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Abstract

Breast and mammary epithelial cells experience different local environments during tissue
development and tumorigenesis. Microenvironmental heterogeneity gives rise to distinct cell-
regulatory states whose identity and importance are just beginning to be appreciated. Cellular
states diversify when clonal three-dimensional (3D) spheroids are cultured in basement membrane,
and one such state is associated with stress tolerance and poor response to anticancer therapeutics.
Here, we found that this state was jointly coordinated by the NRF2 and p53 pathways, which were
co-stabilized by spontaneous oxidative stress within 3D cultures. Inhibition of NRF2 or p53
individually disrupted some of the transcripts defining the regulatory state but did not yield a
notable phenotype in nontransformed breast epithelial cells. In contrast, combined perturbation
prevented 3D growth in an oxidative stress-dependent manner. By integrating systems models of
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NRF2 and p53 signaling in a single oxidative-stress network, we recapitulated these observations
and made predictions about oxidative-stress profiles during 3D growth. NRF2 and p53 signaling
were similarly coordinated in normal breast epithelial tissue and hormone-negative ductal
carcinoma in situ lesions, but were uncoupled in triple-negative breast cancer (TNBC), a subtype
in which p53 is usually mutated. Using the integrated model, we correlated the extent of this
uncoupling in TNBC cell lines with the importance of NRF2 in the 3D growth of these cell lines
and their predicted handling of oxidative stress. Our results point to an oxidative stress-tolerance
network that is important for single cells during glandular development and the early stages of
breast cancer.

Introduction

Among glandular tissues, the breast-mammary epithelium is unique because of the dramatic
expansion and reorganization that occurs after birth (1). During puberty, a branched network
of epithelial ducts is pioneered by terminal end buds (TEBs), which emerge from the
rudimentary gland and extend into the surrounding mesenchyme (2). TEBs contain a
mixture of proliferating stem—progenitor cells and differentiating cells fated to the secretory
luminal-epithelial or contractile basal-myoepithelial lineages. During morphogenesis, TEB
cells are dynamically exposed to different microenvironments that inform final organization
of the gland (3). Some microenvironmental cues are supportive or instructive to cells
[hormones (4), growth factors (5), basement membrane (6)]. Others are deleterious or lethal
[loss of polarity (7), detachment (8), endoplasmic reticulum stress (9)]. All of these cues are
reconfigured aberrantly and heterogeneously during the early stages of breast-mammary
cancer (10-12).

Stress and survival signals also juxtapose when breast-mammary epithelial cells are grown
in three-dimensional (3D) culture with reconstituted basement membrane extracellular
matrix (ECM) (13, 14). Combining the appropriate adhesive and soluble cues yields TEB-
like behavior in 3D-cultured multicellular epithelial fragments from the mammary gland (7).
For single-cell cultures that reliably organize as 3D structures, clones or progenitors must
iteratively proliferate, maintain cell-cell adhesions, and coordinate function to establish a
multicellular ecosystem (15, 16). Cell-regulatory states diversify within 3D organoids of
primary breast-mammary epithelia (17-19) and also in the simplest 3D spheroids of
isogenic cell lines (20-23). Identifying such cell-regulatory heterogeneities is important,
because there are parallels to in situ lesions of the breast, where premalignant cells must
survive and proliferate in the duct (24, 25).

Previously, we identified a cluster of transcripts (Fig. 1A, upper) that covaries
heterogeneously among hormone-negative, basal breast epithelial cells grown as 3D
spheroids (20). The cluster contains KR75 (a PAM50 classifier for basal-like breast cancer)
(26) along with multiple stress-tolerance genes, including JUND (27), CDKN1A (28),
MUS81 (29), and HSPEI (30). The transcripts in this cluster were among the strongest and
most-negative predictors of breast-cancer response to chemotherapy and targeted agents in
an independent clinical trial (31). We reported that individual genes in the cluster have
complex time- and microenvironment-dependent relationships in 3D spheroids, animal
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models of ductal carcinoma in situ (DCIS), and clinical hormone-negative premalignancies
(24). However, the overarching regulation of the cluster was not determined.

Here, we found that regulatory-state heterogeneity emerges from the coordinated action of
two stress-responsive transcription factors—NFE2L2 (NRF2) (32, 33) and TP53 (p53) (34)
—which become stabilized posttranslationally when breast-epithelial cells variably
experience oxidative stress in 3D culture. Genetic disruption of NRF2 signaling altered the
transcriptional cluster, but 3D phenotypes were buffered or redirected by compensatory
increases in p53 signaling. Disabling p53 function synergized with NRF2 deficiency,
suppressing normal 3D proliferation and promoting irregular hyperproliferation in a
transformed-yet-premalignant derivative. These observations were consistent with an
integrated-systems model of NRF2—p53 signaling that encoded a shared oxidative-stress
trigger and common pool of antioxidant target genes without any further crosstalk. Among
clinical specimens, NRF2—p53 coordination was retained in normal primary breast tissue
and hormone-negative DCIS. However, the two pathways were largely uncoupled in triple-
negative breast cancers (TNBCs), in which p53 is usually mutated (35). The integrated
NRF2-p53 model predicted variable extents of uncoupling among TNBCs lines, and high
uncoupling coincided with the most-severe 3D growth alterations upon NRF2 knockdown.
Past work on NRF2 in breast cancer has focused on its direct interactions with TNBC-
associated tumor suppressors (36, 37). Our results suggest a broader systems-level role for
NRF2 and p53 in oxidative-stress tolerance of normal breast-mammary epithelia and
hormone-negative premalignancies.

Statistical bioinformatics links gene-cluster regulation to NRF2 and p53

We began by looking within the gene cluster (Fig. 1A, upper) for potential regulatory
mechanisms. The only transcription factor in the cluster is JUND, and we showed previously
that its chronic knockdown in MCF10A-5E cells (20) causes specific morphometric defects
during spheroid growth (24). We revisited these results by acutely knocking down the
expression of JUND with inducible short-hairpin RNA (shRNA) and measuring transcript
abundance of cluster genes by quantitative polymerase chain reaction (JPCR) (see Materials
and Methods). Unexpectedly, other than JUND itself, no transcripts were reliably altered by
its knockdown (see later in this section), supporting a regulatory role for other factors
outside of the cluster.

We constrained the search for candidate regulators by using maximume-likelihood inference
(38) to estimate a frequency of bimodal transcriptional regulation (39) for the gene cluster.
Given the 10-cell-averaged fluctuations from the original study (20), the maximum-
likelihood approach inferred two lognormal regulatory states defined by transcript
abundance (Fig. 1A, lower). The data supported a low-abundance regulatory state
predominating in 58% of ECM-attached cells along with a second, high-abundance
subpopulation in the remaining 42%. The frequency estimates placed quantitative bounds on
the bimodal characteristics of upstream regulatory mechanisms.
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Next, we applied a panel of bioinformatics approaches to search for transcription factors that
might impinge upon the gene cluster (see Materials and Methods). The informatic methods
adopt different strategies for assessing binding-site overrepresentation (40-43). Therefore,
we intersected their respective outputs to arrive at predictions that were robust to algorithmic
details. The analysis converged upon two transcription factors: the G1/S regulator E2F1 and
the stress-response effector NRF2 (Fig. 1B and data file S1). We assessed the relative
activation of the NRF2 and E2F1 pathways in single cells by quantitative
immunofluorescence for total stabilized NRF2 protein or phosphorylated RB (pRB indicates
disinhibited E2F1; see Materials and Methods). In 3D spheroid cultures, pRB
immunostaining was bimodal, but high-pRB cells were much rarer than the inferred
regulatory frequency of the gene cluster (Fig. 1C, upper). In 2D cultures, pRB staining was
over twice as immunoreactive and nearly twice as prevalent in the population (Fig. 1C,
middle). The reduced proportion of high-pRB cells in 3D is consistent with the proliferative
suppression of late-stage spheroid cultures (23). A 3D-like distribution of pRB was achieved
in 2D cultures upon addition of dilute ECM (Fig. 1C, lower) stemming from soluble
proliferation-suppressing factors in the reconstituted basement membrane preparation (44).
By contrast, NRF2 stabilization was only distinctly bimodal in 3D spheroids, and the
observed frequency of low- and high-NRF2 states almost exactly coincided with that
inferred for the gene cluster (Fig. 1D). Stabilization of hypoxia-inducible factor-1a
(HIF-1a) was negligible in 3D spheroids overall (fig. S1, A and B), excluding irregular
hypoxic stress as a contributor to the two-state distribution of NRF2. These results build a
strong statistical argument for NRF2 as a covarying regulator of the gene cluster.

The NRF2-associated gene cluster (Fig. 1A, upper) was originally identified by quantitative
analysis of transcriptomic fluctuations among 4557 genes profiled by oligonucleotide
microarray (20). The same samples were later reprofiled by 10-cell RNA sequencing
(10cRNA-seq) (45), creating an opportunity to look more deeply at covariates with the
NRF2-associated gene cluster. We used the median ranked fluctuations of the cluster across
10-cell samples (Fig. 1A, upper) and surveyed the 10cRNA-seq data for genes that covaried
(Spearman p > 0.5), identifying 633 candidates (Fig. 2A). When this expanded cluster was
assessed for functional enrichments by Gene Ontology (GO) (data file S2) (46), we noted
multiple GO terms linked to cell stress (“Response to stress”, “Oxidative stress”) and the
transcription factor p53 (“DNA damage response”, “p53 pathway”). p53 is sporadically
stabilized in regenerating epithelia such as the intestine and skin, but p53 activation in
quiescent tissues is rare (47). Recognizing the residual proliferation observed in 3D cultures
(Fig. 1C), we immunostained for p53 and found nonuniform stabilization associated with the
abundance of NRF2 in single cells (Fig. 2B, estimated mutual information: MI = 0.15 [0.12-
0.18]; see Materials and Methods). The analysis raised the possibility of a coordinated
NRF2-p53 regulatory event triggered heterogeneously when breast epithelial cells
proliferate and organize in reconstituted ECM.

NRF2 co-immunoprecipitates with p53 in triple-negative breast cancer cells harboring gain-
of-function p53 mutations, but this complex is absent in MCF10A cells with wild-type p53
(37). Loss of wild-type p53 function in MCF10A cells yields only minor 3D culture defects,
but gain-of-function p53 mutants strongly perturb 3D architecture (48). Suspecting that
some of p53’s effects could be explained through NRF2, we inducibly knocked down NRF2
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with shRNA and inducibly coexpressed a truncated p53 (49) that acts as a dominant negative
(DNp53; Fig. 2C). Compared with the gene-cluster response to JUND knockdown or
constitutive E2F1 activation through RB inhibition with overexpressed human
papillomavirus E7 protein, we observed substantially more alterations upon NRF2
knockdown (66%) or inhibition of p53 (31%; Fig. 2D and fig. S2, A to D). Using public
ChiIP-seq datasets (50, 51), we found significant enrichment of proximal NRF2 binding
among transcripts reduced by NRF2 knockdown and a slight enrichment in p53 binding
among those increased by NRF2 knockdown (fig. S2C). Compound perturbation of NRF2
and p53 elicited further nonadditive changes to multiple genes in the cluster, including
synergistic reduction of CDKN1A, encoding a cyclin-dependent kinase inhibitor, and KR75,
encoding a basal cytokeratin. Although p53 can antagonize certain NRF2 target genes in
reporter assays (52), significant antagonism was detected for only one transcript in the
cluster (MRPL33, fig. S2C). Phenotypically, disruption of NRF2 reduced mean 3D growth
by 10-13% (fig. S3, A to D), but dual perturbation with p53 gave rise to an increase in
aborted spheroids unable to grow in the culture (Fig. 2E). The penetrance of the phenotype
(37%; range: 34-44%) was close to the percentage of cells showing stabilized NRF2 at the
same time point in 3D culture (43%, Fig. 1E). For this clonal basal-like breast epithelial line
(20), we conclude that 3D culture heterogeneously elicits NRF2- and p53-inducing stresses,
which must be withstood for extended proliferation.

NRF2 disruption in basal-like premalignancy causes similar p53 adaptations but different
3D phenotypes

We next asked how the cellular, molecular, and phenotypic relationships between NRF2 and
p53 change in basal-like premalignancy by using isogenic MCF10DCIS.com cells (53) as a
proxy for ductal carcinoma in situ (54). MCF10DCIS.com cells express oncogenic HRAS
(55) and hyperproliferate as 3D spheroids (confirmed in fig. S4A), but they retain wild-type
p53 function, albeit at reduced levels compared to parental MCF10A cells (fig. S4, B and C).
By two-color immunostaining, we found that NRF2—p53 co-stabilization was even more
pronounced in MCF10DCIS.com cells (Fig. 3A; MI = 0.30 [0.27-0.33]). To identify
common adaptive programs downstream of NRF2 deficiency, we inducibly knocked down
NRF2 and profiled 3D spheroids by RNA sequencing (see Materials and Methods). Among
transcripts consistently increased or decreased in both MCF10A-5E and MCF10DCIS.com
spheroids, there was a significant enrichment in gene signatures encompassing p53,
including transcriptional programs downstream of BRCA1, ATM, and CHEK2 (Fig. 3B and
data file S3). Consistent with these results, NRF2 knockdown in MCF10DCIS.com cells was
sufficient to significantly stabilize p53 (fig. S5A). Stabilization of wild-type p53 upon NRF2
knockdown was also observed in premalignant CHEK211000elC SM102PT cells (56) and
became even more pronounced when these cells were reconstituted with inducible wild-type
CHEK?2 (fig. S5, B and C), as expected given the feedforward stabilization of p53 by ATM
and ATM-activated CHEK2 (57). Thus, NRF2 impairment promotes p53 pathway activity in
basal-like breast epithelia without the need for specific oncogenic drivers.

Despite many transcriptomic alterations in common with MCF10A-5E cells (Fig. 3B),
MCF10DCIS.com cells yielded very different 3D phenotypes when NRF2 or p53 were
perturbed. NRF2 knockdown did not detectably alter 3D growth (fig. S6A) but instead gave
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rise to more rounded, organized MCF10DCIS.com spheroids of high circularity compared to
control (Fig. 3C), which reverted upon addback of an RNAi-resistant NRF2 mutant (fig.
S6B). NRF2 deficiency also increased rounding in 3D cultures of SUM102PT cells with or
without CHEK?2 reconstitution (fig. S6C). By contrast, p53 disruption in MCF10DCIS.com
cells with either DNp53 or a gain-of-function p53R280K mutant increased the prevalence of
hyper-enlarged outgrowths (Fig. 3D). Combined NRF2—p53 perturbation elicited a
synergistic increase in non-spherical hyper-enlargement (Fig. 3E), starkly contrasting the
proliferative suppression observed with the same combination in nontransformed
MCF10A-5E cells (Fig. 2E). The data suggested that the coordinate transcriptional
adaptations of NRF2 and p53 are conserved in premalignant cells but insufficient to buffer
the cellular phenotypes caused by single-gene perturbations in either pathway.

NRF2 and p53 are coordinately stabilized by sporadic oxidative stress

Coordination of the NRF2—p53 pathways could be achieved if they shared the same inducer.
We thus considered various potential upstream-and-intermediate triggers for NRF2 and p53
stabilization in basal-like breast epithelia. Inhibition of KEAP1 with the electrophile
sulforaphane (58) stabilized NRF2 but not p53, and pharmacologic inhibition of MDM2
with nutlin-3 (59) stabilized p53 but not NRF2 (fig. S4, B to E), suggesting they act as
parallel pathways downstream of a common inducer. An obvious candidate was DNA
damage given CDKN1A and MUS81 in the gene cluster (Fig. 1A, upper) and the most-
recognized function of p53 (60). However, chemotherapy-induced double-strand breaks did
not appreciably stabilize NRF2 in cells with wildtype p53 (Fig. 4A and fig. S7, A and B),
and genetically driving increased proliferation (61) did not detectably impact regulation of
the gene cluster in 3D spheroids (fig. S2, B and D). The lack of NRF2—p53 co-induction by
conventional agonists prompted a search for less canonical activators.

