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Summary

Tumor microenvironments are a driver of resistance to anti-cancer drugs. Dissecting cell-
microenvironment interactions into tractable units of study presents a challenge. Here, we assess
the impact of hundreds of tumor-inspired microenvironments in parallel on lapatinib responses in
four cancer cell lines. Combinations of ECM and soluble factors were printed on stiffness-tunable
substrata to generate a collection of controlled microenvironments in which to explore cell-based
functional responses. Proliferation, HER2 protein expression and phosphorylation, and
morphology were measured in single cells. Using dimension reduction and linear modeling, the
effects of microenvironment constituents were identified, and then validated empirically. Each of
the cell lines exhibits unique microenvironment-response patterns. Fibronectin, type 1V collagen,
and matrix rigidity are significant regulators of lapatinib resistance in HER2-amplified breast
cancer cells. Small molecule inhibitors were identified that could attenuate microenvironment-
imposed resistance. Thus, we demonstrate a strategy to identify resistance- and sensitivity-driving
microenvironments to improve efficacy of anti-cancer therapeutics.
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Introduction

Chemotherapy for cancers are often associated with problems of toxicity and resistance.
Pathway targeted therapies have proven efficacious with less toxicity, but durability of the
therapeutic effects remains a barrier. Resistance to targeted compounds arises from signaling
redundancies in the targeted pathways and genotype selection, presumably due to the intra-
tumor heterogeneity of cancer cells, and both have been intensively investigated (Logue and
Morrison, 2012, Sun and Yu, 2015). The tumor microenvironment, which is less well
studied, also modulates drug responses.

Microenvironment is the sum of cell-cell, cell-extracellular matrix (ECM), cell-soluble
factor interactions, as well as the physical and geometric characteristics of the tissue (Bissell
and Labarge, 2005). Dynamic and reciprocal communication between cells and
microenvironments plays a pivotal role in regulating tissue-specific functions, as well as
enabling tumor genesis and metastasis (Xu et al., 2009, Quail and Joyce, 2013). Stromal
gene expression and morphological features are important as prognostic factors in a number
of tumor types (Beck et al., 2011, Finak et al., 2008), and gene signatures derived from
tumor cells, as well as from tumor stroma, independently predict drug efficacy (Klijn et al.,
2015, Farmer et al., 2009). Tumor microenvironments modulate efficacy of both cytotoxic
agents and targeted therapies (Weaver et al., 2002, Weigelt et al., 2010, Allen and Louise
Jones, 2011). Even changes in the physical properties of tumors, such as increased rigidity,
are associated with malignancy and drug resistance (Pickup et al., 2014). Delineating of
impact of tumor microenvironment constituents is fundamental to understanding the
mechanisms of drug resistance.
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There are relatively few examples of efficient experimental systems for dissecting cell-
microenvironment interactions. Inhibitory effects of HER2-targeted drugs were shown to
vary in breast cancer cells cultured in three-dimensional Matrigel (3D) compared to two-
dimensional (2D) tissue culture plastic (TCP) environments (Weigelt et al., 2010). Even in
this relatively straightforward example, it remains a challenge to identify which
microenvironment constituents or characteristics governed the different responses to anti-
cancer agents. Matrigel is deceptively complex, consisting of hundreds of components
(Hughes et al., 2010). We previously used HCC1569, a HER2-amplified breast cancer cell
line that is a model for resistance to HER2-targeted therapeutics, together with lapatinib
(Lap), a HER2-targeted small molecule, to show that the Hippo pathway mediated stiffness-
dependent resistance to Lap (Lin et al., 2015). HCC1569 paired with Lap exhibits a
particularly wide dynamic range of proliferation inhibitory response compared to other
combinations of HER2 amplified cell lines with HER2-targeted drugs (Weigelt et al., 2010),
thus it embodies a useful system to probe the impacts of microenvironment constituents on
responses to targeted therapeutics.

Here, we utilized microenvironment microarrays (MEMA) (LaBarge et al., 2009, Lin et al.,
2012) to assess simultaneously the impact of molecular compaosition of microenvironment in
addition to matrix rigidity on Lap responses in HCC1569 and three other cancer cell lines
that represent different cancer types, each with differing HER2 protein levels, and sensitivity
to Lap. We demonstrate that a continuum of microenvironment-imposed drug response
phenotypes is achievable in ostensibly identical cancer cells. Dimension reduction and
generalized linear models enabled decoupling of individual effects and synergistic pairings
of microenvironment constituents, which were validated experimentally. We demonstrate a
combinatorial cell-based approach to understanding the functional impact of tumor
microenvironment components on drug responses.

