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Matrix compliance permits NF-kB activation to drive
therapy resistance in breast cancer

Allison P. Drain*?@®, Nastaran Zahir**@®, Jason J. Northey'®, Hui Zhang®®, Po-Jui Huang'®, Ori Maller'®, Johnathon N. Lakins'@®, Xinmiao Yu'®,
Jennifer L. Leight>*@®, Brenda P. Alston-Mills>*@®, E. Shelley Hwang®®, Yunn-Yi Chen’®, Catherine C. Park>®*@®, and Valerie M. Weaver®**@®

Triple-negative breast cancers (TNBCs) are associated with poor survival mediated by treatment resistance. TNBCs are
fibrotic, yet little is known regarding how the extracellular matrix (ECM) evolves following therapy and whether it impacts
treatment response. Analysis revealed that while primary untreated TNBCs are surrounded by a rigid stromal
microenvironment, chemotherapy-resistant residual tumors inhabit a softer niche. TNBC organoid cultures and xenograft
studies showed that organoids interacting with soft ECM exhibit striking resistance to chemotherapy, ionizing radiation, and
death receptor ligand TRAIL. A stiff ECM enhanced proapoptotic JNK activity to sensitize cells to treatment, whereas a soft
ECM promoted treatment resistance by elevating NF-kB activity and compromising JNK activity. Treatment-resistant residual
TNBCs residing within soft stroma had elevated activated NF-kB levels, and disengaging NF-kB activity sensitized tumors in a
soft matrix to therapy. Thus, the biophysical properties of the ECM modify treatment response, and agents that modulate
stiffness-dependent NF-kB or JNK activity could enhance therapeutic efficacy in patients with TNBC.

Introduction

Neoadjuvant chemotherapy (NAC) is increasingly used in the
treatment of invasive breast cancer, providing the opportunity
to understand the relative sensitivity or resistance of tumors
while still in situ (Abt et al., 2014). Many studies have demon-
strated the more aggressive nature of hormone receptor-
negative, HER2-negative breast cancer (triple-negative breast
cancer [TNBC]) compared with other phenotypes, and TNBCs
have been repeatedly correlated with increased local recurrence,
distant recurrence, and worse overall survival (von Minckwitz
et al., 2012). Despite significant advances in targeted therapies
for hormone receptor-positive and HER2-positive disease, cy-
totoxic chemotherapy remains the standard of care for most
TNBC cases, followed by radiation in selected cases.

TNBC tumors that are completely eradicated in the breast
with NAC, known as a pathological complete response (pCR), are
associated with an excellent patient prognosis, significantly
better than for patients whose tumors lack such a response (von
Minckwitz et al., 2012; Symmans et al., 2017; Cortazar et al.,

2014). However, this response is heterogeneous, and TNBC pa-
tients continue to have worse overall outcomes than patients
with breast tumors of other subtypes. Currently, there are no
reliable methods to identify patients whose disease is likely to
respond well and those whose disease is likely to be chemo-
therapy resistant. The ability to improve predicted response
would facilitate personalization of treatment and patient out-
comes. There is also an urgent need for a deeper understanding
of the biological basis for chemotherapy response in TNBC that
will inform treatment decisions and the development of effec-
tive strategies to overcome therapy resistance.

In addition to their highly aggressive phenotype, TNBCs have
a characteristically high degree of extracellular matrix (ECM)
remodeling and stiffening (Acerbi et al., 2015; Maller et al.,
2020). ECM stiffness is well known to heavily influence cell
behavior and has been shown to extrinsically modulate drug
responses via blood vessel occlusion that limits transport. ECM
stiffness can also regulate cell-intrinsic behaviors that affect
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therapy response, including proliferation, survival, and growth
factor signaling (Pickup et al., 2014; Piersma et al., 2020). De-
spite the important role the ECM plays in regulating cell be-
havior, it is unclear whether the stiffer ECM measured in TNBC
contributes to the underlying mechanisms whereby the evolving
ECM may impact the development of therapy resistance.

NF-«B signaling is critically important to ECM-mediated
cell survival. The apoptosis resistance phenotype of three-
dimensional (3D) mammary epithelial tissue-like structures
in a reconstituted basement membrane (rBM) depended upon
the activation of NF-«B, but NF-xB activity per se failed to
protect mammary epithelial cells (MECs) from apoptosis when
cells were plated as 2D monolayers (Weaver et al., 2002; Zahir
etal.,, 2003). Importantly, NF-kB activity can drive resistance to
chemotherapy and radiation therapy in many tumor types by
modifying the expression and stability of apoptosis regulators,
including the stress-activated protein kinase JNK (Baldwin,
2001; Baeuerle and Baltimore, 1996; Tergaonkar et al., 2002;
Javelaud and Besangon, 2001; Tang et al., 2001). JNK permits
apoptosis induction in a variety of cell types in response to
assorted cell stress stimuli, including paclitaxel, TNF-related
apoptosis-inducing ligand (TRAIL), and UV and ionizing radi-
ation (IR) exposure (Sunters et al., 2006; Hu et al., 1999; Chen
etal., 1996). Recently, an in vivo screen also implicated JNK as a
key mediator of chemotherapeutic efficacy (Ashenden et al.,
2017). Importantly, JNK signaling is responsive to mechanical
stimuli such as substrate strain and mediates mechanical
stretch-induced apoptosis of renal epithelial cells (Katsumi
et al., 2005; Nguyen et al., 2006). Moreover, Rho-GTPases
that are elevated in MECs cultured on stiff matrices also acti-
vate JNK (Marinissen et al., 2004; Paszek et al., 2005). Thus,
substrate stiffness could enhance JNK activation to sensitize
MECs to antitumor treatment.

Here we show that residual disease from NAC-treated tumors
localizes within a soft, remodeled ECM niche. We then demon-
strate that MECs and tumor cells assembled into organoid-like
structures in soft ECMs can efficiently engage NF-«B signaling to
resist apoptosis induction. Conversely, cells interacting with a
stiff substrate show reduced NF-«B signaling and increased JNK
activity that sensitize them to several apoptosis-inducing agents.
Consistent with this mechanism, we show human breast tumors
that failed to achieve pCR in response to NAC were enriched for
an NF-«kB gene expression signature, and NF-«B levels were
highly elevated in residual disease of NAC-treated TNBC tumors.
This study implicates ECM stiffness as an important mediator of
response to chemotherapy and radiation in TNBC. It has im-
portant clinical implications for understanding the heteroge-
neous response to therapy in TNBC and for making rational,
informed decisions in selecting effective therapies.

Results

Residual triple-negative breast tumors are surrounded by a
soft interstitial stroma

TNBCs are highly fibrotic and evolve within a stiffened, cross-
linked, collagen-rich ECM (Acerbi et al., 2015; Egeblad et al.,
2010; Maller et al., 2020). A stiff ECM promotes cell growth,
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survival, and migration and can foster resistance to receptor
tyrosine kinase inhibitors (Levental et al., 2009; Pickup et al.,
2014; Hanker et al., 2017).

Here we explored the role of ECM stiffness in the chemo-
therapy responsiveness of human TNBC. To begin, we assessed
the organization and biophysical properties of the ECM associ-
ated with primary human TNBCs and compared these stromal
features with the ECM of residual tumor tissue of NAC-treated
tumors (Table S1). Histological analysis of a cohort of primary
untreated TNBC biopsies demonstrated the presence of an in-
terstitial stroma composed of abundant ECM proteins that was
infiltrated by numerous tumor epithelial cells (Fig. 1 A). Pic-
rosirius red (PS) staining and polarized light imaging revealed
that the ECM in the primary, stage-matched, human TNBCs (n =
9) contained abundant quantities of fibrillar type collagens
(Fig. 1, B and C), which atomic force microscopy (AFM) inden-
tation showed was significantly stiffer than that measured
previously in the normal human breast (Fig. 1, F and G; Acerbi
et al., 2015). By contrast, hematoxylin and eosin staining indi-
cated that the residual tumor epithelium in the NAC-treated
TNBCs (n = 7) was dramatically reorganized into epithelial ag-
gregates, many of which were reminiscent of tubular carcinoma
(compare Fig. 1 A). Polarized light imaging of PS-stained tissue
further revealed that the residual TNBC tumors were sur-
rounded by large quantities of a remodeled, collagen-rich stroma
(Fig. 1, B and C). However, second harmonic generation (SHG)
microscopy showed that the collagen matrix adopted strikingly
different architectures between primary and residual TNBC
tumors. Collagen in primary TNBC predominantly was orga-
nized into long, linearized fibers, whereas the collagen matrix in
residual tumors was significantly less aligned and was often
organized isotropically in pericellular regions and within the
regions surrounding tumor cell clusters (Fig. 1, D and E). AFM
analysis revealed that the collagen-rich stroma associated with
residual tumor was significantly softer than that measured in
the primary TNBCs (Fig. 1, F and G; and Fig. S1). The findings
indicate that chemotherapy treatment not only significantly
reduces the density of the tumor epithelium but also induces
significant remodeling and reorganization of the ECM stroma
that substantially decreases its stiffness. The data also raise the
intriguing possibility that the softened, remodeled ECM might
be causally linked to the pathogenesis of the treatment-resistant
residual tumor tissue.

