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Divergent iron regulatory states contribute
to heterogeneity in breast cancer aggressiveness

William D. Leineweber,” Maya Z. Rowell," Sural K. Ranamukhaarachchi,” Alyssa Walker," Yajuan Li,’
Jorge Villazon," Aida Mestre-Farrera,” Zhimin Hu,” Jing Yang,” Lingyan Shi,’ and Stephanie I. Fraley'**

SUMMARY

Contact with dense collagen I (Col1) can induce collective invasion of triple negative breast cancer (TNBC)
cells and transcriptional signatures linked to poor patient prognosis. However, this response is heteroge-
neous and not well understood. Using phenotype-guided sequencing analysis of invasive vs. noninvasive
subpopulations, we show that these two phenotypes represent opposite sides of the iron response pro-
tein 1 (IRP1)-mediated response to cytoplasmic labile iron pool (cLIP) levels. Invasive cells upregulate iron
uptake and utilization machinery characteristic of a low cLIP response, which includes contractility regu-
lating genes that drive migration. Non-invasive cells upregulate iron sequestration machinery character-
istic of a high cLIP response, which is accompanied by upregulation of actin sequestration genes. These
divergent IRP1 responses result from Col1-induced transient expression of heme oxygenase | (HO-1),
which cleaves heme and releases iron. These findings lend insight into the emerging theory that heme
and iron fluxes regulate TNBC aggressiveness.

INTRODUCTION

Metastasis causes 60-90% of cancer deaths,’” and many experts believe that targeting initial metastatic invasion and secondary spread will
be the most effective strategy for reducing cancer mortality.”* Despite this clinical impetus, there are few effective treatments that specifically
target metastasis.” This is in part because the genetic determinants of tumor initiation and early progression do not distinguish whether a
tumor will metastasize.”® Instead, many cancers acquire metastatic capabilities by co-opting programs necessary for normal physiological
processes.”'? It is particularly unclear how cancer cells in the primary tumor initiate and sustain transcriptional programs that would normally
be transient under physiological conditions to carry out metastatic functions. Accumulating evidence suggests that exposure to various
microenvironmental factors could induce stable transcriptional responses that enable metastatic capabilities.* ' However, questions remain
regarding why only a subset of cells exposed to such factors acquire aggressive phenotypes, and what features define these aggressive
phenotypes.'”

Dense extracellular matrix (ECM) is a hallmark of the tumor microenvironment (TME) and contributes both to tumorigenesis and metas-
tasis, especially in breast cancer patients.'*”'? Bulk RNA sequencing analysis has shown that cancer cells upregulate a transcriptional program
that is predictive of poor prognosis when embedded in dense collagen type | prior to undergoing collective invasion, and this response is
related to oxidative stress.”””' Recently, collective cell invasion has emerged as a new paradigm defining an important initial step within
the overall metastatic cascade.?” Aggressive solid tumors across multiple cancer types display strands of collectively invasive tumor cells®>?*
that have been linked to circulating tumor cell clusters and have greater metastatic potential than single cells.?> In vitro models of collective
invasion induced by embedding cells in dense 3D ECMs*>?? are therefore useful systems to disentangle why and how some cancer cells
adopt a collectively invasive phenotype in the primary TME. Such insights could prove valuable in developing therapeutic targets by taking
into consideration the microenvironmental context.

Here, we leverage the fact that not all cells within a population respond in the same way. We analyze single-cell sequencing of collectively
invasive versus noninvasive migration phenotypes and find that these distinct phenotypes are associated with divergent states of iron, cyto-
skeletal, and metabolism regulation. Mechanistically, our experiments show that dense Col1 induces HO-1 expression and activity, leading to
two subpopulations of cells. The minority subpopulation is non-invasive, displays higher levels of mitochondrial labile iron, and expresses
genes associated with high cytoplasmic iron that promote iron storage. This echoes the canonical response to HO-1 activity in non-cancerous
cells. The majority subpopulation is invasive and displays lower mitochondrial labile iron, which is associated with mitochondrial biosynthetic
activity. The invasive population also upregulates heme transport and iron-sulfur cluster (ISC) containing genes, as well as genes associated
with an IRP-mediated response to low cytoplasmic iron that promotes iron uptake, including the actin-myosin regulatory kinase MRCK. We
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Figure 1. Distinct cytoskeletal programs underlie breast cancer migration heterogeneity, with MRCK serving as a critical regulatory node of collective
invasion

(A and B) Representative micrographs of (A) MDA-MB-231 and (B) 4T1 collective migration phenotypes that form when single cell suspensions embedded in
6 mg/ml collagen | are cultured for one week. Red arrows point to the invasive phenotype, whereas the blue arrows show the non-invasive spheroidal structures.
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Figure 1. Continued

(C) Schematic of phenotypically supervised single-cell RNA sequencing (PhenoSeq). Photoconversion of cells from invasive and non-invasive collective migration
phenotypes enables subsequent sorting and sequencing while retaining knowledge of single cell phenotypes. This labeling enables clustering based on
phenotype, which reveals distinct gene expression patterns that algorithm-based unsupervised clustering misses.”**?

(D) Pathway enrichment analysis using the Reactome 2022 database of all differentially expressed genes found in the MDA-MB-231 PhenoSeq data.

(E) Volcano plot of differential gene expression between cells in the collective non-invasive and invasive phenotypes related to Rho GTPase signaling.

(F) Diagram showing Rho GTPase signaling and the downstream effects on actin cytoskeleton regulation and actomyosin contractility. Blue boxes indicate genes
upregulated by non-invasive cells, while red boxes indicate genes upregulated by invasive cells. Grey boxes indicate genes that were not differentially regulated
between the two phenotypes. The MRCKa-encoding gene Cdc42bpa contains an iron responsive element in the 3' UTR of the mRNA.

(G) Representative micrographs showing how cytoskeletal inhibitors alter the collective migration phenotype of MDAs within Col1 matrices.

(H and 1) Quantification of the multicellular structures showing length (H) and the circularity (1) of the structures.

(J) Representative micrographs of 4T1 multicellular structures after seven days in Col1 matrices with vehicle or MRCK inhibitor treatment.

(K and L) Quantification of the phenotypes showing the length (Feret diameter) (K) and circularity (L) of the structures. In violin plots, background coloring is used
as a visual aid to show that high circularity values are linked to the noninvasive phenotype (blue background), while the more invasive phenotypes have lower
circularity (red background). Scale bars = 200um. N = 3 biological replicates per treatment group. Statistical significance was determined using Student's t
test or one-way ANOVA followed by Dunnett’s post-test compared to the vehicle condition. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Horizontal
lines within the violin plots show the quartiles of the data.

See also Figures S1 and S2, Tables ST and S2.

show evidence for these states in human breast tumors and find that they are predictive of opposing clinical outcomes. Knockdown of HO-1 or
IRP1 or inhibition of MRCK abrogates the invasive phenotype associated with a low cytoplasmic iron response and high mitochondrial iron
utilization. The invasive state is also more dependent on OXPHOS while the non-invasive is more glycolytic. Inhibition of glycolysis or
OXPHOS targets these distinct populations in high density (HD) Col1 and in a collagen-rich PDO model, demonstrating the relevance of
this ECM-driven mechanism of metabolic and phenotypic heterogeneity in TNBC. Overall, this study suggests that dense collagen type |
can drive metabolic, cytoskeletal, and phenotypic heterogeneity in TNBC through HO-1 activation and its effects on heme and iron pools.
This provides a bi-stable state model for the role that collagen, HO-1, and iron can play in TNBC and implicates specific biomarkers and ther-
apeutic strategies for further investigation.

RESULTS

Distinct modes of cytoskeletal regulation underlie TNBC migration heterogeneity, with MRCK necessary for collective
invasion

Previously, we developed a method called “Phenoseq” to investigate phenotypic heterogeneity within individual cell types.?**? Cells express-
ing a photoconvertible protein construct were “laser tagged” and sorted based on their dynamic characteristics for subsequent molecular
and functional analyses. We demonstrated the utility of this method by sorting MDA-MB-231 (MDA) cells, a human TNBC cell line, and
4T1 cells, a mouse TNBC cell line, according to their migration phenotype in high density collagen | (Col1). When embedded as single cells
at low seeding density, the majority of these cells undergo proliferation and collective invasion to form clonal network-like structures over the
course of seven days.’® However, a small proportion undergo collective rotational migration to form clonal noninvasive structures (Figures 1A
and 1B).2%?"/2%30 Phanotypic sorting followed by single cell RNA sequencing (scRNA-seq) of these structures (Figure 1C; Table S1) gener-
ated arich dataset.”®” Here, we set out to conduct a deeper analysis of this dataset with the goal of identifying the mechanisms that initiate
and sustain the two emergent migration phenotypes within a TNBC cell population embedded in a dense 3D ECM.