Isolating effects of individual microenvironment components and pairwise synergies

To study the impacts of microenvironments on the inhibitory effects of Lap, cancer cell lines
were grown on microenvironment microarrays (MEMA). Four cancer cell lines were
examined. HER2-amplified HCC1569, and HER2-negative BT549 breast cancer cells. A549
non-small cell lung cancer (NSCLC) cell line, which has genomic amplification of EGFR
and HER2 and was used to show that NSCLC could benefit from lapatinib treatment (Diaz
et al., 2010). PC3 prostate cancer cell line that was used to show that radiation resistant
prostate cancers express HER2, and may benefit from HER2 targeted therapy (Andersson et
al., 2015). 60 replicate spots were printed for each microenvironment composed of pairwise
combinations of four ECM and seven ligands on either 2500 Pa or 40 kPa elastic modulus
substrata. Proliferation, HER2 expression and phosphorylation, and cell morphology were
measured in each cell (Fig 1A, examples of immunofluorescence in Fig S1). The ECM
consists of proteins that are enriched in breast stroma or basement membrane, and the
soluble factors were chosen for having been implicated in breast cancer progression or
therapeutic resistance (Quail and Joyce, 2013, Pickup et al., 2014). Laminin-111 (L1) and
type IV collagen (C4) are the major ECM components of basement membrane; and
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fibronectin (FN) and type I collagen (C1) are major ECM components of stroma. The effects
of these ECM as well as other ligands that are related to drug resistance (Jones et al., 2016)
were assessed. 2500 Pa is relevant to the stiffness of breast tumors (Tilghman et al., 2010),
and 40 kPa is much stiffer and represents a culture environment closer to TCP. Empirically
we found that 40 kPa polyacrylamide gels and TCP, which are >3 GPa, elicit similar
proliferation rates and activation of YAP in mammary epithelial cell lines (Lin et al., 2015).
Cells were cultured on MEMA for 48hr treated with Lap alone (1.5 pM), Lap with
verteporfin (VP, 2 ug/mL), or with DMSO. VP, an inhibitor of the Yes associated protein
(YAP), was included because it prevents stiffness-induced resistance to Lap (Lin et al.,
2015). In all, functional impacts on cell behavior were assessed on 210 unique
microenvironments in parallel.

Generalized linear model (GLM) was applied to decouple effects of multiple components
and determine whether some single components exert particularly strong effects on the drug
response phenotypes (Lin, 2017, Ranga et al., 2014). BT549 cells are completely resistant to
Lap because they do not express HER2 (Fig S2A, S2B). In all of the remaining cell lines
single soluble ligands were not significantly correlated with differential responses to Lap, as
determined by changes in EdU incorporation (Fig 1C, 1F, and 1I). In HCC1569 cells, FN
and C4 showed significant correlation with Lap resistance compared to C1 and L1 (Fig 1B),
and higher matrix rigidity also was associated with resistance (Fig 1D), but only a trend in
the data leaning towards resistance to Lap was detected on EGF-containing
microenvironments (Fig 1C). PC3 and A549 cells had reproducibly poor attachment to FN-
containing MEMA spots, thus FN features were omitted from analyses for those lines. In
A549, neither individual ECM (Fig 1E) or ligands (Fig 1F) were significantly correlated
with Lap responses; but, high matrix rigidity was significantly correlated with Lap resistance
(Fig 1G). In PC3, neither the molecular components, nor rigidity, were correlated with Lap
responses (Fig 1H-J). The pairwise interactions of molecular components were examined
systematically by GLM (Fig 2A). Whereas single ligands had relatively minor impact,
combining them with ECM or stiffness had a synergistic effect. HCC1569 showed higher
resistance to Lap in FN-rich microenvironments with EGF (Fig 2B, interaction i), A549
showed higher resistance to Lap in C4-rich microenvironments with HGF (Fig 2C,
interaction i), and PC3 showed higher resistance to Lap in C4-rich microenvironments with
AREG (Fig 2D, interaction i). Treatment with VP and Lap showed strong inhibition of
proliferation in all lines (Fig 2B-2D interactions iii, iv, and vi; Fig S2C, S2D). The
responses of each cell line to the array of different microenvironments that they were
exposed to were unique, like functional drug-response fingerprints.