ECM stiffness regulates treatment responsiveness of human
mammary tumors

To determine if a remodeled, compliant ECM could compromise
the chemotherapy responsiveness of mammary tumors and
whether any changes in response vary with tumor stage, we
tested the impact of ECM stiffness on the apoptosis response of
premalignant and malignant mammary epithelial organoids to a
standard chemotherapy agent. We generated proliferating or-
ganoid structures of estrogen receptor (ER)-negative and HER2-
negative, premalignant human MEC MCF10A, and malignant
HMT-3522 T4-2 cells (T4-2) and TNBC-derived HCC70 cells to
model early- and late-stage TNBCs. Mammary cells were plated
on rBM-conjugated polyacrylamide (PA) substrates calibrated to
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Figure 1. Treatment-resistant residual disease localizes within a soft ECM niche. (A) Representative hematoxylin and eosin-stained tissue sections of
untreated human primary TNBC or residual disease from NAC-treated TNBC. (B) Representative images of brightfield and polarized light PS-stained primary
tumor or residual disease tissue sections. (C) Scatterplot showing mean + SEM of polarized light PS signal for primary tumor (n = 9) and residual disease (n = 7)
from three to five fields of view per sample. (D) Representative images of SHG microscopy of tissue sections from human primary and chemotherapy-treated
residual TNBC. (E) Scatterplot showing mean + SEM of collagen coherence calculated from SHG microscopy images of primary tumor (n = 5) and residual TNBC
(n = 4). (F) Scatterplot showing mean and SD of AFM elasticity measurements of tumor cell-adjacent ECM from primary tumor (n = 9) and residual disease (n = 7).
Values reflect measurements from three to five elasticity maps per sample. (G) Histogram showing distribution of the top 10% of AFM elasticity measurements in

each group. All statistical analyses were performed using two-tailed Mann-Whitney U test (¥, P < 0.05; ***, P < 0.001). All scale bars are 200 pum.

recapitulate the low and high ends of the elasticity (E) we
measured in the normal (E = 150 Pa) and tumor stroma (E =
5,000 Pa; Paszek et al., 2005; Johnson et al., 2007). The mam-
mary tumor cells were overlaid with growth media containing
2% rBM to create a 3D ECM microenvironment. The tumor cells
were then grown for 5 d until they formed small, uniformly
proliferating, tissue-like colonies (Paszek et al., 2005; Johnson
et al., 2007). Notably, the colonies grown on soft and stiff sub-
strates had a similar percentage of cells in direct contact with the
basal substrate, with those on stiff substrate containing a slightly
higher percentage (Fig. S2, A and B). The organoids were then
treated with an increasing dose of the chemotherapeutic drug
paclitaxel. Intriguingly, the treated premalignant colonies
cultured on the stiff PA substrate displayed a significant, dose-
dependent loss of metabolic activity, as measured by 3-(4,5-
dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay, and a concomitant increase in apoptosis, as measured by
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positive staining for cleaved caspase 3 (Fig. 2, A and B). By
contrast, the premalignant structures cultured on the soft sub-
strate showed only a modest reduction in metabolic activity, and
apoptosis levels were significantly lower than those quantified in
the same proliferating structures plated on a stiff ECM substrate,
despite exposure to the same dosages of paclitaxel (Fig. 2, A and
B; and Fig. S2 C). To investigate whether ECM stiffness influ-
ences tumor treatment efficacy by modifying drug uptake or
tumor cell accessibility, we next examined the impact of ECM
stiffness on IR responsiveness, a standard therapeutic modality
used to treat TNBCs that is not influenced by multidrug resis-
tance pumps or drug transport limitations. Interestingly, once
again, experiments showed that premalignant mammary organ-
oids cultured on a stiff substrate exhibited a significant reduction
in metabolic activity and displayed greater numbers of cleaved
caspase 3-positive cells in response to increasing doses of IR (Fig. 2
C and Fig. S2 D). Moreover, a clonogenic survival assay revealed
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Figure 2. Stiff ECM enhances apoptosis in response to treatment. (A) Bar graph showing mean + SEM with individual values of loss of metabolic activity
by MTT assay after paclitaxel treatment in MCF10A cells cultured on soft or stiff substrates. (B) Bar graph showing mean + SEM with individual values of the
percentage of cleaved caspase 3-positive cells from MCF10A cultures on soft and stiff substrates with increasing doses of paclitaxel. At least 300 cells on soft
and 900 cells on stiff substrates were counted in each experiment. (C) Bar graph showing mean + SEM with individual values of the percentage of cleaved
caspase 3-positive cells from MCF10A cultures on soft and stiff substrates with increasing doses of IR. At least 300 cells on soft and 500 cells on stiff substrates
were counted in each experiment (n = 4 or 5). (D) Bar graph showing mean + SEM with individual values of the percentage of MCF10A cells cultured on a soft or
stiff substrate that are capable of reforming colonies after IR. (E) Representative maximum-intensity projection of T4-2 cells cultured on soft and stiff sub-
strates and treated with 10 nM paclitaxel or DMSO vehicle stained for cleaved caspase 3 (green) and with DAPI (gray). (F) Bar graph showing mean + SEM with
individual values of the percentage of cleaved caspase 3-positive cells from T4-2 cultures on soft and stiff substrates with increasing doses of paclitaxel. At
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least 900 cells on soft and stiff substrates were counted in each experiment. (G) Bar graph showing mean + SEM with individual values of the percentage of
cleaved caspase 3-positive cells from T4-2 cultures on soft and stiff substrates with increasing doses of IR. At least 800 T4-2 cells on soft substrate and
1,000 T4-2 cells on stiff substrate were counted in each experiment (n = 4). (H) Bar graph showing mean + SEM with individual values of the percentage of
cleaved caspase 3-positive cells from HCC70 cultures on soft and stiff substrates with increasing doses of paclitaxel. At least 750 cells on soft and stiff
substrates were counted in each experiment (n = 3 or 4). (1) Bar graph showing mean + SEM of the change in tumor volume after 14 d of paclitaxel treatment of
animals with orthotopically injected T4-2 cells in soft (n = 7) or stiff (n = 8) collagen gels. (J) Representative images of FFPE tumor tissue sections stained for
cleaved caspase 3 from orthotopically injected T4-2 tumors in soft or stiff collagen after 14 d of paclitaxel treatment. (K) Bar graph showing mean + SEM with
individual values of the change in tumor volume after 21 d of paclitaxel treatment of animals with orthotopically injected HCC70 cells expressing empty vector
control (control; n = 6) or V737N Bl integrin mutant (n = 6). Statistical analyses were performed using two-tailed t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
(L) Bar graph showing mean + SEM with individual values of the time to paclitaxel resistance of animals with orthotopically injected HCC70 cells expressing
empty vector control (control; n = 9) or V737N Bl integrin mutant (n = 7). (M) Bar graph showing mean + SEM with individual values of the time to paclitaxel
resistance of animals with orthotopically implanted BCM2665 triple-negative PDX pieces in soft (n = 7) or stiff (n = 7) collagen gels. Statistical analyses of time
to resistance were performed using two-tailed Mann-Whitney test (*, P < 0.05). Unless otherwise noted, n = 3 for all experiments. All scale bars are 100 pm.

that a significantly higher proportion of the 3D premalignant
mammary cell colonies irradiated on a soft substrate not only
survived better but also were able to regrow into viable colonies
when plated on a soft ECM, as compared with parallel cultures of
premalignant cell colonies irradiated and replated on stiff sub-
strates (Fig. 2 D). These data suggest that the observed apoptosis
resistance by cells cultured on soft substrates is not attributable to
any potential differences in paclitaxel diffusion or accessibility but
is rather a result of differences in apoptotic signaling induced by
substrate stiffness.

We repeated these experiments in two triple-negative
mammary tumor cell lines, the HMT-3522-derived ER-, pro-
gesterone receptor-, and HER2-negative T4-2 and the TNBC-
derived HCC70, to determine whether stiff ECM also sensitizes
malignant cells to apoptosis-inducing therapies. Colonies from
both malignant cell lines plated on the compliant ECM substrates
confirmed a striking apoptosis resistance in response to both
paclitaxel chemotherapy and IR, as indicated by significantly
lower levels of cleaved caspase 3 following paclitaxel treatment
than in those malignant colonies grown on the stiffer ECM
substrate (Fig. 2, E-H; and Fig. S2 E). Importantly, malignant
tumor colonies of T4-2 embedded within stiff ribose cross-
linked collagen gels and injected into the fat pads of immuno-
compromised mice were also significantly more sensitive to
chemotherapy treatment. Indeed, these xenografted tumor col-
onies shrank significantly more (Fig. 2 I) and displayed higher
levels of apoptosis in response to paclitaxel treatment than the
orthotopically implanted tumors injected within the soft colla-
gen gels (Fig. 2 J). Cell ligation to stiffened ECM increases focal
adhesion-mediated signaling, which is a major mechanism by
which ECM stiffness regulates cell behavior (Paszek et al., 2005;
Levental et al., 2009; Leight et al., 2017). To test whether in-
creased integrin signaling could sensitize tumor cells to che-
motherapy, we orthotopically injected TNBC-derived HCC70
cells into the fat pads of immunocompromised mice engineered
to express an activating V737N Bl integrin mutant or an empty
vector control (Paszek et al., 2005; Levental et al, 2009).
Paclitaxel-treated mice bearing V737N Bl mutant tumors
showed increased paclitaxel treatment sensitivity compared
with control tumors, as indicated initially by a greater reduction
in tumor volume and chronically by a significantly delayed onset
of chemoresistance (Fig. 2, K and L). These data indicate that
increased integrin signaling likely contributes to stiffness-
mediated sensitivity to chemotherapy. To further explore
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these findings, we orthotopically implanted the human TNBC
patient-derived xenograft (PDX) BCM2665, which recapitulates
the phenotype and cellular heterogeneity of a human TNBC, into
the fat pads of immunocompromised mice within either a soft or
stiffened ribose-cross-linked collagen and assayed for chemo-
therapy responsiveness. Consistently, those PDXs implanted in
the stiff collagen were more acutely sensitive to paclitaxel
treatment and had significantly delayed development of pacli-
taxel resistance compared with the same TNBCs within the soft
ECMs (Fig. 2 M). These findings argue that a stiff ECM sensitizes
breast tumors to treatment both in culture and in vivo.

