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SUMMARY

Treatment-persistent residual tumors impede curative cancer therapy. To understand this cancer cell state
we generated models of treatment persistence that simulate the residual tumors. We observe that treatmentpersistent tumor cells in organoids, xenografts, and cancer patients adopt a distinct and reversible transcriptional program resembling that of embryonic diapause, a dormant stage of suspended development triggered by stress and associated with suppressed Myc activity and overall biosynthesis. In cancer cells,
depleting Myc or inhibiting Brd4, a Myc transcriptional co-activator, attenuates drug cytotoxicity through a
dormant diapause-like adaptation with reduced apoptotic priming. Conversely, inducible Myc upregulation
enhances acute chemotherapeutic activity. Maintaining residual cells in dormancy after chemotherapy by inhibiting Myc activity or interfering with the diapause-like adaptation by inhibiting cyclin-dependent kinase 9
represent potential therapeutic strategies against chemotherapy-persistent tumor cells. Our study demonstrates that cancer co-opts a mechanism similar to diapause with adaptive inactivation of Myc to persist during treatment.

INTRODUCTION
Many cytotoxic anti-cancer drugs, including those that can
achieve clinical remission and prolong overall survival, often
fail to completely eradicate cancers due to viable tumor fractions
of variable sizes that persist throughout the treatment (‘‘residual
tumors’’) and represent a reservoir for eventual relapse (Cortazar
et al., 2014). The biological properties of drug-persistent tumor
cells are incompletely understood, particularly for ‘‘non-targeted’’ cytotoxic therapeutics. Hundreds of molecular datasets
exist for treatment-naive or relapsed tumors, yet only a few

clinical studies (e.g., Kim et al., 2018; Kimbung et al., 2018; Magbanua et al., 2015) in breast cancer (BrCa) characterize treatment-persistent residual tumors via genome-scale molecular
analyses of tumor samples obtained prior to, during, and/or at
the end of neoadjuvant chemotherapy. Single-cell studies
suggest that treatment-persistent residual cancer cells in patients may acquire a transcriptional program distinct from their
respective pre-treatment tumors (Kim et al., 2018). Overall, the
molecular profile of residual tumor cells, not just their detection
as indicators of incomplete pathological response, has not
been extensively used to stratify patients, predict clinical
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Figure 1. Modeling Treatment-Persistent Residual Tumors in 3D Organoid Cultures
(A) Schematic representation of treatment-persister residual tumor cells and their distinction from treatment-naive tumor cells or post-treatment tumors at the
time of relapse.
(B) Longitudinal viability of MDAMB-231 3D organoids and 2D cultures (quadruplicates; mean ± SEM) in the presence of the indicated cytotoxic drugs (100 nM)
over time (top; plateauing of the viability curve indicates drug-persistent organoid fractions) and H&E staining images of day 15 docetaxel-persistent MDAMB-231
organoid fractions and respective control (bottom); scale bar, 100 mm.
(C) Viability of 253 cancer cell lines (each transduced with its own DNA barcode distinct from the other cell lines of this panel; see STAR Methods) grown as 3D
organoids or 2D cultures (triplicates) exposed to docetaxel (100 nM; three time points). Percentage of cell viability is shown in logarithmic scale; horizontal bars
indicate median.

(legend continued on next page)
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outcomes, or derive mechanisms governing the treatmentpersistence phenotype. Furthermore, the mechanistic dissection of the chemo-persistent cancer cell state and the identification of its therapeutic vulnerabilities are hindered by the paucity
of amenable in vitro models that simulate in a clinically relevant
manner the phenotypic and molecular characteristics of the
in vivo residual tumors.
Here, we used three-dimensional (3D) cultures and in vivo
models to recapitulate the phenotype of residual disease in patients and elucidate the molecular properties of cancer cells
that persist during cytotoxic treatment.
RESULTS
Pre-clinical Models of Treatment-Persistent Residual
Tumors
Typical short-term (e.g., 24–72 h) in vitro assays do not necessarily simulate clinical responses to cytotoxic treatment, which
are often incomplete, with variable residual tumor fractions persisting despite further drug administration (Figure 1A). We therefore longitudinally measured the viability of cancer cells during
prolonged exposure to cytotoxic agents (including conventional
chemotherapeutics) in 2D and 3D cultures. Herein we refer to 3D
multicellular structures generated by cancer cell lines or patientderived cells as ‘‘organoids.’’ In 2D cultures, clinically relevant
doses of cytotoxic agents nearly eradicated the cancer cells
within 4–6 days. In contrast, these same agents did not eliminate
cancer cells in 3D organoids (even though they could readily
penetrate these organoids; Figures S1A–S1C), but substantial
fractions of most organoids remained viable for the duration of
the experiment (Figure 1B). The fractions of treatment-persistent
organoids (referred to henceforth as TP-organoids) after the
initial drug-induced killing varied across drug classes, e.g.,
from 20% to 50% in MDAMB-231 organoids. To assess the
generalizability of this phenotype, we cultured under 2D and
3D conditions a pool of 253 cancer cell lines, each with its
distinct DNA "barcode" (Yu et al., 2016). After 15 days of chemotherapy treatment, most cell lines in 3D cultures had >10%
viability, but were reduced to <0.1% in 2D cultures (Figure 1C).
To further evaluate the biological relevance of the drug persistence in 3D organoids, we developed and characterized several
BrCa and prostate cancer (PrCa) patient-derived organoids
(PDOs) and patient-derived xenograft (PDX) models (Figure S1D).
Prolonged (up to 3 weeks) treatment of PDOs with chemotherapeutics and targeted agents did not eradicate all cancer cells,

but resulted in residual TP-organoids (indicated by the plateauing levels of the time-lapse viability curves; Figures 1D and
S1E–S1G), reminiscent of clinical post-treatment residual disease in solid tumors. Notably, the respective drug-treated PDX
models mirrored the longitudinal drug response in organoids
(Figures S1E and S1F).
To assess at the molecular level the clinical relevance of our
pre-clinical models, we used as reference the serial samples obtained from BrCa patients before versus during neoadjuvant
chemotherapy administration from four clinical studies (Gonzalez-Angulo et al., 2012; Gruosso et al., 2016; Kim et al., 2018;
Kimbung et al., 2018; Magbanua et al., 2015). The transcriptional
changes in TP-organoid fractions (versus DMSO-treated organoids) and in residual PDX tumors (versus controls) correlated
with those in residual BrCa tumors in patients after (versus
before) neoadjuvant chemotherapy (Figures 1E, 1F, S1H, and
S1I and Tables S1 and S2). In addition, the transcriptional profiles of TP-organoids resembled those of individual chemopersistent residual tumor cells, but not pre-treatment cells, in patients (Figures 1G–1I). Thus, TP-organoid fractions in vitro reflect
the molecular profiles of chemo-refractory residual tumors in situ
in xenografts or in patients.
Treatment Persistence Is Not Driven by Newly Acquired
Mutations or Rare Pre-existing Clones
When tumor cells were isolated from treatment-naive 3D cultures, plated in 2D cultures, and exposed to cytotoxic agents,
they lost their proneness for drug persistence (Figure S2A and
S2B), indicating that the decreased drug sensitivity in 3D is not
driven by resistant clones selectively expanded under these conditions. To determine whether the clonal compositions of TP-organoids versus pre-treatment controls are different, wholeexome sequencing was performed and revealed no significant
change in their patterns of single-nucleotide variants after treatment in vitro (Figure 2A). In 3D cultures, where each organoid is
generated from one single initial cell, TP-organoid fractions
emerged from most or all organoids (Figures 1B, 1D, S1E, and
S2C). This differs quantitatively and qualitatively from drugtolerant persister (DTP) cells previously reported in 2D cultures
(Hata et al., 2016; Sharma et al., 2010), which represent a small
subset of rare cells (typically 0.01%–1% of cells), putatively resulting from pre-existing clones or rare stochastic epigenetic
states (schematic in Figure S2D). Recasting TP-organoids harvested at the plateau phase (schematic in Figure S2E) in Matrigel, after drug washout, allowed for de novo generation of fully

