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Tumor recurrence is the leading cause of breast cancer–related death. Recurrences are largely driven by cancer cells
that survive therapeutic intervention. This poorly understood population is referred to as minimal residual disease. Here,
using mouse models that faithfully recapitulate human disease together with organoid cultures, we have demonstrated
that residual cells acquire a transcriptionally distinct state from normal epithelium and primary tumors. Gene expression
changes and functional characterization revealed altered lipid metabolism and elevated ROS as hallmarks of the cells that
survive tumor regression. These residual cells exhibited increased oxidative DNA damage, potentiating the acquisition of
somatic mutations during hormonal-induced expansion of the mammary cell population. Inhibition of either cellular fatty
acid synthesis or fatty acid transport into mitochondria reduced cellular ROS levels and DNA damage, linking these
features to lipid metabolism. Direct perturbation of these hallmarks in vivo, either by scavenging ROS or by halting the
cyclic mammary cell population expansion, attenuated tumor recurrence. Finally, these observations were mirrored in
transcriptomic and histological signatures of residual cancer cells from neoadjuvant-treated breast cancer patients. These
results highlight the potential of lipid metabolism and ROS as therapeutic targets for reducing tumor recurrence in breast
cancer patients.
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Introduction
Despite advances in detection and therapy, breast cancer remains 
the second leading cause of cancer-related death in women. Mor-
tality is largely due to tumor recurrence following initial therapeutic 
intervention (1). Recurrence arises from local and/or disseminated 
residual cancer cells, which survive treatment and are generally 
referred to as minimal residual disease (MRD) (2). The concept of 
MRD as the substrate for tumor recurrence is strongly supported 
by the negative prognostic value associated with the persistence 
of disseminated tumor cells in breast cancer patients following 
neoadjuvant therapies (3). Despite its central role in breast cancer 
progression, in-depth characterization of this population has been 
hindered by the difficulty in obtaining clinical samples of MRD.

Due to the elusive nature of MRD in patients, animal models 
that faithfully recapitulate human disease and permit the study 
of MRD are the method of choice to understand mechanisms 
of recurrence (4). Here, we utilize 2 conditional mouse models 
of recurrent mammary tumorigenesis; TetO-cMYC TetO-Neu 
MMTV-rtTA (hereafter referred to as MYC/NEU) and TetO-cMYC 
TetO-KrasG12D MMTV-rtTA (hereafter referred to as MYC/KRAS) 

(5–7). In both models, tissue-specific induction of oncogene 
expression results in the rapid onset of invasive mammary carci-
nomas. These tumors display strong oncogene addiction; hence, 
following oncogene inactivation, they completely regress to a 
nonpalpable state (5–7). As in breast cancer patients, these mice 
develop spontaneous tumor recurrences after complete regres-
sion, making them suitable models of MRD (5).

To characterize minimal residual cancer cells, we established 
organotypic 3-dimensional (3D) cultures of primary mamma-
ry epithelial cells (organoids) from our mouse models (8). These 
models permitted isolation of pure residual cancer cell popula-
tions following oncogene inactivation. Transcriptome analysis of 
residual cells revealed a dormancy signature along with strong 
alterations in lipid metabolism — features we could verify both in 
mice and in tissue obtained from human breast cancer patients 
following successful neoadjuvant therapy. Here, we address the 
consequence of aberrant lipid metabolism in MRD, demonstrat-
ing that altered lipid metabolism coupled with restricted antioxi-
dant capacity drives the accumulation of ROS and DNA adducts, 
which potentiate tumor recurrence.

Results
Oncogene inactivation results in persistence of a transcriptionally 
distinct state with defining metabolic signatures. To overcome the 
covert nature of MRD, we employed organoid cultures of primary 
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an MRD correlate state. Use of this system allowed us to iso-
late synchronized cultures that closely mirrored the histological 
changes and expression kinetics observed in mammary gland 
biopsies spanning from steady state to tumor induction through 
to a regressed (MRD correlate) state (Figure 1A and Supplemental 
Figure 1, A and B; ref. 8).

The cellular homogeneity and high degree of synchronicity of 
the organoid culture system allowed us to identify pure transcrip-
tional profiles of cells surviving oncogene inactivation. We per-
formed gene expression profiling of 3 stages of the organoid cul-
tures: cells that had never expressed the oncogenes (never-induced), 
cells that had expressed both oncogenes for 5 days (5-day-on), and 
cells that had undergone a cycle of oncogene expression for 5 days 
and subsequent deinduction for 7 days (regressed). Expression data 
were normalized using the robust multiarray average technique in 
the Oligo package, and they were adjusted for batch effects using 
the variance stabilization and normalization, and surrogate vari-

mammary epithelial cells for transcriptional characterization of 
this rare population (8). Cells were derived from preclinical mouse 
models of recurrent breast cancer in which the tissue-specific 
expression of MYC/KRAS or MYC/NEU (NEU is also known as 
HER2) were regulated by doxycycline (Figure 1A). Briefly, prima-
ry mammary epithelial cells were isolated from adult (>8 weeks 
of age) virgin mice, and a single cell suspension was seeded into 
Matrigel, where the cells developed into hollow, polarized acinar 
structures. Doxycycline addition to the media induced transgene 
expression, resulting in a rapid onset of proliferation and filling 
of the acini. Following 5 days of induction, the doxycycline was 
removed from the media. Strong oncogene addiction in these 
models resulted in a rapid onset of apoptosis upon oncogene 
silencing by doxycycline removal (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI89914DS1). The population of cells that survive 
oncogene withdrawal are referred to as regressed and represent 