Cell morphology imposed by combinatorial microenvironments co-organizes with drug
response phenotypes

Morphological features of the cells were quantified because cell shape is regulated by
mechanical and chemical properties of microenvironments, and is directly related to
mechanisms that modulate behaviors such as motility and proliferation (Halder et al., 2012,
Katz et al., 2000, Ulrich et al., 2009). We utilized principle component analysis (PCA) and t-
distributed stochastic neighbor embedding (t-SNE), to better visualize the high-dimensional
data (Amir et al., 2013). PCA is applied to high dimension cytometry data using linear
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transformation, and t-SNE more faithfully captures the nonlinear relationships in biological
data sets (Amir et al., 2013). Cell area, compactness, eccentricity, extent, form factor, major
axis length, and solidity of both nucleus and cell body were used to generate relationships in
the PCA and t-SNE plots. Each dot in the PCA and t-SNE represents the composite
phenotype begotten by a given microenvironment. PCA shows that different
microenvironments are well distinguished based on matrix rigidity (Fig 3A) and ECM (Fig
3B) for HCC1569 and A549. Ligands were not well separated, suggesting minimal
contributions to altered cell morphology (Fig 3C). Treatment with Lap, or Lap with VP
prominently altered morphological features compared to DMSO in A549 and PC3, but less
so in HCC1569 (Fig 3D). PCA was validated with t-SNE. Phenotypes formed clusters
according to matrix rigidity and treatments in all cell lines (Fig S3A, S3B). t-SNE revealed
that all cell lines in Lap with VP had distinctive morphology (Fig S3A), and that response
groups in HCC1569 and A549 were clustered based on ECM (Fig S3C). Ligands showed
minimal effect across all lines (Fig S3D). VP with Lap showed strong inhibition of
proliferation in all cell lines in a majority of conditions (Fig 3E). PCA and t-SNE arrived at
similar conclusions, that matrix rigidity and certain ECM significantly influenced cellular
morphology and drug response. The particular combinations were specific to each cell line.
When compared to GLM, which used EdU incorporation as the major variable, these
dimension-reduction methods demonstrate that morphology alone captures a as much useful
information as some specific molecular markers regarding responses to drugs and
microenvironments.

Microenvironments modulate HER2 activity

Phosphorylation of HER2 is sensitive to changes in microenvironment (Weigelt et al., 2010,
Breslin and O’Driscoll, 2016) and overexpression of HER2 is predictive of response to Lap
(Rusnak et al., 2007). Because HCC1569 generally showed more microenvironment-
dependent resistance to Lap in all conditions compared to the other cell lines, we focused
our attention on understanding the basis of that resistance. Microenvironment did impose
trends in HER2 expression and phosphorylation in A549 and PC3 that were not significant
(Fig S4), whereas HCC1569 exhibited strong microenvironment-dependent changes in
HER2/pHER2 ratios (Fig 4). GLM isolated effects of the different microenvironment
components on HER2 phosphorylation. FN and C4 significantly increased the ratio of
pHER?2 (Fig 4A), and a rigid substrate was associated with lower pHER?2 ratio in DMSO
treated cells compared to Lap treated (Fig 4B). Ligands caused minimal shifts in pHER2/
HER? ratios (Fig 4C). Addition of Lap, or Lap with VP, significantly decreased the pHER?2
ratios; but adhesion to FN or C4 (Fig 4D and 4G) and rigid substrata (Fig 4E and 4H),
sustained higher pHER2 ratios in both drug combinations, and effects of the printed ligands
were minimal (Fig 4F and 41). HER2 phosphorylation ratio decreased as matrix rigidity
increased and was inversely correlated with Lap resistance (Fig 4J). By applying a linear fit
we observed the microenvironment components that associated with higher pHER2/HER2
ratios, C4 and FN, were correlated with greater resistance to the anti-proliferative effects of
Lap (Lap: r2 = 0.93, p = 0.02; LapVP: r2 = 0.93, p = 0.02) (Fig 4K), whereas ligands-
associated pHER2/HER? ratios showed less correlation with resistance (Lap: r2=0, p =
0.99; LapVP: r2 = 0.73, p = 0.04) (Fig 4L). Thus microenvironment components that alter
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pHER2/HER2 ratios were identified with GLM, and microenvironments that sustained
activated HER2 were correlated with resistance to Lap.