(D) Longitudinal response of HCI-002 PDOs (quadruplicates; mean ± SEM) to chemotherapeutic agents (100 nM); curve plateau indicates treatment-persister
residual tumor cells (top). Representative H&E staining images of indicated organoids (bottom); scale bar, 100 mm.
(E) Transcriptional changes in clinical residual tumors (versus respective baselines; aggregate of PROMIX trial patients) depicted as enrichment plots for genes
upregulated (left) or downregulated (right) in HCI002 TP-organoids (similar results were obtained with other TP-organoid models).
(F) Gene-level pairwise comparisons of transcript changes in clinical chemotherapy-persistent residual BrCa tumors (PROMIX trial, after two chemotherapy
cycles [Kimbung et al., 2018], dataset GEO: GSE87455) and our BrCa TP-organoid models (versus baseline): graphs depict the Spearman correlation FDR (left)
and coefficient (right) values of pairwise comparisons between transcriptional changes in different sets of treatment-persistent tumor cells, namely: comparisons
between each patient tumor versus all other patient tumors in this cohort (red) and between each patient tumor versus each of the BrCa TP-organoid/PDX models
(blue) treated with docetaxel (DOC) or afatinib (AFA). The analysis was performed on the subset of 1,401 genes that were differentially expressed on the aggregate
patients’ residual tumors versus respective baseline (FDR % 0.05) from limma t test analysis of the global two-group comparison.
(G–I) UMAP plot of single-cell RNA-sequencing profiles in baseline and chemo-persister residual triple-negative breast cancer (TNBC) patient tumor (G; separate
clusters indicate newly acquired transcriptional profile in the residual cancer cells) and respective UMAP plots for expression in these single cells of the transcriptional signatures derived from docetaxel-persister organoids (versus respective controls) in TNBC 3D-culture models of MDAMB-231 (H) and HCI002
(I) cells.
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Figure 2. Treatment Persistence in Pre-clinical Models Is Not Driven by Selection of De Novo Mutations or Rare Pre-existing Clones
(A) Two-dimensional density plot of single-nucleotide variant allelic frequencies from whole-exome sequencing of docetaxel-persister versus treatment-naive 3D
MDAMB-231 organoids.
(B) Schematic representation of the DNA barcode-based clonal tracking in vivo experiment.
(C) Treatment of MDAMB-231 barcoded xenografts induces tumor regression, which segues into treatment-persister residual tumors (mean ± SEM).
(D) Barcode abundance in the tumor cell population prior to engraftment (T0, gray), and in tumors treated with DMSO vehicle control (V, orange), docetaxel (D,
blue), or epirubicin (E, green). Barcodes are ordered vertically according to their initial abundance (lowest to highest from top to bottom) at T0, and barcodes with
>1% abundance are assigned random colors.
(E) Beta diversity (Bray-Curtis) scores for the barcodes observed for tumors in each of the treatment groups.
(F) Barcode distribution in residual tumors and vehicle control, separately for each group (left) or superimposed (right).

grown organoids, similar to the original cultures, within variable
time periods (ranging from 2 to 12 weeks depending on the
type of drug and organoid; examples in Figures S2F and S2G).
These de novo grown organoids had drug-sensitivity profiles
similar to those of parental drug-naive cells (Figures S2H and
S2I), further indicating that the observed drug persistence is
not attributable to selection of constitutively drug-resistant
clones.
To directly monitor at high resolution the clonal dynamics during the emergence of treatment-persister tumors in vivo, we used
DNA-barcode-mediated clonal tracking approaches (details under STAR Methods). We transduced MDAMB-231 cells with a
lentiviral library comprising 50 million unique DNA barcodes at
a low multiplicity of infection to ensure that most transduced cells
received only one unique DNA barcode, and transplanted the
4 Cancer Cell 39, 1–17, February 8, 2021

barcoded cells into immunocompromised mice (Figure 2B). After
tumors reached 50–100 mm3, mice were randomly assigned to
receive chemotherapy, which induced tumor regression (Figure 2C) and establishment of residual tumors, or vehicle. Nextgeneration sequencing to quantify the DNA barcodes in harvested control xenografts indicated a major decrease in barcode
library complexity during the tumor cell engraftment (with estimated engraftment rate of 20%–30%) but no consistent enrichment of engrafted barcodes between replicates. Importantly,
chemotherapy treatments did not enrich any barcode in residual
tumors, as assessed by geometric mean test of ranks (Breitling
et al., 2004) or by analysis of variance with false discovery rate
(FDR) correction for multiple testing (Li et al., 2014), indicating
that treatment persistence in the residual tumors was not driven
by a specific pre-existing clone (Figure 2D). Beta diversity, an
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Figure 3. The Transcriptional Adaptation in Treatment-Persistent Tumors Encompasses Suppression of Myc Activity and Mimics Embryonic
Diapause
(A) Examples of transcriptional signatures that are suppressed in docetaxel-persistent residual MDAMB-231 xenografts.
(B) Gene set enrichment analysis (GSEA) enrichment plots of Myc target genes in treatment-persistent residual tumor cells (compared with baseline) in pre-clinical
models (left) and in clinical samples (right; PROMIX trial dataset GEO: GSE87455). Aggregate enrichment in organoid/PDX models or patient cohort is shown.
(C) Single-cell analysis of MYC gene copy number and transcriptional activity in baseline and chemo-persister residual cells of a TNBC patient (Kim et al., 2018).
(legend continued on next page)
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index of compositional heterogeneity in the barcoded cell population, was not significantly altered in chemo-persistent residual
tumors versus control (Figure 2E). Concordantly, the barcode frequency distribution (including high-abundance barcodes) was
similar between cohorts (Figure 2F).
Together, these in vivo and in vitro observations indicate that
persistence after acute cytotoxic treatment in these xenografts
and 3D organoid models cannot be attributed to putative pre-existing cell populations or rare clones that either were a priori drug
resistant or acquired constitutive resistance during treatment.
The Transcriptional Adaptation in Treatment-Persistent
Tumors Is Driven by Suppression of Myc Activity and
Mimics Embryonic Diapause
As DNA barcoding and mutational analyses did not support a
genetic mechanism for treatment persistence in our models,
we examined the transcriptional profiles of chemo-persistent
residual xenografts, organoids, and clinical (post-neoadjuvant
chemotherapy) BrCa samples (Kimbung et al., 2018; Magbanua
et al., 2015) to identify potential transcriptional adaptations that
could account for this treatment persistence. Chemo-persister
residual tumor cells were predominantly characterized by a
substantial suppression of transcripts related to cellular biosynthetic processes and the activity of transcription factor Myc
(Figure 3A). We observed marked suppression of Myc transcriptional output across treatment-persister residual tumors
in patients and pre-clinical models (Figure 3B). In single-cell
studies of BrCa patient tumor cells with MYC amplification at
baseline, residual treatment-persister cells maintained their
MYC amplification but had suppressed Myc activity (Figure 3C).
Myc protein together with biosynthetic markers was also downregulated during the emergence of TP-organoids (Figure S3A).
Myc protein reduction preceded its mRNA downregulation (Figure S3B), indicating that Myc may be initially regulated posttranscriptionally during treatment-induced stress. We observed
no consistent differences in the expression of molecules that
could have contributed to suppression of Myc transcript or protein levels, including microRNAs (e.g., the let7-miRNA family)
and known E3 ligases for c-Myc (e.g., Skp2, Fbw7, Huwe1)
(data not shown).
Given that Myc is a master regulator of biosynthesis and metabolism in both normal and transformed cells, we asked whether
inactivation of Myc in cancer cells suffices to induce the biosynthetically paused state that we observed in treatment-persistent
residual tumors. We knocked out MYC in MDAMB-231 cells us-