First, we analyzed expression differences in genes that comprise the cell motility machinery, with the hypothesis that this would reveal key
components that sustain invasive vs. noninvasive behaviors. Pathway enrichment analysis of genes that were differentially expressed (DE) be-
tween the invasive and noninvasive cells showed that several migration related pathways were among the most highly enriched, including
annotations for RHOBTB2 GTPase Cycle (combined score = 683.14, adjusted p-value = 4.319e-11) and Folding of Actin by CCT/TriC (com-
bined score = 318.68, adjusted p-value = 2.93e-6) (Figure 1D). The phenotype-associated patterns of DE genes in these categories and addi-
tional gene ontologies (GO) annotated for Rho GTPase signaling suggested that distinct cytoskeletal programs may be active in invasive
versus noninvasive cells (Figure 1E; Table S2). We mapped several of the most well-characterized genes onto a schematic of known Rho
GTPase signaling and downstream effectors of actin cytoskeleton regulation and actomyosin contractility to illustrate this point (Figure 1F).
Manually curated genes (PakTip, Rac1, Washc4, Lima1l, Myo5a, Myo19, Myo1b, Myl12a, Cfl1) that were not included in the GO annotation,
likely due to the bias toward more common genes,”""** are also included to further show implications for actin and contractility.

Invasive cells showed higher expression of genes encoding multiple guanine nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs), which would be expected to promote more dynamic Rho GTPase signaling. Downstream cytoskeletal regulators expressed
by invasive cells (Diaph3, Lima1, Washc4, Wasf1, Pak2) would be expected to promote actin polymerization and result in cell elongation, which
is consistent with the invasive phenotype observed.**"*> Additionally, actomyosin contractility genes upregulated in the invasive cells (Rock2,
Cdc42bpa & Cdc42bpb, Myob, Myo1b, Myo%a, Myo5a, Myo%b, Myh10) would be expected to enhance motility by enabling cells to generate
traction and migrate through the ECM.?*"** Myo6, Myo9a, and Myo%b have previously been implicated in promoting collective migration in
2D cell sheets,* " though no such evidence for 3D collective migration has previously been shown. Conversely, the gene expression profile
of the noninvasive cells included Cfl1, which promotes actin depolymerization and severing,*? and Arhgdib, which inhibits the dissociation of
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GDP and the subsequent binding of GTP to Rho proteins.”**" These genes would therefore promote less elongated cells and less dynamic
Rho signaling, consistent with the noninvasive structures observed. Counterintuitively, expression of RacT and Rac2 was upregulated in the
noninvasive phenotype as well. Overall, this analysis suggests that a more dynamic cytoskeleton, facilitated by dynamic Rho signaling and
multiple myosins, distinguishes the invasive TNBC cell migration phenotype from the non-invasive.

Functional validation of the cytoskeletal genes was next performed by targeting a subset of the DE genes with well-characterized inhib-
itors. Inhibition of RAC1 had minimal effects on the prevalence of either migration phenotype or extent of collective invasion, though it did
promote less connected invasive structures that appeared like beads-on-a-string (Figure 1G). Immunostaining for RAC1 showed that expres-
sion was more heterogeneous within invasive structures, with some cells lacking expression, which may account for the overall lower expres-
sion of RAC1 in invasive structures (Figure S1). Inhibition of ROCK and PAK also had minimal effects on the prevalence of each phenotype or
extent of collective invasion, but promoted less connected invasive structures (Figure 1G). In contrast, inhibition of MRCK (containing subunits
Cdc42bpa & Cdc42bpb) produced a dramatic shift to the noninvasive phenotype. The length of the MRCK-inhibited (MRCKi) structures was
73.43 £ 50.28um (mean + standard deviation), which was 4.83 + 0.11-fold less than the vehicle (Figure 1H). The circularity of structures was
0.91 + 0.08, reflecting the homogenization of the phenotypes to small spheroids (Figure 11). Additional measurements of the phenotypes,
such as the area, perimeter, minor Feret diameter, roundness, and solidity are available in Figures S2A-S2E. These phenotypic effects were
observed at concentrations that do not significantly alter cell viability compared to the control (Figure S2F), and the MRCK inhibitor showed a
strong dose-dependent response even as low as 10nM (Figures S2G-S2M). The shift to the noninvasive phenotype induced by MRCK was
confirmed in 4T1 cells as well (Figures 1J-1L and S2ZN-S2R). These results suggested that the upregulation of the actin-myosin regulatory ki-
nase MRCK plays an important role in enabling the invasiveness of TNBC cells that is distinct from similar kinases involved in cell migration.
This prompted us to investigate regulators of MRCK expression to determine what makes MRCK uniquely potent in determining invasive or
noninvasive collective migration.

Distinct iron regulatory programs differentiate non-invasive from invasive TNBC cells

One distinction between other similar kinases and MRCK is that it has been reported to colocalize with the iron import protein transferrin
receptor 1 (Tfrc) and the MRCK subunit Cdc42bpa contains an iron response element in the 3 UTR of its mRNA.*>*° This led us to examine
potential links between the invasive cytoskeletal regulatory program and iron regulation. A literature search did not reveal any direct links
between the other DE actomyosin contractility genes and Tfrc. However, DE genes linked to iron were identified through pathway enrichment
(Iron Uptake and Transport, combined score = 11.27, adjusted p-value = 0.036), iron-related genesets from GSEA, and manual curation of
recently identified iron-related genes (Figure 2A; Table S3). Invasive cells upregulated genes involved in iron uptake, including Tfre,
Slc3%a14, and Aco, while noninvasive cells upregulated genes involved in iron sequestration, such as Fth1and Tmsb4x.”’ The strong enrich-
ment of Tfrcin the invasive cells prompted us to also assess genes whose expression has previously been shown to be down-regulated by Tfrc
knockout.”® We found that the invasive phenotype is enriched for genes whose expression depends on Tfrc (Figure 2B).

In non-cancerous cells, expression of Cdc42bpa, Tfrc, Slc3%a14, and Fth1 is regulated by cytoplasmic iron levels through Aco1.”° When
cytoplasmic iron levels are low, ACO1 functions as IRP1, binding to iron response elements (IREs) in the mRNAs of these genes (Figure 2C).
Binding to Cdc42bpa, Tfrc, and Slc39a14 mRNA promotes their expression, while binding to FthT mRNA represseses its expression. When
cytoplasmic iron levels are abundant, IRP1 is bound by an ISC and functions as an aconitase, Acol, no longer binding to IREs in mRNAs (Fig-
ure 2C). This reverses the transcriptional pattern. The invasive transcriptional program is therefore consistent with IRP1-mRNA interactions in
response to a low cytoplasmic iron state while the noninvasive program is consistent with a lack of IRP1-mRNA interactions mediated by a high
cytoplasmic iron state. To test this hypothesis, MDAs were lentivirally transduced with shRNA targeting Aco1/Irp1 or scramble control
(shSCR), which was validated via western blot (Figure 2D). Knocking down IRP1/ACO1 significantly reduced invasion (Figures 2E-2G and
S3), suggesting that the invasive phenotype is indeed dependent on IRP1/ACO1.

Iron-associated transcriptional states induced by HD Col1 are evident in TNBC patient tumors

To assess the relevance of these collagen-induced TNBC cell states to human breast cancer and clinical outcomes, we conducted survival
curve analysis using the breast cancer RNA-seq dataset from the Km Plotter tool.”’ The mean expression of the top iron-related genes
from the noninvasive phenotype (Tmsb4x, B2m, Fth1, Ubb, Ubc, AtpbvOb) are associated with improved overall survival (HR = 0.32) in
TNBC patients (Figure 3A). On the other hand, the top genes from the invasive phenotype (Abcel, Ctlc, Acol, Hifla, Tfrc, Hspa9) together
predict worse survival (HR = 3.03) (Figure 3B). Analyzing these genes individually, we found that Aco1 is significantly correlated with worse
overall patient survival in all breast cancer patients (HR = 1.56, p = 0.00014) (Figure 3C), and TNBC patients had even worse outcomes
when stratified by Aco1 expression (Figure 3D) (HR = 4.22, p = 0.0041).

