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Abstract

Metastatic melanoma is highly resistant to drug treatment, and the underlying mechanisms of this
resistance remain unclear. Increased tissue stiffness is correlated with tumor progression, but
whether increased tissue stiffness contributes to treatment resistance in melanoma is not known.
To investigate the effect of substrate stiffness on melanoma cell treatment responsiveness, PEG
hydrogels were utilized as a cell culture system to precisely vary matrix elasticity and investigate
melanoma cell responses to a commercially available pharmacological inhibitor (PLX4032). The
tensile moduli were varied between 0.6 and 13.1 kPa (E) and the effects of PLX4032 on metabolic
activity, apoptosis, and proliferation were evaluated on human cell lines derived from radial
growth phase (WM35) and metastatic melanoma (A375). The A375 cells were found to be
stiffness-independent; matrix elasticity did not alter cell morphology or apoptosis with PLX4032
treatment. The WM35 cells, however, were more dependent on substrate modulus, displaying
increased apoptosis and smaller focal adhesions on compliant substrates. Culturing melanoma
cells on PEG hydrogels revealed stage-dependent responses to PLX4032 that would have
otherwise been masked if cultured strictly on TCPS. These findings demonstrate the utility of PEG
hydrogels as a versatile in vitro culture platform with which to investigate the molecular
mechanisms of melanoma biology and treatment responsiveness.
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Introduction

Melanoma is an aggressive form of skin cancer that is difficult to treat in later stages by
conventional chemotherapeutics. Early stage radial growth phase (RGP) melanoma is easily
treated by surgical excision [1], while vertical growth phase (VGP) has a propensity to
metastasize [2]. Metastatic melanoma, however, is notoriously drug resistant [3],
characterized by a median survival time of 6-10 months [4]. One promising new drug,
PLX4032 (Vemurafenib), was approved by the FDA in 2011 for metastatic melanoma
treatment. PLX4032 is a small molecule inhibitor that has high specificity towards mutated
BRAF proteins and has been shown to cause both cell cycle arrest and induce apoptosis in
melanoma [5-7] and potent growth arrest in thyroid carcinoma cells [8,9]. More than 60%
of all melanomas have been found to contain a BRAF mutation (V600E) that renders this
protein constitutively active [10]. Clinical trials showed marked patient responses to
PLX4032 [11,12] and follow up studies reported 16-month overall survival [13]. Yet while
PLX4032 is among the most promising melanoma treatments, patients eventually relapse
and the mechanisms and contributing factors of melanoma drug resistance remain elusive.

As one approach to aid in preclinical compound screening and better understanding of the
molecular mechanisms that might contribute to melanoma drug resistance, improved in vitro
culture systems are being explored. Traditional tissue culture-treated polystyrene (TCPS) is
often the initial culture platform used for drug screening, but it is orders of magnitude stiffer
than most soft tissues in the body and may lead to physiologically irrelevant cellular
morphologies or responses [14-16]. Matrix elasticity has been shown to regulate cell
function in a number of different cell types, such as mesenchymal stem cells [17] and
smooth muscle cells [18], and clinically, tumors are often found to be stiffer than the
surrounding or healthy tissues [19,20]. In vitro, increased substrate elasticity has been shown
to induce malignant morphology in healthy mammary epithelial cells and lead to increased
invasion of breast cancer cells [21,22]. The underlying substrate can also alter intracellular
signaling [21,23], which ultimately may change the efficacy of drug treatments. In fact,
Weigelt et. al. showed that when breast cancer cells were cultured on TCPS or Matrigel, the
reduction of proliferation to clinically available drugs was altered [24].

Many studies have shown the importance of matrix elasticity on breast cancer cells, but the
same is not yet known for melanoma. Unlike epithelial-derived breast cancer cells,
melanoma is derived from melanocytes which arise from the neural crest [25], and so it is
difficult to assume melanocytes and epithelial cells will respond similarly to a
microenvironmental change like substrate elasticity. We hypothesized that matrix elasticity
is important for assessing melanoma responses to drug treatment and that softer materials
may provide better insight into physiologically relevant cellular responses. To investigate
melanoma's dependence on substrate modulus, we utilized peptide functionalized
poly(ethylene glycol) (PEG) hydrogels as a highly tunable, hydrated, and chemically defined
cell culture substrate that can be designed to recapitulate important aspects of the
extracellular matrix (ECM) [26,27]. In particular, the thiol-ene “click” chemistry was
exploited to form crosslinked networks via step-growth kinetics involving the reaction of an
—ene functionalized multi-arm PEG with cysteine-containing peptides (-thiol) [28]. Cell-
matrix interactions can be altered by the concentration of ECM molecule peptide mimics,
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such as the fibronectin-derived peptide RGDS [26]. Matrix remodeling can be controlled by
inclusion of matrix metalloproteinase (MMP) degradable peptide sequences, allowing cell-
mediated degradation [29]; alternatively, the hydrogel can also be rendered nondegradable
by the inclusion of crosslinkers such as PEG-dithiols [30]. Finally, bulk biophysical
properties, such as modulus or equilibrium water content, can be controlled by changing the
network crosslinking density, which may be tuned by changing the concentration, molecular
weight, or number of arms of the PEG [28,31]. This innate tunability of this biomaterial
provides an attractive cell culture platform to answer fundamental questions about cellular
responses to microenvironmental changes.