Figure 1. Identifying temporally deregulated genes in a breast cancer model. (A) Left panel: Mouse models of recurrent mammary tumorigenesis were 
used for in vivo studies. These studies were complemented by organoid cultures derived from primary mammary epithelial cells isolated from adult (>8 
weeks of age), virgin mice. MG, mammary gland. Red circles, mammary tumors; white circles, regressed tissue; black-filled dots, in vitro tumor correlates; 
hollow dots, in vitro regressed tissue correlates. Right panel: in vitro (right upper panels) and corresponding in vivo (right lower panels) transgene-specific 
c-Myc staining of acini/mammary glands at the never-induced, 5-day-on, and regressed (5 days in the presence of doxycycline, then 7 days grown in media 
without doxycycline) timepoints. Scale bar: 50 μm. (B) Principal component analysis of variance-stabilization and normalization–processed (VSN-pro-
cessed) expression data from never-induced (yellow), 5-day-on doxycycline (red), and regressed (blue) MYC/KRAS and MYC/NEU cultures. (C) Reporter 
pathways upregulated in gene sets derived from the comparisons of never-induced to tumor correlate (5-day-on) and never-induced to MRD correlate 
(regressed) in both MYC/KRAS and MYC/NEU cultures. A, MYC/NEU 5-day-on versus never-induced; B, MYC/KRAS 5-day-on versus never-induced; C, 
MYC/NEU regressed versus never-induced; and D, MYC/KRAS regressed versus never-induced. 
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Next, we asked if the alterations in cellular metabolism 
observed in residual cells reflected attributes of the initial tumor 
metabolism. To tackle this, we performed metabolism-specific  
pathway enrichment analysis for the differentially expressed 
genes when comparing the tumor (5-day-on) versus never- 
induced states, in addition to the regressed versus never-induced 
states. Significantly enriched metabolic pathways (reporter path-
ways) were thereby identified as those containing no less than 3 
genes in a set and a nonadjusted P value threshold of 0.05. The 
5-day-on cultures for both MYC/KRAS and MYC/NEU displayed 
strong upregulation of multiple pathways, including oxidative 
phosphorylation, glycolysis, and pentose phosphate pathway, in 
support of the increased demands for biomass required to sus-
tain growth and proliferation (Figure 1C and Supplemental Table 
1). Within the regressed population, we observed persistence of 2 
specific pathways found in the tumor state — namely, the oxida-
tive phosphorylation and the pentose phosphate pathways. The 
analysis also revealed evidence for modulation of lipid catabolic 
pathways, such as mitochondrial and peroxisomal β-oxidative 
pathways, suggesting a pronounced alteration in lipid metabolism 
unique for the regressed state (Figure 1C).

able analysis packages (n = 1 surrogate variables) in Bioconducter 
(9, 10). Principal component analysis (PCA) of the gene expression 
profiles revealed overlapping time point–dependent clustering for 
MYC/KRAS and MYC/NEU transcriptional profiles (Figure 1B). In 
addition to a clear separation from the 5-day-on state, we identified 
distinct transcriptional differences between the never-induced and 
regressed populations (Figure 1B). This was unanticipated, given 
the phenotypic similarity (Figure 1A) and the absence of oncogenic 
signals in both states (Supplemental Figure 1B).

Several Gene Set Enrichment Analysis (GSEA) tools were 
employed for the initial characterization of the differentially 
regulated gene sets associated with the regressed state. These 
analyses indicated that regressed cells were largely a dormant 
population, due to the underrepresentation of several pathways 
associated with cell cycle progression. This is in line with our 
observations of very low Ki-67 positivity in residual acini fol-
lowing regression (Supplemental Figure 1A). On the other hand, 
the overrepresented gene sets indicated that the regressed cells, 
while largely dormant, retained a degree of oncogenic memory 
and appeared to harbor alterations in cellular metabolism (Sup-
plemental Figure 1, C and D).

Figure 2. Reporter metabolite analysis reveals key metabolic nodes dysregulated in the regressed population. Overview of metabolic pathways, 
which become transcriptionally deregulated following MYC/NEU and MYC/KRAS inactivation in comparison with the never-induced control cells. Key 
metabolic reactions and pathways associated with reporter metabolites (Supplemental Methods/MIAME section) are shown. Reporter metabolites 
with nonadjusted P ≤ 0.05, which are predicted to be deregulated in both oncogenic perturbations, are marked in green, while deregulated genes com-
mon to both datasets are highlighted.
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ded epithelium led us to validate Western data with staining of tis-
sue sections. Increased levels of fatty acid synthase (FASN), the 
key metabolic enzyme for de novo FA synthesis, was confirmed by 
immunohistochemical staining of mammary glands isolated from 
regressed and control mice (Figure 3C).

In addition to FASN overexpression, we observed transcrip-
tional increases in the key transcriptional regulator of FA synthe-
sis PPARγ and in the enzymes lipase E (Lipe) (Figure 2) and stea-
royl-coenzyme A desaturases Scd1–4, as well as the FA elongase 
Elovl5 and acyl-CoA thioesterase Acot5 (Supplemental Figure 2, A 
and B). This stimulated us to investigate differences in FA abun-
dance between never-induced, 5-day-on, and regressed popu-
lations. To circumvent the difficulties associated with extracting 
meaningful data from an epithelium embedded within a fat pad, 
we performed gas chromatography-mass spectrometry (GC-MS) 
on lysates from organoid cultures across the 3 time points of inter-
est. Our analysis revealed stark increases in both oleic (C18:1) and 
myristic (C14) acids (Supplemental Figure 2C). Myristic acid is a 
saturated FA produced by FASN, supporting our observation of 
elevated FASN levels in regressed structures and mammary epi-
thelium. Oleic acid is a monounsaturated FA, which is produced 
through the introduction of a cis double bond at the Δ-9 position 
of stearic (C18) acid (14). This oxidative conversion of stearic acid 
to oleic is catalyzed by the NADH-dependent stearoyl-CoA desat-
urase 1 (SCD1) enzyme, which is also found to be overrepresented 
in the transcriptomic data. Interestingly, stearic acid appears to 
accumulate in never-induced cultures, reflecting the lower levels 
of SCD1 under these conditions. Likewise, the saturated FA palmi-
tate (C16) was found in higher amounts in the never-induced cells, 
as compared with the regressed state, consistent with the observed 
increase in the β-oxidation rate in regressed cells (see below).

An increased level of FAs can lead to an increase in lipid drop-
lets, the storage organelle for excess lipids (15). To investigate 
whether regressed cells had increased stores of triacylglycerides, 
we utilized the lipophilic dye Nile red, which is nonfluorescent in 
polar solvents but becomes highly fluorescent in nonpolar envi-
ronments. Nile red staining is specific for lipid droplets using an 
excitation of 488 nm/emission 528 nm, while excitation 515 nm/
emission > 590 reflects all nonpolar cellular environments. Fol-
lowing staining of regressed structures with Nile red, we observed 
an appreciable increase in the number of lipid droplets within the 
regressed organoids (Figure 3D). This observation was confirmed 
in mammary glands of regressed animals through staining for adi-
pophilin, a lipid droplet–specific marker (Figure 3E).

