversely, the alveoli in the distal lung contain a more loosely organized
network, predominantly consisting of type | and Il collagens and elastin (Hoffman et
al.,, 2023; Zhou et al.,, 2018). Resident fibroblasts, aided by lysyl oxidase family
enzymes, maintain this ECM composition to preserve tissue homeostasis (DelLeon-
Pennell et al., 2020; Zaffryar-Eilot & Hasson, 2022). Alterations in collagen content
during lung cancer development or fibrosis underscore the critical role of these protein

fibers in maintaining lung structure and function (Onursal et al., 2021).
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Figure 7. Differences between healthy and malignant pulmonary ECM. Adapted from
(Burgstaller et al., 2017).

1.3. Epidermal Growth Factor Receptor (EGFR)
Epidermal Growth Factor Receptor (EGFR), also known as ErbB1 or HER1, is a

transmembrane glycoprotein that functions as a receptor tyrosine kinase (RTK).
Discovered initially in the 1960s EGFR plays a fundamental role in regulating cellular
growth, proliferation, differentiation, and survival (Zeng & Harris, 2014). It belongs to
the larger ErbB family, which includes ErbB2, ErbB3, and ErbB4, all of which are
transmembrane proteins with intrinsic tyrosine kinase activity (Berasain & Avila, 2014).
In normal cells, EGFR activation is tightly regulated, but in cancer cells it becomes
dysregulated through activating mutations, overexpression, or increased ligand
production (Uribe et al., 2021). Dysregulation of EGFR, through gene mutations or
amplification, has been definitively linked to cancer initiation, progression, and poor
prognosis across various malignancies, including non-small cell lung cancer, colorectal

cancer, and squamous cell carcinoma of the head and neck (Yamaoka et al., 2017).
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1.3.1 The EGFR Kinase Domain: Structure and the Molecular Pathways
Driving Malignant Transformation.

Structurally, EGFR is composed of an extracellular ligand-binding domain, a single
transmembrane helix, an intracellular portion that contains the tyrosine kinase domain
and a C-terminal phosphorylation region (Figure 8) (Ferguson et al., 2008; Lee et al.,
2006). Upon the binding of ligands, such as EGF or transforming growth factor-alpha,
the receptor undergoes dynamic conformational changes and forms homo- or
heterodimers (Figure 8). This dimerization event stimulates the receptor's intrinsic

tyrosine kinase activity (Dawson et al., 2005; Purba et al., 2017).

Subsequently, this activation leads to the trans-autophosphorylation of specific
tyrosine residues located within both the kinase domain and the C-terminal tail
(Yamaoka et al., 2017). These phosphorylated tyrosine residues then serve as critical
docking sites for a variety of intracellular signaling molecules. These include kinases,
adaptor proteins, ubiquitin ligases, and transcriptional factors, which contain Src
homology 2 domains (Wagner et al., 2013; Yamaoka et al., 2017). The recruitment and
binding of these signaling molecules to the activated EGFR ultimately initiate and
activate several downstream signaling pathways, such as the RAS/RAF/MAPK/ERK
pathway and the PI3K/AKT/mTOR pathway (Wee & Wang, 2017).

These pathways are fundamental for regulating various cellular processes, including
cell proliferation and survival (Asati et al., 2016; Mendoza et al., 2011; Yamaoka et al.,
2017). Overexpression of wild-type EGFR or kinase-activating mutations can further
enhance cell proliferation, migration, survival, and antiapoptotic responses through
these signaling cascades (Ayuso-Sacido et al.,, 2010; Wee & Wang, 2017). The
disruption of proper EGFR signaling due to overexpression or activating mutations
within EGFR promotes tumor growth (Gazdar & Minna, 2008). Constitutive activation
of EGFR by gene mutations or amplification is related to cancer initiation, progression,
and poor prognosis in several cancers, including non-small cell lung cancer (Yamaoka
et al., 2017).
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Figure 8. Schematic diagrams of EGFR domains and downstream pathways (a) Domain
structure of human EGFR and exons encoding it, (b) EGFR phosphorylation sites and
downstream pathways. Blue spheres indicate the molecules present outside the cell, and red

spheres indicate the EGFR activating ligand. Adopted from (Amelia et al., 2022).

Most oncogenic mutations associated with lung cancer occur within the kinase domain
of the epidermal growth factor receptor. The predominant mutations are in-frame
deletions in exon 19 and the L858R point mutation in exon 21 (Figure 9). These
"classic" activating mutations collectively account for approximately 85-90% of all
EGFR mutations found in non-small cell lung cancer (Li et al., 2008; Zhang et al.,
2010).
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Figure 9. EGFR kinase domain mutations in NSCLC. Structural organization of EGFR and
localization of clinically relevant alterations in the kinase domain (yellow boxes). Frequencies
are indicated and mutations that may confer resistance to gefitinib (T790M) or erlotinib (T790M,
E884K) are highlighted (orange boxes). Adapted from (Irmer et al., 2007).

Exon 19 deletions typically involve a small in-frame removal of amino acids, often
encompassing codons L747 to E749 (Figure 9) (Su et al., 2017). These deletions
cause a conformational change in the EGFR, leading to its constitutive activation,
meaning the receptor is active without requiring ligand binding (Guo et al., 2015). The
L858R mutation is a substitution of leucine with arginine at codon 858 in exon 21 (Sutto
& Gervasio, 2013). This mutation is located within the activation loop of the kinase and
stabilizes the EGFR kinase domain in its constitutively active conformation (Yun et al.,
2007). Both types of mutations activate EGFR, leading to increased cell proliferation
and anti-apoptotic signaling pathways. These activating mutations are critical because
they result in ligand-independent activation of growth pathways, driving malignant
transformation in NSCLC. Patients whose tumors harbor these specific EGFR
mutations often show sensitivity to EGFR tyrosine kinase inhibitors (Guo et al., 2015;
Sutto & Gervasio, 2013).
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1.3.2 Epidermal Growth Factor Receptor inhibitors (EGFR-TKIs)
First-generation EGFR inhibitors, such as erlotinib and gefitinib, have demonstrated
significant clinical benefit in patients with tumors harboring activating EGFR mutations
(He et al., 2021). However, the duration of response to these agents is limited, primarily
due to the emergence of secondary resistance mutations. One of the most common
resistance mechanisms involves the acquisition of a T790M mutation, which occurs in
approximately 60% of cases after initial therapy (Costa et al., 2008; He et al., 2021).
This “gatekeeper” mutation alters the ATP-binding pocket of EGFR, increasing its
affinity for ATP and diminishing the binding efficacy of first-generation TKls (Cross et
al., 2014; Sequist et al., 2011).