Pathologist-annotated histopathology of breast cancer patients obtained from the Human Protein Atlas also revealed protein expression
profiles consistent with the cytoskeletal, iron, and metabolism gene modules of invasive and noninvasive cells (Figures 3E and 3F). Tumor
sections from Patient 1910 revealed a protein expression pattern consistent with the invasive phenotype, while sections from Patient 4193
are strikingly similar to the noninvasive phenotype. The architectures of these two tumors also appear to mimic the in vitro phenotypes, which
further supports the functional relevance of the distinct cytoskeletal programs. The linear chains of cells in the tumor of patient 1910 are remi-
niscent of the networks formed by collectively invasive cells in vitro, while the round cell clusters in the tumor of patient 4193 are reminiscent of
the spheroids formed by noninvasive cells in vitro. While this analysis is limited to two patients, the consistency of differential expression
across 14 different proteins between these patients is a striking example of the sequencing data recapitulating clinical data. These results
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Figure 2. Divergent iron metabolism responses mediated by ACO1 differentiate non-invasive from invasive phenotypes

(A) Volcano plot of differentially expressed genes identified from PhenoSeq that are related to intracellular iron usage.

(B) Volcano plot of differentially expressed genes whose expression is known to decrease when Tfrc is knocked down.

(C) Schematic of cytoplasmic iron regulation of transcription mediated by IRP1/ACO1. Adapted from Lawen & Lane.”’

(D) Western blot confirming the knockdown in protein expression of IRP1/ACO1 in MDAs following lentiviral transduction with two separate shRNA sequences, as
compared to wild type (WT) and shRNA targeting a scramble control sequence (shSCR).

(E) Representative micrographs of lentivirally-transduced MDAs after seven days in Col1 matrices.

(F and G) Quantification shows the maximum length of structures (Feret diameter) (F) and circularity (G). Background coloring is used as a visual aid to show that
high circularity values are linked to the noninvasive phenotype (blue background), while the more invasive phenotypes have lower circularity (red background).
Scale bar = 200um. N = 3 biological replicates per treatment group. Statistical significance was determined using one-way ANOVA followed by a Dunnett post-
test comparing each treatment group to the vehicle group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Horizontal lines within the violin plots show the
quartiles of the data.

See also Figure S3 and Table S3.

suggest that the transcriptional and phenotypic heterogeneity that emerges within populations of TNBC cells after exposure to HD Col1
in vitro mimics some aspects of clinically relevant tumor cell states in humans.

Dense collagen | induces heme oxygenase 1 activity that modulates the iron response pathway

These findings begged the question of how HD Col1 initiates the divergence of iron regulatory states in TNBC cells. Since the ECM can serve
as a reservoir for some bioactive molecules, we wondered whether collagen could chelate iron in a density dependent manner, causing some
cells to sense low iron availability in HD Col1 that could lead to IRP1-mediated gene expression. To determine the effect of Col1 density on the
availability of iron, we assayed the iron levels in media following incubation with LD Col1 (2.5 mg/ml) or HD Col1 (6.0 mg/ml). No significant
differences in iron content were observed between Col1 concentrations after 6h, 12h, or 24h (Figure S4).

Previous studies have shown that high density HD Col1 is unique in its ability to induce the collective invasion phenotype compared to low

density (LD) Col1 environments”?*?” and that cells embedded in HD Col1 initially experience oxidative stress mimicking a low adhesion
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Figure 3. Iron-associated transcriptional states induced by HD Col1 are evident in patient tumors

not detected

(A and B) Kaplan Meier plots showing TNBC patient five-year overall survival stratified by high or low mean expression of the top six iron-related genes enriched in
the (A) noninvasive or (B) invasive populations.

(C and D) Kaplan Meier five-year overall survival plots for (C) all breast cancer patients or (D) TNBC patients stratified by AcoT.
(E and F) Breast cancer tumor sections of Patient 1910 and Patient 4193 from the Human Protein Atlas show gene expression patterns matching the (E) divergent

metabolism and (F) cytoskeletal regulation programs identified from the collective noninvasive and invasive phenotypes. Protein expression from Patient 1910 is
consistent with the invasive phenotype, while Patient 4193 is consistent with the noninvasive phenotype. Staining and pathological analysis of HPA tissue sections

is conducted by board-certified pathologists and provided on the Human Protein Atlas website.

state.”’ So we next hypothesized that comparing transcriptional response differences between cells in these two environments at an early
time point, before phenotypic divergence was notable in HD Col1, may implicate driving factors. Bulk RNA sequencing of MDAs in LD
Col1 and HD Col1 at 24hrs was analyzed specifically in terms of iron-related gene expression patterns. Hmox1, which encodes for heme oxy-
genase 1 (HO-1), was among the most highly upregulated genes in HD compared to LD (Figure 4A).
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Figure 4. Dense collagen | initiates a low-iron response mediated by upregulation of Hmox1

(A) Bulk RNA sequencing of MDA-MB-231 cells embedded in 2.5 mg/ml (LD) or 6 mg/ml (HD) collagen | matrices for 24h reveals differential expression of iron-
related genes. Cells in the HD matrices are enriched for genes related to iron import and usage, while those in LD matrices are enriched for genes related to iron
sequestration or storage. Genes are ordered by fold change. Color gradient corresponds to Zscore of the transcripts per million (TPM) for each gene in the two
conditions. Statistical significance between the LD and HD conditions was determined using paired Student's t tests and only genes with p < 0.05 are shown.
N = 3 biological replicates per condition.

(B) Schematic of heme oxygenase-1 enzymatic activity and the resulting effects on intracellular iron and heme levels. Adapted from Anderson et al.””

(C) RT-gPCR analysis of Hmox1 gene expression in HD Col1 matrices shows a peak between 24 and 72h for MDA-MB-231 cells. Treatment with 10uM cobalt
protoporphyrin (CoPP) induces Hmox1 expression approximately 25x higher than levels measured 1h after embedding. Hmox1 gene expression normalized
to Actb transcript levels. The mean + SEM is shown.

(D and E) Cells treated with CoPP compared to vehicle controls are significantly more motile (D) and invasive (E). N = 3 biological replicates with n = 30 trajectories
per replicate. Statistical significance determined by Welch's t-test, **p < 0.01. The mean + SEM is shown in panel D.

(F) Knockdown of Hmox1 confirmed by western blot.
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Figure 4. Continued

(G) Representative micrographs of scramble control and Hmox1 knockdown MDA-MB-231 cells with vehicle or CoPP treatment after seven days in HD Col1. Scale
bar = 200pum.

(H and I) Quantification of the (H) structure lengths and (I) circularity shows that knockdown of Hmox1 results in less collective cell invasion, while CoPP treatment
enhances collective invasion only for the scramble control population. Statistical significance was determined by one-way ANOVA followed by Dunnett post-test.
**p < 0.01.

(J) Heme levels in MDAs stably expressing shSCR or shHMOX1 treated with vehicle or CoPP. One-way ANOVA shows a significant effect of the knockdown and
drug treatment. N > 3 biological replicates for each condition, each with triplicate technical replicates. The black bars show the mean + SEM.

(K) RT-gPCR shows a down-regulation of the MRCK-encoding gene Cdc42bpa in the shHMOX1 cells compared to shSCR control after seven days in HD Col1. The
bar plots show the mean + SEM. N > 3 biological replicates for each condition, each with duplicate technical replicates. The black bars show the mean + SEM.
Statistical significance determined by Student's t test. ***p < 0.001. Horizontal lines within the violin plots show the quartiles of the data.

HO-1 is a general stress response protein that serves as the rate-limiting enzyme in the conversion of heme into free iron, biliverdin, and
carbon monoxide (CO). By cleaving heme, HO-1 contributes to the cytoplasmic labile iron pool (cLIP), and several studies have shown that iron
released into the cytoplasm by HO-1 activity triggers iron sequestration gene expression through IRP-mediated pathways,”*>° mirroring the
response of the noninvasive subpopulation of TNBC cells in HD Col1 (Figure 4B). HO-1 upregulation by cells in HD Col1 was validated by RT-
gPCR. Hmox1 expression peaked between 24 and 72 h post-embedding and fell back to initial levels by day 4 (Figure 4C). This led us to hy-
pothesize that the extent to which HD Col1 induced HO-1 expression in individual cells may dictate their cytoplasmic iron levels and thereby
their phenotype, with high levels of HO-1 promoting high cytoplasmic iron and a noninvasive phenotype. To test this, the heme analog cobalt
protoporphyrin (CoPP) was added to MDA cells in HD Col1 to further upregulate and sustain Hmox1 expression (Figure 4C) and live-cell
tracking was conducted to monitor migration. CoPP treatment was associated with a significant increase in the mean squared displacement
(MSD) and maximum invasion distance of cells (Figures 4D and 4E). To further investigate, stable knockdowns of HO-1 were generated via
lentivirally transduced shRNAs (Figure 4F). Embedding HO-1 knockdown (KD) cells in HD Col1 resulted in significantly fewer collectively inva-
sive structures than the scramble controls (Figures 4G-41 and S4). As a control, we noted that CoPP treatment did not increase invasion in
HO-1 KDs (Figures 4G-4l). To further confirm that these perturbations were impacting the activity of HO-1 in the intended ways, cellular
heme levels were measured. As anticipated, inducing Hmox1 with CoPP in control cells lowered heme levels (F = 9.13, p = 0.0032) and
Hmox1 KD increased heme levels compared to shSCR control (F = 3.79, p = 0.0259) (Figure 4J). Taken together, these results paradoxically
suggest that the iron-generating activity of HO-1 can drive a low cLIP state and invasive phenotype.