The observed increase in FA stores suggested that regressed 
mammary glands were preferentially deriving cellular energy 
from β-oxidation of FAs. Thus, we determined the flux of 1-14C–
labeled palmitate through mitochondrial β-oxidation (16) in mito-
chondria isolated from mammary glands (Figure 3F). We observed 
a significant increase in β-oxidative flux of labeled palmitate in 
mitochondria isolated from the regressed animals for both MYC/
KRAS and MYC/NEU models over age-matched controls (Figure 
3G). Increased catabolism of FAs via β-oxidative pathways togeth-
er with the increases in the levels of FASN and other auxiliary 
pathways of de novo FA synthesis is indicative of a maintenance of 
a neoplastic lipogenesis phenotype within the population of cells 
that survive oncogene withdrawal (17).

To gain a deeper insight into the status of these cells, we 
mapped the gene expression changes of regressed organoids, in 
comparison with the never-induced state, onto a genome-scale 
metabolic network and identified dysregulated metabolic nodes 
(so-called reporter metabolites) specifically in residual cancer 
cells (Supplemental Table 2; see Supplemental Methods) (11–13). 
These metabolites had significant enrichment of transcription-
al changes in the genes coding for the corresponding producing 
or consuming reactions, suggesting altered flux. The identified 
reporter metabolites confirmed specific derogation of fatty acids 
(FAs), as well as peroxisomal and mitochondrial lipid metabolic 
nodes in the cell population that survived oncogene withdrawal. 
We also observed significant downregulation of peroxisomal and 
cytoplasmic genes involved in ROS detoxification (Figure 2). The 
general upregulation of early lipid biosynthesis, FA transport, and 
FA metabolism, which generates ROS, coupled with a decrease of 
ROS detoxification enzymes predicts that residual cancer cells are 
metabolically abnormal and accumulate FAs and ROS.

Increased FA metabolism and palmitate oxidation distinguish 
residual cells. To validate the predicted deregulation of key path-
ways in lipid metabolism (Figure 3A) in vivo, we utilized mammary 
glands taken from mice 8–10 weeks after achieving a nonpalpa-
ble regression state (regressed) along with age-matched control 
animals. We confirmed the increased expression of several genes 
involved in the regulation of FA synthesis and oxidative phos-
phorylation, including cleaved sterol regulatory element-binding 
protein 1 (SREBP1) and several components of the mitochondrial 
respiratory chain in the mammary glands of regressed mice (Fig-
ure 3B; see complete unedited blots in the supplemental material). 
The difficulty of studying lipid metabolic enzymes in a fat-embed-

Figure 3. Increased lipid metabolism as underlining hallmark of the 
regressed population. (A) Schematic illustrating major deregulated lipid 
metabolism pathways and overexpressed genes (red) in the regressed 
populations versus the never-induced population. (B) Western blots of rep-
licate samples run on multiple gels for several lipid metabolic genes: FASN, 
SREBP1, and 5 members of the mitochondrial respiratory chain complex 
(CI-V). Lysates of mammary glands isolated from control, MYC/KRAS, 
and MYC/NEU regressed mice; replicate samples were run on parallel gels; 
loading control, α-tubulin. (C) IHC of control and regressed mammary 
glands for FASN. Scale bar: 50 μm. (D) Nile red staining of lipid droplets 
in in vitro–cultured regressed structures from MYC/KRAS and MYC/NEU 
and never-induced structures. Scale bar: 14 μm. Quantification of lipid 
droplets was performed for n = 3 MYC/KRAS and MYC/NEU regressed, and 
n = 4 never-induced structures. Ex., excitation; Em., emission. MYC/KRAS 
vs. MYC/NEU (P = 0.75), never-induced vs. MYC/KRAS (P = 0.0017), and 
never-induced vs. MYC/NEU (P = 0.0025); 2 tailed t tests. (E) IHC for lipid 
droplet associated protein adipophilin in regressed mammary glands vs. 
controls. Scale bar: 50 μm. (F) Schematic illustrating assay for mitochon-
drial palmitate oxidative flux using 1-14C Palmitate (left). 1-14C-Palmitate 
provides a tractable carbon source for β-oxidative processing, with the 
read-out being the acid soluble metabolite (ASM) 14C-Acetyl-CoA and 
14C-labeled CO2 produced by the TCA cycle. (G) Measurements of ASM and 
CO2 produced in mitochondria isolated from age-matched control, MYC/
KRAS, and MYC/NEU regressed mice; values are normalized against total 
protein concentration (right). CO2 measurements: MYC/KRAS vs. control  
(P = 0.0235) and MYC/NEU vs. control (P = 0.0489), for ASM measure-
ments: MYC/KRAS vs. control (P < 0.0001) and MYC/NEU vs. control  
(P < 0.0001). Represented for n = 3 control, n = 4 MYC/KRAS and MYC/NEU 
biological replicates; one-way ANOVA with Dunnett’s multiple comparison 
test. Data represented as mean ± SEM; *P < 0.05, ****P < 0.0001
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Figure 4. Elevated levels of oxidative stress following oncogene inactivation. (A) Staining of organoid cultures with oxidative stress indicator DCFDA (green), 
superoxide specific MitoSox (red), and DAPI (gray). Single channel and merged representative images of never-induced (control), MYC/KRAS and MYC/NEU 
structures, and MYC/KRAS structures treated with N-acetylcysteine (NAC). Images are representative of triplicate experiments. Scale bar: 14 μm. (B) FACS 
was performed on regressed and control mice. To control for possible doxycycline effects, mice lacking the reverse tetracycline transactivator were used and 
placed in experimental cages along with the experimental mice and placed on a diet of chow containing doxycycline. When experimental mice developed a 
total tumor load of 2 cm3, all animals, experimental and control, were placed back on normal chow. Animals were maintained on doxycycline-free chow for 
> 8 weeks before being sacrificed for analysis. Red circles, mammary tumors; white circles, regressed tissue. (C) DCFDA was added to previously published 
FACS-based protocols for separation of mammary epithelial subpopulations. Upper panel: Representative FACS separation of subpopulations using previously 
published combination of CD29/CD24/CD49f for control, and MYC/KRAS and MYC/NEU regressed mice. Lower panel: Representative histograms the mean 
fluorescent intensities (MFI) of DCFDA in mammary epithelial cells isolated from age-matched control and regressed animals for the CD29hi/CD24hi/CD49fmed 
(luminal progenitors), CD29hi/CD24med/CD49fmed (myoepithelial), and CD29hi/CD24med/CD49fhi (Stem) populations. These results were representative for n = 9 
(control), n = 3 (MYC/NEU), and n = 6 (MYC/KRAS) independent experiments. (D) Quantification of fold-change of MFI for DCFDA over age-matched control. 
Parous animals were included as a control for inflammation-driven oxidative stress. Luminal progenitors: MYC/KRAS vs. control, P = 0.0006; MYC/NEU vs. 
control, P = 0.002. Myoepithelial: MYC/KRAS vs. control, P = 0.0003; MYC/NEU vs. control, P = 0.03. Stem: MYC/KRAS vs. control, P = 0.0084 enriched popu-
lations. One sample t test. Data represented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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Residual cells and mammary glands following oncogene with-
drawal contain elevated levels of ROS. The increased flux of FA 
oxidation in regressed mammary glands, in combination with 
steady levels of NOXA enzymes and overall transcriptional 
downregulation of antioxidant enzymes in these cells (Supple-
mental Figure 3, A and B), further strengthened the prediction 
that the regressed state exhibits oxidative stress, which we 
assessed by employing the indicators 2’,7’-dichlorofluorescin 
diacetate (DCFDA), dihydroethidium (DHE), and MitoSOX. 
Indeed, we observed higher levels of oxidative stress both in the 
5-day-on and regressed organoids derived from both models 
in comparison with the never-induced controls (Figure 4A and 
Supplemental Figure 3, C and D). Importantly, scavenging by the 
addition of 20 μM N-acetylcysteine (NAC) confirmed that the 
indicators indeed sensed ROS (Figure 4A).