One shared inducer of the KEAP1-NRF2 and ATM-CHEK?2-p53 pathways is oxidative
stress (62, 63). In human breast tissue, increased levels of reactive oxygen species are
generated and tolerated by basoluminal progenitors (64), which are the cells of origin for
basal-like breast cancer (65). We documented local niches of Nrf2 stabilization in the murine
mammary gland during puberty (fig. S8, A to F), potentially linking NRF2 and oxidative
stress in expanding progenitor(-like) cells, such as MCF10A. When MCF10A-5E cells were
exogenously stimulated with HoO,, NRF2 was rapidly stabilized and, importantly, p53 also
accumulated after several hours (Fig. 4B and fig. S7, A and B). Recognizing oxidative-stress
heterogeneities in 3D spheroids (21, 22, 66), we used the genetically-encoded sensor
HyPer-2 (67) together with an engineered mMRFP1-NRF2 reporter (NRF2rep) to colocalize
intracellular H,O, with stabilized NRF2 (see Materials and Methods and fig. S9, A to F).
We observed a small-but-nonzero mutual information between HyPer-2 fluorescence ratios
and NRF2rep (Fig. 4C, MI = 0.05 [0.02-0.10]; randomized MI = 0.0004 [0.0001-0.0007]),
suggesting a complex connection between the two reporters (see next section). Next, we
evaluated whether oxidative stress resided upstream of NRF2-p53 coordination by using the
cell-permeable, vitamin E analog Trolox to quench overall reactive oxygen species in the 3D
cultures. Trolox treatment halved the mutual information between stabilized NRF2—-p53 and
significantly reduced the synergistic proliferative suppression caused by dual perturbation of
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NRF2 and p53 (Fig. 4, D and E, and fig. S10). Together, the data suggested that NRF2 and
p53 pathway co-regulation involves upstream heterogeneities in oxidative stress.

An integrated NRF2—-p53 model of oxidative stress reconciles pathway coordination with
3D phenotypes

To connect NRF2 and p53 co-stabilization with spontaneous heterogeneities in oxidative
stress, we assembled an integrated computational-systems model. The model expands or
condenses isolated modules of NRF2 and p53 signaling from the literature, fusing them
through known or reported mechanisms of crosstalk and convergence (Fig. 5A). For the
NRF2 pathway, we streamlined the detailed model of Khalil et a/. (68) at several points.
Instead of relying on ill-defined kinetic parameters for KEAP1-mediated ubiquitination,
KEAP1:NRF2 complexes were modeled as separate oxidized or reduced species with
distinct half-lives estimated by experiment (see Materials and Methods). We likewise
abandoned the elaborate multistep encoding of thioredoxins, peroxiredoxins, and glutathione
transferases (68) by substituting a simpler, lumped pool of antioxidant enzymes in the
model. The resulting architecture is similar to the general negative-feedback control scheme
of stress-response gene-regulatory networks described by Zhang & Anderson (69). Last, we
retained the nucleocytoplasmic trafficking of stabilized NRF2 to account for observations
that H,O» stimulation retains NRF2 in the cytoplasm longer than treatment with the
electrophilic stress, sulforaphane (fig. S11, A to C). Oxidative stress feeds directly into the
NRF2 module according to a basal production rate of reactive oxygen species (ROS), which
was adjusted in the final model to yield steady-state intracellular HyO5 concentrations
consistent with the literature (70).

For the p53 pathway, we built upon the base model of Batchelor ef a/. (71), which was
originally used to describe oscillations in p53 abundance after ionizing radiation. In this
model, the kinases ATM and CHEK?2 act as aggregate sensors—transducers of the DNA
damage response (Fig. 5A). They phosphorylate and stabilize p53 against degradation
triggered by the ubiquitin ligase MDM2, which is also directly phosphorylated and
inactivated by ATM. Stabilized p53 promotes its own degradation by inducing the
expression of MDMZtranscripts and deactivates ATM—CHEK?2 by enhancing transcription
of the phosphatase-encoding gene PPM1D. For the integrated model, oxidative stress
replaced DNA double-strand breaks as the pathway trigger, recognizing that ATM
autoactivates in the presence of oxidants (63). Further, in response to oxidative stress, proper
induction of many antioxidant enzymes requires p53 (72), which contributes to the overall
antioxidant pool along with ARE target genes (Fig. 5A). Oxidative stress has also been
reported to inhibit p53 DNA binding (73), but we found that p53 stabilized by H,O,
treatment was as capable at increasing MDM2 abundance as was p53 stabilized by nutlin-3
(fig. S12). Likewise, NRF2 increases MDM2 abundance in some settings (74, 75) (Fig. 5A,
gray), but we were unable to detect changes in MDM2 when NRF2 was knocked down with
shRNA or stabilized with sulforaphane (fig. S13, A to D). As a final candidate for NRF2—
p53 crosstalk that was conditionally incorporated in the model, we considered reports that
p21, encoded by the p53 target gene CODKN1A, directly stabilizes NRF2 by interfering with
KEAP1-catalyzed turnover (76, 77) (Fig. 5A, gray). Together, the modifications provided an
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integrated model of NRF2-p53 signaling downstream of oxidative stress with enough
molecular detail to enable kinetic and functional predictions.

We revisited the oxidative stress time course (Fig. 4B) to append immunoblot quantification
of ATM—-CHEK?2 phosphorylation and p21 abundance after H,O, addition (fig. S14A).
Exogenous H,0, was encoded as an extracellular spike-in that decayed rapidly and
spontaneously (78) amidst a basal ROS generation rate yielding a realistic intracellular H,O,
burden at steady state (70). The H,O, partition coefficient in the model was calibrated to
capture the magnitude of NRF2 stabilization (see Materials and Methods). Likewise, the
parameters for H,O,-induced autoactivation of ATM—-CHEK2 and signal inactivation were
defined to align with the time-delayed kinetics and duration of p53 stabilization (fig. S14B).
In this model, addition of p53-p21-NRF2 crosstalk (76) caused NRF2 stabilization to peak
earlier and deactivate faster than observations (fig. S14C). We were also unable to detect
even transient short-range interactions between inducible BirA*-fused versions of p21 or
NRF2 and endogenous NRF2 or p21 by proximity ligation (fig. S15, A to C). The results
thus argued against p53—-p21-NRF2 crosstalk during oxidative stress in these cells.

With the provisionally calibrated base model, we sought to test whether the encoded
mechanisms of regulation were sufficient to capture prior observations relating NRF2, p53,
and oxidative stress. The data obtained by quantitative fluorescence microscopy (Fig. 2B,
3A, and 4C) presumably arose from spontaneous oxidative stress that was occurring
transiently and asynchronously during imaging. We mimicked oxidative-stress transients by
triggering a step increase in the rate of ROS production for two hours followed by relaxation
of the system for an additional 10 hours (Fig. 5B). The magnitude of the step was sampled
lognormally to elicit intracellular H,O, concentrations within the range of HyPer-2 ratios
observed experimentally (see Materials and Methods). We represented the asynchrony of
image acquisition by randomly selecting ten snapshots of the network for each model
iteration. This collection of 1000 snapshots (100 random generation rates x 10 random time
points) was used to quantify coordination of species within the model.

For connecting oxidative stress to NRF2 stabilization (Fig. 4C), we expanded the base model
to include the mMRFP1-NRF2 reporter, which does not bind DNA or interact with MAF
proteins and requires ~1 hour to mature fully (79) (see Materials and Methods). By contrast,
HyPer-2 becomes fully oxidized within ~1 min of H,O, addition (67), enabling intracellular
H,0, concentration in the model to be used directly as a surrogate of HyPer-2 fluorescence
ratio. We calculated the mutual information from 1000 simulated snapshots and found that
the two reporters were statistically coupled in the model (Fig. 5C, MI = 0.14 [0.10-0.19];
randomized M1 = 0.001 [2.8x1076-0.0005]). Associations were stronger than those observed
by experiment (Fig. 4C) due to the early time points sampled in the model (yellow-orange
times in Fig. 5C), suggesting that peak H,O5 transients may be difficult to observe in
practice. We next compared endogenous NRF2—p53 co-stabilization between MCF10A-5E
and MCF10DCIS.com cells. The base MCF10A-5E model was adjusted to reflect (i)
proportional differences in species abundance estimated from RNA-seq (see Materials and
Methods) and (ii) an increased ROS generation rate estimated from HyPer-2 imaging (fig.
S9D). NRF2—p53 mutual information was much less dependent on signaling transients, and
coupling was substantially higher in MCF10DCIS.com cells. The simulations were
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consistent with our immunofluorescence data (Fig. 3A, 4C, 5, D and E) and support that
NRF2-p53 pathway kinetics were accurately encoded in the base model.

We then investigated whether the base model could also relate to the synergistic phenotypes
observed upon dual NRF2—p53 perturbation in MCF10A-5E and MCF10DCIS.com cells
(Fig. 2E, 3E). We mimicked shNRF2-mediated knockdown by reducing the NRF2
production rate fivefold in the model (Fig. 2C) and encoding secondary transcriptional
adaptations in other components by using the associated RNA-seq data (Fig. 3B). For
DNp53, the p53 species was rendered unable to induce transcription of MDMZ2, PPM1D,
p21, and its share of the antioxidant enzyme pool. After re-establishing steady state, the
perturbed models were challenged with the random step increase in ROS production
described above. We used the time-integrated intracellular H,O, concentration as the overall
measure of oxidative stress experienced during simulation with either the MCF10A-5E or
MCF10DCIS.com initial conditions. For both cell lines, the base model predicted synergistic
increases in oxidative stress beyond the linear superposition of SANRF2 and DNp53 effects
(Fig. 5F). Encouragingly, the same conclusions were reached with models that simply
encoded the reduced NRF2 production rate without secondary adaptations (Fig. 5G).
Beyond oxidative-stress inducers and antioxidant target enzymes, we conclude that the
NRF2-p53 network does not require any additional mechanisms to capture signaling
coordination or phenotypic interactions.

NRF2-p53 co-regulation occurs in normal breast tissue and hormone-negative DCIS but
not invasive TNBC

The regulatory heterogeneities observed in 3D culture often reflect adaptations in hormone-
negative premalignancy (24) that become further disrupted in TNBCs (25). We thus sought
to quantify NRF2—p53 coordination in TNBC and premalignant DCIS lesions, using
adjacent-normal tissue as a comparator. The 7P53gene is frequently mutated in TNBC (35)
and gives rise to loss of p53 protein or hyperstabilization of a dominant-negative mutant in
tumors (80). By contrast, prior immunohistochemistry of NRF2 abundance in breast
carcinomas was inconclusive (81), owing to an NRF2 antibody that was later shown to be
non-specific (82). There was an opportunity to revisit NRF2—p53 abundance heterogeneities
from the perspective of co-stabilization, with a focus on TNBC and its precursor lesions.

Using a knockout-verified commercial antibody (83), we immunoblotted with our
production lot and confirmed detection of basal and induced NRF2 with only ~35%
immunoreactivity attributed to nonspecific bands (fig. S16, A to C). By
immunohistochemistry, the antibody detected endogenous NRF2 stabilized with
electrophiles in paraffin sections of cell pellets (fig. S16D). The antibody has also been used
independently to track NRF2 abundance in other solid tumors (84). However, when we
stained adjacent-normal epithelium immunohistochemically, NRF2 was not clearly
discernible (Fig. 6A, upper). In MCF10A 3D spheroids, stabilized p53 is not detected by
immunohistochemistry either (85), and yet we readily visualized it by immunofluorescence
(Fig. 2B). Therefore, to improve signal-to-background and facilitate multiplex
quantification, we used two-color immunofluorescence after antigen retrieval, segmenting
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24,949 normal and transformed epithelial cells in 15 cases of TNBC and hormone-negative
DCIS.

In adjacent-normal epithelium, we observed local niches of stabilized NRF2 in lobules and
ducts, which often corresponded with stabilized p53 (Fig. 6A, lower, and fig. S17).
Stabilized NRF2 was frequently detected in the cytoplasm, consistent with the prolonged
cytoplasmic localization observed in HoOo-treated cells compared to cells stressed with an
electrophile (fig. S11). The results corroborated findings that KEAP1 senses oxidative stress
differently than electrophilic stress (62). The patterns of NRF2—p53 co-accumulation were
largely preserved in hormone-negative DCIS (Fig. 6B and fig. S18, A to C), even in cases
with abundantly stabilized p53 that was likely mutated (see later in this section). Nuclear
localization of NRF2 was also more prominent, perhaps reflecting the stronger ROS
generation rates of transformed cells (86). Notably, NRF2 and p53 were almost completely
uncoupled in invasive TNBCs (Fig. 6C and fig. S18D), reflecting a profound shift in single-
cell regulation. We quantified NRF2-p53 coordination by mutual information and found that
it was largely eliminated in regions of invasive TNBC, irrespective of whether p53 was
chronically stabilized or not (Fig. 6D). Such alterations were not apparent in regional
estimates of protein abundance by cell population-averaged fluorescence, where neither
NRF2 nor p53 were reproducibly different among groups (Fig. 6, E and F). We conclude
that 3D culture in reconstituted basement membrane co-stimulates the NRF2—p53 pathways
akin to that observed in normal breast tissue and hormone-negative premalignancy. Full-
blown TNBC, by contrast, evokes a different set of dependencies.

TNBC adaptations to p53 disruption predict variable NRF2 miscoordination, NRF2-
deficient oxidative-stress profiles, and 3D growth responses

TP53is the most-frequently mutated gene in TNBC (35), and transcriptomic analyses
support it as a prevalent founder mutation in the disease (87). Disrupting p53 would
undoubtedly impact transcriptional feedback and the overall cellular response to oxidative
stress (Fig. 5A). Conversely, neither NFE2ZL2nor KEAPI are mutated in breast cancer (88),
but unclear is whether wild-type NRF2 might serve as a transient “non-oncogene” (89) that
promotes stress tolerance during early tumorigenesis. Compared to in situ lesions, the
stromal environment of invasive tumors is stiffer and more mesenchymal (90), which may
render NRF2 signaling dispensable at later stages. We wondered whether the fragmentation
of the NRF2—p53 network in TNBC cells and its origins could be reconciled with the
systems model.

Using RNA-seq data from the NIH Library of Integrated Network-Based Cellular Signatures
(LINCS) consortium (91) on 15 TNBC lines with mutated p53 (six claudin-low subtype,
nine basal-like subtype), we adjusted initial conditions from the original MCF10A model
and removed all transcriptional processes downstream of p53 (Fig. 7A; see Materials and
Methods). The individual TNBC models were run to steady state and then challenged with
increased ROS generation rates as in Fig. 5B. The coordination between NRF2 and mutant
p53 was calculated by mutual information, and the integrated H,O, response was scaled to
that of MCF10A-5E cells as a relative measure of ROS tolerance. The goal was to associate
the model-derived predictions with NRF2-knockdown phenotype in ROS-generating
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environments such as 3D culture. To the extent possible, we hoped that 3D growth in
reconstituted basement membrane might quantify any vestigial requirements for NRF2
signaling from the in situ stage of the TNBC lines.

For all TNBC lines, the model predicted substantially reduced covariation between mutant
p53 and NRF2 compared to MCF10DCIS.com cells with wild-type p53 (Fig. 7B, Ml <
0.25). We noted a spectrum of residual NRF2—p53 co-stabilization from weak (HCC1937,
SUM159PT) to virtually nonexistent (MDA-MB-468, MDA-MB-231). Despite complete
p53 deficiency in the model, this residual NRF2—p53 mutual information correlated strongly
with the simulated relative increase in oxidative stress when ROS generation rate was
increased (Fig. 7B). Neither of these predictions mapped directly to specific transcripts in
the TNBC-specific RNA-seq data (Fig. 7A), reinforcing that the models were making
nonobvious predictions about oxidative-stress handling.

To connect the model predictions with a continued role for NRF2 signaling in TNBC
behavior, we selected five lines along the spectrum of mutual information and ROS
tolerance. HCC1937 and SUM159PT cells were both predicted to have residual NRF2—p53
coordination and moderate ROS tolerance (Fig. 7B). Accordingly, inducible knockdown of
NRF2 in these lines did not lead to any consistent changes in 3D growth (Fig. 7, C and D).
By contrast, MDA-MB-231, HCC1806, and MDA-MB-468 cells were predicted to have
among the least NRF2—p53 co-stabilization and ROS tolerance (Fig. 7B). Knockdown of
NRF2 in these lines with two different ShRNAs caused significant increases or decreases in
overall cell growth (Fig. 7, E to G). Thus, model and experiment support that, despite p53
mutation, residual NRF2—p53 coupling indicates the primordial susceptibility of triple-
negative malignancies to perturbations in the NRF2 pathway.

Lastly, we sought to extend model predictions to 122 cases of TNBC sequenced by The
Cancer Genome Atlas (TCGA) (35). Compared to the TNBC lines, we noted reduced
abundance of MDMZ, the NRF2 binding partner MAFK, ATM, and CHEK?Z (Fig. 7TH),
which suggested that TCGA tumors would be a considerable deviation from prior
simulations. There was also more variability in the abundance of multiple antioxidant genes
(SOD1, TXN, PRDX1I), anticipating a greater breadth in model outcomes. Unexpectedly,
when tumor-derived profiles were encoded and simulated (see Materials and Methods), the
models predicted ROS tolerances that were largely within the range of TNBC lines analyzed
before (Fig. 71). The associated NRF2—p53 coordination, by contrast, was qualitatively
different, with various TCGA cases giving rise to strong coordination despite pervasive
TP53mutation (Fig. 71, purple). The high-coordination, low-tolerance TNBC cases (Fig. 71,
vertical lines) form a subset that could be especially sensitive to changes in NRF2 activation.