To further validate the relationship between HO-1 activity and the IRP-mediated cLIP sensing pathway, RT-gPCR analysis of the IRP1 regu-
lated MRCK-encoding gene Cdc42bpa was conducted on shSCR versus shHMOX1 cells after seven days in HD Col1. HO-1 KD lowered
expression of Cdc42bpa compared to shSCR cells. Since Cdc42bpa expression increases in response to low cLIP conditions via IRP regulation,
and HO-1 expression increases Cdc42bpa expression, this further suggests that HO-1 can promote a low cLIP response state that determines
migration outcomes (Figure 4K).

HO-1 drives a low cytoplasmic iron response by inducing high iron utilization and OXPHOS

The iron level of the cLIP is balanced by uptake, export, storage, and metabolic utilization. We posited that for cLIP levels to be low despite the
release of iron from heme by HO-1, invasive cells may be utilizing iron at a rate that outpaces heme cleavage. This would suggest that the
invasive state represents a high iron flux and consumption state rather than simply a static low cytoplasmic iron state. To begin to test
this, we asked how exogenous iron levels impact invasion. The MSD and max invasion distance of MDAs in HD Col1 supplemented with extra-
cellular iron in the form of FeCls were significantly higher. Likewise, iron chelation dramatically reduced their migration (Figures 5A, 5B, and
S4). However, MDAs in LD Col1 were unaffected by increasing iron levels and iron chelation decreased motility to a lesser extent than in HD
Col1 (Figures 5C, 5D, and S4). Similar patterns of response were observed for 4T1 cells (Figures 5E-5H and S4). This confirmed that TNBC cells
within dense collagen | matrices become more dependent on iron and utilize iron more to facilitate migration. However, the effects of DFO
were somewhat surprising. The anti-cancer effects of DFO are not mediated by prevention of iron uptake by transferrin but rather by an intra-
cellular pool of iron that is necessary for DNA synthesis.”® Therefore, we hypothesized that further Hmox1 induction, beyond that triggered by
HD Col1, could counteract the anti-migratory effects of DFO chelation. To test this, we chelated iron using DFO and simultaneously treated
cells with CoPP. The addition of CoPP treatment did counteract the effect of DFO on migration and invasion (Figures 51-5K and S4). CoPP
intervention not only rescued cell migration, but also restored the population of cells with elongated morphologies (Figure 5I). This confirmed
that HO-1 induction provides an important endogenous source of iron that TNBC cells can use to fuel an invasive state with high iron utili-
zation requirements. Interestingly, HO-1 expression wanes after the first 48 h in HD Col1, indicating that it is vital for initiating, but not neces-
sarily sustaining, invasive migration.

Iron utilization primarily takes place in the mitochondria where it is used for heme and ISC synthesis by interdependent and coordinated
processes and incorporated into mitochondrial proteins that support essential functions like respiration.””*® Accordingly, the invasive cell
state is associated with the upregulation of several ISC-containing genes (Abce1, Hspa9, Brip1, Aox1, Rrm2, Adi1, Cdkal1, Ppat, Dpyd,
Glrx5, Dna2, Prim2) that are necessary for processes like DNA repair, RNA degradation, protein folding, and cellular metabolism. Additionally,
Pgrmc2 is a crucial heme transporter between the cytosol and mitochondria. To assess whether the HO-1 mediated increase in iron utilization
is linked to mitochondrial iron usage, we measured mitochondrial chelatable iron (mLIP) levels upon perturbation of HO-1. Increases in mito-
chondrial biosynthetic activity have been shown to have the effect of lowering chelatable mitochondrial iron mLIP levels.”” CoPP was used to
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Figure 5. Iron modulates invasive cell migration in a collagen density-dependent manner

(A-D) Mean squared displacement (MSD) and max invasion distances from cell tracking of MDAs in (A-B) HD Col1 and (C-D) LD Col1.

(E-H) MSD and max invasion distances from cell tracking of 4T1s in (E and F) HD Col1 and (G and H) LD Col1. Cells were treated with vehicle (0.1% dH,0), 10uM
DFO, or 200uM FeCls. N = 3 biological replicates with at least n = 30 cells per replicate.

(I) Micrographs of MDAs after 48h culture in HD matrices treated with either DFO or DFO+CoPP show the rescue of cell elongation by CoPP. Scale bar = 200pm.
(J and K) MSD and max invasion distance measurements show the partial rescue of invasion by CoPP treatment when cells were challenged with DFO. N = 3
biological replicates with n = 30 trajectories per replicate.

(L) Representative micrographs of shSCR and shHMOX1 MDAs treated with CoPP showing brightfield with pseudo-colored RPA fluorescence overlaid. Scale
bar = 50um.

(M) RPA fluorescence of CoPP treated cells is significantly lower in shHMOX1 cells compared to the scramble controls, indicating higher levels of mitochondrial
labile iron in the shHMOX1 condition.

(N) Histogram of RPA fluorescence levels of CoPP treated shSCR cells shows a bimodal distribution of intensities consistent with the proportion of invasive vs.
noninvasive multicellular structures that arise in the Hmox1-inducing 3D HD Col1 matrix condition. Statistical significance was determined using one-way ANOVA
followed by a Dunnett post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Horizontal lines within the violin plots show the quartiles of the data.
See also Figure S4.
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Figure 6. Non-invasive collective migration is more glycolytic while invasive collective migration is more OxPhos-dependent

(A-C) Differentially expressed genes related to (A) OxPhos, (B) glycolysis, and (C) TCA cycle.

(D) Representative micrographs from stimulated Raman spectroscopy of MDA collective migration in HD Col1. Scale bar = 20um.

(E) Quantification of the ratio of CD:CH shows an increase in the noninvasive structures, indicating higher glycolytic flux.

(F) The ratio of NADH/Flavin is significantly lower in the invasive structures, indicating more flux through the TCA and OxPhos pathways. Bar plots show the
mean + SEM. Statistical significance determined by Student's t test. *p < 0.001; ****p < 0.0001.

See also Figure S5 and Table S4.

robustly induce Hmox1 expression in MDAs in 2D culture conditions to mimic the effect of HD Col1 on Hmox1 expression. Induced Hmox1
expression lowered the mLIP of control cells compared to shHMOX1 cells, indicating increased mitochondrial iron utilization (Figures 5L and
5M). Interestingly, the chelatable mitochondrial iron levels measured in scramble control cells reveal two sub-populations: ~70.4% have low
chelatable mitochondrial iron (high RPA fluorescence) and 29.6% show high chelatable mitochondrial iron (low RPA fluorescence) (Figure 5N).
These proportions are similar to the distribution of invasive and noninvasive cells in HD Col1 (Figure 5N), providing further evidence that the
HO-1 driven invasive phenotype represents a high mitochondrial iron utilization phenotype.

Increased heme synthesis by mitochondria has also been shown to increase energy production through oxidative phosphorylation
(OXPHOS),°*? as heme is an essential component of OXPHOS complexes II-IV*® and is required for ATP production by the mitochondrial
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Figure 7. Collectively invasive cells are more sensitive to OxPhos inhibition than non-invasive cells

(A) Representative micrographs of MDAs in HD Col1 treated with 0.1% DMSO vehicle, 1uM complex | inhibitor rotenone, or 1uM glycolytic enzyme ENO1
inhibitor AP-Ill-a4. Inhibition of complex | abrogated the collective invasion phenotype, while inhibition of ENO1 decreased the proportion of the non-
invasive phenotype in both MDAs and 4T1s. Scale bar = 200pm.