ECM stiffness does not sensitize organoids to treatment by
enhancing cell proliferation
Chemotherapy and radiation efficacy are due in part to exploi-
tation of the rapid division of cancer cells to induce apoptosis. A
stiff ECM can enhance growth factor-dependent signaling and
elevate cell growth (Paszek et al., 2005; Levental et al., 2009;
Pickup et al., 2014; Northey et al., 2017). This enhanced growth
phenotype raises the possibility that the differential tumor
sensitivity incurred by interaction with a stiff ECM substrate to
both the chemotherapy and the radiation treatment reflected an
increased rate of cell proliferation. However, all culture and
in vivo experiments were initiated when the tumor colonies
were actively proliferating. Thus, all treatments were started at
days 4 and 5 of culturing, when the premalignant and malignant
organoids were proliferating at similar levels on both the soft
and stiff ECM substrates. Indeed, quantification of phosphory-
lated histone H3 (Serl0) staining confirmed that the level of
proliferation was equally high in both the premalignant and
malignant tumor 3D colonies plated on the soft and stiff sub-
strates between days 4 and 5, when the antitumor treatments
were initiated (Fig. 3, A and B). FACS analysis of propidium
iodide (PI)-labeled cells further revealed no change in the dou-
bling time and only a modest, nonsignificant increase in the
proportion of cells in S and G, phases of the cell cycle in cells
cultured on stiff ECM substrates at the time of treatment (Fig.
S3, A and B). Accordingly, the findings rule out the possibility
that significant differences in cell proliferation or cell cycle
status explain the differential apoptosis sensitivity exhibited by
the premalignant and malignant tumor colonies on the soft
versus stiff ECM substrates.

Nonetheless, to provide further evidence to rule out the
possibility that the stiffness-mediated sensitization of premalignant
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and malignant colonies to apoptosis-inducing agents could
simply be explained by differences in cell proliferation, we
treated the two types of tumor colonies with TRAIL, a cytokine
that binds to the death receptors DR4 and DR5. Importantly,
TRAIL is induced in tumors in response to chemotherapy and
radiation treatment, and the cytokine induces tumor cell apo-
ptosis through a pathway that is independent of cell growth
(Srivastava, 2001; Nagane et al., 2001). Consistent with our
conclusion that the differential sensitivity of mammary tumors
to antitumor treatment is independent of cell growth, we noted
that the proliferating premalignant MCF10A and the malignant
T4-2 and HCC70 colonies interacting with soft ECM substrates
were all protected from TRAIL-induced apoptosis. Thus, we
observed a dose-dependent increase in apoptosis, as indicated
by cleaved caspase 3, in the TRAIL-treated tumor colonies cul-
tured on stiff as compared with soft ECM substrates (Fig. 3,
C-E). Accordingly, these data demonstrate that the sensitivity
of the tumors to these anticancer treatments is likely not simply
due to differences in cell proliferation. Instead, the findings
suggest that differences in tumor treatment sensitivity likely
reflect a cell-intrinsic phenotype conferred on the tumors by the
compliance of the ECM substrate.

A stiff ECM sensitizes tumor colonies to antitumor treatment
by enhancing JNK activation

Cell survival in response to an antitumor treatment is regulated
by stress response pathways whose activity is controlled by a
comparatively small number of key molecular regulators or
signaling nodes (Fulda and Debatin, 2006; Wong, 2011). ]NKs
compose one major signaling node that can dictate whether a cell
survives or undergoes apoptosis in response to an exogenous
stress (Dhanasekaran and Reddy, 2008; Sui et al., 2014). JNKs
phosphorylate c-Jun, which is a component of the Fos/Jun AP-1
transcriptional complex that regulates the expression of key cell
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growth and survival genes (Dhanasekaran and Reddy, 2008).
AP-1 levels and transcriptional activity can be induced by a
stiff ECM, possibly because a stiff ECM increases RhoA-Rho-
associated protein kinase signaling (Marinissen et al., 2004).
Elevated JNK activity has also been implicated in both the in-
trinsic apoptosis pathway triggered in response to stress-
inducing stimuli such as UV radiation or chemotherapeutic
agents, as well as via the extrinsic apoptosis pathway stimulated
in response to death receptor signaling (Dhanasekaran and
Reddy, 2008). Accordingly, we reasoned that a stiff ECM sub-
strate could sensitize mammary tumors to antitumor treatment
by enhancing JNK activity. Consistently, we observed a signifi-
cant and sustained increase in JNK activity following paclitaxel
treatment in both the premalignant and malignant tumor colo-
nies when they were cultured on the stiff as compared with the
soft ECM substrate (Fig. 4, A and E; and Fig. S4, C and D). Fur-
thermore, and importantly, treating tumor cells with a phar-
macological inhibitor of JNK activity, SP600125, significantly
protected the premalignant tumor colonies plated on the stiff
ECM substrate from apoptosis induction. Indeed, inhibiting JNK
reduced apoptosis, as indicated by the percentage of activated
caspase 3-positive cells induced in the tumor colonies in re-
sponse to paclitaxel treatment when they were cultured on the
stiff ECM substrates as compared with those cultured on a soft
ECM substrate (Fig. 4 B). Furthermore, to more directly impli-
cate JNK in the stiffness-mediated sensitization of tumor tissue
to anticancer treatment, we engineered the MCF10A MECs to
express either a dominant-negative JNK1 or JNK2 construct that
was designed to prevent kinase activation (Wojtaszek et al.,
1998). Consistent with our JNK hyperactivation hypothesis,
both dominant-negative JNK constructs rendered the MCF10A
MECs interacting with the stiff ECM substrates resistant to ap-
optosis induction following treatment with either paclitaxel or
TRAIL (Fig. 4 C). Moreover, to further implicate stiffness-mediated
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Figure 4. Enhanced JNK activity in cells on stiff ECM sensitizes cells to chemotherapy. (A) Representative Western blot showing bands for phos-
phorylated c-Jun (Ser63) and E-cadherin in MCF10A cells cultured on soft or stiff substrates at indicated time points after 10 nM paclitaxel treatment or
paclitaxel treatment with 5 uM JNK inhibitor SP600125. (B) Bar graph showing mean + SEM with individual values of the percentage of cleaved caspase
3-positive cells from MCF10A cultured on soft and stiff substrates treated with 10 nM paclitaxel or 10 nM paclitaxel plus 5 uM of JNK inhibitor SP600125 (n =
2 or 3). (C) Bar graph showing mean + SEM with individual values of the percentage of cleaved caspase 3-positive cells from MCF10A cells cultured on soft and
stiff substrates and stably transduced with dominant-negative JNK1 or JNK2 constructs or the empty vector control and treated with 10 nM paclitaxel. (D) Bar
graph showing mean + SEM with individual values of the percentage of cleaved caspase 3-positive cells from MCF10A cells cultured on soft and stiff substrates
and stably transduced with an inducible, constitutively active MKK7-JNK1 fusion protein and treated with 10 nM paclitaxel. (E) Representative Western blot
showing bands for phosphorylated c-Jun (Ser63) and E-cadherin in HCC70 cells cultured on soft or stiff substrates at indicated time points after 100 nM
paclitaxel treatment or paclitaxel treatment with 5 uM JNK inhibitor SP600125. (F) Bar graph showing mean + SEM with individual values of p-c-Jun (Ser63)
levels in HCC70 cultured on soft or stiff substrates at indicated time points after 100 nM paclitaxel treatment or paclitaxel treatment with 5 uM JNK inhibitor
SP600125 quantified from Western blots by pixel density and normalized to E-cadherin (n = 3-5). (G) Bar graph showing mean + SEM with individual values of
the percentage of cleaved caspase 3-positive cells from HCC70 cultured on soft and stiff substrates treated with 100 nM paclitaxel or 100 nM paclitaxel plus 5
UM JNK inhibitor SP600125 (n = 3 or 4). (H) Bar graph showing mean + SEM with individual values of the percentage of cleaved caspase 3-positive cells from
HCC70 transduced with empty vector (control) or V737N B1 integrin mutant cultured on soft and stiff substrates treated with 100 nM paclitaxel or 100 nM
paclitaxel plus 5 pM JNK inhibitor SP600125. Unless otherwise noted, n = 3 for all experiments. All statistical analyses were performed using two-tailed t test
(*, P < 0.05 ** P < 0.01, ***, P < 0.001).