Discussion

This work posits ROS as an endogenous, spatially heterogeneous trigger of dual NRF2—p53
activation in breast-mammary epithelia surrounded by basement membrane ECM. NRF2
and p53 regulate target-gene abundance—both cooperatively and independently—to
promote stress tolerance and adaptation. NRF2 deficits are buffered by compensatory
increases in p53 signaling, and striking ROS-dependent phenotypes arise when both
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pathways are perturbed. In hormone-negative premalignant lesions, stabilization of NRF2—
p53 remains coordinated, even in cases where p53 has likely mutated. At this preinvasive
stage, NRF2 should be most important for tumorigenesis. After invasion through basement
membrane and progression to TNBC, the stromal microenvironment reduces overall NRF2
signaling and often uncouples it from (now-mutant) p53. Here, the effect of activating or
inhibiting NRF2 will depend more on the exact cellular context and thus be unpredictable
(for example, Fig. 7, E to G). Despite the overall complexity of NRF2- and p53-mediated
transcriptional programs (92, 93), the coordinated response to oxidative stress is captured by
a relatively simple mathematical encoding. Known core mechanisms of NRF2—p53
regulation are brought together by a shared ROS inducer and a common pool of detoxifying
target genes without the need for any further crosstalk. Therefore, oxidative-stress handling
in normal breast-mammary epithelia is usefully abstracted as two stability-regulated
transcription factors working independently toward a common homeostatic goal.

Although NRF2 is not an oncogene for breast cancer, it has been connected with multiple
breast-cancer tumor suppressors previously. In mouse mammary epithelial cells, loss of
Brcal (a predisposing event for basal-subtype TNBC) destabilizes Nrf2 and causes an
increase in ROS, favoring the future acquisition of p53 mutations (36, 94). In human breast
cancer cells, gain-of-function p53 mutants interact directly with NRF2 and may help retain
NRF2 in the nucleus (37). If certain p53 mutations were also to promote NRF2 stabilization,
then it would provide a two-for-one benefit to cancer progression by relieving tumor
suppression and conferring ROS tolerance constitutively. However, we did not note any
association between gain-of-function p53 mutants and NRF2 abundance in TNBC lines,
suggesting that KEAP1 regulation predominates as indicated by the TNBC models. Chronic
activation of the NRF2 pathway (for example, by activating NFEZL2 mutation or KEAPI
loss) may be disfavored if increased intracellular ROS is not permanent. The models suggest
that supraphysiological activation of NRF2 would lead to runaway induction of antioxidant
enzymes, causing reductive stress as documented for NRF2 in other tissues (95). Wild-type
NRF2 function must be sufficient to buffer cells from the early stresses of premalignancy
and p53 disruption, allowing invasive TNBCs to deactivate the pathway when it is no longer
needed. There are parallels to FOXO transcription factors (96), which are reversibly
inactivated by mitogenic signals yet provide critical oxidative-stress tolerance when the
breast-cancer tumor suppressor RUNX1 is disrupted (22, 97, 98).

Breast cancer cell lines organize very differently in 3D culture (99), but their response to
perturbations is often less disparate. For example, gain-of-function p53 mutations cause
luminal filling in MCF10A 3D cultures (48), similar to the delay in mammary-gland
involution observed with mutant p53 in vivo (100). Reciprocally, knockdown of mutant p53
in MDA-MB-468 cells promotes luminal hollowing (101). Among p53-mutant TNBC lines,
the impact of NRF2 knockdown on 3D growth was nonuniform but explainable through the
oxidative-stress profiles inferred from TNBC-specific systems models. The balance of
complexity and tractability make 3D spheroid—organoid cultures a compelling platform for
systems-level dissection of cell-state heterogeneity and early tumorigenesis.

The 3D behavior of breast-mammary cancer cells is highly dependent on the surrounding
ECM (102). Invasive cancers no longer encounter basement membrane ECM but must have
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bypassed it upon progression to carcinoma. Although multiple TNBC lines will grow as 3D
colonies in reconstituted basement membrane, others cannot, suggesting a type of cellular
“amnesia” toward that past encounter. For cancers that do grow in 3D, the use of
reconstituted basement membrane (as a more normal-like microenvironment) may give rise
to cellular changes reminiscent of premalignancy. We exploited these changes to evaluate the
relative importance of NRF2 signaling in different TNBC backgrounds. There are likely
other opportunities to examine hurdles of premalignancy by using basement-membrane 3D
cultures. For 3D-organoid biobanks (19), however, it is a reminder that such cultures are not
propagating the primary breast tumor but rather tumor-derived cells in a more-primitive
state.

Cancer mutations engage and cooperate with cell signaling in ways that are not captured by
DNA sequencing (103). The coupling of the NRF2 and p53 pathways described here
provides a robust oxidative stress-handling network for glandular morphogenesis and
maintenance. But, this same coupling creates a redundancy upon which p53 mutations can
occur and neoplasms can evolve. Our results give pause to the nutraceutical use of
sulforaphane as a potent NRF2 stabilizer (104)—in lung cancer, where KEAPI-NRF2
mutations are common and 7P53is secondary, antioxidants accelerate tumor progression
(105). The extraordinary complexity of ROS generation and its cellular effects reinforce the
value of modeling redox networks at a granularity suited to a given physiology or pathology
(106).

Materials and Methods

Plasmids

shRNA targeting sequences from the RNAI consortium (107) were cloned into tet-pLKO.1-
puro as previously described (38) for shLuc (TRCN0000072250, Addgene #136587),
shNRF2 #1 (TRCN0000281950, Addgene #136584), shNRF2 #2 (TRCN0000284998,
Addgene #136585), shJUND #1 (TRCN0000416347, Addgene #136581), shJUND #2
(TRCNO0000416920, Addgene #136583).

For the mRFP1-NRF2 reporter (Addgene #136580), the DNA binding domain of NRF2 was
mutated (C506S) along with four leucines (L4A) in the leucine zipper region of the bZIP
domain by site-directed mutagenesis of the pBabe mRFP1-NRF2 hygro plasmid (Addgene
#136579) originally prepared by subcloning into pBabe mRFP1 hygro. The RNAi-resistant
(RR) version of NRF2 (Addgene #136522) was prepared by introducing four silent
mutations into the sequence targeted by sShNRF2 #1 in pEN_TT 3xFLAG-NRF2 (Addgene
#136527). Site-directed mutagenesis was performed with the QuikChange 11 XL kit
(Agilent).

pDONR223 CHEK?2 was obtained from the human Orfeome V5.1 (108). CHEK2 amplicon
was prepared with Xbal and Mfel restriction sites and cloned into pEN_TTmiRc2 3XxFLAG
(Addgene #83274) that had been digested with Spel and Mfel (Addgene #136526). BirA*
was cloned out of pcDNA3.1 mycBiolD (Addgene) (109) with Xbal and Spel restriction
sites and cloned into pEN_TTmiRc2 digested with Spel and Mfel (Addgene #136521).
CDKN1A and NRF2 PCR amplicons were prepared with Spel and Mfel restriction sites and
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cloned into pEN_TTmiRc2 BirA* (Addgene #136521). Luciferase PCR amplicon was
prepared with Spel and EcoRl restriction sites and cloned into pEN_TTmiRc2 3xFLAG
digested with Spel and Mfel sites (Addgene #136519). p53DD (p53DN) and p53(R280K)-
V5 PCR amplicon was prepared with Spel and Mfel restriction sites and cloned into
pEN_TTmiRc2 (Addgene #25752) digested with Spel and Mfel (Addgene #136520,
#136525).

PEN_TT donor vectors were recombined into pSLIK neo (Addgene #25735), pSLIK zeo
(Addgene #25736), or pSLIK hygro (Addgene #25737) by LR recombination to obtain
pSLIK 3xFLAG-Luciferase zeo (Addgene #136533), pSLIK p53DD zeo (Addgene
#136534), pSLIK 3xFLAG-Luciferase hygro (Addgene #136528), pSLIK 3xFLAG-
NRF2(RR) hygro (Addgene #136535), pSLIK BirA* hygro (Addgene #136537), pSLIK
BirA*-CDKN1A hygro (Addgene #136538), pSLIK BirA*-NRF2 hygro (Addgene
#136539), pSLIK p53(R280K)-V5 hygro (Addgene #136540) and pSLIK 3xFLAG-CHEK?2
neo (Addgene #136536).

pLXSN HPV16E7 (110) and the ADLYC mutant (Addgene #136588) were provided by
Scott Vande Pol (University of Virginia). pPCDH-Hyper2-puro (66) was provided by Joan
Brugge (Harvard Medical School).

The MCF10A-5E clone was previously reported and cultured as described for MCF-10A
cells (13, 20). MCF10DCIS.com cells were obtained from Wayne State University and
cultured in DMEM/F-12 medium (Gibco) plus 5% horse serum (Gibco). SUM102PT cells
were obtained from Asterand Biosciences and cultured in Ham’s F-12 (Gibco) plus 10 mM
HEPES (Gibco), 10 ng/ml epidermal growth factor (Peprotech), 5 mM ethanolamine
(Sigma), 50 nM sodium selenite (Sigma), 5 pg/ml apo-Transferrin (Sigma), 10 nM Triiodo-
L-Thyronine (VWR), 5 pg/ml insulin (Sigma), 1 ug/ml hydrocortisone (Sigma), and 5%
fatty acid free bovine serum albumin (VWR). SUM159PT cells were obtained from
Asterand Biosciences and cultured in Ham’s F-12 (Gibco) plus 10 mM HEPES (Gibco), 5
pg/ml insulin (Sigma), 1 pg/ml hydrocortisone (Sigma), and 5% fetal bovine serum
(Hyclone). All other cell lines were obtained directly from ATCC. MDA-MB-231 and
MDA-MB-468 cells were cultured in L-15 medium plus 10% fetal bovine serum without
supplemental CO,. HCC1806 and HCC1937 cells were cultured in RPMI 1640 medium plus
10% fetal bovine serum. All base media were further supplemented with 1x penicillin and
streptomycin (Gibco). All cell lines are female, were grown at 37°C, authenticated by short
tandem repeat profiling by ATCC, and confirmed negative for mycoplasma contamination.

Viral transduction and selection

Lentiviruses were prepared in human embryonic kidney 293T cells (ATCC) by triple
transfection of the viral vector with psPAX2 + pMD.2G (Addgene) and transduced into
MCF10A-5E, MCF10DCIS.com, HCC1937, SUM159PT, MDA-MB-231, HCC1806, and
MDA-MB-468 as previously described (25). Retroviruses were prepared similarly by double
transfection of the viral vector with pCL ampho (Addgene) and transduced into
MCF10A-5E cells as previously described (22). Transduced cells were selected in growth
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medium containing 2 pg/ml puromycin, 300 pg/ml G418, 100 pg/ml hygromycin, or 25
ug/ml zeocin until control plates had cleared. For RNAi-resistant addback, viral titers were
adjusted to match the endogenous protein abundance as closely as possible. For mRFP1-
NRF2 fluorescent reporter, we used the minimum viral titer that gave sufficient signal in
sulforaphane-treated cells compared to DMSO-treated cells. Reporter abundance was
roughly equal to endogenous NRF2 expression (fig. SOF).

3D overlay cultures were performed on top of Matrigel (BD Biosciences) as described
previously for MCF-10A cells (111) with culture media previously optimized for each cell
line (25). In addition, HCC1806 cells were cultured in MCF10A assay media (111), and
SUM159PT cells were cultured in SUM159PT growth media (described above) plus 2%
fetal bovine serum. For each culture, 45 ul of Matrigel was spread with a pipette tip on the
bottom of an 8-well chamber slide. A suspension of 5000 single cells per well was laid on
top of the Matrigel in culture media supplemented with 2% Matrigel. 3D culture medium
was replaced every four days as originally described (111). For antioxidant supplementation,
cells were treated with 50 uM Trolox (Calbiochem) for two days before 3D culture, and
Trolox was included in media refeeds and supplemented every two days between refeeds.
For long-term knockdown experiments, cells were treated with 1 pg/ml doxycycline (Sigma)
for three days before 3D culture, and doxycycline was maintained in the 3D culture medium
throughout the experiment. For experiments with long-term knockdown and inducible
overexpression, cells were treated with 1 ug/ml doxycycline for two days before 3D culture,
and doxycycline was maintained in the 3D culture medium throughout the experiment.

RNA purification

RNA from cultured cells was isolated with the RNeasy Plus Mini Kit (Qiagen) according to
the manufacturer’s protocol. RNA from 3D cultures at day 10 was extracted by lysing
individual wells in 500 pl RNA STAT-60 (Tel-Test) and purified as described previously
(25).

RNA sequencing and analysis

Total RNA was diluted to 50 ng/ul and prepared using the TruSeq Stranded mRNA Library
Preparation Kit (Illumina). Samples were sequenced on a NextSeq 500 instrument with
NextSeq 500/550 High Output v2.5 kits (Illumina) to obtain 75-bp paired-end reads at an
average depth of 15 million reads per sample. Adapters were trimmed using fastg-mcf in the
EAutils package (version ea-utils.1.1.2-537) with the following options: -q 10 -t 0.01 -k 0
(quality threshold 10, 0.01% occurrence frequency, no nucleotide skew causing cycle
removal). Quality checks were performed with FastQC (version 0.11.7) and multigc (version
1.5). Datasets were aligned to the human (GRCh38.86) genome using HISAT?2 with the
option: --rna-strandness RF (for paired end reads generated by the TruSeq strand-specific
library). Alignments were assembled into transcripts using Stringtie (version 1.3.4) with the
reference guided option. Transcripts that were expressed at greater than five transcripts per
million across all samples were retained for downstream analysis. Differential gene
expression analysis was carried out using edgeR (version 3.8) (112) on raw read counts
corresponding to transcripts that passed the abundance-filtering step. Trimmed Mean of M-
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values normalization (TMM) normalization using the calcNormFactors function was done
before differential expression analysis using exactTest in edgeR. The 1,132 transcripts that
were commonly differentially expressed (5% FDR) between MCF10A-5E shControl and
shNRF2 #1, shControl and shNRF2 #2, and MCF10DCIS.com shControl and ShNRF2 #1
are shown in Fig. 3B. Gene Set Enrichment Analysis was done on transcripts that were
differentially increased or decreased in ShNRF2 compared to shControl using the Molecular
Signatures database collections C1-C4, C6, C7 (113, 114). The full list of enrichments (5%
FDR) is provided in data file S2.

Quantitative PCR

cDNA synthesis and quantitative PCR were performed as previously described (25, 115)
with the primers listed in table S1. Human samples were normalized to the geometric mean
of ACTB, HINT1, PP1A, and TBP (Fig. 2D and fig. S2C); BZM, GAPDH, GUSB, HINT1,
PRDXE6 (fig. S2A); or ACTB, BZM, GUSB, PPIA, PRDXE6 (fig. S2B).

Brightfield imaging and quantification of spheroid phenotypes

Brightfield 3D images were acquired on an Olympus CKX41 inverted microscope with a 4x
Plan objective (four fields per chamber) and a qColor3 camera (Qimaging). Images were
segmented using OrganoSeg (116) to produce morphometric measures for each segmented
spheroid. ‘Rounded’ spheres were classified as having circularity greater than 0.9 (Fig. 3, C
and E, and fig. S6, B and C). ‘Hyper-enlarged’ spheres were classified as having an area
greater than 8-> ~ 5000 um? (Fig. 3, D and E). “Proliferation suppressed” spheres were
classified as having an area less than 1600 pm?2 for MCF10A-5E cells after 10 days of 3D
culture (Figs. 2E and 4E).

Clinical samples

Cases were identified from the pathology archives at the University of Virginia and build
upon a cohort of samples previously described (24, 25). Hormone-negative DCIS lesions
were deemed negative (less than 10% expression frequency) for estrogen receptor and
progesterone receptor by clinical immunohistochemistry, and TNBC cases were additionally
scored negative for HER2 amplification by clinical DNA chromogenic in situ hybridization.
All clinical work was done according to IRB-HSR approval #14176 and PRC approval
#1363 (502-09).

Immunofluorescence

MCF10A-5E and MCF10DCIS.com 3D cultures were embedded at day 10 of
morphogenesis, and 5-um sections were cut and mounted on Superfrost Plus slides (Fisher).
For clinical samples, paraffin tissue sections were dewaxed and antigens retrieved on a PT
Link (Dako) with low-pH EnVision FLEX Target Retrieval Solution (Dako) for 20 min at
97°C. Immunofluorescence on cryosections and antigen-retrieved slides was performed as
previously described (20) with the following primary antibodies: NRF2 (Santa Cruz
#sc-13032, 1:100), phospho-Rb (Cell Signaling #8516, 1:1600), HIF-1a (Cell Signaling
#79233, 1:800), p53 (Santa Cruz #sc-126, 1:200). Slides were incubated the next day for 1
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hour in the following secondary antibodies: Alexa Fluor 555-conjugated goat anti-rabbit
(1:200; Invitrogen), Alexa Fluor 647-conjugated goat anti-mouse (1:200; Invitrogen).