To verify the organoid findings in vivo, we isolated cells direct-
ly from both regressed and age-matched control mammary glands 
and analyzed the level of oxidative stress by FACS. In order to 
address whether elevated ROS was restricted to a specific subpop-
ulation of the mammary epithelium, we utilized an established 
FACS protocol for separation of mammary epithelial subpopu-
lations (18, 19) together with DCFDA as the ROS indicator (Fig-
ure 4B). Interestingly, significantly elevated levels of ROS were 
detected in the stem cell, myoepithelial, and progenitor popula-
tions isolated from regressed mammary glands, suggesting that 
the elevated ROS is not limited to any one mammary epithelial 
compartment (Figure 4, C and D).

MYC has recently been shown to play an important role in the 
regulation of tumor-associated FA oxidative pathways (20). To 
assess for a MYC-specific memory effect in the regressed popu-
lation, we evaluated the levels of oxidative stress in mice whose 
tumors were driven by NEU alone (TetO-Neu MMTV-rtTA) and 
confirmed an increased level of oxidative stress in the regressed 
mammary glands, despite the absence of MYC, suggesting that 
the increase in ROS we observed is a general effect associated with 
oncogene inactivation and not necessarily related to the oncogen-
otype of the primary tumor (Supplemental Figure 3E).

To exclude that the elevated ROS levels were due to inflamma-
tion associated with mammary remodeling following oncogene 
withdrawal, we used parous mice as a control. Utilizing parous 
mice that had undergone 3 rounds of pregnancy and weanings, we 
observed no significant elevation of oxidative stress in any of the 
parous-derived mammary subpopulations (Figure 4C). In addi-
tion, analysis of previously published parity-induced transcrip-
tional changes in mammary cells (GSE40877) showed distinct 
transcriptional profiles in comparison with our dataset (Supple-
mental Figure 4, A and B; ref. 21), excluding the possibility that 
mere tissue architecture remodeling would explain changes in 
lipid metabolism, cell cycle activity, and oxidative stress in the 
regressed cell population.

In summary, we found clear signs of oxidative stress in the 
regressed state of both organoids and mammary glands of breast 
cancer mouse models following oncogene withdrawal.

Lapatanib treatment results in elevated ROS and lipid storage. 
The preclinical mouse models used in this study theoretically 
mimic a perfect therapeutic setting, since the expression of the 
driving oncogenes is both spatially and temporally regulated 

by the addition or exclusion of doxycycline. Organoid cultures 
derived from this system have allowed us to model and charac-
terize an MRD correlate state, which displays heightened oxi-
dative stress and increased lipid stores in comparison with nev-
er-induced cells. This finding has been confirmed in mammary 
glands derived from regressed mice. However, these results do 
not completely reflect the clinical setting where the disease is 
managed through administration of systemic adjuvant thera-
pies. To address this in the organoid culture, we treated organ-
oids overexpressing MYC/NEU with the NEU tyrosine kinase 
inhibitor lapatinib.

Similar to the oncogene inactivation setting, treatment with 
lapatinib resulted in a rapid clearing of the organoids, despite 
the continuous administration of doxycycline, with persistence 
of a regressed population. We stained the population of cells sur-
viving the pharmacological treatment for FASN, ROS, and lipid 
droplet accumulation (Supplemental Figure 5) to correlate them 
with the oncogene-inactivated structures (Figure 3, C and D, and 
Figure 4A) and observed an increase in FASN protein levels as 
seen in immunofluorescence. Additionally, increased lipid stores 
and ROS were observed in regressed lapatanib-treated structures 
similar to the oncogene-inactivated counterparts. The lack of lip-
id droplet accumulation or elevated ROS in the lapatinib-treated 
never-induced control cells excluded the possibility of off-targets 
being responsible for the effects seen in the lapatinib-regressed 
organoids. We conclude that inactivation of the oncogenes, utiliz-
ing the described inducible system, results in a regression compa-
rable with that obtained with pharmacologic inhibition.

Aberrant lipid metabolism drives oxidative DNA damage follow-
ing oncogene inactivation. Increased levels of oxidative stress can 
cause damage to nucleic acids, proteins, and lipids and can also 
affect cellular signaling (22). Oxidative stress has long been impli-
cated in aging and tumorigenesis, making it a good candidate for 
driving the dormant population of residual cells toward tumor 
recurrence. To test if the higher levels of ROS led to oxidative 
DNA damage, we performed immunofluorescence on mammary 
glands of regressed and control mice for the presence of FASN 
together with 8-Oxo-2’-deoxyguanosine (8-OHdG), one of the 
major products of DNA oxidation. Despite no appreciable increase 
in global levels of γH2AX, we observed elevated levels of 8-OHdG 
in regressed mammary glands from both MYC/KRAS and MYC/
NEU models compared with controls (Figure 5A and Supplemen-
tal Figure 6, A and B). Given the adduct specificity of 8-OHdG, we 
confirmed the general presence of oxidized DNA utilizing a mod-
ified comet assay including formamidopyrimidine DNA-glycosy-
lase. Indeed, we again observed an increase in the percentage of 
DNA damage in the regressed population (Supplemental Figure 
6C), despite an increased initiation of base excision repair (BER; 
Supplemental Figure 6D).