Here, we sought to answer whether matrix stiffness would alter melanoma cell morphology
and responses to PLX4032 treatment using this synthetic ECM mimic. Formulations based
on a 4-arm norbornene-functionalized PEG and bifunctional cysteine-containing MMP-
degradable peptides were crosslinked using the thiol-ene photopolymerization approach.
The matrix elasticity was varied from 0.6 to 13.1 kPa (E, Young's modulus) with the aim of
spanning a range of mechanical properties reported for healthy and pathologic tissue, and
the resulting gels were then seeded with either RGP or metastatic melanoma cells. Cell
morphology and cell-matrix interactions were assessed via immunostaining and focal
adhesion size then viability was challenged with PLX4032 treatment. To test cell
responsiveness to this inhibitor as a function of the microenvironment, metabolic activity,
apoptosis, and proliferation were quantified and correlated to substrate elasticity.

Materials and Methods

Reagents

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Cell culture
reagents were purchased from Life Technologies unless otherwise noted. Antibodies used:
monoclonal paxillin (Y113; Millipore) and goat anti-rabbit Alexa-Fluor 488. TRITC-
phalloidin (Sigma-Aldrich) stocks were prepared at 0.06 mg/mL and DAPI stocks were 0.1
mg/mL. PLX4032 (ChemieTek) stocks were dissolved in DMSO (Sigma-Aldrich) at 100
mM.

Synthesis and characterization of macromers and peptides

Four-arm PEG-norbornene (MW: 20,000) (Figure 1) was synthesized as previously
described [28]. Briefly, norbornene acid was coupled to form norbornene anhydride in
dichloromethane (DCM) via N,N'- diisopropylcarbodiimide (DIC) coupling. PEG hydroxyl
(JenKem Technology USA) was dissolved in DCM and reacted with the norbornene
anhydride in the presence of pyridine and 4-(dimethylamino)pyridine (DMAP) overnight.
The product was precipitated in cold diethyl ether 3 times, dried, and characterized by
proton NMR for degree of functionalization. In all studies, PEG with >95%
functionalization was used.

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
synthesized as previously described [32]. Briefly, 2,4,6-trimethylbenzoyl chloride was added
to dimethyl phenylphosphonite (Acros Organics) and allowed to stir overnight. Lithium
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bromide and 2-butanone was then added to the reaction, heated to 50°C for 10 minutes, and
then cooled. The product was filtered, washed and filtered 3 times with 2-butanone, and
allowed to dry. The product was verified by proton NMR.

All peptides were purchased from American Peptide Company, Inc. An MMP-degradable
crosslinker (KCGPQG*IWGQCK) and pedant adhesion peptide RGD (CRGDS) were used.

Formation and characterization of PEG-norbornene hydrogels

Cell Culture

Gels were formed between a glass slide that was dipped in Sigmacote and a thiolated
coverslip to create flat hydrogels for cell seeding. Coverslips were passed through a flame to
remove contaminates, and then reacted in 95% ethanol (pH ~5.5) with 0.55% (v/v) 3-
mercaptotrimethoxy silane for 3 minutes. Coverslips were then rinsed with 95% ethanol and
allowed to dry in an 80°C oven for 15 minutes.

Macromer solutions were prepared with the concentrations of reagents in Table 1 with 1.7
mM LAP. In a sterile cell culture hood, 30 L drops of macromer solution were placed on
sterile Sigmacote-coated slides and then covered with a thiolated 18 mm circle coverslip
(Fisher Scientific). The solutions were placed under a UV lamp centered around 365 nm
light at ~5 mW/cm? for 3 minutes. The formed gels were then allowed to swell in PBS for at
least 2 hours, then sterilized with 5% IPA in PBS at room temperature for 1 hour. Before
cell seeding, the gels were rinsed twice with PBS. Unless otherwise noted, 3 gels were
formed per condition for each of 3 independent experiments.