Image acquisition—analysis and mutual information calculation

Fluorescent images were collected unblinded on an Olympus BX51 fluorescence
microscope with a 40x 1.3 numerical aperture (NA) UPlanFL oil-immersion objective and
an Orca R2 CCD camera (Hamamatsu) with no binning. Images were segmented in
CellProfiler (117) using DAPI to identify nuclei. Nuclear objects were dilated to a median
diameter of 15 um to capture approximately one whole cell. NRF2 staining was quantified in
the nucleus, the whole cell, and the cytoplasm (whole cell area — nuclear area). p53 staining
was quantified in the whole cell. Immunoreactivity was quantified as the median
fluorescence intensity of the whole cell unless otherwise noted.

For pRB and NRF2 immunofluorescence (Fig. 1, D and E), log-transformed distributions
were analyzed with the MClust function in R using the unequal variance model with either
one or two mixture components specified. Model fit was evaluated by Ftest.

MCF10A-5E cells stably expressing pCDH-HyPer2-puro were imaged at 37°C in Hank’s
Balanced Salt Solution (Gibco) with a 40x 1.3 NA EC Plan Neofluar oil-immersion
objective on a Zeiss LSM 700 laser scanning confocal microscope. 405 nm and 488 nm
lasers were used to sequentially excite two excitation peaks of HyPer-2 and collect
fluorescence emission from 500-550 nm. To calculate HyPer-2 ratios on a pixel-by-pixel
basis, 488-nm images were divided by 405-nm images and thresholded in ImageJ to remove
background pixel values (~10%). For quantification of cells cultured in 2D (fig. S9, B to D),
the mean HyPer-2 ratio per image was used for analysis. For quantification of cells cultured
as spheroids (Fig. 4C), cells were manually segmented to calculate the median HyPer-2 ratio
per cell.

Clinical samples were imaged on an Olympus BX51 fluorescence microscope with a 40x
1.3 NA UPlanFL oil-immersion objective and an Orca R2 CCD camera (Hamamatsu) with
2x2 binning and fixed exposure times for NRF2 (150 msec) and p53 (50 msec). Images were
autoexposed in the DAPI channel for nuclear segmentation and in the unlabeled FITC
channel for autofluorescence estimation. Image fields were classified as follows: Normal—
bilayered epithelium, intact basement membrane (visualized by FITC autofluorescence), and
normal cytoarchitecture; DCIS—multilayered and disorganized epithelium (with partial or
complete luminal filling), intact basement membrane, cytologic atypia; TNBC—invasive
carcinoma cells with cytologic atypia and no discernable basement membrane. All images
were segmented in CellProfiler as described above. After nuclear identification, nuclei
outside of the ductal epithelium (fibroblasts, endothelial cells, and immune cells) were
manually removed using the IdentifyObjectsManually module. Because paraffin fixation of
tissue increases autofluorescence (118), the analysis excluded images that were dominated
by autofluorescent bleedthrough into the Alexa 555 channel localizing NRF2. Spearman
correlation was calculated between cellular FITC-555 channels and FITC-DAPI channels
on a pixel-by-pixel basis for each image. Images with a FITC-555 correlation coefficient
above the 95th percentile for FITC-DAPI correlation (in which autofluorescent artifacts
were negligible due to the low exposure time) were excluded from further analysis.
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For NRF2 quantification in neighboring cells (fig. S8), spheroid and mouse mammary gland
images were loaded into CellProfiler and the IdentifyObjectManually module was used to
manually identify regions of ductal epithelium. The images were cropped manually, and cell
nuclei within the cropped area were identified by DAPI staining. Nuclear area was dilated to
a median diameter of ~15 um to define a cell. Position, area, and median NRF2 staining
intensity were measured for each cell. Measurements were loaded into MATLAB, and
single-cell NRF2 intensities were normalized to the median intensity of all exposure-
matched cells. Neighboring cells were defined as cells located within a radius of 1.5 times
the median cell diameter. For more distant neighbors, annular areas of 3-5 and 5-10 times
the median cell diameter were used. Cells that fell within the applied search area were used
to calculate the median neighbor NRF2 intensity. The original cell at the center of the search
area was not included in the intensity calculations, and cells with NRF2 intensity values
equal to 0 or lacking neighboring cells within the defined search area were excluded from
calculations.

To quantify the association between fluorescence channels, we used mutual information in
lieu of standard correlation measures (Pearson, Spearman). After appropriate transformation
and binning into discrete high-low states, mutual information provides greater flexibility to
capture nonlinear relationships (119) and more stringency to detect compressions in
dynamic range (120). Median fluorescence intensity distributions were transformed by their
respective cumulative distribution functions (probability integral transform) to produce
uniformly distributed random variables (121). The uniform distributions were split into low
and high states at the 67th percentile, and the joint—marginal state probabilities estimated for
the two fluorescence channels (R, G) were used to calculate the mutual information (M) as
follows:

- X Sl 2

MI confidence intervals were estimated by bootstrapping the segmented cell population
1000 times. To create a randomized (null) dataset, the values of one fluorescence channel
were randomly shuffled before analysis.

Clinical samples often had fewer areas of classified cells for imaging, which require an
added analysis step in the mutual information calculation. For a classification (normal,
DCIS, TNBC) comprised of two images from one case, we evaluated batch effects by
hypergeometric test to determine if the two images separated by high-vs.-low staining
intensity. If so, the case for that classification was excluded.

Quantitative immunoblotting

Quantitative immunoblotting was performed as previously described (122). Primary
antibodies recognizing the following proteins or epitopes were used: NRF2 (Santa Cruz
Biotechnologies, #sc-13032, 1:1000), p53 (Santa Cruz Biotechnology #sc-126, 1:1000), p21
(Proteintech #10355-1-AP, 1:1000), total Chk2 (Cell Signaling #2662, 1:1000), phospho-
Chk2 (Thr68, Cell Signaling #2197, 1:1000), phospho-ATM (Ser1981, Abcam #ab81292,
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1:1000), KEAP1 (Santa Cruz Biotechnology #sc-15246, 1:1000), CDK4 (Cell Signaling
#12790, 1:1000), CDK2 (Santa Cruz Biotechnology #sc-6248, 1:200), vinculin (Millipore
#05-386, 1:10,000), GAPDH (Ambion #AM4300, 1:20,000), tubulin (Abcam #abh89984,
1:20,000), p38 (Santa Cruz Biotechnology #sc-535, 1:5000), Hsp90 (Santa Cruz
Biotechnology #sc-7947, 1:5000).

Proximity ligation using BirA*-fusions of p21 and NRF2

MCF10A-5E cells inducibly expressing the promiscuous biotin ligase BirA* (123), BirA*-
NRF2, or BirA*-CDKNZ1A were plated on 10-cm plates and induced with 1 pg/ml
doxycycline at 50% confluency. After 24 hours, media was refed with 1 ug/ml doxycycline,
10 UM sulforaphane (Sigma), 10 uM nutlin-3 (Calbiochem) and 1 mM biotin (Sigma). After
24 hours, cells were lysed in 200 pl RIPA buffer (50 mM Tris (pH 8.0), 150 mM NacCl, 5
mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate). Anti-biotin antibody
enrichment of biotinylated peptides was performed as previously described (124). Briefly,
biotin antibody bound agarose beads (ImmuneChem Pharmaceuticals Inc., #1CP0615) were
washed three times in 1AP buffer (50 mM MOPS (pH 7.2), 10 mM sodium phosphate and 50
mM NacCl). 500 g (50 pl) of antibody was added to each RIPA lysate on ice. Ice-cold IAP
buffer was added up to 1 ml and samples were incubated on a nutator overnight at 4°C. The
next day, beads were washed four times with ice-cold IAP buffer, boiled in dithiothreitol-
containing 2x Laemmli sample buffer, and used for immunoblotting against the indicated
targets.

Promoter bioinformatics

The 36 transcripts of the Fig. 1A gene cluster (20, 24) were assessed with four promoter
analysis algorithms to identify recurrent transcription factor (TF) candidates (125). First,
distant regulatory elements (DiRE) analysis was conducted using the DiRE website (https:/
dire.dcode.org) (40) searching evolutionary conserved 5’ untranslated regions (5* UTR
ECRs) and promoter regions (promoter ECRs) for genes on the human genome (hg18). A
random set of 7500 genes was selected as background control genes. Second,
Expression2Kinases (X2K) software was used to identify upstream TFs for the Fig. 1A gene
cluster (41). The potential TFs were selected from ChIP-X Enrichment Analysis (ChEA)
database using “mouse + human” as the background organisms (126). The p value from the
Fisher Test and Z-score were used for sorting and ranking. Third, from the National Center
for Biotechnology Information (NCBI), we collected the proximal promoter of each
transcript—defined as 1416 base pairs (bp) upstream and 250 bp downstream of the
transcription start site to remain within the 60 kb sequence limit—for use as an input set for
MEME (127, 128). Using MEME-defined motifs from classic discovery mode, the top three
enriched motifs were searched against the JASPAR CORE (2018) database (containing 1404
defined TF binding sites for eukaryotes) (129) or HOCOMOCO Human (v11) database
(containing 769 TF binding motifs) (130) using TOMTOM (131) to identify transcription
factor recognition sequences. A recognition sequence for E2F6 was considered within the
E2F group, and a recognition sequence for the NRF2 binding partner MAFK was considered
within the NRF2 group. Last, 0POSSUM (43) was used to identify potential TFs targeting
transcripts in the cluster. We selected Single Site Analysis — Human mode and used all
24,752 genes in the oPOSSUM database as a background. All vertebrate profiles with a
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minimum specificity of 8 bits in the JASPAR CORE Profiles were selected as TF binding

sites sources. oPOSSUM was run with the following parameters: conservation cutoff of 0.4,
matrix score threshold of 85%, amount of upstream/downstream sequence: 2000/0, and sort
results by Fisher score. Outputs of the promoter bioinformatics are available in data file S1.

ChlP-seq bioinformatics

NRF2 ChlP-seq raw data files were downloaded from ENCODE (ENCAB800OND) (50),
consisting of fastq files from three cell lines (K562, A549, HepG2) with two biological
replicates each. Quality of the sequenced reads was analyzed using FastQC. Reads were
aligned to the human genome (hg19) using BWA with the -M option. Peaks were identified
using MACS?2 (version 2.1.0) with an FDR cutoff of 0.01 to reduce the number of spurious
peaks. Irreproducibility discovery rate analysis was performed on biological replicates and a
cutoff of 0.05 was used to generate a list of high-confidence peaks for each cell line. Peaks
were annotated using the Homer annotatePeaks program. p53 ChIP-seq binding sites were
used from a ChiP-seq dataset (GSE86164) (51). Briefly, ChIP-seq was performed on three
cell lines (HCT116, MCF7, SJSA) treated with or without nutlin-3. Reads were mapped to
hg19 using Bowtie2 and peaks were identified and annotated using the Homer suite. NRF2—
p53 binding sites were indicated (fig. S2C) if a peak was present for a gene in at least one
cell line analyzed for each ChlP-seq dataset.

Computational modeling

The NRF2 pathway was encoded as first- and second-order rate equations for KEAP1
oxidation and NRF2 stabilization; NRF2-mediated transcription of antioxidant enzymes was
modeled as a Hill function (68, 69). The p53 pathway was reconstructed from a delay
differential equation model of p53 signaling in response to DNA damage (71). Abundances
in the original p53 model were unitless, but abundances were cast as concentrations in the
earlier NRF2 models. Consequently, the integrated model adopted unitless abundances in its
initial conditions and second-order parameters (table S2). To adapt the p53 DNA-damage
model to respond to oxidative stress, we changed the ‘Signal’ activation (representing
activation of upstream kinases p-ATM and p-CHEK?2) from a Heaviside step function to a
first-order oxidation reaction of ATM/CHEK?2 by intracellular H,O, (63). A basal ROS
generation rate was added yielding a realistic intracellular H,O, burden at steady state (70).
Transcription of antioxidant enzymes by p53 (72) was modeled using the same model
parameters describing the p53-mediated induction of MDM2 (71). p53- and NRF2-mediated
antioxidant gene transcription contribute to a shared pool of antioxidant enzymes, which
catalytically reverse the oxidation states of KEAP1 and p-ATM/CHEK2. Transcription of
CDKNZ1A by p53 (132) was included for model calibration (fig. S14) and for testing the
relevance of p53—-p21-NRF2 crosstalk (see next paragraph). The integrated base model of
NRF2-p53 oxidative-stress signaling contains 42 reactions and 22 ordinary differential
equations (ODEs). The model was simulated with dde23 in MATLAB to reach steady state
before the addition of oxidative stress.

The integrated model was calibrated to capture the dynamics of MCF10A-5E cells
stimulated with 200 uM H»0> (fig. S14). Bolus addition of H,O, was simulated as an
impulse of intracellular H,O,. We used an H,0,, partition coefficient that gave rise to NRF2
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stabilization levels comparable to immunoblot quantification (extracellular / intracellular
partition = 3). We approximated p-ATM/CHEK?2 in the integrated model as the maximum
normalized increase of p-ATM or p-CHEK2 over baseline at each experimental time point.
Robustness of the system output to initial conditions was evaluated by randomly varying the
concentration of model species with a log coefficient of variation of 10% taking the base
model as the geometric mean.

For simulations involving the mRFP1-NRF2 reporter (NRF2rep, Fig. 5C), NRF2rep and
mature fluorescent species (Nrf2repmat) were added to the MCF10A-5E base model. Both
reporter species were allowed to react with KEAPL, but neither could bind MAF proteins or
antioxidant-response elements in the model (fig. S9E). We used an mRFP1 maturation time
of one hour (79) to model the conversion of NRF2rep to NRF2repmat. The modifications
added 19 additional reactions and eight additional ODESs to the MCF10A-5E base model.

For simulations involving p53—-p21-NRF2 crosstalk (fig. S14C), we added reactions
involving p21 binding to NRF2 to the MCF10A-5E base model. p21 was assumed to interact
with NRF2 like KEAP1 and compete with KEAP1 for binding NRF2 through its DLG and
ETGE domains (76). The p21:NRF2 complex was assumed to degrade at the same reduced
rate as when NRF2 is bound to oxidized KEAP1 (k_nrf2degox). These modifications added
eight additional reactions and two additional ODEs to the MCF10A-5E base model.

For simulations involving MCF10DCIS.com cells (Fig. 5, E to G), RNA-sequencing data
(Fig. 3B) was used to estimate proportional differences in model species abundance between
MCF10DCIS.com and MCF10A-5E cells. Average gene expression in transcripts per
million from the four biological replicates of MCF10DCIS.com and MCF10A-5E control
cell lines was calculated for each gene. Fold changes in model species of MCF10DCIS.com
relative to MCF10A-5E were used to adjust each initial condition in the model. For the
“MAF” species, we used the median fold change in NRF2-binding small MAFs MAFF,
MAFG, and MAFK (133). For the antioxidant species, we used the median fold-change in
TXN, SOD1, PRDX1, and HMOXI to include antioxidants that react with both free radicals
and oxidized proteins (134). Additionally, the MCF10DCIS.com model included a 1.4-fold
increase in the basal ROS generation rate, informed by the increased median HyPer2-ratio in
MCF10DCIS.com cells compared to MCF10A-5E cells (fig. S9D). The increased ROS
generation rate was paired with an increase basal turnover of the antioxidant pool to arrive at
steady-state antioxidant gene expression levels consistent with MCF10DCIS.com RNA-seq
data.

For simulations involving bursts of oxidative stress, an increased ROS production rate was
added for two hours to match the duration of transient stabilizations of JUND (a gene in the
NRF2-associated gene cluster) in 3D (24). We selected the minimum increase in ROS
generation (20-fold; log CV = 20%) that gave rise to a detectable stabilization of both the
NRF2 and p53 pathways in the MCF10A-5E base model. Under these conditions, overall
oxidative-stress burden was within 4-16% of that observed with 200 uM H,0,. For
MCF10DCIS.com and TNBC models, the mean ROS generation rate was scaled 1.4-fold to
reflect the increased basal ROS generation rate described above. NRF2 knockdown was
encoded by decreasing the net synthesis rate of NRF2 fivefold to mimic the fivefold
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decrease in NRF2 protein resulting from short-hairpin knockdown (Fig. 2C). To account for
secondary transcriptional adaptations (Fig. 5F), initial conditions were also adjusted by
RNA-seg-based fold changes in model species for shNRF2 cells relative to negative-control
cells (Fig. 3B). Dominant negative p53 was encoded by removing all reactions downstream
of p53 (transcriptional activation of MDMZ2, PPM1D, CDKN1A, and the p53 share of the
antioxidant enzyme pool).