To overcome this resistance, third-generation EGFR inhibitors such as osimertinib
were developed (Mccoach et al., 2016). Osimertinib is a potent, irreversible inhibitor
that has significantly improved treatment outcomes for non-small cell lung cancer
patients harboring specific EGFR mutations (Ricciuti & Chiari, 2018; Zhang et al.,
2020). It covalently binds to the cysteine residue at position 797 within the kinase
domain, targeting both EGFR-sensitizing mutations and T790M-mediated resistance
mutations (Figure 10) (Leonetti et al., 2019). Clinical trials have also established that
osimertinib offers substantial benefits in both first line and subsequent treatment
settings, leading to its widespread adoption as a standard therapy for EGFR-mutant

non-small cell lung cancer (Criscione et al., 2022).
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Figure 10. Schematic illustration of the possible mechanism of action of osimertinib. Adapted
from (Zhang et al., 2016).
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Despite its efficacy, resistance to osimertinib frequently develops, with the C797S
mutation emerging as principal mechanism of acquired resistance (Chmielecki et al.,
2023; Liao et al., 2025). This mutation affects the covalent binding site of osimertinib,
reducing its ability to inhibit EGFR and ultimately leading to disease progression (Li et
al., 2023). Additionally, recent research indicates that the tumor microenvironment
plays a critical role in mediating treatment response and resistance. However, a
considerable proportion of patients who experience disease progression on osimertinib
do not present with any known resistance mutations, thereby complicating treatment

strategies (Liao et al., 2025; Piotrowska et al., 2018).

In particular, a subset of cancer cells can survive initial osimertinib exposure by
entering a reversible, drug-tolerant persister (DTP) state (Cabanos & Hata, 2021).
These DTPs are not inherently resistant but serve as a reservoir from which durable
resistance mechanisms can develop over time, ultimately contributing to disease
relapses (Dhanyamraju et al., 2022; Liu et al., 2025). The survival and adaptation of
these cells are influenced by various factors within the tumor microenvironment, and
understanding their biology is crucial for developing strategies to improve long-term

treatment efficacy (Izumi et al., 2024).

1.4 In vitro polyacrylamide hydrogels for cancer studies

Hydrogels are crosslinked polymeric networks that can uptake and retain large
amounts of aqueous fluids (Ho et al., 2022). They are considered to be valuable tools
for modeling extracellular environments and probing cellular behavior in vitro due to
their ability to mimic the ECM that supports living cells in their native microenvironment
(Vieira et al., 2022). These models offer direct control over ECM aspects, enabling
investigation into the effects of various extracellular properties on cell behavior. The
ability to tune key properties of the extracellular environment, such as stiffness (Pérez-
Calixto et al., 2021; Subramani et al., 2020), viscoelasticity (Cacopardo et al., 2019)
cell adhesion motifs, and presentation of biochemical cues (Vieira et al., 2022) has
been demonstrated by various groups. Therefore, hydrogels with regulated properties
are extensively used as supporting materials in cell biology, tissue engineering and

regenerative medicine applications (Wolfel et al., 2022).

In this context, polyacrylamide (PA) hydrogels have been among the most popular
materials for 2D cell culture and cell mechanical studies in general. PA hydrogels
present important advantages that explain their extended use in cell biology
laboratories in the last 25 years. They are ideal for these studies because they are

mechanically tunable and their stiffness, measured as Young's modulus (E), can be
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precisely tuned from tens of pascals to hundreds of kilopascals by simply changing the
concentrations of the monomer (acrylamide) and crosslinker, (bis-acrylamide) (Pérez-
Calixto et al., 2021; Pineda-Hernandez et al., 2025). Typically, their polymerization
process occurs via acrylic-based free radical polymerization (FRP) of acrylamide (AA)
and the crosslinker bis-acrylamide (bis-AA), using persulfate and TEMED as redox

initiators (Figure 11).

Another advantage is that they are optically transparent, and their thin, translucent
quality makes them compatible with microscopy at high magnifications (Tse & Engler,
2010). They are also low-cost and their synthesis require chemically simple
compounds thus they can be easily synthesized in almost any lab (Vignaud et al.,
2014). The pore sizes of the gels are on the order of 100 nm, preventing cells and their

extensions from entering the substrate. (Flanagan et al., 2002.).
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Figure 11. Polyacrylamide supports are made from the copolymerization of acrylamide and the
crosslinking monomer N,N’-methylene bisacrylamide. The ratio of crosslinking monomer to
acrylamide monomer controls the degree of porosity in the final support material. Adapted from

(Hermanson et al., 2013).
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Another characteristic of PA hydrogels is that they are chemically stable and have
strong protein-repellent properties, which means they resist cell adhesion. Therefore,
careful biofunctionalization is essential to add bioactivity and promote strong
interactions between cells and materials (Wolfel et al., 2022) Importantly, these
modifications need to occur under gentle conditions to protect the structure and
function of attached ligands. To achieve this, new chemical methods have been
developed for precise bonding of ligands to PA gels. One popular method uses Sulfo-
SANPAH, a versatile crosslinker activated by UV light, as shown in Figure 12. UV light
changes the nitrophenyl azide into a highly reactive nitrene, creating strong covalent
bonds with polyacrylamide's carbon-hydrogen framework. At the same time, the
sulfosuccinimidyl part of Sulfo-SANPAH strongly bonds with primary amines of ECM
proteins used for hydrogel coating. The process allows for coating the hydrogels with
a type | collagen solution, turning the passive surface into a dynamic, cell-adhesive

area that mimics the ECM in 2D cell culture scaffolds (Tse & Engler, 2010).
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Figure 12. The heterobifunctional photoreactive reagent sulfo-SANPAH. When the nitrophenyl!
azide reactive group is exposed to UV light (320-350 nm), it forms a nitrene group that can
react nonspecifically with polyacrylamide. The sulfosuccinimydyl group at the other end reacts

with primary amine groups of the protein. Adapted from (Kandow et al., 2007).