For characterization, 30 pL gels were formed in the cut-end of 1 mL syringe. The same gel
formulations as those used for cell culture were made (Table 1). To determine the
equilibrium swollen gel mass, the gels were allowed to swell overnight in PBS then weighed
the next day. The mass swelling ratio g (Table 2) was calculated from the equilibrium
swollen mass and the calculated theoretical dry mass. The water content (% Water) was
calculated using the mass swelling ratio (1-g~1) and converted to a percent. The shear
modulus (G) was measured on a DHR-3 shear rheometer (TA Instruments) and converted to
Young's modulus, where E = 2G(1 + v) assuming a Poisson's ratio (v) of 0.5 [33]. Strain
and frequency sweeps were performed to ensure measurements were within the linear
viscoelastic regime. Averages represent 3 independent experiments.

Both cell lines were a generous gift from Professor Natalie Ahn, Department of Chemistry
and Biochemistry, University of Colorado. All cell lines were cultured in 10% fetal bovine
serum (FBS) in RPMI 1640 without phenol red. For experiments, cells were seeded at 1 x
105 cells/ cm? in 1% FBS in RPMI 1640 and subsequently cultured in 1% FBS for the
remainder of any experiment. Cells were seeded on gels or TCPS and allowed to adhere
overnight. DMSO control (0.01% v/v) or 1 pM PLX4032 diluted in media was then added to
the corresponding samples and incubated for 48 hours.
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Metabolic Activity

Apoptosis

Proliferation

At the end of the 48-hour drug incubation time, CellTiter-Glo (Promega) was added to
samples per the manufacturer's instructions. Samples were placed on an orbital shaker for 2
minutes, and then 100 pL of lysate was transferred to a white 96-well plate and the
luminescence was measured on a BioTek H1 Synergy plate reader (BioTek). To measure
basal metabolic activity, standard curves of ATP and DNA were generated. After applying
CellTiter-Glo to samples, the cell lysate was then diluted to quantify DNA content by
Quant-it PicoGreen (Life Technologies).

After 48 hours of PLX4032 treatment, the EnzChek Caspase-3 Assay Kit #2 (Life
Technologies) was used to assess apoptosis. Briefly, floating cells were collected by
centrifugation and attached cells were removed with TrypLE Select for 5-10 minutes at 37
°C and then agitated to remove as many cells possible. Cell pellets were then lysed with the
provided lysis buffer and then the company protocol was followed. DNA content was
measured via PicoGreen (Life Technologies), and caspase 3 activity was normalized to the
DNA content in a given sample. For analysis, each PLX4032-treated sample was normalized
to its corresponding DMSO control sample to show a fold change in caspase 3 activity with
PLX4032 treatment.

During the last 16 hours of incubation with or without the inhibitor, the cells were pulsed
with EdU to detect cells entering S-phase. After a total of 48 hours, samples were processed
according to the protocol for the Click-iT EdU Alexa-Fluor 488 kit (Life Technologies).
One exception was to invert the coverslips on 10 uL drops of the Alexa-Fluor 488 solution.
For these experiments, 12 pL gels were formed on 12 mm circle coverslips (Fisher
Scientific). Samples were then imaged on an inverted Nikon TE2000; three images per gel
were taken and duplicate gels were prepared for each condition. Three independent
experiments were performed. EdU quantification was performed using an ImageJ (NIH)
macro to threshold images and count the number of nuclei positive for DAPI (blue) and EdU
(green).

Immunostaining

For immunostaining experiments, cells were fixed after 24 hours of culture. Half the volume
of media in the well was removed and replaced with 1:10 buffered formalin (Sigma-Aldrich)
for 20 minutes at room temperature and rinsed twice with 0.05% Tween 20 (Sigma-Aldrich)
in PBS. Samples were then permeabilized with 0.1% Triton-X (Fisher Scientific) for 5
minutes, washed twice, and then blocked for 30 minutes with 1% bovine serum albumin
(BSA) in PBS. Samples were incubated with the primary antibody diluted in blocking buffer
for 1 hour at room temperature, washed 3 times, and the secondary antibody was applied for
45 minutes at room temperature. Antibodies were used at: paxillin 1:400, goat anti-rabbit
AlexaFluor 488 1:200, TRITC-Phalloidin 1:200, DAPI 1:1000. Samples were imaged on a
Zeiss NLO LSM 710 (Zeiss) at 40X.
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Focal adhesion quantification

ImageJ (NIH) was used to quantify the focal adhesion area on a per cell basis. For each cell
that formed visible focal adhesions, the cell was cropped from the image and the RGB
channels separated. If there was high cytoplasmic staining of paxillin in green, then the
background was subtracted using a rolling ball radius of 15 pixels. The image was
thresholded, made binary, and the area was measured using the Analyze Particles function.
At least 10 different cells were analyzed for focal adhesion size from each of 3 independent
experiments.