ing CRISPR-mediated gene editing (Figure S3C) and observed
strong suppression of the Myc transcriptional output (Figures
S3D and S3E), suppressed biosynthetic activity (Figure S3F),
and an overall transcriptional profile similar to that in single cancer cells of residual tumors (but not cells of pre-treatment tumors) in patients (Figure 3D).
Notably, a role for Myc suppression as an inducer of cellular
adaptation into stress-resilient biosynthetic dormancy has also
been previously reported in embryonic diapause, which is a
reversible physiological state of suspended development in
E4.5 epiblasts triggered by adverse conditions and has been
molecularly characterized in recent studies (Boroviak et al.,
2015; Scognamiglio et al., 2016) (Figures S3G and S3H and Table S3). We therefore compared molecular profiles of residual
drug-resilient tumor fractions in organoids, PDX, and patients
with that of diapaused mouse epiblast (Figure 3E). Processes
related to metabolism (e.g., mitochondrial activity), regulation
of gene expression (e.g., RNA processing, RNA splicing, RNA
export from nucleus), protein synthesis (e.g., ribosome biogenesis, translation), and proliferation (e.g., DNA replication, replication fork, chromosome segregation) were strongly suppressed in
all these biological settings, whereas processes related to extracellular matrix (ECM) reorganization (e.g., collagen modification)
and cell adhesion (e.g., integrin binding) were commonly upregulated (Figure 3F). Similar to previous studies of embryonic
diapause (Bulut-Karslioglu et al., 2016; Scognamiglio et al.,
2016), we performed molecular analyses at gene-set and individual-gene levels. We found a strong positive correlation between
the transcriptional changes in residual drug-persistent tumor
fractions in our pre-clinical models and in most BrCa cases
(versus their respective treatment-naı̈ve states) and the transcriptional changes during the transition of the normal E4.5
epiblast to the diapaused epiblast stage, but not other embryonic stages (Figures 3G, 3H, S4A–S4E, S5A–S5E). The correlation scores of the embryonic diapause-like (henceforth referred
to as EDL) molecular signatures of treatment-persister residual
cancer cells in our pre-clinical models, and most clinical samples
are consistent with those of the in vitro mouse models of
diapause (Bulut-Karslioglu et al., 2016; Scognamiglio et al.,
2016). We compared the transcriptional profiles of BrCa tumors
at baseline for patients whose residual tumors did versus did not
acquire an EDL signature upon treatment; thus establishing an
‘‘EDL-proneness’’ signature of baseline tumors (which is a
distinct metric from the EDL signature in residual tumors; see
STAR Methods). Interestingly, and perhaps counterintuitively,

(D) UMAP plots of single-cell RNA profiles from baseline and residual patient tumor with MYC amplification, showing the expression patterns in individual cells of
the transcriptional signature induced by CRISPR-Cas9-mediated editing of MYC in MDAMB-231 cells.
(E) Schematic representation of adaptive cellular states examined.
(F) GSEA results from comparisons of mouse embryonic diapause versus normal epiblast (Boroviak et al., 2015; Scognamiglio et al., 2016), drug-persistent
patient tumors versus their respective pre-treatment baseline (Kimbung et al., 2018), and BrCa/PrCa TP-organoid (ORG) and PDX residual tumors after treatment
with docetaxel (DOC), afatinib (AFA), or vinblastine (VINBL) versus their respective vehicle-treated samples. Normalized enrichment scores (NES) are shown.
(G) Heatmap depicting the MSigDB gene sets significantly (FDR <0.05) altered in embryonic diapause and their respective enrichment status in drug-persistent
residual tumor fractions in examined patient datasets (aggregate expression), in individual BrCa patients from the PROMIX trial (GEO: GSE87455), and in our preclinical models; notice the association between the EDL score (see STAR Methods) and the suppression of Myc target gene sets (14 MSigDB gene sets with
negative enrichment [FDR <0.05] in either embryonic diapause or the clinical dataset are shown). Similar analysis of the I-SPY trial is shown in Figure S5D.
(H) 2D GO pathway expression analyses (including CPDB pathways and GO terms; see STAR Methods) comparing docetaxel-persistent MDAMB-231 TP-organoids with different mouse embryo developmental stages (Boroviak et al., 2015). Spearman correlation coefficients indicate significant similarity of the TPorganoids to the diapaused E4.5 epiblast but not to other embryonic stages (comparisons similar to those performed by Bulut-Karslioglu et al., 2016, and
Scognamiglio et al., 2016).
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given the dormant profile of EDL cancer cells, in the METABRIC
dataset, patients with EDL-prone baseline tumors had worse
clinical outcomes (Figure S5F).
Suppression of Myc in Tumor Cells Induces a Diapauselike State and Persistence to Cytotoxic Treatment
We asked whether Myc inactivation and the associated EDL
signature in residual tumor cells are a consequence of the treatment or an enabler of drug persistence. To address this question,
we functionally assessed the role of Myc on the chemosensitivity
of cancer cells. CRISPR-based loss of function for MYC in cancer cells (Figure S3C) induced an EDL transcriptional signature
(Figure 4A) and attenuated the effect of cytotoxic chemotherapy
(Figures 4B–4D). Conversely, doxycycline-induced ectopic
expression of Myc increased acute drug cytotoxicity and
reduced the chemo-persistent fraction in 3D cancer organoids
(Figures S6A–S6D). These results indicate that, similar to embryonic diapause, suppressed Myc activity in cancer cells enables
survival under stress. Interestingly, baseline tumors of BrCa patients with MYC amplifications in the METABRIC dataset had
higher EDL-proneness score (see STAR Methods for definition)
compared with tumors without MYC amplification (Figure S6E),
indicating that tumors with MYC amplification may be more likely
to persist during treatment through an EDL state with suppressed Myc activity.
Given the recent emphasis on therapeutic strategies targeting
Myc via inhibition of its transcriptional co-activator BET bromodomain-containing protein Brd4 (Delmore et al., 2011; Loven
et al., 2013), we examined how the pharmacological suppression
of Myc activity affects the acute chemotherapeutic cytotoxicity
in cancer cells. The BET inhibitor JQ1 induced a Myc-suppressed EDL transcriptional profile (Figure S6F), attenuated the
cytotoxic effect of chemotherapeutic agents in BrCa cell lines
and PDOs (Figures 4E, 4F, and S6G–S6J), and partially abrogated the chemosensitization induced by Myc overexpression
(Figure S6K). These results further support the functional role
of Myc suppression in conferring drug-persistent dormancy in
cancer cells. The abrogation of chemotherapeutic cytotoxicity
by JQ1 was also confirmed in cell lines from hematological cancers (data not shown), indicating the generalizability of this
mechanism across cancer types and drug classes.
Suppression of Myc Activity Reduces Redox Stress and
Attenuates Apoptotic Priming in Cancer Cells
Myc controls a multitude of cellular processes that directly or
indirectly regulate cellular stress and cell death (Evan et al.,
1992; McMahon, 2014; Meyer et al., 2006). Exposure to chemotherapeutic agents induced redox stress in treatment-naive organoids, but not in EDL TP-organoids (Figure 5A). Consistently,
exposure to JQ1 also attenuated the chemotherapy-induced
cellular redox stress in BrCa cells (Figure 5B) and phenocopied
the effect of the redox stress-reducing agent N-acetylcysteine
(Figure 5C). Overall, these findings are congruent with the proposed role of redox stress in chemotherapeutic cytotoxicity
(Luo et al., 2009; Schumacker, 2006) and corroborate that suppression of Myc achieves dormant biosynthetic rates that
contribute, at least in part, to survival in the presence of cytotoxic
agents via mitigation of treatment-induced cellular stress in residual cancer cells.