modulation of JNK activity in tumor treatment responsiveness, protein that renders the JNK1 protein constitutively active
we next tested whether a gain of JNK activity could sensitize (Takada et al., 2005; Han et al., 2002). Importantly, increasing
the tumor tissue interacting with a soft ECM substrate to an- JNK activity sensitized the tumor tissue to paclitaxel treatment
titumor treatment. The MCFI0A MECs were engineered to and enhanced the level of apoptosis induced, as indicated
constitutively activate JNK by expressing a MKK7-JNK1 fusion by greater numbers of activated caspase 3-positive cells, even
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when the cells were cultured on a soft ECM substrate (Fig. 4 D).
Notably, the level of apoptosis induced in the MKK7-
JNK1-expressing premalignant tumor cells cultured on the
soft ECM substrate was virtually identical to that observed in
the vector-expressing tumor tissue cultured on the stiff ECM
substrate. The data functionally implicate JNK activity as one
key mechanism whereby a stiff ECM substrate can sensitize
mammary tumors to anticancer apoptosis-inducing agents and
suggest that overcoming JNK suppression can abrogate the
treatment resistance conferred by a soft ECM.

The results were confirmed using the malignant TNBC cell
line HCC70. Paclitaxel treatment induced significantly greater
levels and prolonged JNK activity in HCC70 cells cultured on stiff
substrates compared with those cultured on soft substrates, and
this effect was entirely nullified upon treatment with the JNK
inhibitor SP600125 (Fig. 4, E and F). JNK inhibition also ren-
dered HCC70 cells cultured on stiff substrates resistant to
paclitaxel-induced apoptosis, as shown by the reduction in the
percentage of cleaved caspase 3-positive cells to levels similar to
those in cells cultured on soft substrates (Fig. 4 G). To determine
whether stiffness-induced apoptosis sensitivity was regulated
by increased JNK activity due to enhanced integrin signaling,
HCC70 expressing the V737N Bl integrin mutant or vector
control were seeded on soft and stiff substrates and treated with
paclitaxel or paclitaxel plus JNK inhibitor. V737N-expressing
cells cultured on soft substrates had significantly higher levels
of cleaved caspase 3 staining than control cells, while the per-
centage of cleaved caspase 3-positive cells between V737N mu-
tant cells cultured on soft and stiff substrates remained
unchanged (Fig. 4 H). These data implicate focal adhesion sig-
naling in stiffness-mediated sensitivity to apoptosis. Impor-
tantly, when cells expressing the V737N mutant were treated
with paclitaxel plus JNK inhibitor, both cells cultured on soft and
stiff substrates showed a significant reduction in cleaved caspase
3-positive cells (Fig. 4 H). These data suggest that substrate
stiffness regulates apoptosis sensitivity by increasing focal ad-
hesion signaling, which in turn increases proapoptotic JNK ac-
tivity in response to chemotherapy.

NF-kB represses JNK activity to promote tumor treatment
resistance

We next assessed whether ECM stiffness could modulate the
levels and/or activity of JNK regulators previously implicated in
tumor treatment resistance. Elevated tumor levels of nuclear
NF-«B have been implicated in cancer aggression and poor pa-
tient outcome (Yamamoto and Gaynor, 2001; Zeligs et al., 2016).
Experimental models have also shown that NF-«B activity en-
hances tumor cell survival and resistance to antitumor treat-
ment both in culture and in vivo (Weaver et al., 2002; Zahir
et al., 2003; Friedland et al., 2007; Ahmed et al., 2013; Murray
et al., 2012). We therefore tested whether ablating NF-kB ac-
tivity could sensitize mammary tumor organoids to antitumor
treatment and if this was linked to enhanced JNK activation. We
engineered premalignant MCF10A mammary tumor cells with a
dominant-negative inhibitor of NF-«B using an IxBa mutant
(IkBaM) that sequesters NF-kB in the cytosol. Consistent with
prior studies, we noted that ablating NF-«B activity significantly
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increased JNK activity, even in tumor organoids cultured on the
soft ECM substrate (Fig. 5, A and B). Furthermore, and impor-
tantly, inhibiting NF-«kB significantly sensitized MCF10A, T4-2,
and HCC70 colonies to paclitaxel and TRAIL treatment, even
when they were grown on a soft ECM substrate (Fig. 5, C and D;
and Fig. S4, G-I). These findings not only implicate NF-kB ac-
tivity as a key regulator of JNK-dependent apoptosis signaling
but also reveal an unappreciated potential link between ECM
stiffness and NF-«kB and JNK activity in the pathogenesis of
treatment-resistant breast tumors.

NF-kB activity predicts pathological response to NAC,
modulates antitumor treatment response, and is elevated in
residual TNBCs

We next explored the relevance of NF-«B activity in the breast
cancer patient response to therapy. Analysis of Investigation of
Serial Studies to Predict Your Therapeutic Response with
Imaging and Molecular Analysis (I-SPY) trial patient datasets
from NAC-treated patients showed that patients who failed to
achieve a pCR had primary tumors that were significantly en-
riched for an NF-«kB-dependent gene signature with a normal-
ized enrichment score of 1.799 (Fig. 6 A; Table S2; Magbanua
et al., 2015). The findings are consistent with prior studies
suggesting that NF-«B target genes modulate tumor response to
chemotherapy.

Nonetheless, to directly test whether NF-«B activity could
antagonize antitumor treatment responsiveness, we injected
malignant T4-2 cells s.c. into the rear flanks of immunocom-
promised nude mice. After 2 wk, the mice were injected either
with vehicle or the NF-«B inhibitor JSH-23, and thereafter the
tumors were subjected to IR (4 Gy) treatment. Tumor re-
sponse rates were assessed by monitoring changes in tumor
growth. We observed that NF-«B inhibition potentiated
therapy response, and those tumors whose NF-«B activity had
been inhibited with JSH-23 grew significantly more slowly
following radiation treatment than the vehicle-treated tumors
did (Fig. 6 B). These findings further implicate elevated NF-«B
activity in the treatment resistance phenotype of mammary
tumors.

To explore the clinical relevance of links between ECM
substrate stiffness, elevated NF-xB activity, and treatment re-
sistance, we next examined NF-«B levels in the neoadjuvant
treated residual TNBCs surrounded by the highly compliant,
remodeled ECM stroma (Table S3). Consistent with a compliant
ECM enhancing NF-«B activity to potentially impair the re-
sponse of TNBCs to anticancer treatment, we quantified a
significant increase in NF-kB (p65) in the residual epithelium
in the chemotherapy-treated TNBC patients that were sur-
rounded by the remodeled soft stroma. In contrast, the level of
NF-«B was markedly lower in the tumor epithelium in a co-
hort of untreated TNBC patients in whom the associated and
surrounding ECM was significantly stiffer (Fig. 1, F and G; and
Fig. 6, C and D). These studies imply that a remodeled, com-
pliant ECM could contribute to the treatment resistance of
TNBCs to preclude a pCR. The data also implicate anti-
apoptotic NF-kB activity in the pathogenesis of this residual
tumor phenotype.
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Figure 5. A soft ECM increases NF-kB signaling to regulate JNK activity and apoptosis. (A) Western blot showing bands for phosphorylated c-Jun (Ser63)
in MCF10A cells stably transduced with a dominant-negative IkBaM mutant or the vector backbone and cultured on soft or stiff substrates at indicated time
points after 10 nM paclitaxel treatment. (B) Bar graph showing mean + SEM with individual values of Western blot quantifications of phosphorylated c-Jun
(Ser63) by pixel density normalized to E-cadherin loading control in MCF10A cells stably transduced with a dominant-negative [kBaM mutant or the vector
backbone and cultured on soft or stiff substrates at indicated time points after 10 nM paclitaxel treatment (n = 4). (C) Bar graph showing mean + SEM with
individual values of the percentage of cleaved caspase 3-positive cells from MCF10A cells expressing a dominant-negative IkBaM mutant cultured on soft or
stiff substrates and treated with 10 nM paclitaxel or vehicle. (D) Bar graph showing mean + SEM with individual values of the percentage of cleaved caspase
3-positive cells from HCC70 cells expressing a dominant-negative IkBaM mutant cultured on soft or stiff substrates and treated with 100 nM paclitaxel, 100
nM paclitaxel with 5 uM SP600125, or vehicle. Unless otherwise noted, n = 3 for all experiments. All statistical analyses were performed using two-tailed t test

(*, P < 0.05 ** P < 0.01).