Statistical analysis

Results

To compare metabolic activity and apoptosis samples, a one-way ANOVA was performed in
Prism 5 (GraphPad Software, Inc). To compare treated and control EdU staining samples
within each stiffness condition, a two-way ANOVA was performed with Bonferroni
posttests in Prism. The data was then transposed and a two-way ANOVA with Bonferroni
posttests was performed that compared the control samples for each stiffness to each other
and then compared the treated samples for each stiffness to each other. For focal adhesion
quantification, a Shapiro-Wilk test for normality was performed in R for each cell type/
condition from each independent experiment. The distributions were found to be non-
normal, and therefore a modified Levene's test was performed in R to determine if the
variances among the experiments for each condition were different. Because the samples
were deemed to have statistically similar variances, we pooled the data (>30 cells for each
condition) from all three experiments and used a Kruskal-Wallis test in Prism to compare
culture conditions within each cell type.

Regulation of cell-matrix adhesion by substrate elasticity

To assess the effects of matrix elasticity on melanoma responses to drug treatment in a range
of physiologically relevant moduli, PEG-based hydrogels were engineered such that the
matrix moduli were systematically altered through changes in the network crosslinking
density. Specifically, in these studies, 4-arm 20 kDa norbornene-functionalized PEG was
crosslinked with a bifunctional cysteine-containing MMP-degradable peptide (Figure 1).
Gels were formed via the thiol-ene polymerization reaction, which was photoinitiated with
LAP under ~5 mW/cm? of UV light centered around 365 nm. To promote cell adhesion, 1.5
mM of the pendant fibronectin-derived RGDS peptide was incorporated. Fibronectin is
present in melanoma tumors and can promote invasion [34], and the integrin pair afs3,
which readily binds to RGDS, is upregulated in tumorigenic melanoma cells [35]. An MMP
degradable crosslinker was selected to better recapitulate cell-mediated degradation of the
local microenvironment observed in vivo and to enable comparisons to 3D studies where
degradability is necessary for cell spreading, survival, and proliferation. While the
mechanical properties of the gels may change with cells present, due to matrix deposition
and/or MMP degradation, changes in modulus were minimized by the use of PEG (to
minimize protein adsorption), low cell density, and relatively short culture times.
Additionally, by using a range of moduli over three orders of magnitude, the mechanical
properties of the gels may change over the course of the experiment, but the large relative
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difference between the soft and rigid gels remains, as evidenced by the differences in cell
spreading observed at the beginning and end of the experimental timeline.

The bulk modulus of the materials was varied by changing either the concentration of PEG
(7.5 mM or 3 mM) or altering the concentration of the MMP crosslinker (Table 1). Using
these formulations, we were able to achieve a range of moduli from approximately 13.1 kPa
(E, Young's modulus) to 0.6 kPa. The crosslinking density was calculated from rubber
elasticity theory [33](see Table 2 footnote), and the equilibrium mass swelling ratio was also
measured to determine the water content of each gel (Table 2). The modulus of skin and
melanoma tumors is not well established in the literature, so we chose a range of moduli: the
softest gel formulation of 0.6 kPa (soft), 1.6 kPa (medium), and 13.1 kPa (stiff). This
modulus range encompasses physiologically relevant tissues from breast tissue (0.1-0.5
kPa) to relaxed muscle (approximately 10 kPa) [17,36]. Because increased tissue stiffness is
often correlated with tumor formation [37], several gel elasticities were used for subsequent
studies. TCPS samples were included as controls in order to compare results to the
established literature related to studying melanoma cell responses to BRAF inhibition.

To evaluate whether substrate modulus affected cell morphology and cell-matrix
interactions, immunostaining for the actin cytoskeleton and the focal adhesion component,
paxillin, was performed on all substrates under control conditions (Figure 2A). Increased
focal adhesion formation has been linked to increased ERK signaling [21,22], an important
survival pathway. Therefore, we reasoned that melanoma cell morphology and cell-matrix
interactions could be regulated by matrix elasticity, where stiff substrates induce a more
spread morphology and mature focal adhesion formation compared to soft substrates.