Once the cells are seeded on these biofunctionalized hydrogels, they form crucial

connections and apply significant forces on their environment. The composition of the
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matrix and its mechanical properties greatly influence cell shape and spreading.
Polyacrylamide hydrogels can be precisely adjusted through crosslinking density to
effectively mimic various microenvironments that influence how far cells can extend.
"Stiffer" gels, which have higher bis-acrylamide-to-acrylamide ratios, resist changes in
shape, encouraging cells to spread out or elongate. On the other hand, "softer" gels
with lower ratios bend easily, forcing cells into small, rounded shapes that lack the
ability to stretch. This level of control over stiffness allows for groundbreaking studies
on how mechanical cues in the environment affect cell growth, adhesion, movement,
and spreading (Crandell & Stowers, 2023; Worthen et al., 2017).
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2. Motivation and Aims

The overall goal of this research project was to elucidate the impact of matrix stiffness
on lung cancer cell behavior and their response to drug treatment in vitro. More specific
objectives were
1. Fabrication and validation of PA hydrogels with tunable stiffness
2. To study how lung cancer cells alter their morphology in response to various
matrix stiffnesses
To elucidate the impact of matrix stiffness on the growth of lung cancer cells
To evaluate the influence of matrix stiffness on the response of lung cancer
cells to EGFR inhibition
To achieve this, we cultured EGFR-driven NSCLC cell lines (PC9, HCC827 and
HCC4006 cells) on hydrogels with varying substrate stiffnesses (0.1—100 kPa) as well
as on glass to replicate the physiological environments of both normal and cancerous
lung tissues. These experiments provided insights into the effects of stiffness on
cancer cell morphology and proliferation. Furthermore, to investigate how matrix
stiffness influences cancer cell responses to treatment, we administered the third-
generation EGFR-TKI osimertinib to the cell cultures at varying concentrations and

assessed cell viability.
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3. Materials and Methods

3.1 Cell Culture
3.1.1 Cell Culture and Sub-culturing

Three lung adenocarcinoma cell lines that harbor EGFR mutations were cultured in
RPMI complete medium (Sigma, cat. No. R8758-500ML), supplemented with 10%
Fetal Bovine Serum (FBS) (Biowest, cat. No. S181B-500), 1% Penicillin-Streptomycin
(Biowest, cat. No. L0022-100), and 1% L-Glutamine (Biowest, cat. No. X0550-100).
Cells were tested for mycoplasma contamination and incubated at +37°C in a
humidified incubator with 5% CO.. The specifics for each cell line and their oncogenic

mutations are listed in Table 1.

Table 1. Cell lines used in the following experiments

Cell line(s) EGFR NSCLC subtype Primary/metastasis
HCC-827 E746_A750del Adenocarcinoma Primary
HCC-4006 L747 E749del Adenocarcinoma Metastasis (from pleural

effusion)
PC9 E746_A750del Adenocarcinoma Primary

The cells were subcultured every 3 days or when cells reached 80-90% confluency.
The cells were washed once with 1x Phospate Buffered Saline (PBS) prior to being
detached with 1xTrypsin-EDTA. The detached cells were suspended into the complete

culture medium to inactivate the trypsin.

The number of cells used for each cell line varied depending on the nature of each
experiment. To assess cell morphology, 2500 cells/well (PC9, HCC827, and HCC4006)
were seeded on 96-well plates coated with hydrogels of varying stiffness (Matrigel,
HTP plates). For proliferation experiments, 25000 cells/well (PC9, HCC827 and
HCC4006) were seeded on in-house fabricated soft and stiff hydrogels. Their
proliferation was assessed by monitoring daily cell confluency in IncuCyte zoom. At
last, the impact of stiffness on drug treatment was examined using our homemade stiff
and soft hydrogels (HCC827 and HCC4006) and hydrogels of varying stiffness for PC9
cell line (Matrigel, HTP plates). For HCC827, 75000 cells/well were plated on stiff and
soft hydrogels, for HCC4006, 50000 cells/well were plated on soft hydrogels, and
40000 cells/well were plated on stiff hydrogels and for PC9 1500 cells/well were plated
on stiff and 2000 cells/well were plated on soft hydrogels.
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3.1.2 Cryopreservation of Cells

Cells of 80-90 % confluency were gently detached from the plate using Trypsin—-EDTA
and subsequently resuspended in PBS. Next, the cell suspensions were transferred
into 15 ml conical tubes and centrifuged for 5 minutes at 1500 rpm. The resulting cell
pellets were then transferred into cryovials and stored in liquid nitrogen tanks after
resuspension in a freezing solution composed of 90% FBS and 10% dimethyl sulfoxide
(DMSO).

3.2 Fabrication of Polyacrylamide Hydrogels

To synthesize polyacrylamide hydrogels, a previously established protocol was
followed (Barber-Pérez et al., 2020). To investigate the effects of substrate stiffness on
growth, morphology, and response to treatment of cancer cells, we fabricated
polyacrylamide hydrogels with Young's moduli ranging from 0.5 to 22 kPa. These
conditions closely resemble the physiological properties of healthy human lung tissue,
which exhibits low stiffness, in comparison to the elevated stiffness of cancerous lung

tissue.