(B and C) Quantification of the collective migration phenotypes following targeted inhibition of OxPhos or glycolysis, measured by (B) maximum length of
structures (Feret diameter) and (C) circularity. N = 3 replicates for each condition. Individual structures for MDAs: n = 70 vehicle, n = 71 ENO1i, n = 64
Complex li. 4T1s: n = 56 vehicle, n = 42 ENO1i, n = 36 Complex li. Statistical significance was determined using one-way ANOVA followed by a Dunnett
post-test comparing each treatment group to the vehicle group.

(D) MTS assay results showing relative cell viability in response to drug treatments. The mean + SEM is plotted. N = 3 biological replicates for each condition.
Statistical significance was determined using two-way ANOVA followed by Sidék’s multiple comparisons test.

(E) Representative H&E histology section of the PA-14-13 patient-derived organoid (PDO) model showing elongated strands of cells reminiscent of collectively
invasive cells. Counterstaining for TWIST1 is shown in brown.

(F) Representative second-harmonic generation (SHG) image of the dense fibrous collagen architecture of the PDO.

(G) Representative micrographs of patient-derived organoid models treated with 0.1% DMSO vehicle, 1uM complex | inhibitor rotenone, or 1uM glycolytic
enzyme ENO1 inhibitor AP-Ill-a4. Scale bar = 100um.

(H-1) Quantification shows the (H) maximum length of structures (Feret diameter) and (I) circularity. Statistical significance was determined using one-way ANOVA
followed by a Dunnett post-test comparing each treatment group to the vehicle group.

(J) MTS assay results showing relative cell viability in response to drug treatments. The mean + SEM is plotted. Statistical significance was determined using two-
way ANOVA followed by Sidak’s multiple comparisons test. N = 3 biological replicates per treatment group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Horizontal lines within the violin plots show the quartiles of the data.

See also Figure S6.

electron transport chain and OXPHOS.* This led us to re-analyze the phenotypic gene expression profiles specifically for DE of glycolysis,
OXPHOS, and the TCA cycle components. Multiple genes involved in OXPHOS were differentially expressed between the two phenotypes
(Figures 6A and S5; Table $4), but glycolysis-related genes were preferentially upregulated in the noninvasive cell population (Figures 6B and
S5; Table S4). Strikingly, nearly every enzyme that promotes the catabolism of glucose to lactate was enriched in the noninvasive phenotype.
The only glycolysis-related genes upregulated in the invasive phenotype were Fbp1, which catalyzes a reverse step of glycolysis, and Ldhb,
which preferentially promotes the conversion of lactate back to pyruvate.®” In contrast, the invasive cells upregulated genes involved in the
TCA cycle (Figures 6C and S5; Table S4). These genes suggest a program of anaplerotic fueling of the TCA cycle with glutamate via glutamine
import and conversion (Slc38a1, Gls, Got2). These data suggest that the noninvasive phenotype is more dependent on glycolysis while the
invasive phenotype is more dependent on OXPHOS. To test this, we used stimulated Raman-scattering (SRS) to image glucose metabolism in
invasive and noninvasive cells. SRS spectral tracing of deuterated glucose (D-glucose) revealed higher levels of glycolysis-derived biosyn-
thesis in noninvasive structures (Figures 6D and 6E), and NADH/FAD redox ratio measurements were higher on average in noninvasive
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structures than invasive structures (Figures 6D and 6F). These data confirm that invasive cells rely more on OXPHOS while noninvasive cells rely
more on glycolysis.

Given these fundamental metabolic dependencies, we hypothesized that each cell phenotype would be differentially susceptible to per-
turbations of glycolysis and OXPHOS. We also noted that the glycolysis enzyme ENO1, which was transcriptionally enriched in the noninvasive
phenotype and has been a target of interest for cancer drug development, has recently been shown to have an iron-regulatory role via modu-
lating the degradation of ACO1.° Recall, ACO1 was transcriptionally upregulated in the OXPHOS-dependent invasive phenotype and was
necessary for invasion (Figures 2A-2F). Motivated by this antagonistic relationship, we challenged both MDA and 4T1 cells with inhibitors
targeting ENO1, to diminish glycolysis, or with inhibitors of Complex I, which mediates OXPHOS (Figure 7A). Complex | inhibitor rotenone
stunted collective invasion, decreasing cell structure lengths (Figures 7B and S6A-S6C) and increasing their circularity (Figures 7C and S6D-
S6E). Conversely, ENOT1 inhibitor AP-ll-a4 slightly increased the proportion of long structures and decreased the number of circular structures
(Figures 7B, 7C, and S6A-S6E). Both Complex | and ENO1 inhibition decreased cell viability, though to different extents (Figure 7D). At TuM
rotenone (IC50 ~1.7uM®"%), cell viability was 37.89%, while ENO?1 inhibition at TuM (IC50~0.6pM*?) led to approximately 79.82% viability.
Together, these data suggest that inhibition of glycolysis predominantly eliminated the noninvasive population, while inhibition of
OXPHOS primarily eliminated the invasive population.

To validate the culmination of our findings in a system that is considered to be more clinically relevant, we identified a patient-derived
organoid (PDO) model of TNBC (PA-14-13) whose microenvironment is rich in Col1 and whose phenotype resembles the collective chains
of cells formed in our in vitro system and in patient tumors expressing the invasive cell state (Figures 7E and 7F). Applying ENO1
inhibitor to PA-14-13 PDOs resulted in the prevalence of organoid cells with an elongated phenotype compared to vehicle conditions
(Figures 7G-71). Complex | inhibition resulted in the prevalence of organoid cells with a circular phenotype and largely eliminated the elon-
gated phenotype (Figures 7G-7I). These effects were observed at 1uM concentrations where viability at 76.85% for ENO1 inhibition and
76.84% for Complex | inhibition (Figure 7J). These findings echo the results of our HD Col1 model system and further support the concept
that phenotypic heterogeneity in collagenous TNBC tumors is driven by divergent metabolic dependencies.

DISCUSSION

Despite a wealth of data linking breast cancer to iron and a significant interest in iron chelators and iron overload as possible anticancer stra-
tegies’?’? the mechanisms driving dysregulated iron metabolism in breast cancer remain largely uncharacterized or suffer from conflicting
reports in the literature. Our study contributes several findings to advance the current state of knowledge in this area. First, it reveals that
TNBC cell iron dependency is regulated by ECM conditions. Dense collagen type | shifts the majority of TNBC cells within a population
into a high iron utilization state that drives invasive behaviors and sensitizes TNBC cells to iron chelation. Exogenous iron promoted the in-
vasion of TNBC cells in HD Col1 significantly more than in LD Col1, and chelation of iron with DFO inhibited the invasion of TNBC cells in HD
Col1 to a greater extent than in LD Col1. Some other reports of the effects of DFO on MDAs are consistent with our findings,”® while some
previous reports contradict these results.”*’> An important distinguishing factor is that the effects observed in HD Col1 are within the context
of ECM-induced HO-1 activity.

How exactly dense Col1 stimulates HO-1 is unclear. HO-1 induction usually indicates the mobilization of the cellular antioxidant response to
oxidative stress, and our prior studies have shown that at early time points after cancer cells are embedded in dense Col1, they show signs of
oxidative stress linked to low adhesion.?" Alternatively, others have shown that reactive oxygen species (ROS) can be generated by the rupture
of Col1 under tensile loads.”® The ROS generated by Col1 rupture can be converted to hydrogen peroxide or quinones; the former is a potent
cell signaling molecule and the latter may induce collagen to form complexes with iron.”” Both species could explain the HO-1 response.