The RGP WM35 cells were well spread on TCPS with distinct f-actin fibers around the
peripheral edges and punctate paxillin staining (Figure 2A). In contrast, when cultured on
softer PEG gels, the WM35 cells appeared more rounded and exhibited fewer f-actin stress
fibers. Depending on the stiffness of the gel, approximately 50-75% of cells exhibited
punctate paxillin staining. Of the WM35 cells that had distinct focal adhesion formation,
cells formed much smaller adhesions as the gel elasticity was decreased. Focal adhesion area
was quantified using image analysis, and there was a general downward trend of decreasing
focal adhesion size with decreasing substrate modulus (0.70 um? on the stiffest to 0.44 um?
on softest gels) (Figure 2B). Overall, results demonstrate that the WM35 cells are sensitive
to the underlying substrate elasticity and consequently form stiffness-dependent focal
adhesions.

In contrast to the WM35 cells, the metastatic A375 cells were much smaller and had more
irregular morphologies, often exhibiting f-actin patterns that indicated lamellipodia
formation on TCPS, stiff, and medium gels. Furthermore, when cultured on gels, the A375
cells appeared slightly rounded though still able to form focal adhesions, based on punctate
paxillin staining. Again, focal adhesion size was quantified and found to be approximately
the same (between 0.44 — 0.54 um?), independent of the underlying substrate elasticity,
while the size of the adhesions were generally smaller than that observed for the RGP
WM35s (Figure 2B).
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Effect of substrate elasticity on cell responsiveness to drug treatment

To determine if basic cell function, with no drug treatment, was altered due to substrate
elasticity-induced changes in morphology, basal metabolic activity was assessed on TCPS
and stiff, medium, and soft gels. Basal metabolic activity was measured by normalizing ATP
to DNA content within a sample to provide a measure of metabolic activity on a “per cell”
basis (Figure 3). For both cell types, the basal metabolic activity was not significantly
different between the different culture conditions.

To evaluate how matrix elasticity regulates the response of melanoma cells to drug
treatment, WM35 and A375 cells were cultured on TCPS and stiff, medium, and soft gels
and treated with PLX4032. As an initial measure of drug-induced effects, metabolic activity
was measured after 48 hours of 1 pM PLX4032 treatment (Figure 4). The metabolic activity
in each treated sample was normalized to its respective control (i.e., the TCPS PLX4032-
treated sample was normalized to a TCPS DMSO-containing sample) to yield relative
metabolic activity present after drug treatment. The WM35 cells exhibited a significant
response on all substrates as measured by a reduction in metabolic activity with drug
treatment to approximately 0.55 of the control conditions. Similarly, the A375 cells
exhibited a significant decrease in metabolic activity to no more than 0.43 of the control
conditions on all culture substrates. Among the different substrates, however, the change in
metabolic activity was not significant. Because the WM35 cells exhibited stiffness-
dependent focal adhesion formation, we had hypothesized that there would be increased cell
death on soft substrates. However, here we observed that PLX4032 drastically reduced
metabolic activity on both TCPS and gels and there was no significant change with substrate
stiffness. Metabolic activity measurements, however, cannot differentiate between the
cytotoxic (cell death) and cytostatic (anti-proliferative) effects of PLX4032 and may not
capture the specific effects of PLX4032 treatment. Therefore, we next measured cell death
directly via apoptosis.