Adhesion to fibronectin activates YAP translocation

To our surprise, GLM suggested that FN, independent of matrix rigidity, correlated strongly
with Lap resistance. Adhesion of MCF10A to FN was shown to activate FAK-Src-YAP
(Kim and Gumbiner, 2015), thus we hypothesized that adhesion to FN independently
conferred Lap resistance via a Src-YAP-dependent pathway. Based on 1C50 analysis (Fig
S5A), 1 uM of Src inhibitor, AZD0530, was used because it did not inhibit EdU
incorporation in HCC1569 on either C1 or FN-coated coverslips (Fig S5B). Cells grown on
FN, compared to C1, were significantly more resistant to Lap, but AZD0530 combined with
Lap inhibited proliferation, eliminating the FN-dependent Lap resistance (Fig 5A). Adhesion
to FN caused more nuclear translocation of YAP, whereas Src inhibition prevented FN-
induced YAP translocation (Fig 5B, and examples of YAP immunofluorescence in Fig S5C).
Protein expression data from The Cancer Genome Atlas (TCGA) (The Cancer Genome
Atlas Research et al., 2013) showed that FN and YAP protein levels are correlated in HER2-
enriched (r2 = 0.26, p < 0.001), luminal A (r2 = 0.03, p = 0.03), and luminal B subtypes (r2 =
0.1, p = 0.001); but no correlation was observed in the basal subtype (r2 = 0, p = 0.55) (Fig
5C). FN protein levels were not associated with significant changes in survival rate (Fig 5D),
but high FN levels were correlated with poor survival in cancers diagnosed in early T1
pathological stages (p = 0.02) (Fig 5E). Overall, these MEMA experiments identify putative
tumor microenvironments that can better protect some tumor cells compared to other
microenvironments. Our cell-based functional results suggested FN in rigid
microenvironments conferred Lap resistance, and inhibition of Src or YAP may be of some
benefit to eliminate this source of microenvironment-dependent resistance.

Discussion

A continuum of drug response phenotypes is achievable in isogenic cells by making changes
to the cellular microenvironment. Here we functionally examined the impact of Lap on four
cell lines grown on 210 combinatorial microenvironments. Dimension reduction and
visualization, and GLM were used to better define the relationship between responses to Lap
and the mechanical and molecular properties of the microenvironment. In addition to matrix
rigidity, specific ECM, e.g. FN and C4, had strong impacts on drug responses in HCC1569,
which is a model for cancers that are resistant HER2-targeted drugs. The effects of soluble
ligands that were printed with ECM had relatively minor effects on Lap responses, although
when considered in specific pairwise contexts they exerted modulatory effects. Resistance to
Lap correlated with microenvironment-dependent HER2 activation in HCC1569, but it was
not an absolute relationship across other cell lines. By identifying specific
microenvironments that sustained high HER2 phosphorylation ratios, e.g. FN and matrix
rigidity, we were able to attenuate the Lap resistance with addition of VP and AZD0530.
Interestingly, when we evaluated responses to the drugs in all three cell lines based only on
seven morphometric factors, the conclusions were identical to the analyses that used protein
and proliferation measurements. Cell morphology is an emergent property of complex
cellular systems, and our analyses reveal much utility in using morphology as a marker of
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drug and microenvironment responses. Solid tumor microenvironments are infamously
heterogeneous, which is thought to be a contributing factor to efficacy and durability of
drugs responses. Here we demonstrate a pre-clinical strategy to profile drug activity as it
relates to microenvironment context, in way that enables identification of the operative
drivers of resistance and sensitivity. This information can then be used to identify potential
combined therapeutic approaches to improve drug efficacy and durability.

The ratio of pHER2/HER? in individual cells was measured in this study, because HER2
protein levels are reportedly more predictive of a response compared to gene amplification
(Nuciforo et al., 2016). Taking HCC1569 as an example, our results are consistent with
reports that HER2-targeted drug efficacy is correlated with the level of pHER?2 inhibition
(Konecny et al., 2006). Both HER2 phosphorylation (Hudelist et al., 2006) and total HER2
levels (Konecny et al., 2006) allegedly predict responses to HER2 targeted therapy, but their
predictive power of efficacy is inconsistent (Ginestier et al., 2007). Alteration of HER2
expression modulates drug efficacy, for example, long-term exposure to trastuzumab
reduced HER?2 expression and induced trastuzumab resistance (Burnett et al., 2015). The
empirical combinatorial approach we used here reveals that different microenvironments
will significantly impact HER2 modification and expression, which may explain the lack of
consistency among previous reports. Rigid, FN and C4-rich microenvironments that
sustained high pHER2/HER? ratio after drug treatment were correlated with drug resistance.
Matrix rigidity is correlated with breast malignancy and drug resistance (Levental et al.,
2009, Lin et al., 2015). Higher levels of stromal FN is correlated with poor patient survival
and up-regulation of EMT markers (loachim et al., 2002, Park and Schwarzbauer, 2014), and
C4 increases proliferation of a number of cancer cells (Ohlund et al., 2013). All of the
mechanisms by which microenvironments can sustain activated HER2 are not clear, and
further study is needed to understand and to mitigate the various sources of
microenvironment-imposed drug resistance.