HO-1 has been shown to have a dual role as antitumor and protumor in several cancers including breast.”*” Our study reveals one way in
which HO-1 induction can result in the emergence of two distinct iron regulatory states and metabolic states that are associated with opposite
patient outcomes. These states mimic to some extent the canonical IRP1-mediated gene expression responses to high and low cLIP condi-
tions. The state resembling the response to high cLIP levels mirrors the iron storage transcriptional response of several normal cell types to
HO-1,” relies more on glycolysis, and predicts better prognosis. However, the state that resembles the transcriptional response to low cLIP
levels and predicts poor prognosis occurs in conjunction with a low mLIP state and reliance on OXPHOS, which is characteristic of increased
mitochondrial biosynthesis activity.””%? This state may be best described as a high iron utilization state that maintains a low cLIP response. Of
note, this gene set overlaps to some extent with previously published iron-regulatory gene sets that predict poor prognosis in breast cancer
patient cohorts.® Since cytoplasmic iron homeostasis and mitochondrial iron homeostasis are interdependent,®” HO-1 activity may achieve
this state by simultaneously contributing iron to the cLIP while lowering heme levels, which could initiate heme synthesis®® and lower the mLIP,
increasing iron flux to the mitochondria. HO-1 KD increased cellular heme levels and abrogated collective invasion in HD Col1, which aligns
with other studies showing that increasing heme levels decreases TNBC cell migration.®” Likewise, several recent reports suggest that
elevated heme synthesis underlies enhanced OXPHOS and tumorigenicity in TNBC, ovarian cancer, and non-small cell lung cancer, and
pancreatic cancer.>”%?! Our functional studies suggest that ACO1/IRP1, MRCK, and OXPHOS could be targets of interest for TNBC cells
in this state, motivating future studies in vivo. High ACO1/IRP1 expression also strongly predicted poor survival in TNBC patients and could
be investigated as a biomarker for this state. Interestingly, ACO2 has been shown to promote colon cancer progression.” Other targets may
be identified by further functional studies of the DE genes identified in this study.

While cancer cells are typically more glycolytic, and several studies have reported anti-proliferative and anti-invasive effects of glycolysis
inhibition through ENO1,7* our experiments inhibiting ENO1 in cell lines and a PDO with collagenous microenvironments show that this
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targeted only the fraction of the population that is non-invasive. Inhibiting OXPHOS targeted the invasive population. OXPHOS is emerging
as a potential therapeutic target based on the observation that it is upregulated in certain tumors’ and can drive metastatic behaviors.” The
relative contribution of glycolysis and OXPHOS to ATP production has been shown to be highly variable between cancer cell types,” and
recent evidence suggests that increasing Col1 density shifts cell populations away from glycolysis and towards OXPHOS.”” Our data also
demonstrate this influence of Col1 density on metabolism and further show that this shift is accompanied by metabolic divergence within
cell populations. This supports the emerging paradigm that a combination of microenvironmental and cell-intrinsic factors determine stable
cell states and thereby context-dependent effects in tumors.'*'*7®

In summary, our findings provide information about iron regulatory and energy metabolism states of TNBC cells and the role of the ECM
on these states through impacts on cellular iron flux. This may inform current iron-targeted treatment strategies and implicate new strategies
for further investigation.

Limitations of the study

The experimental findings of this study come from 3D culture and patient-derived tumor organoids, and should therefore be considered with
an understanding of the inherent limitations of these model systems. Collective cell invasion is strongly correlated with metastasis,”” though
more invasive cells do not necessarily directly translate to more metastatic cells. Indeed, increasing evidence shows that the most efficient
metastatic seeding occurs from heterogeneous clusters of cancer cells.”” To understand the impact of our findings on metastasis, in vivo
studies will be required.
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KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal to RAC1

Rabbit monoclonal to HMOX1 [EP1391Y]
Mouse monoclonal to IRP1

Rabbit monoclonal to GAPDH [14C10]
Anti-rabbit IgG, HRP-linked

Anti-mouse IgG, HRP-linked

Goat anti-Rabbit IgG, Alexa Fluor™ 555
Mouse monoclonal to EPCAM [HEA-125]

Thermo Fisher Scientific
Abcam

Santa Cruz Biotechnology
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Thermo Fisher Scientific

Miltenyi Biotec

Cat# PA1-091, RRID:AB_2539856
Cat# ab52947, RRID:AB_880536
Cat# sc-166022, RRID:AB_2273699
Cat# 2118, RRID:AB_561053

Cat# 7074, RRID:AB_2099233

Cat# 7076, RRID:AB_330924

Cat# A-21429, RRID:AB_2535850
Cat# 130-113-263, RRID:AB_2726064

Bacterial and virus strains

DH5a. chemically competent cells Thermo Fisher Scientific Cat#18258012
Biological samples
PA-14-13 Patient-Derived tumor cells Jing Yang N/A

Chemicals, peptides, and recombinant proteins

Cobalt (Ill) Protoporphyrin IX chloride

Enzo Life Sciences

Cat# ALX-430-076-M025

FeCls Sigma Aldrich Cat# 157740
Rotenone MedChemExpress Cat# HY-B1756
AP-lll-a4 MedChemExpress Cat# HY-15858
BDP9066 MedChemExpress Cat# HY-111424A
Y27632 MedChemExpress HY-10583

IPA-3 MedChemExpress Cat# HY-15663
EHT 1864 MedChemExpress Cat# HY-16659
DMSO Sigma Aldrich Cat# D2650
DFO Sigma Aldrich Cat# D9533
RIPA Buffer Thermo Fisher Scientific Cat# 89900
Oxalic Acid Sigma Aldrich Cat# 194131-5G
Collagen | Corning Cat# CB354249
Trizol Sigma Aldrich Cat# 15596026
Critical commercial assays

CellTiter MTS Assay Promega Cat# G3582
RPA Squarix Biotechnology Cat# ME043.1
Lipofectamine 3000 Thermo Fisher Scientific Cat#1.3000008

High Pure RNA Isolation Kit Roche Cat# 11828665001

Deposited data

Original western blot images This paper Mendeley Data: https://doi.org/10.17632/7tg3tcyb4v.1
Experimental models: Cell lines

MDA-MB-231 ATCC Cat#HTB-26, RRID:CVCL_0062

4T1 ATCC Cat# CRL-2539, RRID: CVCL_0125

LentiX ATCC Cat#CRL-11270, RRID:CVCL_4401

CelMP1 DSHB RRID:CVCL_KR47
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdc*</J

The Jackson Laboratory

RRID:IMSR_JAX:001303

Oligonucleotides

Tagman probe for hmox1
Tagman probe for actb
siRNA targeting hmox1
siRNA targeting hmox1
siRNA targeting aco1
siRNA targeting aco1

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# Hs01110250_m1
Cat# Hs01060665_g1
Cat# TRCNO000045250
Cat#: TRCN0000045251
Cat# TRCNOO00056553
Cat# TRCNOO00056554

Recombinant DNA

pLV mCherry Addgene RRID:Addgene_36084
psPAX2 Addgene RRID:Addgene_12260
pMD2.G Addgene RRID:Addgene_12259
Software and algorithms

Fiji/lmageJ 2 NIH RRID:SCR_002285
Metamorph Molecular Devices RRID:SCR_002368
NIS-Elements Nikon RRID:SCR_014329
Prism 9 Graphpad RRID:SCR_002798
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Stephanie Fraley (sifraley@

ucsd.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Original western blot images have been deposited at Mendeley and are publicly available as of the date of publication. The DOl is
listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact upon request.
e This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

MDA-MB-231 (RRID:CVCL_0062), 4T1 (RRID:CVCL_0125), LentiX (RRID: CVCL_4401), and CeLMP”""% cells were cultured at 37°C and 5% CO2
in high glucose Dulbecco’s Modified Eagle Medium (Gibco Cat# 11995065) supplemented with 10% (v/v) fetal bovine serum (Corning Cat#
35010CV) and 0.1% (v/v) gentamicin (ThermoFisher Cat# 15750-060). Cells were passed when they reached 80% confluency.

Patient-derived organoids

PA-14-13 Patient-Derived Organoids were cultured in Advanced DMEM/F12 (Gibco), supplemented with 5% fetal bovine serum (FBS, Corn-
ing), 10ng/mL hEGF, 10mM HEPES, 1ug/mL hydrocortisone (Sigma-Aldrich), and 0.1% gentamicin (Thermo Fisher Scientific). All patient-
derived organoids were maintained at 37°C and 5% CO, in a humidified environment.

Patient-derived xenograft models using de-identified tumor samples were previously established by Helen Piwnica-Worms (MD Ander-
son).'”" Generation of patient-derived organoids were adapted from the following protocols.'®"'%? Briefly, single cells of a PA-14-13 tumor
were engrafted into each of the left and right flanks of mammary fat pads of NOD/SCID mice and when tumors reached approximately 1cm?,
they were harvested, pooled and dissociated into smaller clusters of cells, without digesting all the way into single cells. This was intended to
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retain components of the native tumor architecture. First, excised tumor samples were washed in HBSS and finely minced before digesting
in 50 mL of digestion media for 1 hour, which composed of Advanced DMEM/F12 (Gibco) supplemented with 2% Bovine Serum Albumin,
Spg/mL insulin, 0.2% trypsin, 0.1% gentamicin (Thermo Fisher Scientific), and 2mg/mL collagenase (Roche). Following digestion and three
subsequent PBS washes, tumors were centrifuged for 10 minutes at 1500 rpm to remove fatty components and aqueous layers. Digested
PDX tumor cells were treated with 1 mg/mL DNase | (Stemcell Technologies) for 1-2 minutes until sample lost viscosity. Cells were then re-
suspended in 50 mL media and went through five quick (<5s) 1500 rpm centrifugation steps to remove all mouse fibroblasts. Finally, PDX tu-
mor cells were resuspended in 2% Matrigel (Corning) in media with 0.1% DMSO, Rotenone, AP-Ill-a4, or BDP-9066 at the indicated concen-
trations and seeded on top of a 60 puL 6 mg/mL Collagen | gel cultured in a 96-well plate in a sparse seeding density (20-30% confluency).
Patient organoids were treated with 100uL vehicle or test compounds for 72 hours.