Decoupling cytostatic and cytotoxic effects of drug treatment

Apoptosis was measured via caspase 3 activity, and treated samples were normalized to their
respective controls (i.e., the TCPS PLX4032-treated sample was normalized to a TCPS
DMSO-containing sample) to show the fold change in caspase 3 activity (Figure 5).
Interestingly, the WM35 cells exhibited increased sensitivity to PLX4032 as the substrate
modulus decreased. On TCPS there was a 2-fold increase in caspase 3 activity with drug
treatment, while on the soft gels, there was a nearly 3-fold increase. In contrast, the A375
cells did not exhibit major changes in the levels of apoptosis as a function of substrate
properties. There was a smaller increase in apoptosis on TCPS (approximately 1.7-fold), but
no significant increases were observed for cells cultured on gels. Based on this evidence, we
concluded that the WM35 cells were more susceptible to PLX4032 treatment on gels as
compared to the A375 cells. Because PLX4032 has been shown to both induce apoptosis
and cause cell cycle arrest, we next investigated whether or not the decrease in A375
metabolic activity could be the result of PLX4032's antiproliferative effect rather than its
cytotoxic effects.
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To measure proliferation, an EdU assay was used and the percentage of cells that were
stained positive was quantified (Figure 6). In general, drug treatment led to less than 1% of
cells undergoing DNA synthesis on any substrate. The WM35 cells cultured on stiff and soft
gels, as well as the A375 cells on soft samples, that were treated with PLX4032 had no cells
entering S phase. Interestingly, in both cell types, there was an increase in the percent of
proliferating cells when cultured on top of gels without drug treatment. Specifically, we
observed ~39% of A375 cells on TCPS undergoing proliferation, but that number increased
to as high as 68% on the gel formulations. The WM35 cells exhibited a less dramatic
increase from 46% on TCPS to a maximum of 64% on medium gels, but the increase was
statistically significant.

Discussion

Here, using PEG hydrogels as a 2D cell culture platform, we assessed how substrate
elasticity affects melanoma cells' sensitivity to drugs and whether or not the treatment
responsiveness was tumor stage-dependent. The modulus of healthy and tumorigenic skin
tissue is not well established [37], and so a range of elasticities was chosen to capture both
states. Previous studies have measured that a range in Young's modulus from 0.2 kPa to 1.2
kPa will elicit vastly different morphologies in mammary epithelial cells in vitro [21]. Breast
tissue, however, is among the softest tissues, so here we used a broad range of elastic moduli
in an effort to encompass both healthy and tumorigenic tissue stiffness (0.6 to 13.1 kPa).

To examine the effect of drug treatment on melanoma cell function, metabolic activity was
chosen as an initial indication of drug sensitivity, however, it ultimately was not indicative
of the phase-dependent responses to substrate modulus. The WM35 cells showed large
decreases in metabolic activity in response to PLX4032, and further analysis revealed this
decrease was due to increased apoptosis on compliant gels coupled with almost complete
inhibition of proliferation. The increase in apoptosis on more compliant substrates appeared
to counteract the increased proliferation that we observed, resulting in similar losses of
metabolic activity with PLX4032 treatment.

In comparison, the A375 cells exhibited slightly larger decreases in metabolic activity than
the WM35 cells. Similarly to the WM35 cells, the observed decrease in metabolic activity
showed an incomplete picture of the cellular responses to drug treatment. We found that
A375 levels of apoptosis did not change with matrix elasticity. When cultured on any of the
gels, A375 cells proliferated more than when cultured on TCPS; more cells were entering S-
phase based on EdU staining. PLX4032 treatment induced potent cell cycle arrest, where
very few cells were undergoing DNA synthesis. Taken together, A375 metabolic activity
might have been low on PLX4032-treated hydrogel substrates due in large part to inhibition
of proliferation rather than increasing levels of apoptosis on compliant gels.

We note that many reports have demonstrated that 3D cellular architecture or culture
platforms are more physiologically relevant (reviewed in [38] and [39]) and can elicit very
different cellular responses to the same stimuli when compared to TCPS culture [40]. Cells
cultured in 3D microenvironments using synthetic hydrogels [40] or naturally derived
materials like collagen [41,42], exhibit resistance to drug treatment as compared to 2D
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TCPS culture. While naturally derived hydrogels, such as reconstituted basement membrane
(Matrigel), can promote more physiologically relevant multicellular acini structures [41] and
altered responses to clinically available drugs compared to TCPS samples [24], 3D cell
culture is not without complexity. One difficulty relates to performing experiments on
encapsulated samples; in order to perform certain assays, the gels must be degraded in order
to collect the cells. A second drawback of 3D culture is that cells locally remodel their
environment in 3D (e.g., degrading the local matrix to allow morphological changes), which
can make it difficult to control and quantify the local material properties in the pericellular
region. Thus, we decided to first study melanoma cells on the surfaces of hydrogels, as a
simple alternative to TCPS or encapsulated cells and explore the mechanisms of melanoma
responses to matrix elasticity and drug treatment in a highly controlled environment.
Specifically, the substrate elasticity is tunable and constant, and the drug treatment is
introduced in a relatively homogeneous manner. While the PEG hydrogel system is
completely compatible with future 3D cell culture studies, by using a 2D system, assays
such as western blotting and apoptosis can be performed similarly to TCPS experiments.