At first, 35 mm glass-bottom dishes (Cellvis, D35-14-1-N) or 24-well glass bottom
plates (Cellvis, P24-1.5H-N) were treated with Bind-Silane solution for 30 minutes at
room temperature to enhance hydrogel adherence to the glass-bottom surface. This
solution contains 3-(Trimethoxysilyl)propyl methacrylate (Thermo Scientific, cat. no.
216555000), along with acetic acid and absolute ethanol (96% by volume). Following
the aspiration of Bind-Silane, the glass was rinsed twice with 96% ethanol by volume
and allowed to air dry. For hydrogel preparation, a mixture of 40% (w/v) acrylamide
(Sigma-Aldrich, A4058) and 2% (w/v) N, N-methylene-bis-acrylamide (Thermo
scientific, J63265.AP) was combined with PBS (Figure 13). Distinct pre-polymer

solutions were prepared, corresponding to the Elastic moduli shown in Table 2.
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Table 2. Relative acrylamide and bis-acrylamide concentrations for the fabrication of hydrogels
with different stiffness.

AA  40% | AA-% | BisA 2% (ul) | BisA-% | PBS (ul) Elastic Modulus
(ul) (~kPa)

63 5 10 0.04 397 0.5

63 5 17.5 0.07 365 2

63 5 25.2 0.1 416 3.15

63 5 37.8 0.15 403 4.47

94 7.5 50 0.2 356 9.6

150 12 50 0.2 300 22

The polymerization of polyacrylamide was initiated by adding N,N,N’,N'-
tetramethylethylenediamine (TEMED) (0.2% by volume, Thermo Fisher Bioreagents,
BP150-100) along with 10% ammonium persulfate (APS) (0.1% by volume, Thermo
Fisher Bioreagents, 327081000) to the solution. After this, the polymerizing solution
was gently mixed to minimize the incorporation of oxygen, and a 15 ul droplet was
placed on the glass bottom. A round coverslip with a diameter of 13 mm was then
placed over the droplets to promote their spreading, leading to the creation of a uniform
hydrogel. The hydrogels were then allowed to polymerize at room temperature for 30
minutes, and the plates were sealed with parafilm to block any oxygen from interfering
with the polymerization. Once the polymerization process was complete, the gels were
immersed in PBS and kept at 4°C overnight in order to reach swelling equilibrium. The
following day, the coverslips were carefully removed using medical tweezers and a
bent needle, and the gels were washed twice with PBS to remove any unpolymerized

acrylamide.
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S
APS R Y
TEMED

/\

Soft/Stiff Soft PA
hydrogel

28



Figure 13. Schematic representation of the steps for the creation of polyacrylamide hydrogels.
Following mixing the PBS with acrylamide (AA), and bis-acrylamide (BisA), the polymerizing
agents APS and TEMED are added and the solution is carefully pipetted. 15 ul of the started
mixture is pipetted close to the edge of the well. The coverslip is placed as illustrated in the
figure and the system is left undisturbed until hydrogel polymerization is complete (Figure

created by Biorender.com)

3.3 Morphological Analysis

For these experiments, 2500 cells/well (for PC9, HCC827 and HCC4006) were seeded
on Easy Coat™ hydrogels bound to 96 well plates with a black polystyrene frame and
#1.5 (0.16 - 0.19 mm thick) borosilicate glass (Matrigen). The plate contains 8
replicates of 0.1, 0.2, 0.5, 2, 4, 8, 12, 25 and 100 kPa hydrogels. The next day cells
were fixed with 4% paraformaldehyde (PFA) for 20 minutes, permeabilized with 0.3%
Triton X-100 in PBS for 10 minutes and stained with Hoechst 33342 (Sigma-Aldrich,
B2261) and 1:500 Phalloidin-Atto 565 (Sigma-Aldrich, 94072) in PBS for 1h in the dark.
After incubation, the staining solution was aspirated, and cells were washed three

times very gently with PBS. Cells were then kept in PBS at 4°C until imaging.

Images of single cells from random positions across each hydrogel were captured
using a Nikon AX confocal microscope system (CFI Apochromat LWD Lambda S 40XC
WI), and 594 nm and 342 nm laser lines, with Nyquist sampling set to 3.5 nm zoom.
Z-stacks of the cytoskeleton of each cell were acquired. Cell area (um?) and circularity
(a.u.) were quantified using ImageJ/Fiji software. First, maximum intensity projection
was performed in all stacks. Then, cell outlines were segmented via the threshold tool,
selected with the wand tracing tool, and cataloged in the ROl manager to measure
area and perimeter, with data exported to an .xIsx file. Circularity was determined using
the formula 41r*area/(perimeter)? where a value of 1 denotes a perfect circle and values

approaching 0 indicate increasingly elongated morphologies.

3.3.1 Statistical Analysis

All statistical analysis were performed in GraphPad Prism 8.4.2. Statistical significance
between multiple groups was determined using one-way ANOVA. All results are from
three independent experiments unless stated otherwise. For morphological
characterizations at least 40 single cells were analyzed per condition. Cell proliferation
was monitored as percentage confluency over time using the IncuCyte® Zoom live-
cell imaging system. Growth kinetics were analyzed by nonlinear regression using a
logistic growth model. To compare proliferation between conditions, a global curve-

fitting approach was applied, and differences between models were evaluated using
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the extra sum-of-squares F test. For all analyses p values < 0.05 were considered
significant. Error bars are represented as mean + SEM. GraphPad Prism 8.4.2 was

used for all statistical analysis and graphs.

3.4 Analysis of Cell Confluency

For these experiments, 25000 cells/well for all cell lines were seeded on soft and stiff
hydrogels (24-well plate). After cell seeding, the plates were placed into IncuCyte®
Zoom System (objective 10x, 4 pictures/well) and their growth was followed for 5 days.
Automated image analysis was conducted using IncuCyte® Analysis Software, which
utilized a specialized Phase Object Masking tool. This software identified cellular
structures by evaluating brightness and cell area in comparison to the background. For
each cell line, an image stack was generated to train the software to differentiate cells
from the background. Filter parameters, including segmentation and area, were
optimized for each cell line to enhance the accuracy of cell detection and minimize the
misidentification of small impurities as cells. Then the software calculated the
percentage of surface area which was covered by cells over time. These data were
then used to generate growth curves and to evaluate the impact of substrate stiffness

on cell proliferation.