Immunofluorescence staining was conducted to validate depletion of mouse cells and assess tumor content in PDO cultures, using the
anti-human EpCAM antibody (HEA-125, Miltenyibiotec). Briefly, wild-type PA-14-13 PDO cultures (72 hours) were washed with PBS and fixed
for 30 minutes at room temperature in 4% paraformaldehyde (PFA) solution. MDA-MB-231 (human triple negative breast cancer) and CeLMP1
(murine pancreatic ductal adenocarcinoma) cells were seeded on top of a 60 uL 6 mg/mL Collagen | gel at seeding density of 50000, fixed the
following day, and used as positive and negative controls for the anti-human EpCAM antibody, respectively. The fixed samples were washed
again with PBS and PBS supplemented with 100mM glycine. Blocking was performed overnight at 4°C in a solution of 1% (w/v) BSA, 2.5% FBS
(v/v), 2.5% (v/v) goat serum, and 0.1% (v/v) Triton-X. Anti-EpCAM-FITC primary antibody was added at a 1:50 dilution and incubated at 4°C for
48hr, then washed out with PBS overnight. Imaging was performed on a Nikon Ti Eclipse Inverted Epiflourescent microscope.

METHOD DETAILS

Bulk RNA sequencing

The RNA sequencing analyzed in this experiment was performed previously by our lab and is publicly available.”” Briefly, cells were isolated
from LD and HD Col1 matrices after 24hr in culture. Total RNA was sequenced on the Illumina MiSeq platform (lllumina, San Diego), reads
were aligned using Bowtie2 (RRID:SCR_016368) and eXpress, and genes were mapped to the human genome hg19UCSC. New analyses of
this data were conducted for this paper to identify iron-related genes using gene lists available from MSigDB (http://www.gsea-msigdb.org/
gsea/index.jsp).

Cell tracking

Live cell tracking was performed using a Nikon Ti Eclipse Inverted Epiflourescent microscope equipped with an incubation system to maintain
37°C, 5% CO2, and humidity. Bright field images were acquired using a 10x objective at 10 minute intervals. Cell tracking analysis was per-
formed using Metamorph Software (RRID:SCR_002348, Molecular Devices, San Jose, CA) to generate xy-trajectories, followed by a custom
MATLAB (RRID:SCR_001622, Mathworks, Natick, MA) script to calculate the migration parameters. MSDs were plotted using the first third of
possible tau values. Max invasion distance was calculated as the maximum linear distance traveled from each cell’s starting position.

Collective migration phenotype quantification

Cells were cultured in the HD matrices for seven days and representative images from each individual gel were acquired on the same
microscope described above. At this point the cells have formed distinct collective structures, which are outlined and shape descriptors
are calculated using ImageJ (FIJI) (RRID:SCR_002285)."% The ferret diameter of multicellular structure was used to report the invasion dis-
tance. Structures with a circularity index greater than 0.7 are considered non-invasive, while scores lower than 0.7 are considered invasive.

Lentiviral transduction

Lentiviral transduction of shRNA targeting Hmox1 was completed following viral preparation using plasmids supplied by the La Jolla Institute
for Immunology (Seq1: TRCN0000045250: ACAGTTGCTGTAGGGCTTTAT, Seg2: TRCN0000045251: CAACAAGGAGAGCCCAGTCTT) and
gifted from Didier Trono (RRID:Addgene_12259, RRID:Addgene_12260). Acol was targeted using sequences from the Mission Database
(Seq1: TRCN0000056553: CCAGGAAAGAAATTCTTCAAT, Seq2: TRCNO000056554: GCAGGATTGTTAGCAAAGAAA) shRNA plasmids
were cotransfected with the packaging and envelope plasmids using Lipofectamine 3000 at a ratio of 4:3:1 (#L3000001, Thermofisher) into
LentiX cells. After 48hrs the media containing the lentivirus was collected and filtered through a 0.45um filter. MDA-MB-231 cells were trans-
duced with the lentivirus for 48hr, followed by selection with Tug/mL puromycin ( Millipore Sigma Cat# P9620). Protein-level knockdown was
validated with a western blot.

3D collagen gels

Collagen matrices with embedded cells were made as previously described.”” Briefly, cells were mixed with reconstitution buffer and unpolymer-
ized rat tail collagen | (#CB354249, Corning, Corning, NY) to reach the desired collagen concentration, followed by the addition of TN NaOH to
initiate polymerization. After 30 minutes at 37°C, media was added onto the polymerized gels. Collagen was imaged using confocal reflection
microscopy to confirm fiber architecture consistency between experiments. Media was changed every two days for the duration of the cultures.
CoPP was supplied by Enzo Life Sciences (Cat# ALX-430-076-M025, Farmingdale, NY) and resuspended in DMSO (Sigma Aldrich, St. Louis, MI).
DFO (Cat# D9533) and FeCl; (Cat# 157740) were supplied by Sigma Aldrich (St. Louis, MI) and resuspended in dH20. Inhibitors rotenone
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(Cat# HY-B1756), AP-lll-a4 (Cat# HY-15858), BDP066 (Cat# HY-111424), Y27632 (HY-10583), IPA-3 (HY-15663), and EHT-1864 (HY-16659) were
purchased from MedChemExpress (Monmouth Junction, NJ). Cells were treated with the inhibitors for 24hrs, after which they were treated
with normal media. Vehicle control samples were treated with 0.1% DMSO. Collagen concentrations were chosen based on previous studies
that characterized both the mechanical properties and cellular behaviors of cancer cells embedded within those matrices.”>?/ =714

Western blotting

Western blot samples were prepared as previously described. Briefly, collagen gels were washed with ice cold PBS then scooped into protein
low-bind tubes and placed on ice. RIPA lysis buffer (ThermoFisher Cat# 89900) with 1x protease and phosphatase inhibitors (ThermoFisher
Catif 78446) was added at an equal volume as that of the gels. After a brief 30 second sonication on ice, loading buffer (ThermoFisher Cat#
B0007) was added to the gels to reach 1x concentration. Samples were incubated on ice for an hour, with vortexing every 15 minutes. Finally,
samples were incubated at 95C for 5 minutes and stored at -20C until use. Proteins were separated in 10% SDS-PAGE gels and transferred to
0.45um PVDF membranes in 20% methanol Towbin buffer. Membranes were blocked with 5% BSA and incubated with primary antibodies for
HMOX1 (Abcam Cat# ab52947, RRID:AB_880536), ACO1 (Santa Cruz Biotechnology Cat# sc-166022, RRID:AB_2273699), or GAPDH (Cell
Signaling Technologies Cat# 2118S) overnight at 4°C. Washing was done 3x with TBST before and after secondary antibodies (Cell Signaling
Technology Cat# 7074, RRID:AB_2099233) were added. ECL was added before visualization in a gel reader.

Single-cell RNA sequencing

The phenotypically-supervised single-cell RNA sequencing data used in this study was generated previously by our lab and is publicly avail-
able.”® Briefly, cells expressing the photo-convertible fluorescent protein Dendra-2 Lifeact were imaged after 7 days and the phenotype of
interest was converted from GFP to RFP. Cells were then isolated and sorted by FACS prior to sequencing. scRNA-seq was performed using
the lllumina NovaSeq 6000 and analyzed using the cellRanger pipeline, aligning to reference human genome GRCh38.

Pathway enrichment analysis

Differentially expressed genes were determined using the non-parametric Wilcoxon rank sum test with a Bonferroni adjusted p-value < 0.05.
Fold change was not used as a selection criteria to emphasize discovering subtle changes across entire pathways. Pathway enrichment anal-
ysis on the 1,706 DE genes was performed using the Reactome 2022 database on the Enrichr platform.'®"'%” The “combined score” enrich-
ment value is calculated by taking the log of the p-value from the Fisher exact test and multiplying that by the z-score of the deviation from the
expected rank.