Discussion
In this study, we identified ECM stiffness as a critical modulator

of antitumor treatment response. Using cultured 3D organoids of
premalignant and malignant tumors, xenografted malignant
tumors, and a PDX model, we determined that a stiff ECM
substrate broadly sensitizes tumor cells to the chemotherapeutic
agent paclitaxel and to IR and that it did so regardless of the cell
cycle status or level of cell proliferation. Surprisingly, we found
that the tumor tissue interacting with a soft ECM was able to
efficiently activate NF-«B to resist even high doses of chemo-
therapy, IR, and death receptor signaling. By contrast, we ob-
served that a stiff ECM substrate sensitized tumor organoids to
antitumor therapies by promoting therapy-induced stress sig-
naling through JNK to abrogate prosurvival NF-«B signaling.
Critically, we determined that breast cancer patients whose
primary tumors had high NF-«B activity also had a higher rate of
treatment resistance and after treatment were enriched for
NF-«B activity. Consistently, residual chemotherapy-resistant
TNBC tissue that was surrounded by a highly remodeled soft
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ECM also showed high levels of nuclear NF-kB. These findings
are consistent with prior studies implicating NF-«B activity in
the treatment resistance of tumors and highlight the importance
of tissue context in regulating antitumor treatment response.
These data also suggest that therapies designed to inhibit NF-«xB
could be used to improve the treatment response of TNBCs to
enhance the long-term survival of these patients.

Consistent with an association between a soft ECM and
treatment resistance, we observed a profoundly remodeled ECM
in post-treatment human TNBCs and showed that this modified
ECM was softer than that measured in primary TNBCs. Ma-
nipulations using 3D organoid models in which the substrate
biomechanical properties could be precisely manipulated pro-
vided direct evidence to show that a soft ECM protects, whereas
a stiff ECM sensitizes, tumor cells to antitumor treatment. The
findings are consistent with prior studies that showed that 3D
mammary organoids grown within soft rBM gels exhibit im-
proved survival following chemotherapy and radiation therapy
by activating NF-«kB (Weaver et al., 2002; Zahir et al., 2003;
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Friedland et al., 2007; Ahmed et al., 2013). Critically, these and
other reports established a link between the 3D culture format
and multicellularity in generating the treatment resistance
phenotype of tumors (Sutherland, 1988; Durand and Sutherland,
1972; Weaver et al., 2002; Zahir et al., 2003). Our experiments,
which rigorously controlled for confounding variables, includ-
ing hypoxia, proliferation, and drug accessibility, not only con-
firmed those results but also extended those earlier observations
to unequivocally demonstrate a role for ECM stiffness and
multicellular architecture in modulating the treatment response
of tumors (Schrader et al., 2011). Our studies also imply that the
organoid models used to study treatment resistance in culture
and to screen for novel antitumor agents need to consider the
biophysical properties of the matrix when interpreting data and
designing assays.

A stiff ECM promotes epidermal growth factor receptor sig-
naling to increase the activity of phosphoinositide 3-kinase
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(PI3K) and ERK that in turn enhance tumor cell growth and
survival (Levental et al., 2009; Pickup et al., 2014). Not sur-
prisingly, a stiff tissue microenvironment was shown to pro-
mote the resistance of melanomas to targeted kinase inhibitors
both in culture and in vivo, presumably by potentiating receptor
tyrosine kinase activity to increase net prosurvival signaling
(Hirata et al., 2015). Those prior studies addressed the impact of
therapies that target a specific defined receptor tyrosine kinase
signaling pathway whose activity is significantly potentiated by
ECM stiffness. However, our studies addressed the impact of
ECM stiffness on agents and treatments that trigger apoptosis by
inducing a general cellular stress response. To this end, we
found that a stiff ECM permits an unencumbered chronic ele-
vation in JNK activity in response to an exogenous stress such as
chemotherapy, and we provided evidence that this effect com-
promises tumor cell survival. Consistent with a reduced stress
response in cells interacting with a soft ECM, we showed that
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premalignant MECs treated with 6-12 Gy of IR not only failed to
die but also showed a significantly enhanced clonogenic survival
only when replated on a soft ECM, an observation also made
with chemotherapy-treated hepatic cancer cells (Schrader et al.,
2011). Intriguingly, a set of studies conducted in monolayer 2D
cultures implicated higher stress signaling through JNK as a
protective mechanism whereby cultured breast and hepatic
cancer cells plated on a stiffer ECM substrate acquired greater
resistance to the multikinase inhibitor sorafenib (Nguyen et al.,
2014). In marked contrast to these monolayer culture studies,
our work was conducted in cancer organoids in which we re-
capitulated the 3D tissue-like structures of in vivo tumor tissue.
Moreover, unlike many 2D studies, our culture studies were
faithfully reproduced in mouse models and patient samples (Lee
et al,, 2019; Riedl et al., 2017). Indeed, while cells grown as 2D
monolayers show an absolute requirement for PI3K for survival
and for ERK activation to progress through G,, cells grown as 3D
organoids depend less upon PI3K and ERK and instead require
Rac-GTPase for both their growth and survival (Zahir et al.,
2003; Fournier et al., 2008).

We and others have identified NF-«B as a key regulator of
treatment resistance (Weaver et al., 2002; Zahir et al., 2003;
Ahmed et al., 2013; Xia et al., 2014). NF-kB directly mediates the
transcription of several antiapoptotic genes and alters angio-
genesis, metabolism, immune cell interactions, and metastasis
(Xia et al., 2014; Lin et al., 2010). We noted an increase in NF-«B
in the residual tumor of chemotherapy-treated patients, and,
mechanistically, we determined that the failure of tumor
organoids in a stiff 3D ECM to robustly activate NF-«B in re-
sponse to therapy permitted a high degree of JNK activation,
which induced apoptosis in these cells. These findings are con-
sistent with work by others showing that JNK stress signaling
reduces tumor viability and compromises survival in response
to therapy (Chen et al., 1996). Conversely, JNK activation in some
contexts, such as cells plated on a stiff 2D substrate, prevents
apoptosis to promote drug resistance, consistent with its pleio-
tropic role in apoptosis and stress response (Nguyen et al., 2014;
Dhanasekaran and Reddy, 2008). Nevertheless, compelling
in vivo evidence identified JNK as a key mediator of chemo-
therapy sensitivity, and, furthermore, human TNBC datasets
linked a high JNK activity gene expression signature with
improved chemotherapy response, implicating JNK in che-
mosensitivity (Ashenden et al., 2017). Our findings further
support the physiological relevance of JNK in chemotherapy
response and demonstrate that the soft remodeled ECM niche
contributes to the ability of residual tumor cells to resist ap-
optosis via NF-kB-JNK signaling. These data suggest that the
targeting of additional pathways, such as the NF-kB-JNK axis,
may sensitize or potentially resensitize chemotherapy-resistant
tumor cells to enhance treatment efficacy and eradicate residual
tumor cells.

Resistance to chemotherapy and radiation continue to be
significant barriers to overcome, particularly in TNBC. Many
TNBC patients respond only partially to NAC, with as much as
60-70% of these cancers showing some level of residual disease
(von Minckwitz et al., 2012). Importantly, an incomplete path-
ological response to therapy is associated with worse overall
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patient survival (von Minckwitz et al., 2012). Indeed, primary
TNBCs that fail to respond well to chemotherapy frequently
recur with metastatic disease that is refractory to nearly all
therapies, with less than 30% of patients surviving beyond 5 yr.
Targeting the prosurvival molecular effectors activated in cells
within a soft ECM niche will very likely be a more tractable and
efficacious strategy to improve chemotherapy response than
modulating ECM mechanics directly. Unfortunately, despite
promise in many tumor types, systemic NF-«kB inhibitors have
proved immensely toxic due to lack of tumor cell selectivity and
immune suppression (Baud and Karin, 2009). Targeting NF-
kB-regulated antiapoptotic proteins has shown more promise.
A recent clinical trial using LCL161, an antagonist of inhibitor of
apoptosis proteins, in combination with paclitaxel found that the
rate of pCR more than doubled in this group when patients had a
high TNFa gene expression signature (Bardia et al., 2018).
However, this combination treatment was also associated with a
higher incidence of serious adverse events. Recently, a small
molecule selectively targeting NF-kB-JNK signaling by disrup-
tion of an inactivating interaction between NF-kB-regulated
GADD45B and MKK?7 in multiple myeloma enabled MKK7 to
phosphorylate JNK and sensitized these cells to apoptosis
(Tornatore et al., 2014). While this mechanism has not been
demonstrated in breast cancer, it serves as a proof of principle
that selective targeting of the NF-«kB-JNK pathway may be of
considerable benefit to patients. Other approaches to indirectly
modulate NF-«B activity may also mitigate therapy resistance.
For example, chemotherapy administered at the maximum
tolerated dose can activate NF-«B in stromal fibroblasts, trig-
gering the secretion of potent cytokines that induce the forma-
tion of highly drug-resistant tumor-initiating cells. Low-dose
metronomic chemotherapy similarly abrogated stromal NF-xB
activation, thus potentiating tumor response to systemic che-
motherapy (Chan et al., 2016). Such ongoing efforts are needed
to clarify the nature of the mechanisms that mediate treat-
ment resistance and to develop effective, selective, and safe
therapeutics.