3.5 Dose response experiments

3.5.1 Drug treatment

EGFR-driven NSCLC cell lines were treated with the EGFR inhibitor osimertinib (HY-
15772, MedChemExpress). A stock solution was prepared at a concentration of 10mM
in DMSO. From this, several additional stock concentrations were prepared. The
concentration range needed for each experiment differed mainly depending on the
specific cell line being studied and the rationale of each experiment. Each final
concentration was prepared in fresh full medium at a ratio of 1:1000 before application.
0.1 % DMSO (Sigma-Aldrich) was used as a control.

3.5.2 Analysis of number of cells

For these experiments, 4000 cells/well (HCC827), 2500 cells/well (HCC4006) and
3000 cells/well (PC9) were seeded on plastic (96-well plate), 75000 cells/well
(HCC827), 40000 cells/well (HCC4006) were seeded on stiff and 75000 cells/well
(HCC827), 50000 cells/well (HCC4006) were seeded on soft hydrogels (24-well plate).
Also, for PC9 1500 cells/well were plated on stiff and 2000 cells/well were plated on
soft hydrogels (Matrigel, HTP plates). All cell lines were treated with Osimertinib or
DMSO for 3 days. Then cells were fixed with 4% PFA for 20 minutes at room
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temperature, rinsed three times with PBS and stained with 1 ug/ml Hoechst 33342 in
the dark for 30 minutes at room temperature. Upon completion of the incubation, the
cells were washed four times with PBS. Nuclei were imaged using Leica AF 7000
microscope, 10x HC PL FLUOTAR lens with NA 0.30 and an A UV filter (BP340-380
400 LP 425).

The analysis of the acquired microscopy data was conducted with Imaged, Fiji
software. First, background subtraction was performed to remove low-intensity details
and the background. Thresholds were then adjusted to distinguish cell nuclei which
were segmented with Hoechst 33342 from the surrounding background, ensuring clear
detectability. Next, the watershed tool separated overlapping nuclei that thresholding
had merged into single objects. Segmented images were analyzed using the Analyze
Particles function to collect quantitative data; size parameters were set to 50-1500
pixels to exclude noise and ensure accurate measurements. Nuclei counts per well
were normalized to the average DMSO value for each stiffness condition in Microsoft
Excel, and dose response curves were generated using GraphPad Prism 8.4.2
software for Windows. Although experimental drug concentrations were administered
in nanomolar (nM), all values were converted to picomolar (pM) prior to analysis to
facilitate logarithmic transformation (X = log (concentration in pM). The ICsy values
were then determined with nonlinear regression analysis using the log(inhibitor) vs.
response — Variable slope (four parameters) -equation (Y=Bottom + (Top-
Bottom)/(1+10"((LoglC50-X) *HillSlope).
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4. Results

4.1. NSCLC cell lines are mechanoresponsive

First, we aimed to investigate whether NSCLC cells with EGFR mutations are
mechanoresponsive. We thus studied whether and how does the morphology of those
cells alter in response to matrix stiffness. We used three human NSCLC cell lines with
EGFR mutations (see Table 1), namely PC9, HCC827 and HCC4006, and plated them
on custom made polyacrylamide hydrogels (Matrigen) in 96 well plates with #1.5 glass
bottom, suitable for microscopy. The hydrogels spanned a wide range of matrix
stiffness: 0.1, 0.2, 0.5, 2, 4, 8, 12, 25, 100 kPa as well as glass and were coated with
collagen |, the most common ECM protein in the lung (Gaggar & Weathington, 2016).
Cells were plated sparsely and the cell area and circularity of single cells were
analyzed using the actin marker phalloidin. For each condition at least 40 cells were
analyzed in total from 3 independent experiments. We found that all three cell lines are
mechanoresponsive, meaning they respond to matrix stiffness by altering their
morphology. They adopt a smaller and rounder shape on softer matrices and are larger

and more spread on stiffer matrices (Figures 14-16).

Importantly, by using this wide range of matrix stiffness we could not only explore the
correlation between stiffness and morphological changes, but we could also identify
the stiffness in which the differences are more pronounced. We found that all cell lines
perceived substrates up to 0.5 - 1 kPa as soft, whereas they become more spread and
less circular when stiffness is above 2 kPa, a stiffness which is typically considered
very soft for normal cells. Interestingly, whereas PC9 and HCC827 cells show no
significant changes in their morphology beyond 2 kPa (Figure 14 and 15), HCC4006
cells exhibit more gradual responses with further morphological changes in response

to increasing stiffness (Figure 16).
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Figure 14. PC9 cells are mechanoresponsive, as the cell area increases and the cell circularity
decreases in response to increased matrix stiffness. (A) Representative confocal images of
PC9 cells cultured on hydrogels with various stiffness levels for 24h and stained for the actin
marker phalloidin (red) and the nuclear marker Hoechst (blue). Images are maximum intensity
projection. (B, C) Quantification of the cell area (B) and cell circularity (C). Data are means
+SEM.; n > 40 cells from three repeats; P<0.0001(one-way ANOVA) (95 % confidence interval).
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Figure 15. HCC4006 cells are mechanoresponsive, as the cell area increases and the cell
circularity decreases in response to increased matrix stiffness. (A) Representative confocal
images of HCC4006 cells cultured on hydrogels with various stiffness levels for 24h and stained
for the actin marker phalloidin (red) and the nuclear marker Hoechst (blue). Images are
maximum intensity projection. (B, C) Quantification of the cell area (B) and cell circularity (C).
Data are means +tSEM.; n > 40 cells from three repeats; P<0.0001(one-way ANOVA) (95 %

confidence interval). au: arbitrary units
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Figure 16. HCC827 cells are mechanoresponsive, as the cell area increases and the cell
circularity decreases in response to increased matrix stiffness. (A) Representative confocal
images of HCC827 cells cultured on hydrogels with various stiffness levels for 24h and stained
for the actin marker phalloidin (red) and the nuclear marker Hoechst (blue). Images are
maximum intensity projection. (B, C) Quantification of the cell area (B) and cell circularity (C).
Data are means +SEM.; n > 30 cells from three repeats; P<0.0001(one-way ANOVA)
P<0.0001(one-way ANOVA) (95 % confidence interval). au: arbitrary units
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4.2. Evaluation of in-house-fabricated hydrogels

We established the fabrication of polyacrylamide (PA) hydrogels with tunable stiffness
in our laboratory following a previously published protocol established by Dr
Georgiadou (Barber-Pérez et al., 2020). In that study, human telomerase-immortalized
fibroblasts (TIFs) were shown to be mechanoresponsive, as when cultured on PA
hydrogels with a stiffness gradient, TIFs increased their cell spreading and adhesion
length in response to substrate stiffness up to approximately 7 kPa, whereas no further
changes were observed at higher stiffness values, indicating that the substrate was
perceived as stiff (Barber-Pérez et al., 2020). Based on these findings, we assessed
the mechanoresponsiveness of TIFs on our in-house-fabricated hydrogels to validate

that the hydrogels exhibit the expected mechanical behavior.