For the control case and all genetic perturbations (ShNRF2, DNp53, and shNRF2+DNp53),
100 simulations were run with random ROS generation rates varied with a log coefficient of
variation of 25% to capture the variability of HyPer-2 ratios observed experimentally (Fig.
4D). Each simulation was run for two hours with increased ROS production rate and then an
additional 10 hours to allow relaxation back to steady state. For assessment of species
coordination (Fig. 5, C to E, and 7B), species abundances were captured at 10 random
timepoints from each simulation and mutual information was calculated as it was for
quantitative immunofluorescence datasets. For oxidative stress analysis (Fig. 5, F and G, and
7B), the time-integrated intracellular H,O, concentration was used as an overall measure of
oxidative stress.

For simulations involving TNBC cells (Fig. 7, A and B), RNA-seq data from the NIH
LINCS consortium (91) (HMS dataset ID: 20348) was used to estimate proportional
differences in model species abundance between 15 TNBC cell lines and MCF10A cells.
Reads per kilobase per million mapped reads values were normalized as transcripts per
million before fold-change calculation. MAF and antioxidant species were estimated as
described above. TNBC models used the same increased basal ROS generation rate as in the
MCF10DCIS.com model (135). To simulate p53 mutation in the 15 p53-mutant TNBC cell
lines, all reactions downstream of p53 were removed.

For simulations involving TNBC tumors from TCGA (Fig. 7, H and 1), breast cancer
sequencing data and associated clinical information was downloaded from TCGA Data
Portal (https://portal.gdc.cancer.gov/). We identified 122 TNBC cases as tumors that were
scored negative for estrogen receptor expression, progesterone receptor expression, and
HERZ2 amplification in the clinical record. Fragments per kilobase per million mapped reads
were normalized as transcripts per million before fold change calculation to model species
abundance in MCF10A cells. Simulations were carried out exactly as described for TNBC
cell lines. All computational models and associated results are available in data file S4.

Statistical analysis

For analysis of the 10cRNA-seq dataset (Fig. 2A), Spearman correlation between transcripts
and the median expression of the NRF2-associated gene cluster was calculated at a false-
discovery rate of 10%. Transcripts with a Spearman correlation coefficient above 0.5 were
examined by Gene Ontology analysis. Statistical enrichment of Gene Ontology terms was
assessed by Fisher exact test with FDR-corrected p values. Statistical enrichments in ChlP-
seq binding were determined by hypergeometric test (fig. S2C). For quantitative PCR data,
differences in geometric means were assessed by Welch’s ttest after log transformation (fig.
S2, A and B). Statistical interaction between shNRF2 and DNp53 and differences between
immunoblotting time courses were assessed by one-way ANOVA (Fig. 2, Dand E, 3E, 4, A
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and B, 5, F and G, and fig. S2C). Statistical interaction between shNRF2, DNp53, and
Trolox was assessed by three-way ANOVA (Fig. 4E). For fig. S15B, two-way ANOVA
without replication was used. For unpaired clinical data, multi-group comparison was made
by Kruskal-Wallis rank-sum test (Fig. 6, D to F). For 3D spheroid growth, mean differences
in area were assessed by Kruskal-Wallis test with Dunn’s post-hoc test (Fig. 7, C to G).
Distributions were compared by Kolmogorov-Smirnov test (fig. S2D, S9, and S11). All
other two-sample comparisons were performed by Student’s #test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Page Murray for assisting with quantitative PCR, Pat Pramoonjago for help with processing the clinical
samples, Emily Farber at the Center for Public Health Genomics for performing the RNA sequencing, Scott Vande
Pol (University of Virginia) and Joan Brugge (Harvard Medical School) for plasmid reagents, Hui Zong (University
of Virginia) for providing mammary tissue, and Amy Bouton and Janet Cross for critically reading this manuscript.

Funding: This work was supported by grants from the National Institutes of Health: R01-CA214718 (K.A.J.), U01-
CA215794 (K.A.J.), T32-CA009109 (E.J.P.), F31-CA213813 (E.J.P.) and the National Science Foundation:
1934600 (K.A.J.). Research support from the Biorepository and Tissue Research Facility and the Advanced
Microscopy Core is supported by the University of Virginia Cancer Center (P30-CA044579). K.A.J. is supported by
an award from The David and Lucile Packard Foundation (2009-34710).

References and Notes

1.

Medina D, The mammary gland: a unique organ for the study of development and tumorigenesis. J.
Mammary Gland Biol. Neoplasia 1, 5-19 (1996). [PubMed: 10887477]

. Paine IS, Lewis MT, The Terminal End Bud: the Little Engine that Could. J. Mammary Gland Biol.

Neoplasia 22, 93-108 (2017). [PubMed: 28168376]

. Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z, Collective epithelial migration and cell

rearrangements drive mammary branching morphogenesis. Dev. Cell 14, 570-581 (2008). [PubMed:
18410732]

. Brisken C, O’Malley B, Hormone action in the mammary gland. Cold Spring Harb. Perspect. Biol.

2, 2003178 (2010). [PubMed: 20739412]

. Sternlicht MD, Key stages in mammary gland development: the cues that regulate ductal branching

morphogenesis. Breast Cancer Res. 8, 201 (2006). [PubMed: 16524451]

. Sympson CJ, Talhouk RS, Alexander CM, Chin JR, Clift SM, Bissell MJ, Werb Z, Targeted

expression of stromelysin-1 in mammary gland provides evidence for a role of proteinases in
branching morphogenesis and the requirement for an intact basement membrane for tissue-specific
gene expression. J. Cell Biol. 125, 681-693 (1994). [PubMed: 8175886]

. Huebner RJ, Lechler T, Ewald AJ, Developmental stratification of the mammary epithelium occurs

through symmetry-breaking vertical divisions of apically positioned luminal cells. Development
141, 1085-1094 (2014). [PubMed: 24550116]

. Mailleux AA, Overholtzer M, Schmelzle T, Bouillet P, Strasser A, Brugge JS, BIM regulates

apoptosis during mammary ductal morphogenesis, and its absence reveals alternative cell death
mechanisms. Dev. Cell 12, 221-234 (2007). [PubMed: 17276340]

. Hasegawa D, Calvo V, Avivar-Valderas A, Lade A, Chou HI, Lee YA, Farias EF, Aguirre-Ghiso JA,

Friedman SL, Epithelial Xbp1 is required for cellular proliferation and differentiation during
mammary gland development. Mol Cell Biol 35, 1543-1556 (2015). [PubMed: 25713103]

10. Avivar-Valderas A, Wen HC, Aguirre-Ghiso JA, Stress signaling and the shaping of the mammary

tissue in development and cancer. Oncogene 33, 5483-5490 (2014). [PubMed: 24413078]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 24

Wang CC, Jamal L, Janes KA, Normal morphogenesis of epithelial tissues and progression of
epithelial tumors. Wiley Interdiscip. Rev. Syst. Biol. Med. 4, 51-78 (2012). [PubMed: 21898857]
Feigin ME, Muthuswamy SK, Polarity proteins regulate mammalian cell-cell junctions and cancer
pathogenesis. Curr. Opin. Cell Biol. 21, 694-700 (2009). [PubMed: 19729289]

Debnath J, Brugge JS, Modelling glandular epithelial cancers in three-dimensional cultures. Nat.
Rev. Cancer 5, 675-688 (2005). [PubMed: 16148884]

Shamir ER, Ewald AJ, Three-dimensional organotypic culture: experimental models of
mammalian biology and disease. Nat. Rev. Mol. Cell Biol. 15, 647-664 (2014). [PubMed:
25237826]

Lee GY, Kenny PA, Lee EH, Bissell MJ, Three-dimensional culture models of normal and
malignant breast epithelial cells. Nat. Methods 4, 359-365 (2007). [PubMed: 17396127]

Wang H, Lacoche S, Huang L, Xue B, Muthuswamy SK, Rotational motion during three-
dimensional morphogenesis of mammary epithelial acini relates to laminin matrix assembly. Proc.
Natl. Acad. Sci. U. S. A. 110, 163-168 (2013). [PubMed: 23248267]

Jarde T, Lloyd-Lewis B, Thomas M, Kendrick H, Melchor L, Bougaret L, Watson PD, Ewan K,
Smalley MJ, Dale TC, Wnt and Neuregulinl/ErbB signalling extends 3D culture of hormone
responsive mammary organoids. Nat Commun 7, 13207 (2016). [PubMed: 27782124]

Jamieson PR, Dekkers JF, Rios AC, Fu NY, Lindeman GJ, Visvader JE, Derivation of a robust
mouse mammary organoid system for studying tissue dynamics. Development 144, 1065-1071
(2017). [PubMed: 27993977]

Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, Balgobind AV, Wind K, Gracanin
A, Begthel H, Korving J, van Boxtel R, Duarte AA, Lelieveld D, van Hoeck A, Ernst RF, Blokzijl
F, Nijman 1J, Hoogstraat M, van de Ven M, Egan DA, Zinzalla V, Moll J, Boj SF, Voest EE,
Wessels L, van Diest PJ, Rottenberg S, Vries RGJ, Cuppen E, Clevers H, A Living Biobank of
Breast Cancer Organoids Captures Disease Heterogeneity. Cell 172, 373-386 €310 (2018).
[PubMed: 29224780]

Janes KA, Wang CC, Holmberg KJ, Cabral K, Brugge JS, Identifying single-cell molecular
programs by stochastic profiling. Nat. Methods 7, 311-317 (2010). [PubMed: 20228812]

Schafer ZT, Grassian AR, Song L, Jiang Z, Gerhart-Hines Z, Irie HY, Gao S, Puigserver P, Brugge
JS, Antioxidant and oncogene rescue of metabolic defects caused by loss of matrix attachment.
Nature 461, 109-113 (2009). [PubMed: 19693011]

Wang L, Brugge JS, Janes KA, Intersection of FOXO- and RUNX1-mediated gene expression
programs in single breast epithelial cells during morphogenesis and tumor progression. Proc. Natl.
Acad. Sci. U. S. A. 108, E803-812 (2011). [PubMed: 21873240]

Debnath J, Mills KR, Collins NL, Reginato MJ, Muthuswamy SK, Brugge JS, The role of
apoptosis in creating and maintaining luminal space within normal and oncogene-expressing
mammary acini. Cell 111, 29-40 (2002). [PubMed: 12372298]

Wang CC, Bajikar SS, Jamal L, Atkins KA, Janes KA, A time- and matrix-dependent TGFBR3-
JUND-KRTS5 regulatory circuit in single breast epithelial cells and basal-like premalignancies. Nat.
Cell Biol. 16, 345-356 (2014). [PubMed: 24658685]

Bajikar SS, Wang CC, Borten MA, Pereira EJ, Atkins KA, Janes KA, Tumor-Suppressor
Inactivation of GDF11 Occurs by Precursor Sequestration in Triple-Negative Breast Cancer. Dev.
Cell 43, 418-435 €413 (2017). [PubMed: 29161592]

Parker JS, Mullins M, Cheang MC, Leung S, Voduc D, Vickery T, Davies S, Fauron C, He X, Hu
Z, Quackenbush JF, Stijleman 1J, Palazzo J, Marron JS, Nobel AB, Mardis E, Nielsen TO, Ellis
MJ, Perou CM, Bernard PS, Supervised risk predictor of breast cancer based on intrinsic subtypes.
J. Clin. Oncol. 27, 1160-1167 (2009). [PubMed: 19204204]

Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ, Mansuy D, Pouyssegur J, Yaniv M,
Mechta-Grigoriou F, JunD reduces tumor angiogenesis by protecting cells from oxidative stress.
Cell 118, 781-794 (2004). [PubMed: 15369676]

O’Reilly MA, Redox activation of p21Cip1l/WAF1/Sdil: a multifunctional regulator of cell survival
and death. Antioxid. Redox Signal. 7, 108-118 (2005). [PubMed: 15650400]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Page 25

Minocherhomiji S, Ying S, Bjerregaard VA, Bursomanno S, Aleliunaite A, Wu W, Mankouri HW,
Shen H, Liu Y, Hickson ID, Replication stress activates DNA repair synthesis in mitosis. Nature
528, 286-290 (2015). [PubMed: 26633632]

Czarnecka AM, Campanella C, Zummo G, Cappello F, Mitochondrial chaperones in cancer: from
molecular biology to clinical diagnostics. Cancer Biol. Ther. 5, 714-720 (2006). [PubMed:
16861898]

Tanioka M, Fan C, Parker JS, Hoadley KA, Hu Z, Li Y, Hyslop TM, Pitcher BN, Soloway MG,
Spears PA, Henry LN, Tolaney S, Dang CT, Krop IE, Harris LN, Berry DA, Mardis ER, Winer EP,
Hudis CA, Carey LA, Perou CM, Integrated Analysis of RNA and DNA from the Phase I11 Trial
CALGB 40601 Identifies Predictors of Response to Trastuzumab-Based Neoadjuvant
Chemotherapy in HER2-Positive Breast Cancer. Clin Cancer Res 24, 5292-5304 (2018).
[PubMed: 30037817]

Sykiotis GP, Bohmann D, Stress-activated cap’n’collar transcription factors in aging and human
disease. Sci Signal 3, re3 (2010). [PubMed: 20215646]

Rojo de la Vega M, Chapman E, Zhang DD, NRF2 and the Hallmarks of Cancer. Cancer Cell 34,
21-43 (2018). [PubMed: 29731393]

Sharpless NE, DePinho RA, p53: good cop/bad cop. Cell 110, 9-12 (2002). [PubMed: 12150992]

N. Cancer Genome Atlas, Comprehensive molecular portraits of human breast tumours. Nature
490, 61-70 (2012). [PubMed: 23000897]

Gorrini C, Baniasadi PS, Harris IS, Silvester J, Inoue S, Snow B, Joshi PA, Wakeham A, Molyneux
SD, Martin B, Bouwman P, Cescon DW, Elia AJ, Winterton-Perks Z, Cruickshank J, Brenner D,
Tseng A, Musgrave M, Berman HK, Khokha R, Jonkers J, Mak TW, Gauthier ML, BRCA1
interacts with Nrf2 to regulate antioxidant signaling and cell survival. J Exp Med 210, 1529-1544
(2013). [PubMed: 23857982]

Walerych D, Lisek K, Sommaggio R, Piazza S, Ciani Y, Dalla E, Rajkowska K, Gaweda-Walerych
K, Ingallina E, Tonelli C, Morelli MJ, Amato A, Eterno V, Zambelli A, Rosato A, Amati B,
Wisniewski JR, Del Sal G, Proteasome machinery is instrumental in a common gain-of-function
program of the p53 missense mutants in cancer. Nat. Cell Biol. 18, 897-909 (2016). [PubMed:
27347849]

Bajikar SS, Fuchs C, Roller A, Theis FJ, Janes KA, Parameterizing cell-to-cell regulatory
heterogeneities via stochastic transcriptional profiles. Proc. Natl. Acad. Sci. U. S. A. 111, E626—
635 (2014). [PubMed: 24449900]

Shalek AK, Satija R, Adiconis X, Gertner RS, Gaublomme JT, Raychowdhury R, Schwartz S,
Yosef N, Malboeuf C, Lu D, Trombetta JJ, Gennert D, Gnirke A, Goren A, Hacohen N, Levin JZ,
Park H, Regev A, Single-cell transcriptomics reveals bimodality in expression and splicing in
immune cells. Nature 498, 236-240 (2013). [PubMed: 23685454]

Gotea V, Ovcharenko I, DIRE: identifying distant regulatory elements of co-expressed genes.
Nucleic Acids Res. 36, W133-139 (2008). [PubMed: 18487623]

Chen EY, Xu H, Gordonov S, Lim MP, Perkins MH, Ma’ayan A, Expression2Kinases: mRNA
profiling linked to multiple upstream regulatory layers. Bioinformatics 28, 105-111 (2012).
[PubMed: 22080467]

Bailey TL, Johnson J, Grant CE, Noble WS, The MEME Suite. Nucleic Acids Res. 43, W39-49
(2015). [PubMed: 25953851]

Kwon AT, Arenillas DJ, Worsley Hunt R, Wasserman WW, oPOSSUM-3: advanced analysis of
regulatory motif over-representation across genes or ChlP-Seq datasets. G3 (Bethesda) 2, 987-
1002 (2012). [PubMed: 22973536]

Kleinman HK, Martin GR, Matrigel: basement membrane matrix with biological activity. Semin.
Cancer Biol. 15, 378-386 (2005). [PubMed: 15975825]

Singh S, Wang L, Schaff DL, Sutcliffe MD, Koeppel AF, Kim J, Onengut-Gumuscu S, Park KS,
Zong H, Janes KA, In situ 10-cell RNA sequencing in tissue and tumor biopsy samples. Sci. Rep.
9, 4836 (2019). [PubMed: 30894605]

C. The Gene Ontology, The Gene Ontology Resource: 20 years and still GOing strong. Nucleic
Acids Res. 47, D330-D338 (2019). [PubMed: 30395331]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

Page 26

Loewer A, Batchelor E, Gaglia G, Lahav G, Basal dynamics of p53 reveal transcriptionally
attenuated pulses in cycling cells. Cell 142, 89-100 (2010). [PubMed: 20598361]

Zhang Y, Yan W, Chen X, Mutant p53 disrupts MCF-10A cell polarity in three-dimensional culture
via epithelial-to-mesenchymal transitions. J. Biol. Chem. 286, 16218-16228 (2011). [PubMed:
21454711]

Bowman T, Symonds H, Gu L, Yin C, Oren M, Van Dyke T, Tissue-specific inactivation of p53
tumor suppression in the mouse. Genes Dev 10, 826-835 (1996). [PubMed: 8846919]

E. P. Consortium, An integrated encyclopedia of DNA elements in the human genome. Nature 489,
57-74 (2012). [PubMed: 22955616]

Andrysik Z, Galbraith MD, Guarnieri AL, Zaccara S, Sullivan KD, Pandey A, MacBeth M, Inga A,
Espinosa JM, ldentification of a core TP53 transcriptional program with highly distributed tumor
suppressive activity. Genome Res. 27, 1645-1657 (2017). [PubMed: 28904012]

Faraonio R, Vergara P, Di Marzo D, Pierantoni MG, Napolitano M, Russo T, Cimino F, p53
suppresses the Nrf2-dependent transcription of antioxidant response genes. J. Biol. Chem. 281,
39776-39784 (2006). [PubMed: 17077087]

Miller FR, Santner SJ, Tait L, Dawson PJ, MCF10DCIS.com xenograft model of human comedo
ductal carcinoma in situ. J. Natl. Cancer Inst. 92, 1185-1186 (2000).