Interestingly, when cells were exposed to H2O2, an exogenous
source of stress in the form of free radicals, JQ1 could again
attenuate H2O2-induced apoptosis and cell death (Figures 5D
and 5E), suggesting that suppression of Myc activity may not
only mitigate treatment-induced redox stress, but also increase
the cellular apoptotic threshold in the presence of exogenously
forced increase in redox stress. We examined Bcl-2 family members (Figure 5F) or antioxidant enzymes (data not shown) for potential transcript changes across chemo-persister TP-organoid
and PDX tumors but did not observe a consistent pattern. We
thus turned to functional testing of pro-apoptotic and antiapoptotic Bcl-2 family proteins in the treatment-persister cells.
TP-organoids did not exhibit increased sensitivity to inhibition
of Bcl-2 (Figure 5G) or Mcl-1 (not shown). Antioxidant N-acetylcysteine or JQ1 did not cause major change in the response of
chemotherapy-naive tumor cells to Bcl-2 inhibition (Figure 5H).
Together, these data suggest that upregulation or activation of
these anti-apoptotic proteins is unlikely to be the main mediator
of the effect of Myc suppression in the treatment-persister state.
We next examined the function of pro-apoptotic BH3 family
members in TP-organoids, using the BH3 profiling method
(Montero et al., 2015): TP-organoids had reduced cytochrome
c release (versus DMSO control) after exposure to pro-apoptotic
peptides BIM and BID (Figure 5I), indicative of reduced apoptotic
priming in chemo-persister cells. We generated BrCa cells expressing a doxycycline-inducible dCas9/KRAB system (Kearns
et al., 2014) for CRISPR interference (CRISPRi), which allows
controlled suppression of MYC transcription (Figure 5J). Suppression of MYC reduced cell sensitivity to exogenous BIM
and BID peptides (Figure 5K). Concordantly, treatment of cells
with JQ1 also attenuated the ability of BIM and BID to initiate
apoptosis (Figure 5L). Together, these results indicate that Myc
suppression in persister cells can attenuate apoptotic priming,
which may also contribute to survival in the presence of cytotoxic
agents.
The Distinct and Reversible Features of the Diapauselike Persister Tumor Cell Adaptation
Similar to embryonic diapause, proliferative quiescence was not
the sole molecular determinant of diapause-like treatmentpersister cancer cells. Instead, these cells encompassed additional components in their core signature of diapause-like adaptation, including biosynthetic quiescence, suppression of redox
stress, and upregulation of cell-ECM interaction-related modules (Figure 3F). Consequently, the transcriptional differences
between TP-organoids versus treatment-naive counterparts
were distinct from the differences between proliferatively quiescent versus cycling cells in 3D cultures (Figure S7A). Furthermore, the JQ1-mediated chemo-persistence effect was not phenocopied by bona fide cell cycle blockers such as the Cdk4/6
inhibitor abemaciclib or Aurora kinase inhibitor AMG900
(Figures S7B–S7H). Abemaciclib-treated organoids exhibited
the molecular hallmarks of arrested cell cycle, including
dephosphorylation of Rb and suppression of cell-cycle markers
(Figures 6A–6D), but were not more chemo-resistant compared
with abemaciclib-naive organoids (Figures 6E and 6F). Importantly, exposure of cell-cycle-arrested organoids (obtained by
longitudinal treatment with abemaciclib) to chemotherapy
generated chemo-persister fractions with suppressed Myc and
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Figure 4. Suppression of Myc Activity Induces Diapause-like Molecular Profile and Reduces the Effect of Cytotoxic Treatment in Cancer Cells
(A) 2D GO enrichment comparisons between transcriptional changes induced in MDAMB-231 cells by CRISPR-based MYC KO (versus OR10G2 KO, as
control) and those in mouse embryonic diapause (versus normal epiblast; left) and those in docetaxel-persistent MDAMB-231 organoids (versus treatment
naive; right).
(B and C) Viability of MDAMB-231 cells with knocked-out MYC or OR10G2 (as control) exposed to 1 mM docetaxel for 24 h, visualized microscopically (B; scale
bar, 200 mm) or measured as percentage of live cells (C; trypan blue assay) (quadruplicates; mean ± SEM).
(D) The effect of docetaxel on the viability of MDAMB-231 and MCF7 BrCa cells with KO of MYC or control genes OR10G2 and OR10G3 in 2D cultures (24 h time
point) (quadruplicates; mean ± SEM).
(E and F) Abrogation of chemotherapy-induced cytotoxicity in MDAMB-231 (E; 7 days) and MCF7 and ZR75-1 (F; 5 days) organoid cultures by co-treatment with
JQ1 (quadruplicates; mean ± SEM).
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Figure 5. Suppression of Myc Activity in Cancer Cells Reduces Redox Stress and Attenuates Apoptotic Priming
(A) Epirubicin-induced redox stress (see STAR Methods) in treatment-naive and docetaxel-persister MDAMB-231 organoids; 24 h (triplicates; mean ± SEM).
(B) JQ1 (500 nM) effect on redox stress levels in MDAMB-231 cells in the presence of cytotoxic chemotherapy (epirubicin 1 mM; 12 h, triplicates; mean ± SEM).
(C) MDAMB-231 3D organoids treated with docetaxel or epirubicin in the presence versus absence of N-acetylcysteine (NAC) or JQ1 (6 day time point; quadruplicates; mean ± SEM).
(D and E) Apoptosis (D, 12 h) and viability (E, 24 h) of MDAMB-231 cells treated with H2O2 (150 mM) in the presence or absence of JQ1 (500 nM) (quadruplicates;
mean ± SEM).
(legend continued on next page)
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biosynthetic activity and EDL molecular profile (Figure 6G). The
transcriptional changes associated with abemaciclib-induced
cell-cycle arrest were only weakly correlated with embryonic
diapause (Figure 6H, left) and mostly reflected suppression of
the mitotic mechanism. In contrast, cell-cycle-arrested cells
that subsequently persisted through chemotherapy were distinct
from their respective abemaciclib-arrested but chemotherapynaive cells, and had an EDL transcriptional adaptation (Figure 6H,
right). These results indicate that the diapause-like transcriptional adaptation in chemo-persistent cells can emerge whether
exposure to cytotoxic chemotherapy is preceded or not by cellcycle arrest. Notably, biosynthetic suppression and upregulation
of diapause-specific molecular hallmarks were more pronounced in the chemo-persistent cell population versus cyclearrested cells (Figure 6I). Together, these data suggest that,
although both cell-cycle-arrested and chemo-persistent cells
display proliferative quiescence, they differ substantially in
the magnitude of biosynthetic quiescence and the molecular
features of the EDL transcriptional adaptation. Therefore, proliferative quiescence per se cannot fully account for the emergence of the chemo-persistent phenotype and its molecular
characteristics.
We also examined whether the EDL transcriptional adaptation
signature in treatment-persistent cancer cells in our pre-clinical
models overlaps with experimentally defined and curated
MSigDB signatures of senescence and stemness, cellular states
generally associated with treatment resistance. The large majority of core stemness gene sets were not upregulated in treatment-persister cells, and the few stemness signatures that
showed similarities with the EDL transcriptional adaptation
comprised modules driven by Myc suppression and overlapped
with embryonic diapause (which is evidently a physiological
adaptation that does not alter stemness per se) (Figure S7I).
Similar to embryonic diapause (Boroviak et al., 2015), expression
of pluripotency genes was retained, but not enriched, in EDL
cancer cells at levels comparable to those of pre-treatment organoids, including genes in common with the E4.5 epiblast stage,
such as KLF2, KLF4, LIFR, TBX3, IL6ST, and JAK3 (in BrCa
models) and SOX2 (in PrCa models) (Figure S8A). In addition, a
partial senescence signature was also recurrent in some, but
not all, EDL models (Figure S7I), possibly reflecting the suppression of Myc transcriptional output. Furthermore, genetic ablation
of p53 in TP53 wild-type MCF7 cells did not affect the ability of
MCF7 organoids to generate TP-organoids with EDL molecular
signature after treatment with chemotherapy (data not shown).
Interestingly, the oxidative phosphorylation signature (recently
reported to be upregulated in some BrCa xenograft chemopersistence models (Echeverria et al., 2019)) was increased
only in non-EDL residual clinical tumors, but was suppressed
in the EDL chemo-persister tumors with inactivated Myc (data