Adhesion to FN caused nuclear YAP translocation independent of matrix rigidity, which was
correlated with Lap resistance and could be abrogated by a small molecule Src inhibitor.
YAP, one of the transcriptional co-factors in the Hippo pathway, plays an important role in
transducing microenvironment mechanical information from the plasma membrane into the
nucleus (Halder et al., 2012). YAP activation is associated with tumorigenesis and
malignancy in a number of cancer types (e.g. breast, colon, lung, liver, and mesothelioma)
(Moroishi et al., 2015). Targeting YAP is an attractive strategy to overcoming drug resistance
in some cases. Indeed, small molecules have been identified, in addition to VP, that inhibit
nuclear translocation of YAP and increased sensitivity of chemotherapies to breast cancers
(Oku et al., 2015). VP, a FDA approved photosensitizer for photodynamic therapy of age-
related macular degeneration (Michels and Schmidt-Erfurth, 2001), has shown potential as
an anti-tumor therapy in multiple cancer types (Feng et al., 2016, Donohue et al., 2013,
Zhang et al., 2015). Multiple anti-tumor mechanisms of VVP have been proposed including:
inducing necrosis (Huggett et al., 2014), proteotoxicity independent of YAP (Zhang et al.,
2015), and disrupting the interaction of YAP-TEAD to down-regulate transcriptional targets
of YAP (Brodowska et al., 2014, Liu-Chittenden et al., 2012). VP can overcome resistance
to chemotherapy and HER2-targeted therapy via disruption of YAP-TEAD (Pan et al., 2016,
Lin et al., 2015). We further examined the effect of VP to modulate stiffness-dependent Lap
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resistance. In the HCC1569, Lap treatment with VP together showed a greater inhibitory
effect on proliferation, compared to Lap alone, in most microenvironments. Interestingly,
using the same concentration of VP, proliferation in A549 and PC3 were strongly inhibited
across all conditions. A549 and PC3 cells were used by others as models for lung and
prostate carcinomas that might benefit from HER2-targeted therapy, our data indicate
potential therapeutic benefit from VP treatment in addition, however, the mechanisms need
further investigation and in vivo validation.

Our results here showed that FN increased Lap resistance via an Src-YAP related pathway.
The dataset from TCGA suggested that FN protein levels are not directly associated with
poor survival rate in the different subtypes of breast cancer. However, a higher level of FN
protein was associated with poor survival rate in the earliest pathological stages of cancers,
suggesting that tumor microenvironment may have different impacts in different stages of
progression. Our analyses of the TCGA data did not reveal robust associations between the
MEMA-identified microenvironments that promoted resistance to Lap. However, the TCGA
data effectively treat tumors as homogeneous masses, and thus important regional
differences are not detectable by the types of analyses we conducted on the TCGA dataset.
Reports have connected the expression of stromal FN to breast cancer metastasis, prognostic
significance (Fernandez-Garcia et al., 2014), and chemotherapeutic resistance (Yuan et al.,
2015). That the relationship between FN expression in patient tumors and survival was not
entirely strong challenges our own prediction from the MEMA experiments. This reflects a
general challenge with understanding the resolution to which we must understand tumor
ecologies. There may well be nests of resistance-supportive microenvironments that may not
be readily detected with the types of traditional approaches that homogenize tumors and
tissues for high dimensional sequencing and proteomics analyses.

Tissue microenvironments are known to impose and maintain cell lineage specificity, and
elements of tumor microenvironments in specific act as regulators of malignant progression
and drug response (LaBarge et al., 2009, Pickup et al., 2014). Effective ways are needed to
functionally explore the cell-microenvironment relationship in a manner that is akin to high-
dimensional omics technologies. Here we demonstrate the proof-of-principal of a way
forward to understanding the totality of drug responses that can be elicited within tumor
microenvironments by measuring the responses of isogenic cells across numerous
microenvironment conditions in parallel. These data suggest that a comprehensive
understanding of how ECM modulates drug responses will impact design of therapeutic
strategies. Co-targeting microenvironment-regulated pathways, such as by Src or YAP
inhibition, revealed potential therapeutic benefit for Lap treatments, which merits in vivo
validation and follow-up. The impact of microenvironment should be taken into
consideration during the earliest stages of preclinical design. Platforms like MEMA can be
applied to identify microenvironments that contribute to drug resistance.