Hu M, Yao J, Carroll DK, Weremowicz S, Chen H, Carrasco D, Richardson A, Violette S,
Nikolskaya T, Nikolsky Y, Bauerlein EL, Hahn WC, Gelman RS, Allred C, Bissell MJ, Schnitt S,
Polyak K, Regulation of in situ to invasive breast carcinoma transition. Cancer Cell 13, 394-406
(2008). [PubMed: 18455123]

Dawson PJ, Wolman SR, Tait L, Heppner GH, Miller FR, MCF10AT: a model for the evolution of
cancer from proliferative breast disease. Am. J. Pathol. 148, 313-319 (1996). [PubMed: 8546221]
Wasielewski M, Hanifi-Moghaddam P, Hollestelle A, Merajver SD, van den Ouweland A, Klijn
JG, Ethier SP, Schutte M, Deleterious CHEK2 1100delC and L303X mutants identified among 38
human breast cancer cell lines. Breast Cancer Res. Treat. 113, 285-291 (2009). [PubMed:
18297428]

Hirao A, Cheung A, Duncan G, Girard PM, Elia AJ, Wakeham A, Okada H, Sarkissian T, Wong
JA, Sakai T, De Stanchina E, Bristow RG, Suda T, Lowe SW, Jeggo PA, Elledge SJ, Mak TW,
Chk2 is a tumor suppressor that regulates apoptosis in both an ataxia telangiectasia mutated
(ATM)-dependent and an ATM-independent manner. Mol Cell Biol 22, 6521-6532 (2002).
[PubMed: 12192050]

Hong F, Freeman ML, Liebler DC, Identification of sensor cysteines in human Keapl modified by
the cancer chemopreventive agent sulforaphane. Chem. Res. Toxicol. 18, 1917-1926 (2005).
[PubMed: 16359182]

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong N, Kammlott U, Lukacs
C, Klein C, Fotouhi N, Liu EA, In vivo activation of the p53 pathway by small-molecule
antagonists of MDMZ2. Science 303, 844-848 (2004). [PubMed: 14704432]

Lane DP, Cancer. p53, guardian of the genome. Nature 358, 15-16 (1992). [PubMed: 1614522]
Barr AR, Cooper S, Heldt FS, Butera F, Stoy H, Mansfeld J, Novak B, Bakal C, DNA damage
during S-phase mediates the proliferation-quiescence decision in the subsequent G1 via p21
expression. Nat Commun 8, 14728 (2017). [PubMed: 28317845]

Suzuki T, Muramatsu A, Saito R, Iso T, Shibata T, Kuwata K, Kawaguchi S, lwawaki T, Adachi S,
Suda H, Morita M, Uchida K, Baird L, Yamamoto M, Molecular Mechanism of Cellular Oxidative
Stress Sensing by Keapl. Cell Rep 28, 746-758 €744 (2019). [PubMed: 31315052]

Guo Z, Kozlov S, Lavin MF, Person MD, Paull TT, ATM activation by oxidative stress. Science
330, 517-521 (2010). [PubMed: 20966255]

Kannan N, Nguyen LV, Makarem M, Dong Y, Shih K, Eirew P, Raouf A, Emerman JT, Eaves CJ,
Glutathione-dependent and -independent oxidative stress-control mechanisms distinguish normal
human mammary epithelial cell subsets. Proc. Natl. Acad. Sci. U. S. A. 111, 7789-7794 (2014).
[PubMed: 24821780]

Molyneux G, Geyer FC, Magnay FA, McCarthy A, Kendrick H, Natrajan R, Mackay A,
Grigoriadis A, Tutt A, Ashworth A, Reis-Filho JS, Smalley MJ, BRCAL1 basal-like breast cancers

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 27

originate from luminal epithelial progenitors and not from basal stem cells. Cell Stem Cell 7, 403—
417 (2010). [PubMed: 20804975]

Takahashi N, Chen HY, Harris IS, Stover DG, Selfors LM, Bronson RT, Deraedt T, Cichowski K,
Welm AL, Mori Y, Mills GB, Brugge JS, Cancer Cells Co-opt the Neuronal Redox-Sensing
Channel TRPA1 to Promote Oxidative-Stress Tolerance. Cancer Cell 33, 985-1003 1007 (2018).
[PubMed: 29805077]

Markvicheva KN, Bilan DS, Mishina NM, Gorokhovatsky AY, Vinokurov LM, Lukyanov S,
Belousov VV, A genetically encoded sensor for H202 with expanded dynamic range. Bioorg Med
Chem 19, 1079-1084 (2011). [PubMed: 20692175]

Khalil HS, Goltsov A, Langdon SP, Harrison DJ, Bown J, Deeni Y, Quantitative analysis of NRF2
pathway reveals key elements of the regulatory circuits underlying antioxidant response and
proliferation of ovarian cancer cells. J. Biotechnol. 202, 12-30 (2015). [PubMed: 25449014]
Zhang Q, Andersen ME, Dose response relationship in anti-stress gene regulatory networks. PL0oS
Comput. Biol. 3, €24 (2007). [PubMed: 17335342]

Oshino N, Chance B, Sies H, Bucher T, The role of H 2 O 2 generation in perfused rat liver and the
reaction of catalase compound | and hydrogen donors. Arch. Biochem. Biophys. 154, 117-131
(1973). [PubMed: 4347674]

Batchelor E, Mock CS, Bhan I, Loewer A, Lahav G, Recurrent initiation: a mechanism for
triggering p53 pulses in response to DNA damage. Mol. Cell 30, 277-289 (2008). [PubMed:
18471974]

Sablina AA, Budanov AV, llyinskaya GV, Agapova LS, Kravchenko JE, Chumakov PM, The
antioxidant function of the p53 tumor suppressor. Nat. Med. 11, 1306-1313 (2005). [PubMed:
16286925]

Augustyn KE, Merino EJ, Barton JK, A role for DNA-mediated charge transport in regulating p53:
Oxidation of the DNA-bound protein from a distance. Proc. Natl. Acad. Sci. U. S. A. 104, 18907-
18912 (2007). [PubMed: 18025460]

You A, Nam CW, Wakabayashi N, Yamamoto M, Kensler TW, Kwak MK, Transcription factor
Nrf2 maintains the basal expression of Mdm2: An implication of the regulation of p53 signaling
by Nrf2. Arch. Biochem. Biophys. 507, 356-364 (2011). [PubMed: 21211512]

Todoric J, Antonucci L, Di Caro G, Li N, Wu X, Lytle NK, Dhar D, Banerjee S, Fagman JB,
Browne CD, Umemura A, Valasek MA, Kessler H, Tarin D, Goggins M, Reya T, Diaz-Meco M,
Moscat J, Karin M, Stress-Activated NRF2-MDM2 Cascade Controls Neoplastic Progression in
Pancreas. Cancer Cell 32, 824-839 €828 (2017). [PubMed: 29153842]

Chen W, Sun Z, Wang XJ, Jiang T, Huang Z, Fang D, Zhang DD, Direct interaction between Nrf2
and p21(Cipl/WAF1) upregulates the Nrf2-mediated antioxidant response. Mol. Cell 34, 663-673
(2009). [PubMed: 19560419]

Shan Y, Wei Z, Tao L, Wang S, Zhang F, Shen C, Wu H, Liu Z, Zhu P, Wang A, Chen W, Lu Y,
Prophylaxis of Diallyl Disulfide on Skin Carcinogenic Model via p21-dependent Nrf2
stabilization. Sci. Rep. 6, 35676 (2016). [PubMed: 27759091]

Kaczara P, Sarna T, Burke JM, Dynamics of H202 availability to ARPE-19 cultures in models of
oxidative stress. Free Radic. Biol. Med. 48, 1064-1070 (2010). [PubMed: 20100568]

Balleza E, Kim JM, Cluzel P, Systematic characterization of maturation time of fluorescent
proteins in living cells. Nat. Methods 15, 47-51 (2018). [PubMed: 29320486]

Lakhani SR, Van De Vijver MJ, Jacquemier J, Anderson TJ, Osin PP, McGuffog L, Easton DF, The
pathology of familial breast cancer: predictive value of immunohistochemical markers estrogen
receptor, progesterone receptor, HER-2, and p53 in patients with mutations in BRCAL and
BRCAZ2. J. Clin. Oncol. 20, 2310-2318 (2002). [PubMed: 11981002]

Karihtala P, Kauppila S, Soini Y, Arja Jukkola V, Oxidative stress and counteracting mechanisms in
hormone receptor positive, triple-negative and basal-like breast carcinomas. BMC Cancer 11, 262
(2011). [PubMed: 21693047]

Kemmerer ZA, Ader NR, Mulroy SS, Eggler AL, Comparison of human Nrf2 antibodies: A tale of
two proteins. Toxicol. Lett. 238, 83-89 (2015).

Lau A, Tian W, Whitman SA, Zhang DD, The predicted molecular weight of Nrf2: it is what it is
not. Antioxid. Redox Signal. 18, 91-93 (2013). [PubMed: 22703241]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

Page 28

Solis LM, Behrens C, Dong W, Suraokar M, Ozburn NC, Moran CA, Corvalan AH, Biswal S,
Swisher SG, Bekele BN, Minna JD, Stewart DJ, Wistuba Il, Nrf2 and Keapl abnormalities in non-
small cell lung carcinoma and association with clinicopathologic features. Clin Cancer Res 16,
3743-3753 (2010). [PubMed: 20534738]

Maguire SL, Peck B, Wai PT, Campbell J, Barker H, Gulati A, Daley F, Vyse S, Huang P, Lord CJ,
Farnie G, Brennan K, Natrajan R, Three-dimensional modelling identifies novel genetic
dependencies associated with breast cancer progression in the isogenic MCF10 model. J. Pathol.
240, 315-328 (2016). [PubMed: 27512948]

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, Mangal D, Yu KH, Yeo
CJ, Calhoun ES, Scrimieri F, Winter JM, Hruban RH, lacobuzio-Donahue C, Kern SE, Blair IA,
Tuveson DA, Oncogene-induced Nrf2 transcription promotes ROS detoxification and
tumorigenesis. Nature 475, 106-109 (2011). [PubMed: 21734707]

Shah SP, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, Turashvili G, Ding J, Tse K, Haffari G,
Bashashati A, Prentice LM, Khattra J, Burleigh A, Yap D, Bernard V, McPherson A, Shumansky
K, Crisan A, Giuliany R, Heravi-Moussavi A, Rosner J, Lai D, Birol I, Varhol R, Tam A, Dhalla
N, Zeng T, Ma K, Chan SK, Griffith M, Moradian A, Cheng SW, Morin GB, Watson P, Gelmon K,
Chia S, Chin SF, Curtis C, Rueda OM, Pharoah PD, Damaraju S, Mackey J, Hoon K, Harkins T,
Tadigotla V, Sigaroudinia M, Gascard P, TIsty T, Costello JF, Meyer IM, Eaves CJ, Wasserman
WW, Jones S, Huntsman D, Hirst M, Caldas C, Marra MA, Aparicio S, The clonal and mutational
evolution spectrum of primary triple-negative breast cancers. Nature 486, 395-399 (2012).
[PubMed: 22495314]

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D, Lynch AG,
Samarajiwa S, Yuan Y, Graf S, Ha G, Haffari G, Bashashati A, Russell R, McKinney S, Langerod
A, Green A, Provenzano E, Wishart G, Pinder S, Watson P, Markowetz F, Murphy L, Ellis I,
Purushotham A, Borresen-Dale AL, Brenton JD, Tavare S, Caldas C, Aparicio S, The genomic and
transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. Nature 486, 346-352
(2012). [PubMed: 22522925]

Luo J, Solimini NL, Elledge SJ, Principles of cancer therapy: oncogene and non-oncogene
addiction. Cell 136, 823-837 (2009). [PubMed: 19269363]

Butcher DT, Alliston T, Weaver VM, A tense situation: forcing tumour progression. Nat. Rev.
Cancer 9, 108-122 (2009). [PubMed: 19165226]

Keenan AB, Jenkins SL, Jagodnik KM, Koplev S, He E, Torre D, Wang Z, Dohlman AB,
Silverstein MC, Lachmann A, Kuleshov MV, Ma’ayan A, Stathias V, Terryn R, Cooper D, Forlin
M, Koleti A, Vidovic D, Chung C, Schurer SC, Vasiliauskas J, Pilarczyk M, Shamsaei B, Fazel M,
Ren Y, Niu W, Clark NA, White S, Mahi N, Zhang L, Kouril M, Reichard JF, Sivaganesan S,
Medvedovic M, Meller J, Koch RJ, Birtwistle MR, lyengar R, Sobie EA, Azeloglu EU, Kaye J,
Osterloh J, Haston K, Kalra J, Finkbiener S, Li J, Milani P, Adam M, Escalante-Chong R, Sachs K,
Lenail A, Ramamoorthy D, Fraenkel E, Daigle G, Hussain U, Coye A, Rothstein J, Sareen D,
Ornelas L, Banuelos M, Mandefro B, Ho R, Svendsen CN, Lim RG, Stocksdale J, Casale MS,
Thompson TG, Wu J, Thompson LM, Dardov V, Venkatraman V, Matlock A, Van Eyk JE, Jaffe
JD, Papanastasiou M, Subramanian A, Golub TR, Erickson SD, Fallahi-Sichani M, Hafner M,
Gray NS, Lin JR, Mills CE, Muhlich JL, Niepel M, Shamu CE, Williams EH, Wrobel D, Sorger
PK, Heiser LM, Gray JW, Korkola JE, Mills GB, LaBarge M, Feiler HS, Dane MA, Bucher E,
Nederlof M, Sudar D, Gross S, Kilburn DF, Smith R, Devlin K, Margolis R, Derr L, Lee A, Pillai
A, The Library of Integrated Network-Based Cellular Signatures NIH Program: System-Level
Cataloging of Human Cells Response to Perturbations. Cell Syst 6, 13—-24 (2018). [PubMed:
29199020]

Thimmulappa RK, Mai KH, Srisuma S, Kensler TW, Yamamoto M, Biswal S, Identification of
Nrf2-regulated genes induced by the chemopreventive agent sulforaphane by oligonucleotide
microarray. Cancer Res. 62, 5196-5203 (2002). [PubMed: 12234984]

Allen MA, Andrysik Z, Dengler VL, Mellert HS, Guarnieri A, Freeman JA, Sullivan KD, Galbraith
MD, Luo X, Kraus WL, Dowell RD, Espinosa JM, Global analysis of p53-regulated transcription
identifies its direct targets and unexpected regulatory mechanisms. Elife 3, 02200 (2014).
[PubMed: 24867637]

Gorrini C, Gang BP, Bassi C, Wakeham A, Baniasadi SP, Hao Z, Li WY, Cescon DW, Li YT,
Molyneux S, Penrod N, Lupien M, Schmidt EE, Stambolic V, Gauthier ML, Mak TW, Estrogen