not shown), putatively reflecting two distinct treatment-persistent mechanisms in cancer cells.
The transcriptional and proteomic changes associated with
biosynthetic activity in TP-organoids were partially reversed to
pre-treatment levels within 3 days after drug washout (Figures
S8B–S8D). Extensive transcriptional changes for histones (Figures S8C and S8E) and epigenetic modifiers (e.g., DNMT1,
DNMT3B, NCOA3, and TET2; data not shown) in TP-organoids
were also similar to the embryonic diapause (Boroviak et al.,
2015) and indicate the implication of epigenetic reprogramming
in the acquisition of the EDL state, a theme also proposed in
other models of drug tolerance (Sharma et al., 2010; Vinogradova et al., 2016). Interestingly, the demethylase KDM5A, which
has been implicated in 2D models of tyrosine kinase inhibitor
(TKI) persistence (DTPs, Sharma et al., 2010), was not upregulated in our TP-organoid models or in residual tumors in patients;
concordantly, the chemo-persister EDL organoids were not preferentially sensitive to inhibitors of KDM5a, IGF1R, or HDAC (data
not shown), which were reported to eliminate DTPs (Sharma
et al., 2010; Vinogradova et al., 2016).
Similar to embryonic diapause, which can be induced by
various sources of stress (Fenelon et al., 2014; Renfree and Fenelon, 2017), treatment with distinct compound classes resulted
in EDL TP-organoids that maintained the core EDL signature reflecting fundamental survival mechanisms (e.g., suppression of
biosynthetic activity) but differed in transcriptional changes
related to the respective drug’s mechanisms of action. For
instance, anti-microtubule-persister organoids (but not afatinib
persisters) had marked upregulation of genes of the tubulin family, whereas afatinib-persistent organoids (but not docetaxel persisters) had upregulation of the GSTA gene family (Figure S8E).
Interestingly, afatinib-persistent organoid fractions were sensitive to anti-microtubule agents, whereas anti-microtubule persisters were cross-resistant to afatinib (Figure S8F), suggesting
that the EDL state may involve both common and drug-specific
molecular features.
Therapeutic Implications of Treatment-Persister
Diapause-like Tumor Cells
Treatment-persistent residual tumor cells represent an important
barrier to curative outcomes. Therefore, a better understanding
of the therapeutic vulnerabilities of the EDL state potentially
has major clinical implications. We examined two distinct approaches to therapeutically targeting treatment-persistent residual tumor cells, by preventing them from exiting the EDL state after the stop of cytotoxic treatment and by exposing them to
therapeutics that may be highly active against EDL cells.
Given the transient and reversible nature of the EDL state, we
reasoned that, after the end of the cytotoxic treatment, it might
be therapeutically possible to prevent tumor cells from exiting

(F) Transcriptional changes (compared with vehicle) in apoptosis-related BCL2 family genes in treatment-persister organoids and PDX models.
(G) Sensitivity of naive and docetaxel-persister organoid models to venetoclax (72 h) (quadruplicates, mean ± SEM).
(H) Sensitivity of MDAMB-231 cells to venetoclax in presence or absence of JQ1 or N-acetylcysteine (72 h) (quadruplicates, mean ± SEM).
(I) Comparing apoptotic priming between docetaxel-persister TP-organoids and their naive counterparts using the BH3 profiling method (Montero et al., 2015)
(triplicates; mean ± SEM).
(J) Western blot showing downregulation of Myc protein in MDAMB-231 cells via doxycycline-inducible CRISPRi.
(K and L) Comparing apoptotic priming, using BH3 profiling, in MDAMB-231 cells with CRISPRi against MYC or (as controls) OR10G3 or OR6S1 (K) or JQ1 (L)
(triplicates; mean ± SEM).
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Figure 6. The Diapause-like Treatment-Persister Adaptation Involves Distinct Features beyond Proliferative Quiescence
(A) Schematic representation of the experiment.
(B) Dephosphorylation of Rb in MDAMB-231 organoids after treatment with 500 nM abemaciclib.
(C and D) Suppression of transcriptional signatures for cell-cycle molecular mechanisms (C, top 10 terms for negative enrichment in cell-cycle-arrested organoids) and of cell-cycle progression (D, cell-cycle analysis) in MDAMB-231 organoids after treatment with abemaciclib (8 days).
(E and F) Dose (5 days time-point, E) and time-lapse (1 mM concentration, F) response of non-arrested and abemaciclib-arrested MDAMB-231 organoids to
cytotoxic agents (quadruplicates; mean ± SEM).
(G) Gene set enrichment plots depicting transcriptional changes in chemo-persister cell-cycle-arrested organoid fractions (obtained by longitudinal treatment of
abemaciclib-arrested organoids with docetaxel to generate persister cell population) versus their respective cell-cycle-arrested baseline (obtained by treatment
with abemaciclib only).
(legend continued on next page)
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dormancy by exposing them to therapeutics that can sustain that
state. Inhibition of Myc and mTOR has been shown to maintain
mouse embryos cultured ex vivo in diapause (Bulut-Karslioglu
et al., 2016; Scognamiglio et al., 2016). Concordantly, we
observed that treating EDL persister organoids with JQ1 or the
mTOR inhibitor INK028 retained these cells in a dormant state
and prevented their regrowth (Figure 7A).
Importantly, most upregulated transcripts in TP-organoids
and chemo-persister PDX fractions were not linked to genes
essential for in vitro survival or proliferation of cancer cell lines
in 2D cultures (Figure S9A), indicating the distinct value of TP-organoid models to inform on survival mechanisms emerging in residual treatment-persister tumors. We therefore reasoned that
the EDL state might exhibit distinct therapeutic vulnerabilities.
To assess the therapeutic landscape of the EDL cancer cell state
and identify specific vulnerabilities of chemo-persister cells, we
tested the sensitivity of TP-organoids to a diverse library of
500 compounds, which included FDA-approved chemotherapeutics and targeted agents, compounds targeting transcriptional and epigenetic mechanisms putatively involved in the
diapause-like transcriptional program, and other drug classes.
The chemo-persistent EDL cancer cells were refractory or resistant to most classes of broad-spectrum cytotoxic agents (e.g.,
anthracyclins, taxanes, vinca alkaloids, proteasome inhibitors)
and tended to have reduced sensitivity to other compound classes, including HDAC inhibitors (Figures 7B–7D).
Inhibition of autophagy, a mechanism involved in drug resistance in cancer, reduced the ability of mouse embryonic stem
cells to survive ex vivo in a diapause-like state (Bulut-Karslioglu
et al., 2016). Pharmacological targeting of autophagy in our organoids enhanced the acute cytotoxicity of docetaxel against
treatment-naive cells but had negligible efficacy against TP-organoids (Figure S9B), indicating that autophagy may contribute
to tumor cell entry into the EDL state, but once the cells acquire
that state, autophagy may not be essential for sustained survival
of the chemotherapy-persistent cells. Similarly, targeting the
DNA damage mechanisms (e.g., ATR) synergized with cytotoxic
therapy in treatment-naive organoids, but was ineffective in EDL
TP-organoids (Figure S9C).
Notably, phenotypic screens revealed unanticipated increases in sensitivity of TP-organoids to inhibitors of the transcriptional regulator CDK9 (Figure 7E). CDK9 inhibition in TP-organoids derepressed their metabolic and biosynthetic
transcriptional signatures and partially reversed their Myc-suppressed diapause-like cell state (Figures 7F–7H), which may
explain at least partly the restoration of their sensitivity to chemotherapeutics. Concordant with these in vitro observations, coadministration of chemotherapy and CDK9 inhibitor dramatically
increased the anti-tumor effect of the former in xenograft studies
(Figure 7I and 7J). These observations indicate that targeting the
transcriptional adaptation mechanisms that operate during the
emergence of the EDL state in residual disease could become
a viable therapeutic approach against this cancer cell state.