Experimental Procedures

Cell culture and drug treatment

HCC1569 and BT549 breast cancer cells, and androgen-independent prostate PC3 cancer
cells (American Type Culture Collection; Manassas, VA, USA) were maintained in
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RPMI1640 (Invitrogen, Carlsbad, CA, USA). NSCLC A549 cancer cells was maintained in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (FBS;
Gemini Bio-Products, West Sacramento, CA, USA) USA), and 1% Penicillin/Streptomycin/
Glutamine (P/S/Glu) (Invitrogen, Carlsbad, CA, USA).

For drug treatments, both in validation and MEMA experiments, cells were cultured as
above for 2 hr after initial adhesion, and were then treated with Lap (1.5 uM, LC
Laboratories, Woburn, MA, USA) in media supplemented with 1 % FBS and 1 % P/S/Glu
for additional 48 hr. Other pharmaceutical modulators were concurrently added: i.e.
Verteporfin (VP, Sigma-Aldrich, St. Louis, MO, USA) was added at 2 pg/mL; and AZD0530
(Selleckchem, Houston, TX, USA) was added at 1 uM. All cell lines were authenticated by
DNA Diagnostics Center.

MEMA fabrication and cell culture on MEMA

Microenvironment microarray (MEMA, formerly MEArray (LaBarge etal. 2009)) were
fabricated according to (Lin et al., 2012). Briefly, microscope slides were coated with 2500
Pa and 40 kPa polyacrylamide gels based on an adopted protocol from (Tse and Engler,
2010). Combinatorial microenvironments were prepared in printing buffer (100mM Tris-
acetate/20%glycerol/0.05%Triton 100X at pH5.2) in 384-well plates. The ECM molecules
used were: type | collagen (C1, 100ug/mL), type IV collagen (C4, 100pug/mL), laminin-111
(L1, 100 pg/mL), fibronectin (FN, 100 pg/mL), and a mixture of type I collagen together
with laminin-111 (L1C1, 100 pg/mL). The recombinant purified proteins used were,
amphiregulin (AREG, 5 ug/mL), epidermal growth factor (EGF, 1 pg/mL), growth arrest-
specific gene 6 (GASS6, 1 ug/mL), hepatocyte growth factor (HGF, 0.5 ug/mL), interleukin-6
(IL-6, 2 pg/mL), interleukin-8 (IL-8, pg/mL), and transforming growth factor beta (TGFp, 1
ug/mL). Arrays were printed with a SpotBot 111 microarrayer (Array-it). 30 replicate features
for each unique microenvironment were printed/array, total of 1920, spaced 350um apart.
MEMA are stored at 4°C for short-term, or —80 °C if over one month. Before use slides are
rehydrated in 4 mL of PBS with 1% P/S/Glu and 0.1% fungizone for 60 min. PBS was
replaced with complete medium supplemented with 10% FBS and 1% P/S/Glu. 500 uL of
cells at 108 cells/mL were added on each slide for 10 min of initial adhesion, and 3 mL of
complete medium were then added for another 2hr adhesion. Unbound cells were washed
away and remaining adherent cells were treated with media containing drug for 48 hr at

37 °C, 5% CO,. 10 uM EdU was added 4 hr prior to the experimental endpoint.

Immunofluorescence staining

For MEMA, cells on the slides were fixed in methanol/acetone (1:1) at =20 °C for 20 min,
whereas for coverslip-based experiments, cells were fixed in paraformaldehyde (4%) at
room temperature for 10 min. Cells were then blocked with PBS, 5 % normal goat serum,
and 0.1% Triton X-100 at room temperature for 30 min, and then incubated with primary
antibodies: anti-HER2-647 (1:100; Biolegend), anti-pHER2 (1:100; Cell Signaling
Technology) overnight at 4 °C. pHER2 primary antibodies was visualized with fluorescent
Alexa-568 secondary antibodies raised in goats (1:500; Invitrogen) together with Hoechst
33342 (1:2000; Invitrogen), incubated at room temperature for 2 hr. Images were acquired
with an epifluorescence microscope. Image analyses were conducted with CellProfiler. For
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quantification of YAP/TAZ localization, the ratios of median fluorescence intensity in the
cytoplasmic (C) and nuclear (N) compartments of segmented cells were used. The cutoffs
ratios were used to establish three classes: C>N (X <1),N=C (1 <X<1.2)and N>C (X
>1.2)