Although 2D cell culture has its benefits, there are many excellent studies that exploit the
advantages of 3D culture to recapitulate important aspects of cell-cell adhesion or a 3D
microenvironment to study melanoma drug responsiveness [43,44]. Three-dimensional
melanoma spheroid studies have provided platforms with which to observe decreased
efficacy of drugs in vitro that may prove crucial to elucidating drug resistant mechanisms or
ineffective drugs in preclinical studies. For example, metastatic melanoma cells survive in
3D aggregates with the MEK inhibitor UO126 while radial and vertical growth phase cells
are more susceptible [45]. Additionally, another MEK inhibitor AZD6244 was shown to be
cytostatic on collagen-embedded spheroids, and wash out experiments showed the effects
were reversible [46]. Unlike the MEK inhibitors, however, PLX4032 was found to be
effective in 3D to induce apoptosis and prevent aggregate outgrowth in collagen [5,6]. While
spheroid studies show V600E mutated melanoma susceptibility, clinical efficacy suffers
from patient relapse [11,13]. Therefore, better methods are needed to study melanoma in
vitro to provide new insight into treatment responsiveness and cellular mechanisms. While
naturally derived materials such as collagen and reconstituted basement membrane provide
physiologically relevant moduli, there is also inherent variability in the material,
sequestration of growth factors, and ill-defined chemistry [47]. Alternatively, PEG
hydrogels serve as a highly defined bioinert scaffold that allows precise tuning of properties
such as modulus or cell-mediated degradation [47]. Using PEG hydrogels as a 2D substrate
for cell culture, we observed stiffness-independent apoptotic responses in the metastatic
A375 cells while the RGP WM35 cells exhibited increased sensitivity when cultured on
more compliant substrates. These findings correlate with previous 3D culture studies, but
using the 2D PEG hydrogel system, we were able to investigate how matrix stiffness
specifically affects treatment responsiveness in melanoma cells.

To better understand the effect of substrate rigidity on apoptosis, cell morphology and focal
adhesion size were examined for a possible correlation between cell-matrix interactions and
response to PLX4032 treatment. Metastatic A375 cell morphology, focal adhesion size, and
levels of apoptosis showed a weak dependence on matrix elasticity compared to the RGP
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WM35 cells. The WM35 cells formed smaller focal adhesions on softer substrates and
appeared more rounded. Despite the different morphologies, this did not significantly alter
basal metabolic activity. However, when cell survival was challenged with drug treatment,
increased levels of apoptosis were observed in cells cultured on more compliant gels. Matrix
stiffness revealed different responses to PLX4032 between the two cell lines that were not
seen on TCPS. Taken together, the metastatic cells were able to adhere and survive equally
well on soft (0.6 kPa) and very stiff (TCPS) substrates, exhibiting stiffness-independent
survival while the WM35 cells were dependent on the underlying substrate modulus when
cell survival was challenged with drug treatment.

Based on our findings, we hypothesize that the WM35 cells interact with their
microenvironment by forming matrix stiffness-induced focal adhesions. As a result, the
WM35 cells retain the ability to sense the rigidity of the underlying substrate, and on softer
materials, they form fewer, smaller focal adhesions, decreasing survival signaling, and
ultimately increasing PLX4032 sensitivity as indicated by increased apoptosis (Figure 7).
Metastatic A375 cells, on the other hand, appear to have decreased mechanosensing
abilities, and changes in substrate compliance did not alter focal adhesion formation or
PLX4032 sensitivity. The A375 cells were able to maintain similar levels of cell-matrix
interactions on all substrates and showed little differences in apoptosis.

Focal adhesion formation may regulate susceptibility to PLX4032 treatment based on
survival signaling through BRAF-MEK-ERK and/or PI3K-AKT. Matrix elasticity can
regulate focal adhesion formation in breast cancer and increase ERK signaling [21,22]; the
same phenomenon may occur in melanoma. In addition, PI3K signaling via AKT has been
correlated with increased survival of melanoma with MEK or BRAF inhibitor treatment
[48]. Boisvert-Adamo and Aplin showed that AKT contributes to adhesion-dependent
protection from anoikis in melanoma [49], and that increased AKT levels have been found
in drug resistant melanoma cell lines [48]. Focal adhesion signaling can regulate both
BRAF-MEK-ERK and PI3K-AKT signaling, and thereby affect treatment responsiveness.
Perhaps PI3K-AKT signaling is increased in the A375 cells, which promotes an anti-
apoptotic phenotype, while the WM35 cells are heavily oncogene addicted to BRAF-MEK-
ERK. The ability to sense the local microenvironment, however, may be stage-dependent in
melanoma. The interaction between pathways, involvement of focal adhesion formation and
the subsequent signaling cascade may provide clues to melanoma drug responses.
Ultimately, this interplay between pathways and the interaction of melanoma tumor cells
with the microenvironment may alter the efficacy of BRAF and MEK inhibitors.