We have demonstrated that an MRD correlate state is charac-
terized by elevated oxidative stress and DNA adducts. The poten-
tial to disrupt proposed drivers, FASN and fatty acid β-oxidation, 
of these hallmarks provides an attractive therapeutic avenue in 
the prevention of tumor recurrence. To test this hypothesis in 
vitro, following oncogene inactivation, 2 small molecules — C75 
and etomoxir — were administered to organoid cultures to explore 
their effects on ROS and adduct formation.
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is consistent with our proposal that increased FA metabolism 
drives the acquisition of ROS-driven point mutations. Intriguing-
ly, these results suggest that the inclusion of drugs targeting FA 
catabolism in adjuvant settings could improve long-term survival 
rates for breast cancer survivors.

Reducing ROS levels and proliferation of mammary epithelium 
attenuates recurrence in vitro and in vivo. During the ovarian estrous 
cycle, the mammary gland undergoes remodeling accompanied 
by expansion of the stem and luminal progenitor compartments 
(Figure 6A; ref. 25). We have demonstrated above that regressed 
mammary glands harbor higher levels of oxidative DNA damage. 
Oxidative DNA damage is highly mutagenic, with incorrect base 
insertion during replication being the most common mechanism 
of ROS-driven mutagenesis. Hormone-driven proliferation of the 
mammary epithelium, which occurs during every estrous cycle, 
forces residual cells (elevated in adduct-potentiating ROS) to 
divide and is, thus, likely to be an important driver for promoting 
acquisition of somatic mutations and recurrence.

As previously mentioned, the regressed structures are largely 
dormant, with very low Ki67 positivity (Supplemental Figure 1A). 
Therefore, to test the effect of targeted ROS therapy (by supple-
menting NAC) on the onset of recurrence, we recapitulated the 
hormonal cycle–induced expansion in vitro by serial reseeding 
of the regressed organoids. To that end, the regressed and nev-
er-induced organoids were singularized and reseeded into fresh 
Matrigel. With each reseeding, a subset of cells divided and 
formed new organoid structures. These reseeded organoids were 
cultured in either normal media or in the presence of NAC. Anal-
ysis of reseeded organoids indicated that, in comparison with the 
reseeded never-induced cultures, the regressed reseeded cells 
displayed a NAC-independent persistence of increased FASN 
expression and lipid droplet accumulation (Supplemental Figure 
7A), suggesting that altered lipid metabolism is a stable pheno-
type in this population.

Following an average of 4 reseedings, we detected sponta-
neous relapses only in organoids derived from reseeded regressed 
structures that could be propagated as solid-growing in vitro 
relapses (Figure 6B). Sequencing of independent in vitro relapses 
revealed newly acquired mutations within the rtTA region that ren-
der them independent of doxycycline and lead to reexpression of 
the original oncogenes (Supplemental Figure 7B; ref. 5). Moreover, 
injection of cells from in vitro relapses into the cleared mammary 
fat pad of Rag1–/– mice resulted in the formation of tumors close-
ly resembling in vivo relapses from the same mice (Supplemental 
Figure 7C). To test if ROS have a causal role in generating de novo 
somatic mutations and relapse, we reseeded cells as described 
above in the presence of the ROS scavenger NAC. This resulted in 
a near-complete abrogation of in vitro relapses (Figure 6B).

The findings from our ex vivo organoid culture highlighted the 
importance of proliferation for driving somatic mutation acquisi-
tion and tumor recurrence from a residual cell population. These 
observations prompted us to develop a 2-pronged strategy for 
attenuating tumor recurrences in vivo, either by scavenging ROS 
or through elimination of the hormone-driven proliferation of the 
mammary gland (26, 27). Following a round of oncogene-induced 
tumorigenesis and full regression to nonpalpable state by onco-
gene withdrawal, mice were either treated with the ROS scavenger 

C75 (4-methylene-2-octyl-5-oxotetra-hydrofuran-3-carboxyl-
ic acid) is a semisynthetic inhibitor of FASN that functions through 
binding of the β–ketoacyl synthase subunit. FAs are synthesized 
by FASN through addition of Acetyl-CoA to Malonyl-CoA via an 
NADPH-dependent condensation step. This reaction is carried 
out by the β–ketoacyl synthase subunit of FASN; the binding of 
C75 results in the obstruction of FA synthesis. Downstream, eto-
moxir inhibits mitochondrial FA β-oxidation by irreversibly bind-
ing carnitine palmitoyltransferase 1 (CPT1) and preventing entry 
of long-chain FAs into the mitochondria (Figure 5B).

Following 24 hours of treatment, we observed a significant 
reduction in oxidative stress, as measured by DCFDA in FACS anal-
ysis, in the populations of regressed cells treated with either inhibi-
tor; the control groups remained largely unchanged (Figure 5C).

Next, we verified whether the observed reduction of over-
all oxidative stress could be translated to a reduction in adduct 
formation in the treated cultures. In order to retain genomic 
integrity, DNA adducts are usually resolved by the BER pathway. 
In BER, the excision of an adduct results in the formation of an 
apurinic/apyrimidinic (AP) site, which can be detected using a 
biotinylated aldehyde reactive probe (ARP) that reacts with the 
aldehyde ring of the opened AP sites (Figure 5D; refs. 23, 24). This 
assay clearly showed a significant increase in ARP incorporation 
in the regressed samples compared with control (Figure 5, E and 
F). However, following treatment with either C75 or etomoxir, 
significant reductions in ARP incorporation were observed for 
DNA isolated from treated regressed cultures (Figure 5E). Tak-
en together, the efficacy of both C75 and etomoxir to decrease 
overall ROS and AP site incidence in regressed mammary glands 