Materials and methods

Human breast tissue acquisition and processing

Human breast tumor specimens were either embedded in an
optimum cutting temperature (OCT) aqueous embedding com-
pound (Tissue-Plus, catalog no. 4583; Scigen) within a dispos-
able plastic base mold (catalog no. 22-363-554; Fisher Scientific)
and snap frozen by direct immersion into liquid nitrogen and
kept at -80°C in a freezer until cryosectioning for analysis, or
were fixed in formalin and embedded in paraffin (FFPE). All
human breast specimens were collected from prospective
patients undergoing surgical resection at the University of
California, San Francisco (UCSF), or Duke University Medical
Center between 2010 and 2014. The selected specimens were
de-identified, stored, and analyzed according to the proce-
dures described in institutional review board (IRB) protocols
10-03832 and 10-05046, approved by the UCSF Committee of
Human Resources and the Duke IRB (Pro00034242; Acerbi
et al., 2015).
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Cell culture

Human MEC lines MCF10A and HMT-3522 T4-2 were grown
and maintained as previously described (Paszek et al., 2005).
HCC70 was purchased from the American Type Culture Col-
lection (ATCC CRL-2315) and grown according to American Type
Culture Collection guidelines. Growth medium was supple-
mented to a final concentration of 160 ug/ml rBM 24 h after
plating. Growth medium was changed 1d after plating and every
2 d thereafter. All assays were performed between days 4 and 5
after seeding.

Mouse experiments
5-wk-old nude mice were orthotopically injected with 1 million
T4-2 cells in soft or stiff ribose-cross-linked collagen gels. Col-
lagen gels were prepared as previously described (Levental etal.,
2009). Briefly, collagen was incubated with 500 mM L-ribose
for at least 4 wk at 4°C before neutralization and gelation. Pac-
litaxel was dissolved in a 1:1 ratio of ethanol and Kolliphor EL,
diluted in PBS, and injected i.p. (10 mg/kg) every 2 d starting 7
wk after tumor cell injection, coinciding with the emergence of
measurable tumors. Mice were sacrificed and their tissue was
harvested 14 d following the start of paclitaxel injections.
5-wk-old nude mice were injected with 5 million T4-2 cells
s.c. in collagen gels. Mice were given three i.p. injections with
NF-«B inhibitor JSH-23 (4.8 mg/kg) or DMSO vehicle, with the
final injection coinciding with 4 Gy of IR to the tumor. Mice
were sacrificed and their tissue was harvested 2 wk after
irradiation.

6-wk-old nonobese diabetic/severe combined immunodefi-
ciency mice were administered orthotopic injections with 3
million HCC70 cells transduced with mutant V737N f1 integrin or
an empty vector control. Mice were fed doxycycline-supplemented
chow (200 mg/kg) starting 8 d after tumor cell injection. Pac-
litaxel (10 mg/kg) was administered i.p. twice weekly after
tumors reached an average of 7 mm in size. Mice were sacri-
ficed at 10 d and 38 d following the start of treatment.

Equal sized pieces of human triple-negative PDX BCM2665
(zhang et al., 2013) were inserted into the mammary glands of
8-wk-old nonobese diabetic/severe combined immunodefi-
ciency mice in soft or ribose-stiffened collagen gels (Levental
et al, 2009). Paclitaxel injections (10 mg/kg) began twice
weekly 3.5 wk after PDX implantation following the emergence
of tumors with an average size of 9 mm. Mice were sacrificed
21 d following the start of treatment.

Tumor resistance was calculated as the day at which tumor
size increased greater than or equal to a 1.4-fold change followed
by no reduction in size at the next measurement and no sub-
stantial size reductions for the remainder of chemotherapy
treatment. In the case of HCC70 tumors, tumor resistance was
calculated as this criterion or a 10% size increase for greater than
or equal to three consecutive measurements, whichever came
first. This alternative methodology was used for HCC70 because
these tumors grew very slowly relative to the others and thus
did not always achieve a 1.4-fold change despite not responding
to paclitaxel.

All mouse studies were maintained under specific pathogen-
free conditions and performed in accordance with the guidelines
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of the institutional animal care and use committee and the Lab-
oratory Animal Research Center at UCSF.

Lentiviral infection and vectors
MCF10A cells were transduced with the dominant-negative
forms of JNK (HA-JNKI-APF and HA-JNK2-APF) and used as
previously described (L. Heasley, University of Colorado, Denver,
CO; Wojtaszek et al., 1998). MCF10A cells were transduced with
the constitutively active JNK1, the MKK7-JNKla fusion protein, as
previously described (Takada et al., 2005; Han et al., 2002).
MCF10A4, T4-2, and HCC70 cells were electroporated to in-
troduce a transposon (PiggyBac) expressing a doxycycline-
inducible IkBaM and PiggyBac transposase (Van Antwerp
et al., 1996). Cells were selected in G418 (500 pg/ml) for purity.
HCC70 cells were electroporated to introduce a transposon
(PiggyBac) expressing mEmerald and a doxycycline-inducible
V737N Bl integrin mutant or an empty vector control. Cells
were selected in G418 (500 pg/ml) for purity.

PA gel preparation

Basement membrane-conjugated PA gels were prepared as de-
scribed previously (Przybyla et al., 2016). Soft gels with mea-
sured elastic moduli of 140 Pa were prepared with 3% (wt/vol)
acrylamide and 0.04% (wt/vol) bis-acrylamide, and stiff gels
with elastic moduli of 5,000 Pa were prepared with 5.5% (wt/
vol) acrylamide and 0.15% (wt/vol) bis-acrylamide. Gels were
conjugated with 10 ug/ml rBM and washed overnight with basal
medium plus antibiotic.

Apoptosis assays

MECs grown on soft or stiff PA gels for 4-5 d were treated with
either paclitaxel (5, 10, 50, or 100 nM), TRAIL (100 or 200 ng/
ml), or IR (4-12 Gy). Apoptosis was directly assayed at 24 h after
treatment via immunofluorescence (IF) staining of cleaved cas-
pase 3. The percentage of apoptosis was calculated as the num-
ber of cells positive for activated caspase 3 expressed as a
percentage of the total number of cells using 300-1,600 cells per
condition in each experiment counted from several fields of
view. Maximum-intensity projections of z-stacks were used for
analysis of cleaved caspase 3-positive cells.

IF and immunohistochemistry (IHC)

Cells were briefly rinsed in PBS and directly fixed using 2-4%
paraformaldehyde for 20 min at room temperature. Cells were
washed with IF buffer (32.5 mM NaCl, 3.3 mM Na,HPO,, 76 .M
KH,PO,, 1.92 mM NaNj, 0.1% [wt/vol] BSA, 0.2% [vol/vol] Tri-
ton X-100, 0.05% [vol/vol] Tween 20) and then incubated with
the blocking solution (3% BSA, 5% normal goat serum in IF
buffer; 1 h; room temperature). Cells were incubated with pri-
mary antibodies in a humidified chamber overnight at 4°C.
Samples were washed with IF buffer (three times for 10 min
while rocking) and incubated with Alexa Fluor 488- or Alexa Fluor
555-conjugated secondary antibodies (1 h, room temperature).
Samples were washed again with IF buffer (three times for 15 min
while rocking), and nuclei were counterstained with DAPI (1 pg/ml
in PBS, 5 min, room temperature). Cells on gels were inverted onto
a number 1 coverglass immediately before imaging.
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Fluorescence images were acquired on a spinning disk con-
focal Nikon Eclipse Ti microscope at 20x magnification with a
0.75 NA objective. Cells on PA gels were inverted directly onto a
number 1 coverslip and imaged immediately at room tempera-
ture. The images were acquired using an Andor Zyla scientific
complementary metal-oxide-semiconductor camera and Meta-
Morph acquisition software. Images were processed in Image].

FFPE slides were deparaffinized in xylene and rehydrated in
graded ethanol solutions. Heat-mediated antigen retrieval was
performed in 10 mM citrate buffer, pH 6.0, and endogenous
peroxidase activity was blocked by incubation with 3% hydrogen
peroxide. Tissues were incubated with primary antibody over-
night at 4°C and with biotin-conjugated secondary antibody for
1 h at room temperature. The Vectastain Elite ABC Kit (Vector
Laboratories; PK-6100) and a 3,3'-diaminobenzidine peroxidase
substrate kit (Vector Laboratories; SK-4100) were used for sig-
nal detection according to the manufacturer’s instructions.

IHC images were acquired on a Nikon Eclipse TE2000-U
inverted microscope at 20x magnification with a 0.75 NA ob-
jective. Images were acquired with a Hamamatsu ORCA-
Flash4.0 LT camera using NIS-Elements software.

Protein lysates
Protein lysates were prepared using radioimmunoprecipitation
assay (RIPA; 50 mM Tris-HCl, 150 mM NaCl, 0.25% Na-
deoxycholate, 0.1% SDS, and 1.0% IGEPAL CA-630 [NP-40]; pH
7.4 at room temperature) or Laemmli lysis buffer (50 mM Tris-
HCl, 2% SDS, and 5 mM EDTA; pH 7.4 at room temperature).
Immediately before cell lysis, a cocktail of protease inhibitors
was added to the buffer (1.2 pug leupeptin, 1.2 ug pepstatin, 2.4 pg
aprotinin, 12 pug E-64, 0.5 mM benzamidine, 50 mM NaF, and 1.2
pg Pefabloc) and the phosphatase inhibitor Na-orthovanadate
(1 mM activated with 1.5% H,0,). RIPA lysates were carried
out on ice, while Laemmli lysates were performed at room
temperature due to SDS precipitation at cold temperatures. Af-
ter rinsing the dishes with PBS, lysis buffer was added and cells
were scraped off the dish with a cell scraper. RIPA lysates were
sonicated three times, each for 10 s, while Laemmli lysates were
passed through a fine pipette tip (p200) several times. Both
were centrifuged for 10 min at 20,817 relative centrifugal force
to pellet any internal organelles and cellular debris. Supernatant
was collected and fast frozen on dry ice. Protein concentration
was determined using a bicinchoninic acid assay kit (Promega)
following the manufacturer’s protocol.