Conclusions

We investigated the use of PEG-based hydrogels for 2D cell culture to determine how
extracellular matrix elasticity affects melanoma responses to PLX4032 treatment. Metastatic
A375 cells can better mitigate the cytotoxic effects of PLX4032 on more compliant
substrates, which led to decreased proliferation more than an increase in apoptosis.
Conversely, early stage RGP melanoma cells exhibited increased susceptibility to PLX4032
on compliant substrates due to increased apoptosis. We hypothesize that these differences
may be linked to the ability to form cell-matrix interactions via substrate rigidity-regulated
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focal adhesion formation. Overall, culturing melanoma cells on compliant hydrogel
platforms may provide a more physiologically relevant culture system than TCPS and
provide better insight into what microenvironmental factors contribute to the drug resistant
nature of melanoma.
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Figure 1.
Schematic of network formation utilizing cysteine-containing peptides and norbornene-

functionalized PEG.
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Figure 2.
Effect of substrate elasticity on overall cell morphology and focal adhesion formation. (A)

Immunostaining for paxillin (green), f-actin (red) and nuclei (blue) on TCPS, stiff, medium,
and soft gels of both cell types. Inset image is magnification of outlined area. (B)
Quantification of focal adhesion area based on image analysis. n = 3 + SEM. *p < 0.05.
Scale bars, 20 um.
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Figure 3.
Basal metabolic activity (ATP normalized to DNA content) measured under control

conditions on all culture substrates. None of the samples were statically different. n =3 £
SEM.
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Figure 4.
Relative fraction of metabolic activity for PLX4032-treated cells compared to cells cultured

on each respective substrate without inhibitor. The dashed line represents the control
samples. None of the treated samples for either cell type were statistically different
metabolic activity based on culture substrate. n = 3 + SEM.
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Figure 5.
Apoptosis measured via caspase 3 activity on different culture substrates. Each bar

represents the PLX4032-treated sample normalized to its respective control showing the fold
increase in caspase 3 activity with drug treatment. None of the A375 changes in apoptosis
were statistically different. n =3 £ SEM. *p < 0.05
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Figure 6.
Percent of cells entering S phase as quantified by EdU staining. White bars (left y-axis)

represent control conditions; grey bars (right y-axis) represent PLX4032-treated samples. n
=3 + SEM. Three fluorescent images were taken for each gel or TCPS well, the percent of
positive EdU cells quantified, and then averaged for each sample. *p < 0.01 compared to
TCPS control; #p < 0.0001 for PLX4032 samples compared to corresponding control; **p <
0.01.
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Figure 7.
Schematic of the effect of substrate stiffness on WM35 and A375 cells. WM35 cells exhibit

dependence on substrate modulus by forming stiffness-dependent focal adhesions (green
dots) and increase f-actin stress fiber formation (red lines). We hypothesize that for the
WM35 cells, increased signaling from focal adhesion formation, perhaps an indication of
stronger cell-matrix interactions, can increase survival signaling to inhibit apoptosis induced
by PLX4032. In comparison, A375 cells show little dependence on the underlying matrix
elasticity, always forming similarly sized matrix interactions. The lack of large focal
adhesions, however, does not increase levels of apoptosis. Instead, A375 cells may have
very different intracellular signaling that compensates for the lack of stiffness dependence
for survival.
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Table 1

Macromolecular monomer compositions for gel formulations.

[PEG] (mM) [Crosslinker] (mM) [Pendant RGD] (mM)

Stiff 75 14.25 15
Medium 3 4.5 15
Soft 3 3.9 1.5
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Table 2

Measured values of modulus and mass swelling ratio.

Equilibrium Mass Swelling Ratioq  Young's Modulus E (kPa)  Crosslink Densityl pxL (MM) % Water

Stiff 21+1 131+04 5.17 £ 0.40 95.3+0.2
Medium 45+1 16+0.1 0.83 +0.09 97.7+0.1
Soft 62+1 0.6+0.1 0.36 + 0.05 98.4+0.1

1Crosslink density was calculated from rubber elasticity theory: px| = GQU?’(RT)_1
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