We fabricated PA hydrogels on glass-bottom dishes with defined stiffness values of
0.5, 2, 3.15, 4.47, 9.6, and 22 kPa, following established protocols (Barber-Pérez et
al., 2020). TIFs were seeded onto the hydrogels and cultured for 24 h, after which
changes in cell area and circularity were quantified as readouts of
mechanoresponsiveness. TIFs cultured on the softest substrate (0.5 kPa) exhibited
the smallest cell area and the highest circularity (Figure 17). With increasing substrate
stiffness (2 - 4.47 kPa), cells progressively increased their spreading area and adopted
a less rounded morphology (Figure 17). In contrast, no further changes in cell area or
circularity were observed on stiffer hydrogels (=24.47 kPa), indicating a plateau in the
cellular response to stiffness (Figure 17B and C). These results demonstrate that the
in-house-fabricated hydrogels recapitulate the mechanoresponsive behavior reported

previously, consistent with the published observations (Barber-Pérez et al., 2020).
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Figure 17. Cell area and circularity of TIF cells cultured on 0.5kPa, 2kPa, 3.15kPa, 4.47kPa,
9.6kPa and 22kPa hydrogels A. Representative max intensity projection images of actin-stained
cells. Images taken using Nikon AX confocal microscope system. A water immersed 40x
objective lens was used. B-C. Statistical analysis of cell area (B) and circularity (C) Max intensity
projection images were used for data acqurement via Imaged. Data are means +tSEM.; n > 80
cells from two independent experiments (****, P<0.0001), au: arbitrary units.
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4.3. ECM stiffness increases cell growth

As shown above, all three EGFR-driven NSCLC cell lines (PC9, HCC827 and
HCC4006) are responsive to mechanical cues by altering their cell morphology. Here,
we used our in-house fabricated hydrogels to study the impact of stiffness on cell
growth. More specifically, we seeded the cells on soft (0.5 kPa) hydrogels, representing
the normal lung stiffness, and stiff (22 kPa) hydrogels, representing the cancerous,

fibrotic lung stiffness, and assessed their growth over time by live cell imaging with

IncuCyte® Zoom.
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Figure 18. Confluency HCC827 (A), PC9 (B), and HCC4006 (C) cells growing on soft and stiff
substrates overtime. Growth curves representing the percentage of surface area occupied by
cells on soft (blue line) and stiff (red line) substrates were generated using non-linear regression
following a logistic growth model to fit the confluency data. Data are presented as means
+SEM.; n = 3 independent experiments for HCC827 and PC9 cell lines; n = 1 experiment for
HCC4006 cell line.

As shown in Figure 18, we observed significant differences in the growth of cells
cultured on soft compared to stiff substrates across all three NSCLC cell lines, with
cells on soft matrix growing significantly slower than on stiff matrix. It is noteworthy that
cells do not grow at all (HCC827, HCC4006) or very minimally (PC9) on soft matrix
over time. In addition, HCC827 and HCC4006 cells on soft matrix seem to grow

overtime in spheres (Figure 19), making it hard to assess their confluency (phase
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contrast, area covered by cells). Collectively, these findings suggest that increased
ECM stiffness enhances non-small cell lung cancer (NSCLC) cell proliferation over

time.

HCC827 _HCC4006 _ PC9

0.5kPa

22kPa

Figure 19. Representative Phase-Contrast images from IncuCyte Zoom system of PC9,
HCC827 and HCC4006 cell line on day 5.

4.4 ECM stiffness differentially regulates the response of cells
to Osimertinib treatment

Next, we wanted to study whether matrix stiffness affects the sensitivity of lung cancer
cells to drug treatment. Given that all the three cell lines have EGFR mutations (Table
1) we studied their response to the EGFR inhibitor Osimertinib. Although the sensitivity
of those cell lines to Osimertinib in standard cell culture conditions (plastic) is well
known, we decided to first confirm it in our cells and use it as a reference for
subsequent experiments. Therefore, dose-response assays were performed using a
broad range of osimertinib concentrations (1 nM - 10 uM), with logarithmically spaced
intermediate doses, to accurately determine drug sensitivity and quantified the number

of Hoechst 33342-stained nuclei at the end of the experiment.
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Figure 20. Sensitivity of HCC4006, HCC827 and PC9 cells to Osimertinib. Dose response
curves of HCC827 (A), HCC4006 (B) and PC9 (C) cells grown on plastic substrates. While the
drug was administered in nM, the X-axis represents the concentration in pM to optimize the
curve-fitting algorithm and calculation. Data points represent the mean £ SEM. The ICso values
(expressed in nM in the graphs) were derived from the four-parameter variable slope equation

shown in the Methods. n = 3 independent experiments for all cell lines.

Cell proliferation following osimertinib treatment on tissue-culture plastic was assessed
in HCC827, HCC4006 and PC9 cells. In our hands, the ICsy, of osimertinib for cells
grown on plastic was determined to be 8.2 nM for HCC827 (Figure 20A), 13 nM for
HCC4006 (Figure 20B) and 6.8 nM for PC9 (Figure 20C). While the main focus is the
ICso of osimertinib in soft and stiff substrates, evaluating its effect on plastic is also
important. This evaluation establishes baseline for drug activity and supports further

research on its effects in cells grown on soft and stiff hydrogels.