Cytoplasmic and nuclear protein extracts were obtained with
a kit using the manufacturer’s instructions (78833; Thermo
Fisher Scientific).

Western blotting
Cells were lysed as described above, and equal amounts of
protein were separated on reducing SDS- PA gels, immuno-
blotted, and detected with the ECL Plus System. Samples were
boiled for 5 min (95°C) and loaded onto the SDS-PA gel, and
protein was separated at 120 constant volts.

The protein was transferred onto a prewet polyvinylidene
difluoride membrane (100% methanol, 1 min), either at 300 mA
for 2 h or at 25 constant volts overnight (4°C). The polyvinylidene
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difluoride membrane was rinsed with Tris-buffered saline with
Tween 20 (TBST), and nonspecific binding was blocked with
5% nonfat dry milk dissolved in TBST. The membrane was then
incubated with the primary antibody overnight at 4°C, washed
with TBST, incubated with HRP-conjugated secondary anti-
body (1 h; room temperature; dilution, 1:5,000), washed with
TBST, and detected with the chemiluminescence system
Quantum HRP substrate (K-12042; Advansta). Quantification
was performed using Image].

Metabolic activity assay

MECs were washed with 1x PBS and incubated with MTT
working solution (5 mg/ml [wt/vol] MTT stock solution in PBS,
diluted 10-fold in DMEM/F12 for a final MTT concentration of
500 pg/ml) for 2 h at 37°C. MTT was solubilized with DMSO for
10 min at 37°C. The plate was tapped vigorously to extract all of
the MTT from the cells, and, once the solution was an even
purple color, a quantity of 100 pl was transferred to a 96-well
plate. The absorbance was measured directly using a plate
reader set at 550 nm and background subtraction set at 630 nm.
Absorbance values were normalized to the untreated controls to
determine relative metabolic activity.

Irradiation
All cell culture and mouse experiments used a JL. Shepherd Mark
I model 20 *¥"Cs source irradiator.

Proliferation assay

To measure the proliferation rate of MECs in log phase of growth
on soft (E = 140 Pa) and stiff (E = 5,000 Pa) PA gels, cells were
trypsinized and counted at 24-h intervals. The growth rate
constant, k, was derived using the equation N/No = e*t, where
No is the initial absorbance or cell number and N is the absor-
bance or cell number at time t. The doubling time, t4, was cal-
culated using the derived k and setting N/No = 2 in the following
equation: tg = (In 2)/k.

To assess the proliferation rate of MECs in 3D rBM, cultures
was fixed and stained at different time points with anti-
phosphorylated histone H3. Proliferating cells or colonies (positive
phH3 staining) were scored using a fluorescence microscope. A
minimum of 250 cells per condition were scored from several fields
of view.

Colony size was determined by measuring the diameter of
MEC colonies after 10-14 d in 3D rBM or 3D collagen/rBM. The
colony diameters were measured using a precalibrated eyepiece
on a light microscope. At least 50 colonies per sample were
scored from different fields of view in the center of each gel.

Cell cycle analysis

The percentage of cells in each stage of the cell cycle was de-
termined by PI staining and FACS analysis for DNA content
(FACSCalibur; BD Biosciences). MECs were grown on soft and
stiff PA gels and processed on days 4 and 5 in order to determine
cell cycle status. Briefly, MECs were trypsinized, counted, and
washed with ice-cold 1% BSA/Dulbecco’s PBS. MECs were fixed
with a 1:4 dilution of 1% BSA/Dulbecco’s PBS in 96% ethanol.
Fixed MECs were centrifuged at 259 relative centrifugal force,
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washed with ice-cold PBS, and incubated in PI staining solution
(50 ug/ml PI in PBS supplemented with 3.8 mM sodium citrate
and 500 pg/ml RNase A; 500 ul per 2 x 10 cells; 3 h on ice). DNA
content was determined using the FACSCalibur set to low flow,
and data were acquired for 20,000 cells within the gated region
of cells in Go/Gy, S, and G,/M phases of the cell cycle.

Clonogenic survival assay

MECs were grown for 4 d on soft and stiff PA gels and treated
with apoptosis inducers on day 4 as described. Cells were
trypsinized and replated on soft or stiff PA gels at low density on
day 4 (500 cells in a 60-mm gel; triplicates), grown for 7-10 d,
and assayed for colony formation. Briefly, cells were rinsed with
1x PBS, fixed (ice-cold 100% methanol, 10 min, -20°C), rinsed
with 1x PBS, stained with crystal violet (0.5% [wt/vol] solution,
10 min, room temperature), rinsed with 1x PBS, rinsed with
double-distilled H,O, and air dried by inverting onto a paper
towel (overnight).

Plates were scanned with a conventional flatbed scanner
(grayscale, 150 dots per inch, TIF format). Colonies were counted
using a MATLAB script. First, a representative positive colony
was chosen for calibration, where a positive colony contained
50-100 cells (~10 square pixels). The program output was the
number of colonies greater than or equal to the size indicated for
a positive colony. Any fused colonies in the program output
were accounted for by adding 1 to the final colony number for
each fusion.

PS staining and quantification

FFPE tissue sections were stained using 0.1% PS (Direct Red 80,
catalog no. 365548, and picric acid solution, catalog no. P6744;
Sigma-Aldrich) and counterstained with Weigert's hematoxylin
(catalog no. CM3951; Cancer Diagnostics). Brightfield and po-
larized light images were acquired using an Olympus IX81 mi-
croscope fitted with an analyzer (U-ANT) and a polarizer
(U-POT, Olympus) oriented parallel or orthogonal to each other,
respectively. The percentage of PS signal per field of view was
quantified in polarized light images using Image].

SHG microscopy

20-pm-thick OCT-embedded tissue sections were thawed in
room temperature PBS and fixed in 4% paraformaldehyde. Nu-
clei were stained with PI. SHG was performed using a custom-
built two-photon laser scanning microscope using both 18-W
Coherent Chameleon Vision II and 8-W Mai Tai Ti:Sapphire la-
sers and a Prairie Technology Ultima System with an Olympus
BX-51 fixed-stage microscope equipped with a 25x (NA 1.05)
water immersion objective. Images were acquired using yMagellan
software.

SHG images of collagen fibers were analyzed using the Im-
age] plugin Orientation] (Fonck et al., 2009; Clemons et al.,
2018). Fiber coherency was measured in the dominant fiber
direction as determined by Orientation] for each image.

AFM data acquisition
AFM measurements were performed as previously described
(Acerbi et al., 2015). Briefly, 20-pum-thick OCT-embedded frozen
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human breast tumor tissue sections were thawed by immersion
in room temperature PBS. Thawed sections were immersed in
PBS containing phosphatase inhibitor (genDEPOT Xpert; P3200-
001), protease inhibitor cocktail (genDEPOT Xpert; P3100-001),
and PI (catalog no. 440300250; ACROS Organics) and placed on
the stage for AFM measurements. AFM indentations were per-
formed using an MFP3D-BIO inverted optical AFM (Asylum
Research) mounted on a Nikon TE2000-U inverted fluorescence
microscope. Silicon nitride cantilevers were used with an ap-
proximate spring constant of 0.06 N m™ and a borosilicate glass
spherical tip with 5-pm diameter (Novascan Technologies). The
cantilever was calibrated using the thermal oscillation method
before each experiment. Specimens were indented at a 1 pm s!
loading rate. Force maps were obtained in tumor-adjacent ECM
as a raster series of indentations using the FMAP function of the
IGOR PRO build supplied by Asylum Research. Elastic properties
of ECM were determined by fitting data with the Hertz model. A
Poisson’s ratio of 0.5 was used in the calculation of Young’s
elastic modulus.

Antibodies and reagents

We used commercial ECM (Matrigel; Collaborative Research) for
the rBM assays. Primary antibodies used were as follows:
cleaved caspase 3 (1:400, 9661; Cell Signaling Technology),
phospho-c-Jun (serine 63; 1:1,000, 3270; Cell Signaling Tech-
nology), JNKI/JNK2 (1:,000, 554285, BD PharMingen),
E-cadherin (1:1,000, 3195; Cell Signaling Technology), phospho-
JNK (G-7) mAb (1:100, sc-6254; Santa Cruz Biotechnology), HA.11
clone 16B12 (1:2,000; BabCo), and p65 (1:1,000 Western blot, 1:
800 IHC, 8242; Cell Signaling Technology). The secondary an-
tibodies used were as follows: HRP-conjugated anti-rabbit and
anti-mouse (Amersham Biosciences) and Alexa Fluor 488- and
Alexa Fluor 555-conjugated anti-mouse and anti-rabbit IgGs
(Molecular Probes). The following reagents were used in these
studies: PI, DAPI, MTT, and Weigert’s iron hematoxylin (all from
Sigma-Aldrich); N-tetramethyl ethylenediamine, 30% acrylam-
ide/bis solution (37.5:1; 2.6% C), 40% acrylamide solution, and
2% bis solution (Bio-Rad Laboratories); TRAIL (100-200 ng/ml),
paclitaxel (5-100 nM), and the JNK inhibitor SP600125 (5 pM,
A4604; APExBIO); recombinant human TNFa (20 ng/ml, 68-
8786-63; Invitrogen); and NF-xB inhibitor JSH-23 (481408;
MilliporeSigma).