Figure 5. Inhibitors of lipid metabolism abrogate oxidative DNA dam-
age in regressed cells. (A) Confocal microscopy imaging of control and 
regressed mammary tissue stained for FASN (cyan), 8-hydrox-deGuaninine 
(8-OHdG; red), and DAPI (gray). Scale bar: 15 μm. (B) To causally link lipid 
metabolism to oxidative stress, organoid cultures were treated with C75 
or etomoxir after oncogene withdrawal with 100 μm etomoxir or 0.6 μg/
ml C75 for 24 hours. Following a 24-hour incubation, cells were assessed 
by DCFDA (FACS) and/or subjected to aldehyde reactive probe (ARP) assay 
(see below). (C) FACS of cells derived from treated organoid cultures. 
Upper panels: Representative histograms showing the difference in DCFDA 
control (gray) and regressed (black) organoids derived from MYC/KRAS 
and MYC/NEU mice. Middle panels: Representative histograms of control 
samples (gray) treated with C75 (blue) and etomoxir (red). Lower panels: 
Representative histograms of regressed samples (black) treated with C75 
(blue) and etomoxir (red). Mean fold-change for (n = 3) control and (n = 4) 
regressed independent experiments is represented on the right. Regressed 
(P = 0.0189); regressed + C75 (P < 0.0001); regressed + etomoxir (P < 
0.0001). One-way ANOVA with Sidak multiple comparison test. (D) ARP 
assay for base-excision repair intermediates. Detection of the apurinic/
apyrimidinic sites is achieved through use of a biotinylated probe that 
binds the exposed aldehyde present in the AP site. Quantification is done 
using streptavidin-HRP. (E) Quantification of ARP assay represented as 
fold-change of ARP incorporated into the DNA isolated from C75- and 
etomoxir-treated and untreated regressed organoids (n = 2) and control (n 
= 2) untreated organoid cultures. Regressed + C75 (P = 0.0019); regressed + 
etomoxir (P = 0.0014). One-way ANOVA with Dunnetts multiple compar-
ison test. (F) Quantification ARP assay represented as fold-change of 
ARP incorporated into the DNA isolated from experimental animals over 
age-matched controls. Represented for MYC/KRAS (P = 0.025), n = 4; 
MYC/NEU (P = 0.036), n = 3; control, n = 4 animals; one sample t test. Data 
represented as mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 6. Progesterone antagonists and ROS scavengers attenuate tumor recurrence. (A) The nonpregnant adult mammary gland undergoes profound 
morphological changes during the ovarian estrous cycle. A specific 2-fold expansion of the alveolar branching coincides with the peak in progesterone during 
diestrus. The hormone-driven induction of proliferation can be recapitulated in vitro through serial reseeding of organoid cultures. Reseeding of singularized 
cells stimulates de novo proliferation, resulting in the formation of acinar structures, similar to initial acini formation. (B) Generation of in vitro relapses through 
continuous reseeding of singularized cells. Represented as relapse-free persistence for never-induced, regressed, and regressed + N-acetylcysteine (NAC) (20 
μM) populations; n = 6 independent experiments. Lower panel: Representative brightfield images of acinar structures from serially reseeded cultures at the third 
reseeding for hollow never-induced structures and corresponding regressed structures with first appearance of in vitro relapse. Scale bar: 50 μm. (C) Attenuation 
of tumor recurrence following treatment with progesterone antagonists and ROS scavengers. Upper panel: Experimental timeline in which MYC/KRAS regressed 
mice were treated with NAC, mifepristone, or the combination of NAC/mifepristone. Treatment began 2 weeks following oncogene inactivation and continued 
until spontaneous recurrence or 80 weeks after oncogene inactivation. Lower left panel: Role of mifepristone, a progesterone-receptor modulator that blocks 
hormone-driven expansion of the mammary gland. We postulated that cessation of proliferation would result in a decrease in somatic mutations generated via 
replication through oxidative DNA adducts, subsequently lowering the rate of tumor recurrence. The survival curve (lower right) represents relapse-free survival 
percentages for the 4 cohorts of mice treated with NAC, mifepristone, or the combination of NAC/mifepristone, as well as control nontreated. Significance was 
calculated using the log-rank (Mantel-Cox) test confronting NAC cohort, P = 0.0342; mifepristone cohort, P = 0.0004; and NAC + mifepristone cohort, P = 0.0039 
with untreated. No significant difference was seen noted between the 2 mifepristone containing cohorts P = 0.3995. *P < 0.05, **P < 0.01, ***P < 0.001.
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teins reactome landscape for the significant up- and downregu-
lated pathways over the human and mouse datasets (Figure 7). 
The high degree of commonality in lipid metabolic pathways 
found to be conserved between our mouse model–derived data-
set and the MRD patient samples provided further support for 
dysregulated lipid metabolism as a hallmark of cells that survive 
therapeutic intervention.

The predominance of lipid metabolic pathways within the 
pathway analyses drove us to search for common predicted 
metabolites between the mouse and human datasets. To do so, 
we applied the previously described reporter metabolite analy-
sis (Figure 2) to both human datasets and the organoid-derived 
datasets. Again, we noted a high degree of overlap in predict-
ed metabolites across all datasets (Supplemental Figure 8 and 
Supplemental Table 5). In accordance with both of our previous 
observations, a large number of the top-scoring reporter metab-
olites identified in human as well as mouse datasets were associ-
ated with lipid metabolism. Specifically, several fatty-acyl CoAs 
were predicted to be enhanced in all cases. Further, PPARα, a 
transcription factor activated by FA derivatives that also regu-
lates the expression of a large number of genes involved in FA 
β-oxidation, was also predicted to be active.

In order to determine whether the predictions based on tran-
scriptional signatures translated to the protein level, we obtained 
patient samples from NEU+, luminal A/B-like, and triple-neg-
ative subtypes of breast cancer prior to and following pertinent 
neoadjuvant treatments. We verified elevated expression of both 
FASN and 8-OHdG in the samples following treatment (Figure 
8, A and B, and Supplemental Figure 9, A and B), despite having 
a proliferative index comparable with that of the healthy breast 
controls (Supplemental Figure 9C). Interestingly, the elevated 
levels of FASN were observed independently of tumor type and/
or treatment regimen (Supplemental Table 6). Collectively, given 
the progressive nature of the disease (Supplemental Figure 9D), 
these data indicate that perturbation of lipid metabolism has 
clinical relevance in addressing cancer progression from MRD in 
breast cancer patients.

Discussion
Despite their transcriptional and mutational heterogeneity, cancer 
cells derived from different tumor types often have similar met-
abolic abnormalities, including the shifts of energy metabolism 
from oxidative phosphorylation to aerobic glycolysis, increases in 
protein and nucleotide synthesis, and augmented FA synthesis, FA 
storage, and metabolism (17, 31–34). However, little attention has 
been paid to the metabolic signature of MRD after therapy.