DISCUSSION
Conventional chemotherapy and other cytotoxic agents are a
cornerstone in cancer treatment, but the molecular properties
and therapeutic vulnerabilities of residual tumor cells persisting
through cytotoxic therapies remain elusive. The paucity of
studies focusing on the comprehensive molecular characterization of residual tumors in patients, or even in animal models,
where access to tumor samples during treatment is less limited,
reflects a relative underappreciation of this cancer cell state as a
distinct barrier to therapeutic efficacy. On the other hand, the
mechanistic dissection of the chemo-persistent state has been
challenging because the faithful in vitro modeling of this cancer
cell state is very limited in 2D cultures, where cells are typically
eradicated by continuous exposure to cytotoxic chemotherapeutics. Three-dimensional tumor cell cultures (Drost and
Clevers, 2018; Weaver et al., 2002) may capture distinct aspects
of cancer biology by mimicking the tumor architecture and are
used empirically to test drug candidates in short-term assays,
but their relevance as a system to study the biology of the
drug-persistent cancer cell state had not been examined. We
simulated the emergence of drug-persistent residual tumors using 3D organoids and xenograft models amenable to studying
this cancer cell state. The drug-persistent cells in 3D models
do not appear to emanate stochastically from rare cancer cells
within the population (as in previous 2D models of drug persistence; Hata et al., 2016; Sharma et al., 2010), but consisted of
substantial TP-organoid fractions surviving the acute cytotoxic
effect within most organoids (Figures 1B, 1D, S1E and S2C).
A transient ‘‘stress-endurance mode’’ is a widely accepted
concept in developmental biology, where normal epiblasts survive under adverse conditions by transitioning to the distinct,
dormant, stage of diapaused epiblast (Boroviak et al., 2015; Fenelon et al., 2014; Renfree and Fenelon, 2017). We show that tumor cells in cancer organoids and PDX models and a substantial
proportion of patient tumors can also persist throughout the
exposure to cytotoxic drugs, through a molecular adaptation
resembling that of embryonic diapause. Similar to diapause,
drug-persistent tumor cells are biosynthetically and proliferatively quiescent. However, cell-cycle arrest per se did not fully
account for chemotherapy persistence (Figure 6). Although similarities between tumors and undifferentiated embryos have
been long recognized, our results point to a previously underappreciated link between cancer and normal development,
namely, that in both biological settings (cancer and development) the stress-persistent cells (drug-persister cancer cells
and diapaused epiblast) are molecularly and phenotypically
distinct from their unperturbed counterparts (untreated cancer
cells and normal pluripotent epiblast, respectively). Our mechanistic studies indicate that the suppression of Myc is a common
mechanism between these two biological settings, suggesting
an evolutionarily conserved transcriptional and metabolic program that promotes survival of eukaryotic cells under stress.

(H) 2D GO analysis showing correlation of transcriptional changes induced in cell-cycle-arrested (abemaciclib-arrested versus untreated; left), or in cell-cyclearrested treatment-persister (abemaciclib-arrested and chemo-persister versus abemaciclib-arrested; right), MDAMB-231 organoids with transcriptional
changes in embryonic diapause.
(I) Expression of hallmark transcriptional modules of embryonic diapause in cell-cycle-arrested and in arrested treatment-persister MDAMB-231 organoids
(versus naive).
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Figure 7. Diapause-like Persister Organoids Have Distinct Therapeutic Vulnerabilities
(A) Effect of JQ1 and INK128 on the regrowth of EDL epirubicin-persister or docetaxel-persister MDAMB-231 organoids after chemotherapeutic washout
(triplicates; mean ± SEM).
(legend continued on next page)
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Collectively, our observations demonstrate that tumors can coopt an embryonic survival mechanism related to reproductive
fitness that is widespread across the animal kingdom (Fenelon
et al., 2014; Renfree and Fenelon, 2017) and resonate with a
view of cancer as an aberrant and regressive developmental process (Soto and Sonnenschein, 2005; Visvader, 2009). Further
studies will be needed to dissect the mechanistic links between
cellular stress sensing and diapause-like adaptation in different
tumor types and molecular contexts, the contribution of the
distinct diapause features (e.g., cell-ECM interactions and cell
inflammatory response) to the adaptive treatment persistence,
and the molecular and functional similarities or differences between the treatment-induced diapause-like adaptation and cancer dormancy in specialized niches (Aguirre-Ghiso, 2007; Phan
and Croucher, 2020).
Our study complements and extends prior knowledge on Myc
biology. Exogenously controllable Myc deactivation, applied as a
primary perturbation against genetically engineered mouse tumors, induces residual dormant tumor cells, which restore the
neoplastic features once Myc is reactivated (Lin et al., 2013;
Shachaf et al., 2004). Distinct from these prior observations, our
current study documents that cancer cells challenged with cytotoxic treatments have the potential to respond by dynamically inactivating Myc, enabling entry into a biosynthetically paused
adaptive drug-persistent state, which prevents the complete tumor eradication. This adaptive response for survival through
drug-induced stress mimics embryonic diapause. In the absence
of cytotoxic treatment, increased Myc activity provides a growth
advantage for cancer cells. However, abnormal activation of Myc
can also increase baseline redox stress, DNA damage levels, and
propensity for apoptosis (Barlow et al., 2013; Evan et al., 1992;
McMahon, 2014; Meyer et al., 2006; Vafa et al., 2002). These observations are aligned with our findings that the chemotherapeutic cytotoxic effect can be attenuated in cancer cells that assume low Myc activity during drug exposure.
This diapause-like low-Myc adaptation is reversible. Our drugwashout experiments indicate that chemo-persistent residual tumor cells maintain their malignant potential despite the Myc suppression, reminiscent of tumor regrowth after controllable Myc
reactivation in transgenic mouse models. Reactivation of Myc
is likely necessary for EDL tumor cells to exit dormancy and
resume tumor growth, but fine-tuned gain-of-function studies
are needed to determine whether it is sufficient. Our longitudinal
experiment with JQ1 treatment after chemotherapeutic washout
suggests that continuous Myc suppression can maintain cancer
organoids in the dormant state and prevent their regrowth (Figure 7A). Although BET bromodomain and mTOR inhibition have
been pursued therapeutically (Alzahrani, 2019; Cochran et al.,
2019), these efforts have typically focused on using these thera-