We further assessed the ICs, of osimertinib for the same cell lines cultured on either
soft or stiff matrices in order to evaluate the impact of matrix stiffness on cellular
responses to osimertinib treatment. Given the technical constraints associated with PA
hydrogels and the fact that they are fabricated in 24-well plates, we reduced the
number of drug concentrations tested to five, focusing on a range from 1 nM to 1 uM

with logarithmically spaced intermediate concentrations. In addition, in HCC827 cells
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the 1Cso was 3 nM on stiff and 2.8 nM on soft hydrogels (Figure 21A), demonstrating
high sensitivity to Osimertinib across both matrix stiffnesses. HCC4006 cells
demonstrated an ICsoof 5.8 nM on stiff hydrogels and 3.7 nM on soft hydrogels (Figure
21B), suggesting that cells on soft substrates were approximately twice as sensitive.
In PC9 cells, the I1Cs for the cells growing on stiff hydrogels was 60.3 nM and on soft
hydrogels 26.5 nM (Figure 21C), indicating a threefold increase in sensitivity on soft
substrates compared to stiff ones. These results further support that matrix rigidity

significantly affects drug sensitivity in specific EGFR-mutant lung cancer cell lines.
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Figure 21. Sensitivity of HCC4006, HCC827 and PC9 cells to Osimertinib. Dose response
curves of HCC827 (A), HCC4006 (B) and PC9 (C) cells grow on soft and stiff PA hydrogels.
While the drug was administered in nM, the X-axis represents the concentration in pM to
optimize the curve-fitting algorithm and calculation. Data points represent the mean + SEM.
The ICso values (expressed in nM in the graphs) were derived from the four-parameter variable
slope equation shown in the Methods. n = 3 independent experiments for PC9 and HCC827;
n = 2 independent experiments for HCC4006.

In Figure 22, we show representative images of cells (HCC827, HCC4006 and PC9)
on soft (0.5kPa) and stiff (22kPa) matrix at the end of the treatment (3 days with DMSO
or the indicated concentration of Osimertinib). At 10 nM, which exceeds the ICsq for
both conditions for HCC827 and HCC4006, cell viability was strongly inhibited
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regardless of substrate stiffness. In PC9 cells (Figure 21C and 22C), a 30 nM dose,

inhibited cell viability on the soft substrate but not on the stiff one.
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Figure 22. Representative images of nuclei of HCC827 (A), HCC4006 (B) and PC9 (C) cells at
the end of the experiment shown in Figure 21. Images were obtained using a Leica AF7000
microscope with a 10x HC PL FLUOTAR lens (NA 0.30).
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5. Discussion

5.1. Conclusions

This thesis examines the critical role of matrix stiffness, a biomechanical characteristic
of tumor microenvironment, in modulating the behavior and therapeutic response of
EGFR-mutated lung cancer cells. Polyacrylamide hydrogels functionalized with
Collagen Type | were employed to recapitulate the stiffness of lung tissue, spanning
from physiological softness to the pathological rigidity observed in lung

adenocarcinoma.

To study how ECM stiffness shapes cancer cell morphology, growth, and treatment
response, we fabricated polyacrylamide hydrogels with a tunable stiffness according
to a previously published protocol (Barber-Pérez et al., 2020). These hydrogels are
easy and quick to make in any lab, require no special equipment, and are inexpensive.
Also, their round shape (12 mm diameter) and thin size (about 80-100 um) are well
suited for high-resolution imaging. A key advantage of these polyacrylamide hydrogels
is that they allow precise control of matrix stiffness, making them valuable tools for

studying cancer cell-matrix interactions.

In Barber-Pérez et al., 2020, the mechanoresponsiveness of the fibroblast line, TIFs,
was characterized using stiffness-tunable hydrogels. To validate that the hydrogels
fabricated in-house exhibited the expected mechanical properties, we assessed the
mechanoresponsive behavior of TIF cells on our hydrogels. Phalloidin staining
revealed that on soft substrates (0.5-2 kPa), TIF cells exhibited a smaller, rounded
morphology with minimal spreading. On intermediate-stiffness substrates (3.15-
4.47kPa), cells began to spread more and increase in cell area. In contrast, on stiff
substrates (9.6-22kPa), these cells showed increased surface area and significant
spreading. These observations are in-line with the findings reported by (Barber-Pérez
et al., 2020), confirming that our hydrogel fabrication reproduces the published protocol

and yields substrates with the expected biomechanical behavior.

Next, we evaluated the response of lung cancer cells to substrate stiffness, particularly
their morphology and their proliferative behavior. Using three EGFR-mutant NSCLC
cell lines (PC9, HCC4006, and HCC827), we found that all three are highly sensitive
to matrix rigidity and they respond by altering their cell shape and spreading. On very
soft substrates (0.1-0.5kPa) NSCLC cells appear to be smaller and more rounded
(observed through phalloidin staining), whereas on stiffer substrates (=2 kPa) they
adopt a larger, more spread phenotype with increased protrusions. In accordance to

our findings, it has been shown that lung adenocarcinoma cells acquire a more spread
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shape when cultured on stiffer substrates (Alonso-Nocelo et al., 2018; Park et al.,
2024).

We have also found that all three NSCLC cell lines exhibited a pronounced
morphological transition between 0.5 kPa and 2 kPa. Importantly, PC9 and HCC827
cells reached a morphological plateau at 2 kPa, with no further increases in cell area
observed at higher stiffnesses (up to 100 kPa and glass). In contrast, HCC4006 cells
displayed a more graded response, continuing to increase their cell area with
increasing substrate stiffness. These findings indicate that while all three EGFR-mutant
NSCLC cell lines are highly mechanosensitive, they differ in how they integrate

increasing mechanical cues.