RT-qPCR

MDA-MB-231 cells were embedded in 200uL HD Col1, then samples were treated with equal volume of Trizol (#15596026) at the specified
timepoints. RNA was extracted using the Roche High Pure RNA Isolation Kit (#11828665001), and cDNA was created using SuperScript IlI
reverse transcriptase (#18080044, Invitrogen). Tagman probes for hmox1 (Hs01110250_m1) and actb (Hs01060665_g1) were used for gPCR

2—AACt

in a QuantStudio3 thermocycler (ThermoFisher). Relative gene expression was calculated from relative to vehicle control on Day 0.

Kaplan-Meier plots

Kaplan-Meier plots were generated using the online Kaplan-Meier Plotter tool (kmplot.com).”” This tool manually curates patient survival data
from TCGA, EGA, and GEO and combines gene expression with clinical data. All analyses used RNA-seq data of breast cancer patient overall
survival. The mean expression of the top six iron-related genes in the non-invasive and invasive phenotypes for triple negative breast cancer
patients was used for the plots in Figure 1. Analyses for Aco expression for overall survival were run on RNA-seq data on two groups of pa-
tient samples split by quantile expressions. Hazard ratio is shown with 95% confidence interval, along with the logrank P value.

Cancer patient histological data

Histology of breast cancer patients was obtained by searching the Human Protein Atlas (HPA) online database for proteins encoded by differ-
entially expressed genes identified using PhenoSeq (https://www.proteinatlas.org/humanproteome/pathology).'® Patient 1910 and Patient
4193 were selected for analysis because they were stained for many of the same proteins, which also were relevant to our results. Antibodies
that were not specific to different isoforms are labeled for both possible proteins, which was the case for UBB/UBC and RAC1/RAC2. Patient
4193 did not have sections stained for TFRC or ACO1. Staining and pathological analysis of HPA tissue sections is conducted by board-certi-
fied pathologists and provided on the HPA website. The grades assigned in Figures 2J-2K are the direct HPA annotations.

Immunostaining

WT MDA-MB-231 cells were cultured in HD Col1 as described above in the “3D Collagen Gels” section. After seven days in culture, the gels
were washed three times with ice cold PBS and fixed for 30 minutes at room temperature in 4% paraformaldehyde (PFA) solution. The fixed
samples were subsequently washed again with PBS and PBS supplemented with 100mM glycine. Blocking was performed overnightat4Cina
solution of 1% (w/v) BSA, 2.5% FBS (v/v), 2.5% (v/v) goat serum, and 0.1% (v/v) Triton-X. Rac1 primary antibody was added at a 1:50 dilution and
incubated at 4C for 48hr, then washed out with PBS overnight. Secondary antibody diluted 1:1000 was added overnight. Subsequent PBS
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washes were performed, where DAPI and phalloidin were added for 15 minutes at RT for nucleus and actin references. Imaging was per-
formed on a Leica SP8 confocal microscope at 40x. Z-stacks were taken through 5-10 invasive and non-invasive multicellular structures for
each sample.

MTS assay

Cell viability was determined using the CellTiter MTS Assay (Promega) according to the manufacturer’s protocol. CellTiter solution was added
to complete medium to a final concentration of 1x and incubated with the samples for one hour at 37°C. After, 100uL from each sample was
transferred to a 96-well plate. The absorbance at 492nm was measured using a plate reader. After subtracting the absorbance reading of cell-
free MTS solution, the values were normalized to percent of the control wells.

Heme assay

Heme levels in the cells were determined as previously described.”” Briefly, cell lysates were collected from ~80% confluent 6-well plates
following incubation with RIPA buffer. 2M oxalic acid solution was prepared and 10 plL of the cell lysate was added to 200 pL oxalic acid in a
1.5mL protein lo-bind tube. Samples were heated to 95°C for 30 min, followed by centrifugation for 10 min at 1000x g at 4°C to remove the
debris. 100 pL of the supernatant was transferred to a 96-well plate, and the fluorescence was assessed at 405/600 nm by using a plate reader.

RPA assay

Free mitochondrial iron was measured using RPA according to the manufacturer’s protocol (Squarix Biotechnology GmbH, Marl, Germany).
Cells were cultured in a glass-bottom 48-well plate and treated overnight with 10uM CoPP. Cells were washed with Hank’s Buffered Saline
Solution (HBSS), then incubated with 5uM RPA for 20 minutes at 37°C. Cells were washed twice with HBSS and incubated for an additional
15 min in a dye-free buffer at 37°C. RPA fluorescence was determined by confocal imaging using a Leica SP8 microscope.

Raman spectroscopy

Raman spectroscopy was performed to determine how glucose was metabolized in the collectively migrating cells. Adapting the protocol
from Bagheri et al.,'®” 12 mm coverslips were sterilized in 100% ethanol for one hour and dried with lint-free paper. Coverslips were then
incubated under UV for 20 minutes to complete sterilization, moved into a 24-well plate and functionalized using a plasma cleaner. A
50uL 6 mg/mL Collagen | gel seeded with 6250 MDA-MB-231 WT cells was seeded on top of each coverslip. Media was changed every
2 days for the first 5 days. On the 5th day of culture, collagen gels were switched to a starvation media for 6 hours containing DMEM without
Glucose, FBS or Sodium Pyruvate (Gibco #11966-025) and then switched into normal DMEM containing 4.5 mg/mL D-Glucose (DLM-2062,
Cambridge Isotope Laboratories) + TmM Sodium Pyruvate (Catalog #: 25-000-Cl-1) + 10% FBS for 36 hours. Collagen | gels were washed
with PBS and fixed for 20 minutes at room temperature in 4% PFA solution. This was followed by 3x washes in PBS and samples were stored
at 4°C until mounting onto slides.

The SRS signal from the cell samples were collected from an upright laser-scanning microscope (DIY multiphoton, Olympus), which was
equipped with a 25x water objective (XLPLN, WMP2, 1.05 NA, Olympus). The synchronized pulsed pump beam (tunable 720-990 nm wave-
length, 5-6 ps pulse width, and 80 MHz repetition rate) and stokes beam (wavelength at 1031nm, 6 ps pulse width, and 80 MHz repetition rate)
from a picoEmerald system (Applied Physics & Electronics) were coupled and introduced into the microscope. The transmitted signal from the
pump and Stokes beams after interacting with the samples was collected by a high NA oil condenser (1.4 NA).

A shortpass filter (950 nm, Thorlabs) was used to completely block the Stokes beam and transmit the pump beam onto a Si photodiode array
for detecting the stimulated Raman loss signal. The output current from the photodiode array was terminated, filtered, and demodulated by a
lock-in amplifier at 20 MHz. The demodulated signal was fed into the FV3000 software module FV-OSR (Olympus) to form images using laser
scanning. The SRS-lipid images were obtained at vibrational mode of 2850 cm™ in a single frame of 512 x 512 pixels, at a dwell time 80 ps. The
C-D vibrational modes of deuterium labeled lipids derived D-Glucose labeling were acquired at Raman peak 2143 cm™ in a single frame of 512 x
512 pixels, at a dwell time 80 ps. A background signal was acquired at 2190 cm™ in the Raman cell silent region with the same parameters and
subtracted from all SRS images acquired in the same region of interest using ImageJ. To quantify the lipid turnover rate, the intensity of C-D lipid
vibrational modes (peak intensity at 2140 cm-1) was divided by the intensity of C-H vibrational modes (peak intensity at 2850 cm-1), resulting in
CD/CH ratiometric images.''® Minor intensity adjustment (brightness and/or contrast) was performed in Imaged. 9 regions of interest from 3
independent experiments were imaged and analyzed, the results were further quantified in ImageJ and plotted in GraphPad 10.

The two-photon fluorescent microscopy was used to collect the NADH and FAD signal from the samples. The NADH signal was excited by
780 nm, the emission wavelength was collected at 460 nm. The FAD signal was excited by 860 nm, the emission wavelength was collected at
515 nm. The ratiometric images were determined by NADH/FAD. 9 regions of interest from 3 independent experiments were imaged and
analyzed. The ratio was further quantified in ImageJ and plotted in GraphPad 10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statisical analyses were conducted using Graphpad Prism and the Python scipy.stats library. One-way ANOVA followed by the requisite post-
tests or Student t-tests were used to compare three or more populations, or two populations, respectively. Figure captions include details of
the analyses, including number of replicates, statistical tests, and definitions of center and dispersion.
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