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

Page 29

controls the survival of BRCAZ1-deficient cells via a PI3K-NRF2-regulated pathway. Proc. Natl.
Acad. Sci. U. S. A. 111, 4472-4477 (2014). [PubMed: 24567396]

95. Rajasekaran NS, Varadharaj S, Khanderao GD, Davidson CJ, Kannan S, Firpo MA, Zweier JL,

Benjamin 1J, Sustained activation of nuclear erythroid 2-related factor 2/antioxidant response
element signaling promotes reductive stress in the human mutant protein aggregation
cardiomyopathy in mice. Antioxid. Redox Signal. 14, 957-971 (2011). [PubMed: 21126175]

96. Hornsveld M, Smits LMM, Meerlo M, van Amersfoort M, Groot Koerkamp MJA, van Leenen D,

Kloet DEA, Holstege FCP, Derksen PWB, Burgering BMT, Dansen TB, FOXO Transcription
Factors Both Suppress and Support Breast Cancer Progression. Cancer Res. 78, 2356-2369
(2018). [PubMed: 29440168]

97. Ellis MJ, Ding L, Shen D, Luo J, Suman VJ, Wallis JW, Van Tine BA, Hoog J, Goiffon RJ,

Goldstein TC, Ng S, Lin L, Crowder R, Snider J, Ballman K, Weber J, Chen K, Koboldt DC,
Kandoth C, Schierding WS, McMichael JF, Miller CA, Lu C, Harris CC, McLellan MD, WendlI
MC, DeSchryver K, Allred DC, Esserman L, Unzeitig G, Margenthaler J, Babiera GV, Marcom
PK, Guenther JM, Leitch M, Hunt K, Olson J, Tao Y, Maher CA, Fulton LL, Fulton RS, Harrison
M, Oberkfell B, Du F, Demeter R, Vickery TL, Elhammali A, Piwnica-Worms H, McDonald S,
Watson M, Dooling DJ, Ota D, Chang LW, Bose R, Ley TJ, Piwnica-Worms D, Stuart JM, Wilson
RK, Mardis ER, Whole-genome analysis informs breast cancer response to aromatase inhibition.
Nature 486, 353-360 (2012). [PubMed: 22722193]

98. Banerji S, Cibulskis K, Rangel-Escareno C, Brown KK, Carter SL, Frederick AM, Lawrence MS,

Sivachenko AY, Sougnez C, Zou L, Cortes ML, Fernandez-Lopez JC, Peng S, Ardlie KG, Auclair
D, Bautista-Pina V, Duke F, Francis J, Jung J, Maffuz-Aziz A, Onofrio RC, Parkin M, Pho NH,
Quintanar-Jurado V, Ramos AH, Rebollar-Vega R, Rodriguez-Cuevas S, Romero-Cordoba SL,
Schumacher SE, Stransky N, Thompson KM, Uribe-Figueroa L, Baselga J, Beroukhim R, Polyak
K, Sgroi DC, Richardson AL, Jimenez-Sanchez G, Lander ES, Gabriel SB, Garraway LA, Golub
TR, Melendez-Zajgla J, Toker A, Getz G, Hidalgo-Miranda A, Meyerson M, Sequence analysis of
mutations and translocations across breast cancer subtypes. Nature 486, 405-409 (2012).
[PubMed: 22722202]

99. Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, Spellman PT, Lorenz K, Lee EH,

100

101.

102.

103.

104.

105.

106.

107.

Barcellos-Hoff MH, Petersen OW, Gray JW, Bissell MJ, The morphologies of breast cancer cell
lines in three-dimensional assays correlate with their profiles of gene expression. Mol. Oncol. 1,
84-96 (2007). [PubMed: 18516279]

. Jerry DJ, Kuperwasser C, Downing SR, Pinkas J, He C, Dickinson E, Marconi S, Naber SP,

Delayed involution of the mammary epithelium in BALB/c-p53null mice. Oncogene 17, 2305-
2312 (1998). [PubMed: 9811461]

Freed-Pastor WA, Mizuno H, Zhao X, Langerod A, Moon SH, Rodriguez-Barrueco R, Barsotti A,
Chicas A, Li W, Polotskaia A, Bissell MJ, Osborne TF, Tian B, Lowe SW, Silva JM, Borresen-
Dale AL, Levine AJ, Bargonetti J, Prives C, Mutant p53 disrupts mammary tissue architecture
via the mevalonate pathway. Cell 148, 244-258 (2012). [PubMed: 22265415]

Nguyen-Ngoc KV, Cheung KJ, Brenot A, Shamir ER, Gray RS, Hines WC, Yaswen P, Werb Z,
Ewald AJ, ECM microenvironment regulates collective migration and local dissemination in
normal and malignant mammary epithelium. Proc. Natl. Acad. Sci. U. S. A. 109, E2595-2604
(2012). [PubMed: 22923691]

Yaffe MB, Why geneticists stole cancer research even though cancer is primarily a signaling
disease. Sci Signal 12, (2019).

Li Y, Zhang T, Korkaya H, Liu S, Lee HF, Newman B, Yu Y, Clouthier SG, Schwartz SJ, Wicha
MS, Sun D, Sulforaphane, a dietary component of broccoli/broccoli sprouts, inhibits breast
cancer stem cells. Clin Cancer Res 16, 2580-2590 (2010). [PubMed: 20388854]

Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, Bergo MO, Antioxidants accelerate
lung cancer progression in mice. Sci. Transl. Med. 6, 221ra215 (2014).

Pereira EJ, Smolko CM, Janes KA, Computational Models of Reactive Oxygen Species as
Metabolic Byproducts and Signal-Transduction Modulators. Front. Pharmacol. 7, 457 (2016).
[PubMed: 27965578]

Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer AM, Hinkle G, Pigani B, Eisenhaure TM,
Luo B, Grenier JK, Carpenter AE, Foo SY, Stewart SA, Stockwell BR, Hacohen N, Hahn WC,

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 30

Lander ES, Sabatini DM, Root DE, A lentiviral RNAI library for human and mouse genes
applied to an arrayed viral high-content screen. Cell 124, 1283-1298 (2006). [PubMed:
16564017]

Yang X, Boehm JS, Salehi-Ashtiani K, Hao T, Shen Y, Lubonja R, Thomas SR, Alkan O, Bhimdi
T, Green TM, Johannessen CM, Silver SJ, Nguyen C, Murray RR, Hieronymus H, Balcha D, Fan
C, Lin C, Ghamsari L, Vidal M, Hahn WC, Hill DE, Root DE, A public genome-scale lentiviral
expression library of human ORFs. Nat. Methods 8, 659-661 (2011). [PubMed: 21706014]

Roux KJ, Kim DI, Raida M, Burke B, A promiscuous biotin ligase fusion protein identifies
proximal and interacting proteins in mammalian cells. J. Cell Biol. 196, 801-810 (2012).
[PubMed: 22412018]

Strickland SW, Vande Pol S, The Human Papillomavirus 16 E7 Oncoprotein Attenuates AKT
Signaling To Promote Internal Ribosome Entry Site-Dependent Translation and Expression of c-
MYC. J. Virol. 90, 5611-5621 (2016). [PubMed: 27030265]

Debnath J, Muthuswamy SK, Brugge JS, Morphogenesis and oncogenesis of MCF-10A
mammary epithelial acini grown in three-dimensional basement membrane cultures. Methods 30,
256-268 (2003). [PubMed: 12798140]

Robinson MD, McCarthy DJ, Smyth GK, edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 26, 139-140 (2010).
[PubMed: 19910308]

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A,
Pomeroy SL, Golub TR, Lander ES, Mesirov JP, Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A.
102, 15545-15550 (2005). [PubMed: 16199517]

Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov JP, Molecular
signatures database (MSigDB) 3.0. Bioinformatics 27, 1739-1740 (2011). [PubMed: 21546393]
Miller-Jensen K, Janes KA, Brugge JS, Lauffenburger DA, Common effector processing mediates
cell-specific responses to stimuli. Nature 448, 604-608 (2007). [PubMed: 17637676]

Borten MA, Bajikar SS, Sasaki N, Clevers H, Janes KA, Automated brightfield morphometry of
3D organoid populations by OrganoSeg. Sci. Rep. 8, 5319 (2018). [PubMed: 29593296]

McQuin C, Goodman A, Chernyshev V, Kamentsky L, Cimini BA, Karhohs KW, Doan M, Ding
L, Rafelski SM, Thirstrup D, Wiegraebe W, Singh S, Becker T, Caicedo JC, Carpenter AE,
CellProfiler 3.0: Next-generation image processing for biology. PLoS Biol. 16, €2005970 (2018).
[PubMed: 29969450]

Del Castillo P, Llorente AR, Stockert JC, Influence of fixation, exciting light and section
thickness on the primary fluorescence of samples for microfluorometric analysis. Basic Appl.
Histochem. 33, 251-257 (1989). [PubMed: 2684138]

Margolin AA, Nemenman I, Basso K, Wiggins C, Stolovitzky G, Dalla Favera R, Califano A,
ARACNE: an algorithm for the reconstruction of gene regulatory networks in a mammalian
cellular context. BMC Bioinformatics 7 Suppl 1, S7 (2006).

Janes KA, Reinhardt HC, Yaffe MB, Cytokine-induced signaling networks prioritize dynamic
range over signal strength. Cell 135, 343-354 (2008). [PubMed: 18957207]

Ince RA, Giordano BL, Kayser C, Rousselet GA, Gross J, Schyns PG, A statistical framework for
neuroimaging data analysis based on mutual information estimated via a gaussian copula. Hum.
Brain Mapp. 38, 1541-1573 (2017). [PubMed: 27860095]

Janes KA, An analysis of critical factors for quantitative immunoblotting. Sci Signal 8, rs2
(2015). [PubMed: 25852189]

Kwon K, Beckett D, Function of a conserved sequence motif in biotin holoenzyme synthetases.
Protein Sci. 9, 1530-1539 (2000). [PubMed: 10975574]

Udeshi ND, Pedram K, Svinkina T, Fereshetian S, Myers SA, Aygun O, Krug K, Clauser K, Ryan
D, Ast T, Mootha VK, Ting AY, Carr SA, Antibodies to biotin enable large-scale detection of
biotinylation sites on proteins. Nat. Methods 14, 1167-1170 (2017). [PubMed: 29039416]
Chitforoushzadeh Z, Ye Z, Sheng Z, LaRue S, Fry RC, Lauffenburger DA, Janes KA, TNF-
insulin crosstalk at the transcription factor GATAG is revealed by a model that links signaling and
transcriptomic data tensors. Sci Signal 9, ra59 (2016). [PubMed: 27273097]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Page 31

Lachmann A, Xu H, Krishnan J, Berger SI, Mazloom AR, Ma’ayan A, ChEA: transcription factor
regulation inferred from integrating genome-wide ChIP-X experiments. Bioinformatics 26,
2438-2444 (2010). [PubMed: 20709693]

Bailey TL, Elkan C, Fitting a mixture model by expectation maximization to discover motifs in
biopolymers. Proc. Int. Conf. Intell. Syst. Mol. Biol 2, 28-36 (1994).

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble WS,
MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202-208
(2009). [PubMed: 19458158]

Khan A, Fornes O, Stigliani A, Gheorghe M, Castro-Mondragon JA, van der Lee R, Bessy A,
Cheneby J, Kulkarni SR, Tan G, Baranasic D, Arenillas DJ, Sandelin A, Vandepoele K, Lenhard
B, Ballester B, Wasserman WW, Parcy F, Mathelier A, JASPAR 2018: update of the open-access
database of transcription factor binding profiles and its web framework. Nucleic Acids Res. 46,
D260-D266 (2018). [PubMed: 29140473]

Kulakovskiy IV, Vorontsov IE, Yevshin IS, Sharipov RN, Fedorova AD, Rumynskiy El,
Medvedeva YA, Magana-Mora A, Bajic VB, Papatsenko DA, Kolpakov FA, Makeev VJ,
HOCOMOCO: towards a complete collection of transcription factor binding models for human
and mouse via large-scale ChIP-Seq analysis. Nucleic Acids Res. 46, D252-D259 (2018).
[PubMed: 29140464]

Gupta S, Stamatoyannopoulos JA, Bailey TL, Noble WS, Quantifying similarity between motifs.
Genome Biol. 8, R24 (2007). [PubMed: 17324271]

Reyes J, Chen JY, Stewart-Ornstein J, Karhohs KW, Mock CS, Lahav G, Fluctuations in p53
Signaling Allow Escape from Cell-Cycle Arrest. Mol. Cell 71, 581-591 €585 (2018). [PubMed:
30057196]

Marini MG, Chan K, Casula L, Kan YW, Cao A, Moi P, hMAF, a small human transcription
factor that heterodimerizes specifically with Nrfl and Nrf2. J. Biol. Chem. 272, 16490-16497
(1997). [PubMed: 9195958]

Prinz WA, Aslund F, Holmgren A, Beckwith J, The role of the thioredoxin and glutaredoxin
pathways in reducing protein disulfide bonds in the Escherichia coli cytoplasm. J. Biol. Chem.
272, 15661-15667 (1997). [PubMed: 9188456]

Szatrowski TP, Nathan CF, Production of large amounts of hydrogen peroxide by human tumor
cells. Cancer Res. 51, 794-798 (1991). [PubMed: 1846317]

Munger K, Werness BA, Dyson N, Phelps WC, Harlow E, Howley PM, Complex formation of
human papillomavirus E7 proteins with the retinoblastoma tumor suppressor gene product.
EMBO J. 8, 4099-4105 (1989). [PubMed: 2556261]

Marinho HS, Real C, Cyrne L, Soares H, Antunes F, Hydrogen peroxide sensing, signaling and
regulation of transcription factors. Redox Biol 2, 535-562 (2014). [PubMed: 24634836]

Fourquet S, Guerois R, Biard D, Toledano MB, Activation of NRF2 by nitrosative agents and
H202 involves KEAP1 disulfide formation. J. Biol. Chem. 285, 8463-8471 (2010). [PubMed:
20061377]

Holmgren A, Thioredoxin catalyzes the reduction of insulin disulfides by dithiothreitol and
dihydrolipoamide. J. Biol. Chem. 254, 9627-9632 (1979). [PubMed: 385588]

Adimora NJ, Jones DP, Kemp ML, A model of redox kinetics implicates the thiol proteome in
cellular hydrogen peroxide responses. Antioxid. Redox Signal. 13, 731-743 (2010). [PubMed:
20121341]

Chen'Y, Inoyama D, Kong AN, Beamer LJ, Hu L, Kinetic analyses of Keap1-Nrf2 interaction and
determination of the minimal Nrf2 peptide sequence required for Keapl binding using surface
plasmon resonance. Chem. Biol. Drug Des. 78, 1014-1021 (2011). [PubMed: 21920027]

Tong KI, Katoh Y, Kusunoki H, Itoh K, Tanaka T, Yamamoto M, Keap1 recruits Neh2 through
binding to ETGE and DLG motifs: characterization of the two-site molecular recognition model.
Mol Cell Biol 26, 2887-2900 (2006). [PubMed: 16581765]

Stewart D, Killeen E, Naquin R, Alam S, Alam J, Degradation of transcription factor Nrf2 via the
ubiquitin-proteasome pathway and stabilization by cadmium. J. Biol. Chem. 278, 2396-2402
(2003). [PubMed: 12441344]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Page 32

He X, Chen MG, Lin GX, Ma Q, Arsenic induces NAD(P)H-quinone oxidoreductase | by
disrupting the Nrf2 x Keapl x Cul3 complex and recruiting Nrf2 x Maf to the antioxidant
response element enhancer. J. Biol. Chem. 281, 23620-23631 (2006). [PubMed: 16785233]

Pi J, Qu W, Reece JM, Kumagai Y, Waalkes MP, Transcription factor Nrf2 activation by inorganic
arsenic in cultured keratinocytes: involvement of hydrogen peroxide. Exp. Cell Res. 290, 234—
245 (2003). [PubMed: 14567983]

Jisa E, Jungbauer A, Kinetic analysis of estrogen receptor homo- and heterodimerization in vitro.
J Steroid Biochem Mol Biol 84, 141-148 (2003). [PubMed: 12710997]

Yamamoto T, Kyo M, Kamiya T, Tanaka T, Engel JD, Motohashi H, Yamamoto M, Predictive
base substitution rules that determine the binding and transcriptional specificity of Maf
recognition elements. Genes Cells 11, 575-591 (2006). [PubMed: 16716189]

Zucker SN, Fink EE, Bagati A, Mannava S, Bianchi-Smiraglia A, Bogner PN, Wawrzyniak JA,
Foley C, Leonova KI, Grimm MJ, Moparthy K, lonov Y, Wang J, Liu S, Sexton S, Kandel ES,
Bakin AV, Zhang Y, Kaminski N, Segal BH, Nikiforov MA, Nrf2 amplifies oxidative stress via
induction of KIf9. Mol. Cell 53, 916-928 (2014). [PubMed: 24613345]