peutic classes, alone or in combination with others, to decrease
the burden of established tumors, rather than to prevent the regrowth of dormant residual ones. Our results point to the need for
careful pre-clinical assessment of the combination of Myc-suppressing agents with cytotoxic chemotherapy, to avoid antagonistic interactions between them. Interestingly, our results also
indicate that BET bromodomain or mTOR inhibition merits
further investigation as part of maintenance therapy after the
completion of cytotoxic treatment.
Targeting the diapause-like transcriptional adaptation in drugpersistent cells might be a therapeutic approach to eliminate residual tumors. Our phenotypic screens revealed that chemopersister cancer cells are preferentially sensitive to inhibitors of
CDK9. This observation is concordant with studies showing
that CDK9 inhibition is associated with rebound activation of
Myc in some cellular contexts (Lu et al., 2015). These data suggest that this drug class (currently in clinical development) merits
further examination of its potential to target chemo-persistent tumor cells. Overall, our results enhance the rationale for the investigation of novel therapeutic approaches to specifically target the
residual EDL cancer cells and therefore prevent tumor evolution
to new forms of acquired resistance.
The hypothesis that residual disease after cytotoxic treatment
is a problem of reversible drug persistence resonates with clinical observations that recurrent tumors may occasionally
respond to the same chemotherapeutic after a ‘‘drug holiday’’
(Cara and Tannock, 2001). These observations, together with
our findings presented here, indicate that genetic resistance
may not be the only or primary mechanism responsible for residual tumors following treatment. The EDL treatment-persister tumors are a crucial link in the evolution of chemoresistance, as
they provide the reservoir of cancer cells from which other, genetic or epigenetic, mechanisms of acquired resistance can subsequently emerge (a similar hypothesis has been proposed for
TKI tolerance models in 2D cultures; Hata et al., 2016). Dissecting the detailed mechanisms by which tumor cells enter, survive
through, and exit this dormant diapause-like stage can lead to
new therapeutic approaches against one or more of these cancer cell states in patients and increase the likelihood for cures.
Distinct from other 2D and 3D culture models of cancer, the
diapause-like TP-organoids constitute a clinically relevant platform to evaluate drug candidates that specifically target the
treatment-persistent residual tumors that is amenable to drugdiscovery efforts.
STAR+METHODS
Detailed methods are provided in the online version of this paper
and include the following:

(B–D) Sensitivity of docetaxel-naive and docetaxel-persister organoid models MDAMB-231, HCI002, and MSK-PCa1 to 176 compounds of various classes (B)
and examples of validation by time-lapse and/or fixed time-point assays for selected chemotherapeutics (C, 72 h) and epigenetic (D, 96 h) agents (quadruplicates;
mean ± SEM).
(E) Sensitivity of naive and docetaxel-persister organoids to a heterobifunctional degrader of CDK9 (ZZ1-33; see STAR Methods) and CDK9 inhibitors (NVP2 and
SNS032) (48 h) (Olson et al., 2018) (quadruplicates; mean ± SEM).
(F–H) Transcriptional changes induced in MDAMB-231 TP-organoids after 24 h exposure to CDK9 inhibitor NVP2, depicted as gene set enrichment plots for
biosynthetic and metabolic activity (F), Myc activity (G), and mouse embryonic diapause signature (H).
(I and J) In vivo effect of chemotherapy, CDK9 inhibitor NVP2, and combination treatment on MDAMB-231 xenograft growth. Tumor responses after 4 weeks
treatment (I; mean values and SEM shown in blue) and images of harvested tumors at the end of the experiment (J).
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N/A

pQXCIP-Rspondin

Provided by the lab of Dr. Yu
Chen (MSKCC)

N/A

pQXCIP-Noggin

Provided by the lab of Dr. Yu
Chen (MSKCC)

N/A

pLV[Exp]-mCherry:T2A:Bsd-TRE>hMyc

Vector Builder

Cat #
VB181106-1162RRM

FlowJo Software (for Windows) [software
application] Version 10.7.1.