In this study, we used a combination of 2 mouse models of 
oncogene-driven breast cancer, together with the respective 
organoid cultures, to obtain pure transcriptional signatures of the 
population of cells that survive oncogene inactivation. The tran-
scriptome signature of these cells indicated a failure to reestablish 
a transcriptional baseline state, reflecting either a tumorigenic 
memory or a potential survival signature. In-depth characteriza-
tion of the signatures revealed a decrease in proliferative capacity, 
along with an altered energy metabolism.

In line with our data, transcriptome analysis of samples from 
recipients of neoadjuvant therapy revealed that, when cancers were 

NAC, the progesterone antagonist mifepristone, or a combination 
of mifepristone and NAC. We have employed the use of mifepris-
tone as a progesterone antagonist in our studies to halt the expan-
sion of the mammary alveolar epithelium that coincides with the 
peak in progesterone during diestrus of the ovarian estrous cycle 
(Figure 6, A and C; ref. 28). Mifepristone has been successfully 
used in a similar setting in the prevention of BRCA1-mediated 
tumorigenesis (27) and is currently under evaluation in a phase 2 
clinical trial (NCT01898312) for its effectiveness in eliminating 
ovarian estrous cycle–driven breast cell proliferation in a preven-
tive setting for patients harboring germline BRCA1/2 mutations. 
Despite diminished/reduced scavenging toward the end of the 
weekly treatment schedule (Supplemental Figure 7D), NAC- 
only–treated animals had a significant delay in the onset of tumor 
recurrence (Figure 6C), while relapse onset was nearly abrogated 
in both the mifepristone and the combined mifepristone and NAC 
treatment cohorts (Figure 6C and Supplemental Figure 7E). These 
findings demonstrate, both in vivo and in vitro, that ROS scav-
enging has a beneficial effect on prevention of tumor relapse and, 
coupled with prevention of hormone-driven proliferation, may 
provide a new opportunity for therapeutic intervention to attenu-
ate spontaneous tumor recurrences.

Elevated FA metabolism is a communal hallmark of cells surviv-
ing neoadjuvant treatment in human breast cancer patients. Neoad-
juvant therapeutic approaches may be delivered to breast cancer 
patients to induce downstaging, thus rendering a locally advanced 
tumor operable, but they also provide the advantage of allowing 
the study of the effect of systemic therapies on tumor survival 
(29). Transcriptome analysis of tumors before and after success-
ful neoadjuvant therapy should provide the gene expression sig-
nature of residual cells (30). To that end, we performed RNA-seq 
on 7 matched cases of preneoadjuvant treatment core biopsies 
and posttreatment surgical samples (ArrayExpress database; 
E-MTAB-4632)(Supplemental Table 3). Furthermore, we rean-
alyzed the previously published human dataset (GSE32072) and 
compared both human datasets to our mouse-derived regressed 
mammary duct organoid datasets for the 5-day-on versus 
regressed comparison, resembling the neoadjuvant setting.

Focusing on the gene sets that were overrepresented in the 
treated versus pretreated samples, we employed reactome path-
way enrichment analysis to evaluate the degree of overlap of 
the transcriptional response between the mice and the 2 human 
datasets (Supplemental Figure 8 and Supplemental Table 4). 
Considering that datasets were not stratified for intrinsic tumor 
subtype, treatment, or grade together with the general difficul-
ties in performing interspecies comparisons, we expected a min-
imal overlap between significantly regulated pathways in this 
comparison. However, the analysis revealed pathways that were 
highly reminiscent of the defining features of MRD described in 
this manuscript for the mouse models. Specifically, we found a 
number of overlapping pathways between human datasets and 
our model systems that pertained to lipid metabolism and redox 
maintenance (Supplemental Figure 8 and Supplemental Table 
4). The presence of lipid metabolic pathways in this analysis sup-
ported the finding of dysregulated lipid metabolism as a central 
hallmark of cells that survive therapeutic intervention. To gain 
further insight, we plotted the metabolism of lipids and lipopro-
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of somatic mutation–driven tumor recurrence via the use of anti-
oxidants further supports the causal role of an unchecked lipid 
metabolism in driving tumor recurrence.

Our results support that these characteristics would accel-
erate somatic mutation–driven tumor recurrences and that this 
effect is strongly potentiated in a hormone-responsive organ. 
Our demonstration that mifepristone successfully delayed tumor 
recurrence highlights the possibility of a correlation between hor-
mone-driven proliferation and tumor recurrence. Indeed, one of 
the major independent risk factors for local tumor recurrence in 
women who have received breast-conserving therapy is “young” 
age (premenopausal [<50]; refs. 38, 39). Studies have also high-
lighted a strong association between progesterone-containing 
hormone replacement therapy (HRT) treatment and tumor recur-
rence. The 3 randomized trials, Hormonal Replacement After 
Breast Cancer - Is It Safe (HABITS), Livial Intervention following 
Breast Cancer: Efficacy, Recurrence, And Tolerability Endpoints 

analyzed without stratification, PPAR signaling was the most statis-
tically significant deregulated pathway in the residual cancer cells 
(30). Notably, aberrant FA ametabolism was detected in MRD across 
all the breast cancer intrinsic subtypes, an observation supported by 
positive FASN staining of neoadjuvant-treated patient samples.

Alterations in lipid metabolism have previously been shown 
to be a hallmark of breast cancer, with increased overexpression 
of some key genes correlating with disease progression (35, 36). 
Recently, alterations in energy metabolism have also been shown 
to be a hallmark of cells that have survived KRASG12D inactivation 
in pancreatic cancer (37). However, the mechanism by which 
altered metabolism could drive relapse had not been addressed. 
In this study, we demonstrate that regressed mammary glands 
have higher levels of FA metabolism. Through direct perturba-
tion of FA metabolism using C75 and etomoxir, we established 
that dysregulated lipid metabolism drives elevated oxidative 
stress and increased DNA adduct formation in MRD. Attenuation 

Figure 7. Lipid phenotype of neoadjuvant-treated breast cancers. Network plot for all reactome pathways under the term “Metabolism of lipids and 
lipoproteins,” which are significantly deregulated in at least one of 4 assays: MYC/KRAS, MYC/NEU, GSE32072, or RNA-seq. Strong significance threshold 
for mouse assays, P < 0.005, and human assays, 0.05. Significance threshold for mouse assays, P < 0.05, and human assays, P < 0.1. Pathway significance 
is colored by its best P value in the mouse assays. 
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mice treated with ROS scavenger NAC. This raises the question 
of whether it would be beneficial to evaluate the inclusion of anti-
oxidants in a preventive setting following surgical and therapeu-
tic intervention. Supplementation of cytotoxic antitumor therapy 
regimes with antioxidants has been the subject of many studies 
(45, 46). There are numerous and conflicting reports concerning 
the effects of inclusion of antioxidants on overall survival or clin-
ical response; however, these studies are largely addressing the 
potential of antioxidants, such as vitamins, to interfere with cyto-
toxic therapies that traditionally rely upon oxidative stress mecha-
nisms to inflict damage on existing cancer cells.