Oshino N, Chance B, Sies H, Bucher T, The role of H 2 O 2 generation in perfused rat liver and
the reaction of catalase compound | and hydrogen donors. Arch. Biochem. Biophys. 154, 117—
131 (1973). [PubMed: 4347674]

Antunes F, Cadenas E, Cellular titration of apoptosis with steady state concentrations of
H(2)O(2): submicromolar levels of H(2)O(2) induce apoptosis through Fenton chemistry
independent of the cellular thiol state. Free Radic. Biol. Med. 30, 1008-1018 (2001). [PubMed:
11316581]

Boveris A, Alvarez S, Bustamante J, Valdez L, Measurement of superoxide radical and hydrogen
peroxide production in isolated cells and subcellular organelles. Methods Enzymol. 349, 280-287
(2002). [PubMed: 11912917]

Chorley BN, Campbell MR, Wang X, Karaca M, Sambandan D, Bangura F, Xue P, Pi J,
Kleeberger SR, Bell DA, Identification of novel NRF2-regulated genes by ChIP-Seq: influence
on retinoid X receptor alpha. Nucleic Acids Res. 40, 74167429 (2012). [PubMed: 22581777]

Sci Signal. Author manuscript; available in PMC 2020 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pereira et al. Page 33
A Random 10-cell samples of c pRB D
ECM-attached 3D spheroids 2000+ High 4001
: Ly g
" e 3 il
c 5
S1o e Dwely  E soo I/
: . i E
L W FANeE ® @ Low
Al ke S 0007 200
CHCHD1 o
] OAF 5
RN % T 2
£ | = HSPET ? 5001 1004
S W ILF2 [a)
S o P P e ., O /
S | COX8A pRB DAPI NRF2 DAPI
2 4 $10045 0 — - ; 0 T T g
g i 0 5 10 15 0 4 8 12
9] B B WMRPL33
5 s o RS 1500
@ TBCA ] 1600+
° ‘ RPS27L
€ RNH1
B B ML g / /
N RPS29 2 11254 12001
W COPRS 8
i
[}
NBH7G 5 7504 800
) ) 5
Expression frequency estimates [¥]
a)
g S 3754 400
[
o
Abundance / /
58%  42% 0 : : L O
< 0 0 5 10 15 0 4 8 12
90% Cl: [56%-61%]  [40%-45%] 800- 700 -
=
B o 600+ / 450 4 / M
oPOSSUM X2K c | | 8 o ¢
61 74 = 8
TomTom 27 DiRE © 4001 3004
6 6 B
71 4 6 36 2
=
Q 2004 150 4
10 7 &
0 0 / /
0 T 0 ; 7 i

2 0 5 10 15 0 4 8 12
Relative immunoreactivity Relative immunoreactivity

Fig. 1. Transcriptomic fluctuations of ECM-cultured breast epithelial spheroids reveal a gene
cluster associated with heterogeneous NRF2 stabilization in a 3D-specific environment.

(A) Maximum-likelihood inference parameterization (lower) of a two-state distribution of
transcript abundances for the gene cluster from microarray profiles (upper) of ECM-attached
basal-like MCF10A-5E breast epithelial cells, randomly collected as 10-cell pools (7= 16)
from 3D-cultured spheroids after 10 days, extracted from (20). Inferred expression
frequencies are the maximum likelihood estimate with 90% confidence interval (ClI). (B)
Venn diagram summarizing the candidate transcription factors predicted from four different
bioinformatics algorithms (data file S1). (C and D) Quantitative immunofluorescence of (C)
hyperphosphorylated RB (pRB, an upstream proxy of active E2F1) and (D) NRF2 in 3D
culture with ECM (upper), 2D culture (middle), and 2D culture with ECM (lower).
Expression frequencies for a two-state lognormal mixture model (preferred over a one-state
model by Ftest; p< 0.05) were calculated by nonlinear least squares of 60 histogram bins
collected from n7=1100-1600 of cells quantified from 100-200 spheroids from two separate
3D cultures. For each subpanel, representative pseudocolored images are shown in the upper
right inset and merged (magenta) with DAPI nuclear counterstain (blue) in the lower right
inset. Scale bar is 10 ym.
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Fig. 2. Transcriptome-wide covariate analysis of the NRF2-associated gene cluster suggests a
coordinated adaptive-stress response involving p53.

(A) Transcripts covarying with the median NRF2-associated fluctuation signature (Fig. 1A,
upper; 20) measured by 10-cell RNA sequencing (45) of ECM-attached MCF10A-5E cells
grown as 3D spheroids (7= 18 10-cell pools from GSE120261). Selected Gene Ontology
enrichment analysis (green and purple) is shown for the transcripts with a Spearman
correlation (p) greater than 0.5. The complete list of enrichments is available in file S2. (B)
Quantitative immunofluorescence of NRF2 and p53 abundance in ECM-attached
MCF10A-5E cells grown as 3D spheroids. Representative pseudocolored images for NRF2
(upper left) and p53 (middle left) are shown merged with DAPI nuclear counterstain (lower
left). White arrows indicate concurrent NRF2 and p53 stabilization. Median-scaled two-
color average fluorescence intensities are quantified (right) along with the log-scaled and
background-subtracted mutual information (MI) with 90% CI for n= 1691 cells segmented
from 50-100 spheroids from two separate 3D cultures. (C) Genetic perturbation of NRF2 by
inducible shRNA knockdown (upper) and p53 by inducible expression of a FLAG-tagged
carboxy terminal (residues 1-13, 302-390) dominant-negative p53 (DNp53, lower). NRF2
knockdown reduced NRF2 protein abundance to 22 + 4% of control knockdown (fig. S3B).
MCF10A-5E cells were treated with 1 ug/ml doxycycline for 72 (upper) or 24 (lower) hours
and immunoblotted for NRF2 or FLAG with vinculin, tubulin, and p38 used as loading
controls and p21 used to confirm efficacy of DNp53. The negative control for SANRF2 was
an inducible shGFP, and the negative control for DNp53 was an inducible FLAG-tagged
LacZ. (D) Abundance changes in the gene cluster after single and combined perturbations of
NRF2 and p53. NQOI was used as a control for efficacy of ShNRF2, and CDKN1A shows
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efficacy of DNp53. MCF10A-5E cells with or without NRF2 knockdown or DNp53 were
treated with 1 pg/ml doxycycline for 48 hours, grown as 3D spheroids for 10 days, and
profiled for the indicated genes by quantitative PCR. Data are log, geometric mean relative
to the negative control (sShGFP + FLAG-tagged LacZ), with asterisks indicating significant
changes (left and middle columns) or interaction effects (right column) by two-way ANOVA
of n= 8 independent 3D-cultured samples and a false-discovery rate of 5%. The complete
set of transcripts in the gene cluster is shown in fig. S2C. (E) Dual inactivation of NRF2 and
p53 causes synergistic proliferative suppression in MCF10A-5E 3D spheroids. Black arrows
indicate proliferation-suppressed spheroids. Data are mean percentage of proliferation-
suppressed spheroids + s.e.m. of 7= 8 independent 3D-cultured samples after 10 days.
Statistical interaction between NRF2 and p53 (p;;) was assessed by two-way ANOVA with
replication. Scale bars are 20 um (B) and 100 um (E).
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Fig. 3. NRF2—p53 co-stabilization is enhanced and shNRF2-induced p53 adaptations are
preserved in basal-like premalignancy but have different morphometric consequences.

(A) Quantitative immunofluorescence of NRF2 and p53 abundance in ECM-attached
MCF10DCIS.com cells grown as 3D spheroids. Median-scaled two-color average
fluorescence intensities are quantified along with the log-scaled and background-subtracted
mutual information (MI) with 90% CI for /7= 1832 cells segmented from 70-110 spheroids
from two separate 3D cultures. (B) Common changes in transcript abundance identified by
RNA sequencing of MCF10A-5E (5E) and MCF10DCIS.com (DCIS.com) cells grown as
3D spheroids with or without NRF2 knockdown. The negative control for sShNRF2 was an
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inducible shGFP (5E) or shLacZ (DCIS.com). Data are logo-transformed Z-scores for genes
detected at >5 transcripts per million from 7= 4 biological replicates. Enriched gene sets for
the BRCAL, ATM, and CHEK?2 networks are indicated, with black denoting multiple
enrichments. The complete list of enrichments is available in data file S3. (C) Quantification
of rounded spheroids (circularity > 0.9) in 3D-cultured MCF10DCIS.com cells with or
without NRF2 knockdown. The negative control for ssNRF2 was an inducible shLacZ. (D)
Quantification of large spheroids (size > €8-> ~ 5000 um?) in 3D-cultured MCF10DCIS.com
cells with or without p53 disruption. The negative control for p53 constructs was an
inducible FLAG-tagged LacZ. (E) Quantification of size and circularity in 3D-cultured
MCF10DCIS.com cells with or without NRF2 knockdown, p53 disruption, or both. For (C)
to (E), cells with or without inducible perturbations were treated with 1 pg/ml doxycycline
for 48 hours, grown as 3D spheroids for 10 days, imaged by brightfield microscopy, and
segmented. For (C) and (D), data are mean + 90% bootstrap-estimated CI from n=8
biological replicates, with p values by rank-sum test estimated by bootstrapping. For (E),
data are mean + s.e.m. of 7= 8 biological replicates. Statistical interaction between NRF2
and p53 perturbations (0;,,) was assessed by two-way ANOVA with replication. Scale bars
are 100 pm.
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Fig. 4. NRF2—-p53 signaling coordination and 3D phenotypes arise from spontaneous and

oncogene-induced oxidative stress.
(A and B) NRF2 and p53 stabilization by oxidative stress compared to DNA double-strand

breaks. MCF10A-5E cells were treated with 5 pM doxorubicin (double-strand breaks) or
200 uM H,0, (oxidative stress) for the indicated time points, and NRF2 (magenta) or p53
(green) protein abundance was estimated by quantitative immunoblotting. Data are mean £
s.e.m. of n=3 (A) or 4 (B) independent perturbations. (C) Endogenous oxidative stress
association with NRF2 stabilization in 3D spheroids. MCF10A-5E cells stably expressing
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HyPer-2 (67) and mRFP1-NRF2 reporter (NRF2rep) were grown as 3D spheroids for 10
days and imaged by laser-scanning confocal microscopy. Representative pseudocolored
images for HyPer-2 ratio (upper left) and mRFP1-NRF2 reporter (lower left) are shown.
HyPer-2 ratios and mRFP1-NRF2 reporter fluorescence are quantified (right) along with the
log-scaled mutual information (MI) with 90% CI for n= 605 cells segmented from 10-25
spheroids from four separate 3D cultures. (D) Suppression of endogenous NRF2-p53
coordination during 3D culture with the antioxidant Trolox. Representative pseudocolored
images for NRF2 (upper left) and p53 (middle left) are shown merged with DAPI nuclear
counterstain (lower left). White arrows indicate concurrent NRF2 and p53 stabilization. The
log-scaled and background-subtracted M1 (right) is shown with 90% CI estimated from n=
1000 bootstrap replicates. (E) Trolox interference with the synergistic proliferative
suppression caused by dual inactivation of NRF2 and p53 in MCF10A-5E cells. Data are
mean percentage of proliferation-suppressed spheroids + s.e.m. of /7= 8 independent 3D-
cultured samples after 10 days. The overall effect of Trolox on spheroid size is shown in fig.
S10. Statistical interaction between Trolox and NRF2—-p53 (p;;) was assessed by three-way
ANOVA with replication. For (A) and (B), change in protein abundance over time was
assessed by one-way ANOVA. For (D) and (E), MCF10A-5E cells cultured for 10 days in
3D with or without 50 uM Trolox supplemented every two days. Scale bars are 10 um (C)
and 20 pm (D).
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Fig. 5. NRF2—p53 pathway coordination and synergistic phenotypes are captured by an
integrated-systems model of oxidative stress.

(A) Connecting NRF2 and p53 signaling models (68, 69, 71) through oxidative-stress
activators and antioxidant target enzymes. Additional crosstalk linking oxidative stress to
p53 inhibition (73), p53 to NRF2 through p21 (76), and NRF2 to MDM2 (74, 75) was
considered (gray). (B) Simulation strategy for quantifying association between signaling
intermediates. The model was challenged with various ROS production rates and randomly
sampled at multiple intermediate time points (yellow to blue). Integrated intracellular H,O,
(gray) is used for phenotype predictions related to NRF2 and p53 perturbation. (C)
Intracellular H,O, concentration is associated with a reporter of NRF2 stabilization
(NRF2rep) following simulated step increases in ROS production rate as illustrated in (B).
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(D and E) Coordination of NRF2 and p53 stabilization in the oxidative-stress model and in
simulations of premalignancy through the computational approach illustrated in (B). (F and
G) Modeling NRF2 knockdown by reduced synthesis captures the synergistic oxidative-
stress profile of cells harboring dual perturbation of the NRF2 and p53 pathways. In (F),
transcriptional changes secondary to NRF2 knockdown were added to the model according
to the results in Fig. 3B. For (C) to (E), simulated time points are log-scaled and
background-subtracted mutual information (MI) with 90% CI for ten time points from 7=
100 random ROS generation rates. For (F) and (G), time-integrated intracellular H,O,
profiles are scaled to the unperturbed simulations and reported as the mean oxidative stress
with 90% CI from 7= 100 random ROS generation rates. Statistical interaction between
shNRF2 and DNp53 perturbations (p;;) was assessed by two-way ANOVA with replication.
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Fig. 6. NRF2 and p53 are co-stabilized in breast epithelial tissue and premalignant lesions but

uncoupled in TNBC.

(A) Immunohistochemistry (upper) and immunofluorescence (lower) for NRF2 and p53 in
tumor-adjacent normal breast lobules. Hematoxylin and eosin (H+E, upper right) histology
is from a serial paraffin section for p53. Images from a tumor-adjacent normal breast duct
are shown in fig. S17. (B and C) Multicolor immunofluorescence for NRF2 and p53 in (B)
hormone-negative ductal carcinoma in situ and (C) triple-negative breast cancer. (D)
Quantification of the association between NRF2 and p53 immunoreactivities represented in
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(A) to (C). (E and F) Median NRF2 and p53 immunoreactivities for the designated tissue
type in each clinical case. n.s., not significant (o> 0.05). For (A) to (C),
immunofluorescence is shown as representative pseudocolored images for NRF2 (left) and
p53 (middle) are shown merged with DAPI nuclear counterstain (right). White arrows
indicate concurrent NRF2 and p53 stabilization, and magenta or green arrows indicate
stabilization of NRF2 or p53 separately. Scale bars are 20 um. For (D) to (F) data are mean +
s.e.m. of 7= 14 cases with tumor-adjacent normal epithelium (Normal), 8 cases with ductal
carcinoma in situ (DCIS), and 7 cases of triple-negative breast cancer (TNBC). Multi-group
comparison was made by Kruskal-Wallis rank-sum test with Sidak correction for multiple-
hypothesis testing.
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Fig. 7. TNBC-specific signatures of the oxidative-stress network predict NRF2-p53 coupling and

the response to NRF2 perturbations.

(A) Transcripts per million for the indicated TNBC cell lines scaled to MCF10A cells from
the NIH LINCS dataset (91). (B) NRF2—p53 mutual information (MI) and ROS tolerance for
TNBC cell lines using the simulation strategy in Fig. 5B. (C to G) Quantification of mean
spheroid area with or without NRF2 knockdown in 3D-cultured TNBC cells with higher

simulated ROS tolerance and NRF2—p53 MI (C and D) and with lower simulated ROS

tolerance and NRF2-p53 MI (E to G). (H) Transcripts per million for the TNBC lines in (A)
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scaled to clinical cases of TNBC in TCGA (35). (1) Simulated NRF2—p53 MI and ROS
tolerance for TNBC tumors. Vertical lines indicate cases with high Ml in the lower quartile
of ROS tolerance. For (A) and (H), the clustered transcripts were used to adjust the initial
conditions of the model simulations for each cell line and tumor. For (B) and (1), ROS
tolerance was defined as the integrated intracellular H,O, concentration in each cell line
compared to that of MCF10A-5E cells in response to an increased ROS production rate as in
Fig. 5B. For (C) to (G), TNBC cells with or without inducible NRF2 knockdown were
treated with 1 pg/ml doxycycline for 72 hours, grown as 3D spheroids, imaged by brightfield
microscopy, and segmented. Data are mean + s.e.m. of 7= 4-8 biological replicates. The
difference between means was assessed by Student’s ¢test with Sidék correction for
multiple-hypothesis testing, and the specific p53 mutation of each line is shown (lower left).
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