MEMA analysis

Single-cell resolution image data was obtained by marker-based watershed segmentation.
Morphological features, fluorescence intensity of DAPI, HER2, pHER, and EdU were
quantified. Morphological features included cell area, compactness, eccentricity, extent,
form factor, major axis length, and solidity. Image analyses were performed with
CellProfiler (Lamprecht et al., 2007). Further data analyses were conducted and final reports
were generated with R (R Core Team, 2015) and packages (Hadley Wickham and Romain
Francois, 2016, Helios De Rosario-Martinez, 2015, Paul C. Boutros, 2015, Simon Urbanek
and Jeffrey Horner, 2015, Erich Neuwirth, 2014, Alboukadel Kassambara, 2015). The R
package, phia, was used for GLM to test the significance and decouple the impact of single
microenvironment factors as well as pairwise interactions among factors to drug responses
(Helios De Rosario-Martinez, 2015, Ranga et al., 2014). For dimension reduction and better
visualization, PCA analyses with R package, factoextra, as well as t-SNE analyses with
VIiSNE, were performed with all morphological features as input (Alboukadel Kassambara,
2015, Amir et al., 2013). See supplemental information for details of CellProfiler pipeline.

Coverslip cell culture

For coating proteins on the coverslip surface, 12 mm diameter coverslips were placed in 24-
well plates, 100 pg/mL of fibronectin (FN) or type I collagen (C1) were applied to each
coverslip and incubated at 37 °C for 2 hr. Before cell culture, coverslips were washed with
PBS containing 1% P/S/Glu and 0.1% fungizone at room temperature for 30 min.

Flow Cytometry

Cells were collected via EDTA-PBS (0.4% EDTA) treatment on ice. After washing with
PBS, cells were blocked with PBS containing 2% bovine serum albumin, 5% normal goat
serum, and 5 mM EDTA on ice for 30 min. Cells were incubated with the primary antibody:
anti-HER2-647 (1:100; Biolegend, San Diego, CA), anti-pHER2 (1:200; Cell Signaling
Technology, Beverly, MA) on ice for 30 min, washed with PBS, and then treated with the
Alexa-555 secondary antibody to pHER2 (1:400, I Invitrogen, Carlsbad, CA) on ice for 15
min. After two PBS washes, the level of pHER2 and HER2 were measured with a
FACSCalibur (Becton-Dickinson, San Jose, CA).

Proliferation assay

5-ethynyl-2”-deoxyuridine (EdU) incorporation and clicking reaction were performed
according to the manufacture’s protocol (Invitrogen, Carlsbad, CA). Nuclei were stained
with Hoechst 33342 (Invitrogen, Carlsbad, CA). Drug response values are expressed as a
percentage of DMSO-treated cells.

Cell Rep. Author manuscript; available in PMC 2017 October 19.
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TCGA Database

All data were obtained from the The Cancer Genome Atlas (TCGA) breast cancer online
portal (https://tcga-data.nci.nih.gov/docs/publications/brca_2012/; Cancer Genome Atlas,
2012. The following file was used: for reverse-phase protein array expression data:
“rppaData-403Samp-171Ab-Trimmed.txt”.

Statistical analysis

GraphPad Prism 6.0 for Mac and R were used for all statistical analysis(GraphPad Software,
2016, R Core Team, 2015). Variance of the means was confirmed by ANOVA. For multiple
comparisons, Dunnette’s t-tests were used for groups more than 5, and fisher’s least
significant difference (LSD) tests were used for groups less than 5. To compare two
distributions, student t-tests were performed. Log-rank (Mantel-Cox) tests were performed
for Kaplan-Meier plots. Microenvironments that impose phenotypes statistically different
from the control were detected associate with a p value. Significance was established when
*p < 0.05, **p < 0.01, and ***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Isolating the effects of individual components of combinatorial microenvironments on
lapatinib responses
(A) Experimental design illustrative diagram and a representative image of cells on a