(LIBERATE), and Stockholm trials, of HRT treatment in women 
with a previous history of breast cancer had to be halted due to 
concerns about the safety of the treatment following early follow-
ups (40–42). Although — even in healthy individuals — late onset 
of menopause, early menses, and HRT are all associated with a 
risk in developing breast cancer (43, 44), cyclical expansion of the 
mammary gland (25) could hasten the acquisition of secondary 
mutations that drive relapse in breast cancer survivors harboring 
a mutation-permissive metabolism.

Although not as dramatic as the effect seen with mifepris-
tone, we did see a significant attenuation of tumor recurrence in 

Figure 8. Postneoadjuvant–treatment 
human breast cancer samples display 
elevated FASN and 8-OHdG levels. (A) 
IHC of healthy mammary tissue and 
matched preneoadjuvant- and postneo-
adjuvant-treatment human breast cancer 
samples for FASN. The images, showing 
enhanced staining in the tumor samples, 
are representative for (n = 11) luminal, (n 
= 10) HER2 3+, and (n = 9) triple negative 
patient samples for each subtype. HER2 3+, 
treatment regimen Herceptin + combined 
hormone therapy (CHT); luminal, aromatase 
inhibitor; triple negative, CHT. Samples from 
patients, which were classified as responsive 
to the neoadjuvant therapy, were chosen for 
analysis. Scale bar: 50 μm. (B) Immunofluo-
rescence staining of of preneoadjuvant- and 
postneoadjuvant-treatment human breast 
cancer samples; FASN (cyan), 8OHdG (red), 
DAPI (gray). The images are representative of  
(n = 10) patient samples for each subtype. 
HER2 3+, treatment regimen herceptin + 
CHT; luminal, aromatase inhibitor; triple 
negative, CHT. Samples from patients, which 
were classified as responsive to the neoadju-
vant therapy, were chosen for analysis.
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cance in relapse-free survival. P values of less than 0.05 were consid-
ered statistically significant. Data presented in figure legends is repre-
sented as mean ± SEM unless otherwise stated; statistical tests utilized 
are reported in the figure legends, along with the associated P values.

Study approval. Regarding neoadjuvant-treated patient samples 
for RNA-seq, the study entitled “Ermittlung neuer Zielproteine für 
kombinatorische Therapien bei Brustkrebs-Patientinnen sowie die 
Entwicklung prognostischer und prädiktiver Markerprofile” with the 
study number S-039-2008 was approved by the Ethical Committee of 
the Medical Faculty in Heidelberg. 

Regarding human breast samples for IHC analysis, the patients 
were not selected for a clinical trial specifically. All patients came 
from clinical practice, prospectively entered the European Institute 
of Oncology breast cancer database, and gave an informed consent 
for using their clinico-pathological data and samples for research pur-
poses at the time of admission to the hospital. The proceedings were 
approved by the IEO Review Board.
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In this study, antioxidants were administered as an adjuvant 
therapy after initial therapeutic intervention. Very few studies 
have focused on evaluating the influence of vitamin supplementa-
tion on long-term outcomes among breast cancer patients. Inter-
estingly, 2 independent prospective cohort studies reported that 
increased dietary supplementation of vitamins C and E, during 
the period following cancer diagnosis, confers a protective effect 
in regard to tumor recurrence and overall survival in breast can-
cer patients (47, 48). This supports our observations that the use of 
antioxidants in an adjuvant setting can bestow a survival advan-
tage. The factors governing the efficacy of vitamin supplementa-
tion, including effective serum levels and interaction with therapy, 
is likely to be very complex. However, considering the potential for 
benefits, it is one that deserves further attention.

Here, we present an approach that combines complementary 
in vivo and ex vivo systems for characterization of the substrate of 
breast cancer recurrence. We report a differential energy metab-
olism, which is active in at least a subpopulation of the surviving 
cells, and show that these cells have the capability acquiring de 
novo somatic mutations after oncogene inactivation. It is appar-
ent from our combined computational and cellular approaches 
that increased lipid metabolism is a metabolic hallmark of cells 
surviving therapeutic treatment that transcends the etiological 
differences among human breast tumor subtypes. The com-
monality of this hallmark strongly suggests that altered energy 
metabolism could be an Achilles heel for interfering with cancer 
progression toward relapse and is an attractive subject for future 
mechanistic and clinical studies.

Methods
Supplemental Methods are available online with this article.

Animals. All the mice were bred and maintained in the EMBL 
Mouse Biology Unit, Monterotondo, in accordance with Italian legis-
lation and under license from the Italian Health Ministry. Mice were 
housed under barrier conditions with 12-hour light/12-hour dark 
cycles. We utilized the following mouse strains: TetO-cMYC TetO-
KrasG12D MMTV-rtTA as described in ref. 5 and TetO-Neu MMTV- 
rtTA as described in ref. 6.

Tristransgenic TetO-cMYC TetO-Neu MMTV-rtTA and TetO-cMYC 
TetO-KrasG12D MMTV-rtTA and bitransgenic TetO-Neu MMTV-rtTA, 
TetO-cMYC TetO-KrasG12D, and TetO-cMYC TetO-Neu (TT+) control 
mice were generated, and tumors were induced through the activation 
of transgene expression, which was achieved by administration of a 
doxycycline supplemented diet (625 mg/kg doxycycline; Mucedola). 
Control mice (TT+) were placed on doxycycline, along with experi-
mental animals at 8–10 weeks of age for 30 days; they were then taken 
off and placed on a normal diet.

Data deposition. Datasets generated as a part of this study were 
deposited at ArrayExpress with the following accession numbers: 
E-MTAB-3038, E-MTAB-3039, and E-MTAB-4632. Please refer to 
Supplemental Methods.

Statistics. Graph Pad Prism, version 7.1 (GraphPad Software) was 
used for generating graphs and preforming statistical tests. This study 
has employed the use of Student t tests for determining significance 
between related comparisons; for multiple comparisons, one-way 
ANOVA was followed by Dunnett’s or Sidak multiple comparison 
tests. Log-rank Mantel Cox tests were utilized for analyzing signifi-
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