Gene set enrichment analysis

Gene set enrichment analysis was performed to assess differ-
ential expression of NF-kB target genes in patients who achieved
or failed to achieve a pCR to NAC, using publicly available
software maintained by the Broad Institute (Subramanian et al.,
2005). Publicly available gene expression and treatment re-
sponse data from the I-SPY-1 trial were used (Gene Expression
Omnibus accession no. GSE32603; Magbanua et al., 2015). The
NF-«B gene signature gene set was taken from publicly available
chromatin immunoprecipitation sequencing data from the Cis-
trome data browser. The gene set consisted of the top 100 targets
from a p65 (RELA) chromatin immunoprecipitation sequencing
experiment in the MCF-7 MEC line treated with TNFa compared
with vehicle-treated cells (Stender et al., 2017).
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Statistics

Statistical tests are noted in each figure legend. All tests used a
significance level of 0.05. Data were analyzed using GraphPad
Prism software All data reported herein displays one star de-
noting a P value < 0.05, two stars denoting P < 0.01, and three
stars denoting P < 0.001. For all data presented, the number of
biological replicate experiments conducted is denoted as n.

Study approval

All human breast specimens were collected from prospective
patients undergoing surgical resection at UCSF or Duke Uni-
versity Medical Center between 2010 and 2014. Informed con-
sent was received from patients before tissue collection. The
selected specimens were de-identified, stored, and analyzed
according to the procedures described in IRB protocols 10-03832
and 10-05046, approved by the UCSF Committee of Human
Resources and the Duke IRB (Pro00034242; Acerbi et al., 2015).
All mouse studies were maintained under specific pathogen-free
conditions and performed in accordance with the guidelines of
the institutional animal care and use committee and the Labo-
ratory Animal Research Center at UCSF.

Online supplemental material

Fig. S1shows AFM analysis for each primary tumor and residual
disease sample. Fig. S2 shows additional data supporting
stiffness-induced apoptosis sensitivity and representative im-
ages of MCF10A and HCC70 treated with paclitaxel. Fig. S3
shows MCF10A cell cycle data on soft and stiff substrates. Fig.
S4 shows dnJNK and IkBaM construct validation and additional
apoptosis sensitivity data in MCF10A and T4-2 cells treated with
paclitaxel and TRAIL with substrate stiffness and with loss of
NF-«B activity. Table S1 shows clinical data for patient samples
used in AFM, SHG, and PS analysis. Table S2 shows clinical data
for patient samples used in the gene set enrichment analysis.
Table S3 shows clinical data for patient samples used in p65 IHC
analysis.
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Figure S1. Treatment-resistant residual disease localizes within a soft ECM niche. Scatterplot showing mean + SEM with individual values of the elastic
modulus of primary human TNBC (n = 7) and chemotherapy-treated residual disease (n = 7) samples measured by AFM.
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Figure S2. Stiff ECM enhances apoptosis in response to treatment. (A) Representative maximum-intensity projections and basal slice images of HCC70
cell cultured on soft and stiff substrates treated with DMSO vehicle stained with DAPI (gray). (B) Bar graph showing mean + SEM of the percentage of HCC70
cells in contact with the basal substrate when cultured on soft (n = 4) or stiff (n = 4) substrates. (C) Representative images of MCF10A cells cultured on soft and
stiff substrates and treated with 10 nM paclitaxel or DMSO vehicle stained for cleaved caspase 3 (green) and with DAPI (gray). (D) Bar graph showing mean +
SEM of loss of metabolic activity by MTT assay after IR treatment in MCF10A cells cultured on soft or stiff substrates (n = 2). (E) Representative images of
HCC70 cells cultured on soft and stiff substrates and treated with 100 nM paclitaxel or DMSO vehicle stained for cleaved caspase 3 (green) and with DAPI
(gray). All scale bars are 100 pm.
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Figure S3. ECM stiffness does not sensitize organoids to treatment by enhancing cell proliferation. (A) Bar graph showing mean + SEM with individual
values of the doubling time of MCF10A cells cultured on soft or stiff substrates each day over 5 d of culture (n = 3). (B) Bar graph showing mean + SEM with
individual values of the percentage of MCF10A cells in each cell cycle phase at day 5 of culture on soft or stiff substrates (n = 3).

Drain et al. Journal of Experimental Medicine  S2
Stiffness regulates cancer therapy resistance https://doi.org/10.1084/jem.20191360


https://doi.org/10.1084/jem.20191360

@ i

A §@§EQ@Q c}‘o\ B Paclitaxel (1,(\)an1’
& Y (@ Do

ke c}é ©§ S

HA | -

-50 kD INK1/2 | - e 54 kD
E-cadherin |(ANEREER S 35 k0 | —_—l 46 kD

w)

C 2 B T4-2
T4-2 ’ 1 Soft

. B Stiff
Paclitaxel TRAIL

Soft ~ Stiff ~ Soft  Stiff

24
p-c-Jun ‘ ’ - . 48 kD ’
E-cadherin ‘- ——— —‘ 135 kD 1
0.5
0

p-c-Jun (a.u.)
&

Paclitaxel TRAIL
3 Cyto IasmlvICF1OA Nucleus F 42
ylop Cytoplasm Nucleus
K c‘>°’\<<o @Q,&&Qo 5 c‘>°‘@ D Q,&t(o S & N
© (@ S © @ ¢ $ S o & o S
S @ @ @S S \\&&‘\8:,\& & qei’g\&§§:,§<
P65 | ™ e - - - Eg PO5 | - — — - sg
E-cadherin | B9 SN . | g |- —— - 135
- ?. . b E-cadherin | : : e
Lamin A/C S RS e e |TAKD Lamin A/C R == |74 D
W w63 KD — — 63 kD
G MCF10A H T4-2 | T4-2
100 ng/rpl TRAIL 10 nM Paclitaxel 100 ng/ml TRAIL
1007 —> o 15+ 5 o 950+ i
(] 2 2 *%
2 = =
G 0 ¥ o 8 404
IS = T =
] .f o 10 + B )
b g © 304
[3] o
a 504 e @ @
Y o e Y oo
5 e 54 T I .
(7] >
> 3 o ® T
B v G 104|e
) - L
X -
0 ] 0 = 0 .
Soft  Stiff  Soft Soft  Stiff  Soft Soft  Stiff  Soft
Vector Vector IkBaM Vector Vector IkBaM Vector Vector IkBaM

Figure S4. A soft ECM increases NF-kB signaling to regulate JNK activity and apoptosis. (A) Western blot validating dominant-negative (dn)JNK construct
expression in MCF10A cells. (B) Western blot of phosphorylated JNK1/2 in vector and dnJNK-transduced MCF10A cells treated with 10 nM paclitaxel.
(C) Western blot of p-c-Jun (Ser63) and E-cadherin of T4-2 cells cultured on soft and stiff gels after 60-min incubations with 10 nM paclitaxel or 200 ng/ml
TRAIL. (D) Bar graph quantifying p-c-Jun (Ser63) relative to E-cadherin from Western blot in C using pixel density (n = 1). (E) Western blot for p65 in cy-
toplasmic and nuclear protein extracts from MCF10A containing the IkBaM construct and treated with recombinant human TNFa. (F) Western blot for p65 in
cytoplasmic and nuclear protein extracts from MCF10A containing the IkBaM construct and treated with recombinant human TNFa. (G) Bar graph showing
mean + SEM with individual values of the percentage of cleaved caspase 3-positive cells from MCF10A cells expressing a vector control or dominant-negative
IkBaM mutant cultured on soft or stiff substrates and treated with 100 ng/ml TRAIL (n = 3). (H) Bar graph showing mean + SEM with individual values of the
percentage of cleaved caspase 3-positive cells from T4-2 cells expressing a vector control or dominant-negative IkBaM mutant cultured on soft or stiff
substrates and treated with 10 nM paclitaxel (n = 3). (1) Bar graph showing mean + SEM with individual values of the percentage of cleaved caspase 3-positive
cells from T4-2 cells expressing a vector control or dominant-negative IkBaM mutant cultured on soft or stiff substrates and treated with 100 ng/ml TRAIL (n =
3). All statistical analyses were performed using two-tailed t test (*, P < 0.05; **, P < 0.01).
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Tables S1-S3 are provided online. Table S1 shows clinical data for patient samples used in AFM, SHG, and PS analysis. Table S2
shows clinical data for patient samples used in the gene set enrichment analysis. Table S3 shows clinical data for patient samples
used in p65 IHC analysis.
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