MEMA spot. Scale bars, 100 um. (B-J) Bar graphs of GLM analyses showing the mean

EdU incorporation across all microenvironments that contain the indicated component,
focusing on either (B, E, H) ECM, (C, F, 1) ligand, or (D, G, J) stiffness. The cell lines
considered were (B-D) HCC1569, (E-G) A549, and (H-J) PC3. Data are relative
incorporation of EdU expressed as a percentage of DMSO-treated cells, presented as mean +
SEM (n = 60 for each microenvironment). Individually, ECM and stiffness were identified as
significant drivers of lapatinib response in HCC1569 and A549.
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Figure 2. Identification of synergistic interacting microenvironment components
(A) A diagram showing each of the pair-wise interactions that were tested (i-vi) between

individual components of microenvironments. (B-D) Clustered heat maps represent z-scores
of EdU-incorporation in all the microenvironments that contain both of the indicated
components including: (i) an ECM with a ligand, (ii) stiffness with an ECM, (iii) drug
treatment with stiffness, (iv) drug treatment with ligand, (v) stiffness with a ligand, and (vi)
drug treatment with an ECM. These pair-wise interactions were tested in (B) HCC1569, (C)
Ab549, and (D) PC3. Each cell line showed resistance (red) or sensitivity (blue) to lapatinib
in unique combinations of ECM and soluble ligands (n = 60 for each microenvironment).
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Figure 3. Cell morphologies imposed by combinatorial microenvironments co-organize with

drug-response phenotypes

(A-D) The impact of microenvironment on eight different morphometric measurements in
HCC1569, A549, and PC3 cells are visualized with PCA. Each data point is one

microenvironment composition and the major variants are derived from morphological

features. Colors represent (A) matrix rigidity, 2500 Pa (red) and 40 kPa (green), respectively,
(B) ECM, (C) ligand, and (D) drug treatments in HCC1569, A549, and PC3. (E) Bar graphs
represent mean+SEM EdU incorporated as a percentage of DMSO-treated cells (i.e. drug

response) in HCC1569, A549, and PC3 treated with lapatinib alone or lapatinib with

verteporfin, averaged across all microenvironments (n = 60 for each microenvironment).
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Figure 4. Microenvironments modulate ratios of pHER2 and total HER2, which correlates with
lapatinib resistance
(A-I) Bar graphs represent the ratio of pHER2/HER2 in HCC1569 modulated by (A, D, and

G) ECM, (B, E, and H) stiffness, and (C, F, and I) ligand. Data are analyzed by GLM in (A,
B, and C) DMSO, (D, E, and F) lapatinib, and (G, H, and I) lapatinib and verteporfin. (J)
Line graph represents the ratio of pHER2/HER2 and lapatinib responses of HCC1569 in
different matrix rigidity determined by FACS (n = 3, 10000 cells/condition per experiment).
(K and L) Line graph represents the correlation between pHER2/HER2 ratio of HCC1569
modulated by (K) ECM, and (L) ligand; versus EdU incorporation determined on MEMA. r2

Cell Rep. Author manuscript; available in PMC 2017 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal.

and p value are calculated from Pearson correlation coefficient. All bar graph data are
represented as mean £ SEM (n = 60 for each microenvironment).
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Figure 5. Adhesion to fibronectin increases nuclear YAP translocation and confers lapatinib
resistance in HCC1569

(A) Bar graph represents drug responses of HCC1569 cultured on type I collagen (C1) or
fibronectin (FN) coated glass coverslips, and treated with lapatinib or lapatinib plus
verteporfin. Data are represented as mean + SEM (n = 3; 500 cells/condition per
experiment). (B) Bar graph represents the distribution of YAP (C>N, higher in cytoplasm;
N=C, equally between nucleus and cytoplasm; N>C, higher in nucleus) of HCC1569
cultured on C1 or FN, treated with or without AZD0530. Data are represented as mean +
SEM (n = 3; 100 cells/condition per experiment). (C) Scatter plots represent the correlation
of protein levels between fibronectin and YAP in basal, HER2-enriched, luminal A, and
luminal-B subtypes of breast cancers. r2 and p value are calculated from Pearson correlation
coefficient. (D) Kaplan-Meier plots represent the survival rate affected by protein level of
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fibronectin in basal, HER2-enriched, luminal A, and luminal-B subtypes of breast cancer. p
values are calculated from Log-rank (Mantel-Cox) test. (E) Kaplan-Meier plots represent the
survival rate affected by protein level of fibronectin in T1, T2, and T3-T4 pathological
stages of breast cancer. p values are calculated from Log-rank (Mantel-Cox) test.
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