The observation that 2 kPa is perceived as a stiff environment by EGFR-mutant
NSCLC cells contrasts with the prevailing data in mechanobiology. In many cell
models, stiffness values around 2 kPa are widely perceived as soft. For instance, HeLa
cells and TIFs exhibit soft-state morphology on hydrogels with stiffness values of
~2kPa (Barber-Pérez et al., 2020), a behavior that we also observed for TIFs in our
own experiments (Figure 17B). Similarly, mouse embryonic fibroblasts (MEFs) and
human breast myoepithelial cells maintain a rounded, non-spread morphology at 2 kPa
(Andreu et al., 2022; Elosegui-Artola et al., 2014). Moreover, in primary human colon
tumor cells, 2 kPa gels represent the soft condition when compared with substrates of
10 kPa or higher (Cambria et al., 2024). Additionally, MDA-MB-231 breast cancer cells
exhibited lower spreading and increased circularity on hydrogels of ~1kPa (Syed et al.,
2017).

Thus, the pronounced sensitivity of EGFR-mutant NSCLC cells to relatively low
stiffness values suggests that these cells may possess an intrinsic sensitivity to
mechanical forces. One possible explanation is that oncogenic EGFR signaling alters
cytoskeletal organization, focal adhesion dynamics or mechanotransduction
pathways, thereby lowering the threshold at which cells interpret their mechanical
environment as stiff. Alternatively, downstream programs associated with EGFR
signaling, such as EMT and YAP/TAZ activation, may prone cells to respond robustly

to modest increases in matrix rigidity.

To further understand this sensitivity, future studies should compare EGFR-mutant
NSCLC cell lines with lung cancer models driven by alternative oncogenic mutations,
such as KRAS, ALK, or MET. Additionally, using isogenic models with or without mutant
EGFR, or with controlled EGFR expression on substrates of defined stiffness, may

help determine whether EGFR or downstream processes influence this enhanced
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mechanosensitivity. Such approaches would help clarify whether the perception of 2
kPa as a stiff microenvironment represents a broader feature of EGFR-driven lung

cancer or a more general consequence of oncogenic signaling.

Across all cell lines, cell growth was significantly higher on stiff hydrogels compared to
soft ones. This result aligns with previous studies, including some focusing on lung
cancer, showing that ECM stiffness accelerated growth on stiffer substrates (Ishihara
et al., 2013; Park et al., 2024). While traditional models attribute growth primarily to
genetic mutations, the present results suggest that mechanical tension can also

amplify oncogenic signaling (Liang & Song, 2023).

In this thesis, cell growth was evaluated based on cell confluency using the IncuCyte®
Zoom Analysis Software. Although this approach allows continuous, non-invasive
monitoring of cell growth over time, it has limitations when applied to stiffness-tunable
hydrogels. On soft hydrogels, the cells tend to be smaller and often form spheres, as
seen in HCC827 and HCC4006 cells (Figure 19), thus, confluency measurements can
underestimate true cell numbers or proliferative activity, even when cell cycle
progression is comparable to that on stiffer substrates. Also, hydrogels can vary in how
clear they are, bend light differently, and add background texture. Therefore, to get a
more accurate picture, future work should combine confluency measurements with
more direct proliferation assays, such as Ki-67 immunostaining on fixed gels or ATP-

based viability assays, to provide a more robust assessment of proliferation.

Further, the response of lung cancer cells to osimertinib treatment was assessed in
cells growing on either soft or stiff matrix. Initially, we determined the ICs values of
osimertinib for HCC827, HCC4006 and PC9 cell lines cultured as standard monolayers
on plastic. The values obtained were consistent with previously published reports and
pharmacogenomic datasets. Indeed, for HCC827 cell line we estimated an /Cso of 8.2
nM when in the literature it ranges between ~ 10 - 43 nM (Chen et al., 2023; Lategahn
et al, 2019), and the Genomics of Drug Sensitivity in Cancer (GDSC)
pharmacogenomic dataset reports an ICs0 of ~27.6 nM

(https://www.cancerrxgene.org/). For the HCC4006 cell line (ICs= 13 nM), reported

ICso values for osimertinib approximately 20-40 nM (Furukawa et al., 2021). For the
PC9 cell line (ICso= 6.8 nM), reported ICso values for osimertinib are reported again
between 20-40 nM (Furukawa et al., 2021; Masuzawa et al., 2017). These results
validated our experimental conditions and provided a reference point for subsequent

experiments on physiologically relevant substrates.

45


https://www.cancerrxgene.org/

When osimertinib sensitivity was assessed on soft and stiff hydrogels, distinct stiffness-
dependent responses emerged. The HCC827 cell line demonstrated comparable
response to Osimertinib (ICso of 3 nM on stiff and 2.8 nM on soft hydrogels) across
substrate stiffnesses. Similarly, exhibited only modest differences between conditions,
with 1Cso values of 5.8 nM on stiff and 3.2 nM on soft hydrogels. PC9 cells though
exhibited a greater difference in drug response, with an ICsy of 60.3 nM on stiff
compared to 26.5 nM on soft substrates. This approximately threefold increase
suggests that PC9 cells are more sensitive to mechanical tension and increasing

matrix stiffness could impair the efficacy of EGFR inhibition.

Notably, even at high Osimertinib concentrations (300 nM), a persistent population of
PC9 cells survives drug treatment across both soft and stiff substrates. This suggests
that these cells possess adaptive resilience, enabling them to evade treatment-
induced lethality. Understanding the mechanisms underlying cells’ survival
mechanisms is crucial for overcoming clinical resistance. Further exploration of the
molecular mechanisms underlying this stiffness-dependent sensitivity could reveal
novel therapeutic targets or strategies for patient stratification. Future studies should
focus on elucidating the specific signaling pathways modulated by ECM stiffness that

contribute to altered drug sensitivity.

Together, these findings point to a complex interplay between oncogenic signaling,
mechanical cues, and adaptive survival mechanisms. A deeper understanding of how
ECM stiffness regulates transcriptional, metabolic, and signaling programs, particularly
those involving YAP/TAZ, focal adhesion signaling, and cellular metabolism, will be
essential for identifying vulnerabilities that can be therapeutically exploited. Integrating
transcriptomic, metabolomic, and functional perturbation approaches in stiffness-
controlled systems, as well as extending these studies to more physiologically relevant
3D cultures and patient-derived models, will be critical for translating these insights
into strategies that improve clinical outcomes for patients with EGFR-mutant lung

cancer.
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