Becton, Dickinson and Company

N/A

GraphPad Prism V8 and V9

Graphpad

N/A

SPSS Statistics

IBM

N/A

Pycashier

https://github.com/DaylinMorgan/
pycashier

N/A

Bioconductor R

http://github.com/aedin/barcodes

N/A

Oligonucleotides

Recombinant DNA

Software and Algorithms
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Constantine S. Mitsiades (constantine_mitsiades@dfci.harvard.edu).
Materials Availability
The organoid models and plasmids generated in this study are available upon request to the Lead Contact.
Data and Code Availability
The data retrieval, generation and analysis are described in the Methods section. Microarray and RNA-seq fold-change and counts
tables are available as Table S1 (log2FC in drug-refractory organoids and PDXs, deseq without beta correction), Table S2 (read
counts data from our organoids and PDX samples), and Table S3 (extracted raw read counts from the BAM files provided from
the Boroviak et al. study). The accession number for the raw sequencing data (RNA-seq) reported in this paper is GEO:
GSE162285. RNA-seq from Boroviak et al., Scogniamiglio et al., and Bulut-Karslioglu et al., are available under the accession
numbers ArrayExpress: E-MTAB-2958, GEO: GSE74337 and GEO: GSE81285, respectively. Custom scripts and pipelines used
for data pre-processing are described in the method section.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines
MDAMB-231, MCF-7, and ZR75-1 cell lines were purchased from ATTC. Lenti-X-293T cells were purchased from Clontech. The cells
were routinely maintained in DMEM High Glucose, 4.5g/l D-Glucose, 110mg/l Sodium Pyruvate, 10% FBS, 10 i.u./ml penicillin and
10mg/ml streptomycin and passaged using trypsin. Authentication of the cell lines was performed by short tandem microsatellite repeat
analysis. Before their use in experiments, the cells were tested for mycoplasma using a combined PCR-ELISA kit (Roche Diagnostics).
Patient-Derived Models
The clinical characteristics of the patients are described in Figure S1D. The PrCa patient-derived cells for the 3D-PDO models MSKPCa1, MSK-PCa2, MSK-PCa3, MSK-PCa7 and PM154 were obtained at the Memorial Sloan Kettering Cancer Center and were
expanded similarly to previous studies (Gao et al., 2014). The BrCa patient-derived samples HCI002, HCI003, HCI005, HCI007,
HCI009 and HCI011 were initially engrafted as PDXs at the Huntsman Cancer Institute, as previously described (DeRose et al.,
2011). Small PDX tissue fragments (1-2mm) were enzymatically processed for 1h at 37oC and the released floating malignant cells
were collected by centrifugation, resuspended in matrigel, plated in 6-well plates and expanded as 3-D organoids, as previously
described (Gao et al., 2014). The 3D-PDO cultures were maintained in Advanced DMEM/F12 supplemented with 3.151 ml/L Dglucose, 110 mg/L sodium pyruvate, EGF (50 ng/mL), FGF-10 (10 ng/mL), FGF-2 (1 ng/mL), Nicotinamide (10 mM), A83-01
(0.5 mM), SB202190 (10 mM), Y-27632 (10 mM), B27 (1X), N-Acetyl-L-Cysteine (1.25 mM), GlutaMAX (2 mM), HEPES (10 mM), Primocin (0.5mg/ml), R-Spondin (10% v/v), Noggin (10% v/v), 0.1nM estradiol (for the BrCa 3D-PDOs only), 0.1nM DHT (for the PrCa
3D-PDOs only).
METHOD DETAILS
Reagents
PBS (Corning), DMEM High Glucose (Life Technologies), Advanced DMEM/F12 (Life Technologies), Opti-MEM (Life Technologies),
trypsin 0.05% (Mediatech), penicillin/streptomycin 1X (Mediatech), Matrigel (Corning), rat tail collagen (Corning), Lipofectamine 2000
(Life Technologies), Trypan blue (Sigma Aldrich), polybrene (Santa Cruz Biotechnology), estradiol (Sigma Aldrich), dehydrotestosterone (Sigma Aldrich), fulvestrant (Sigma Aldrich), vinorelbine (Sigma Aldrich), docetaxel (LC Laboratories), epirubicin (SelleckChem),
carfilzomib (SelleckChem), EGF (Miltenyi Biotec), FGF-10 (R & D Systems), FGF-2 (Peprotech), nicotinamide (Acros Organics), A8301 (R & D Systems), SB202190 (Sigma Aldrich), Y-27632 (Sigma Aldrich), B27 (Life Technologies), N-Acetyl-L-Cysteine (Sigma
Aldrich), Glutamax (Life Technologies), HEPES (Life Technologies), Primocin (Invivogen), monoclonal mouse anti-cMyc antibody
clone N-262 (Santa Cruz Bio.). R-spondin and Noggin were generated by collection of conditioned media from HEK293T cells transfected with the respective expression plasmids, as previously described (Gao et al., 2014). BET inhibitor JQ1 and CDK9 degrader
ZZ1-33 (also referred to as THAL-SNS-032) and inhibitors NVP2 and SNS032 were provided by the laboratories of Drs. Nathanael
Gray and James Bradner. The chemical library panel of FDA-approved oncology drugs (100 compounds) was a kind gift from the
Developmental Therapeutics Program of the NCI.
3D Cultures
For simplicity, in this manuscript we use the term ‘‘organoids’’ to refer to multicellular 3-D structures formed in gels by cancer cells
originating from either established cell lines or patient-derived tumors. We recognize that in the literature, 3D structures formed
by cancer cell lines are often referred to as ‘‘spheroids’’, while the term ‘‘organoid’’ is frequently used, especially in recent years,
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for material that was recently derived from patients. The use of the term ‘‘organoid’’ for 3D cultures of both cell line and patientderived samples also reflects that in this study and others (i) many cell lines do not form typical ‘‘spheroid’’ structures in 3D, and therefore the term ‘‘organoid’’ is more reflective and inclusive; (ii) other cell lines form in 3D cultures structures that are indistinguishable
with those from patient-derived ‘‘organoids’’.
The cells were suspended in 80% matrigel as previously described (Dhimolea et al., 2010). The gels were cast in either 12-well (for
histological and molecular analyses) or multi-well plates (for cell viability assays; described below). The gels were incubated for 1h at
37 C to allow for solidification, supplemented with medium, and used for further downstream applications (see other sections of
STAR Methods). To extract the cells from 3-D organoids, the gels were first disrupted mechanically in cold PBS; next, the organoids
were isolated by centrifugation and incubated in trypsin for 20-30 min to generate single-cell solution.
Whole Exome Sequence Analysis of Patient-Derived Cancer Models
A total of 14 paired-end sequencing samples (Illumina HiSeq 2000) were processed for matched analysis of prostate cancer primary
tumors, xenografts and organoids for the models MSK-PCa1, MSK-PCa2, MSK-PCa3 and MSK-PCa7. A total of 31 paired-end
sequencing samples (Illumina HiSeq 2000) were processed for matched analysis of breast cancer primary tumors, xenograft and organoids for the models HCI-002, HCI-003, HCI-005, HCI-007, HCI-009, and HCI-011. The exome-seq data was generated using Agilent Sureselect per manufacturer’s instructions. We aligned reads to the human genome (hg19) using the BWA (Burrows-Wheeler
alignment) application (Li and Durbin, 2009). We applied the Piccard and the GATK (GenomeAnalysisTK-3.6) tools (McKenna
et al., 2010) for processing BAM files of aligned reads generated by the bwa application for each sample. For the analysis we followed
the GATK best practices recommendations. In detail, reads in the BAM files were sorted and duplicated reads were removed. The
alignments were realigned around indels and quality scores were recalibrated based on GATK. We processed BAM files using the
picard (picard-1.138) tools ReorderSam, SortSam, AddOrReplaceReadGroups and MarkDuplicates. The alignment recalibration
was performed using the GATK tools RealignerTargetCreator, IndelRealigner, BaseRecalibrator and PrintReads. Known SNP for
the base recalibration were defined based on the NCBI dbSNP database (dbsnp_138.hg19.vcf). We used samtools for the indexing
of BAM files. The identification of single nucleotide polymorphisms (SNPs) was performed based on GATK tools UnifiedGenotyper,
VariantFiltration and Mutect2. For Mutect2 we filter out known human variants dbSNP138 and retain SNPs of known cancer associated mutations from the COSMIC database. Unreported SNPs were annotated using SnpEff and variantAnnotator from GATK.
Copy number variation was estimated based on GATK4 tools PadTargets, CalculateTargetCoverage, CombineReadCounts, CreatePanelOfNormals, NormalizeSomaticReadCounts, PerformSegmentation and CallSegments. The panel of normal controls (PON)
were generated from matched blood samples. For the prostate cancer samples we used as normal controls 3 paired-end sequencing
samples (MSK-PCa1_BM1, MSK-PCa2_BM5 and MSK-PCa3_ST1). For the breast cancer samples normal controls we used 3
paired-end sequencing samples (HCI-002_0900570-B, HCI-003_0903293-B, HCI-005_1007496-B). The sequence processing procedures were performed on the Orchestra High Performance Compute Cluster (HPC) at Harvard Medical School. The Orchestra HPC
NIH supported shared facility is partially provided through grant NCRR 1S10RR028832-01. These analyses were conducted to
confirm the concordance of genetic features between our pre-clinical models (xenografts and organoids) and their respective original
patient tumors (data not shown).
Persister vs Vehicle Exome Sequencing Analysis
The fastq files were processed as described above and alignments were recalibrated based on GATK best practices. The identification of single nucleotide polymorphisms (SNPs) was performed based on GATK tools Mutect2 and FilterMutectCalls using
commercially-available annonymized normal female DNA as comparator (Promega). SNPs were annotated using Oncotator (Ramos
et al., 2015) and we considered only non-synonymous SNPs causing a change in protein sequence. We used bam-readcount (https://
github.com/genome/bam-readcount) to extract the nucleotide frequencies for each called mutation form the "PASS" filtered mutect2 output. The Tumor allele was defined from Oncotator annotated SNP calls and we extracted the total readcount and the tumor
allele readcount from the respective BAM alignment files (Persister and Vehicle) using bam-readcount. The tumor allele frequency
was estimated by dividing the number of reads encoding the tumor allele by the total number of reads for the respective loci. In order
to exclude low read coverage loci we considered only loci for the HCI002 with a 50x coverage in each of both the Persister and untreated vehicle sample. For the MDAMB-231 Persistor and for the untreated vehicle sample we considered a 200x read coverage in
the loci in each of both samples.
Cell Viability Assays
Cell lines MCF-7, ZR-75-1, MDAMB-231, and 3D-PDO models HCI002, HCI003, HCI007, HCI009, HCI011, MSK-PCa1, MSK-PCa2,
MSK-PCa3, MSK-PCa7 and PMI154 were stably transfected with lentiviral vectors expressing the luciferase gene, which allows the
use of the emitted bioluminescence to longitudinally and non-disruptively measure cancer cell viability, as previously described
(McMillin et al., 2012). The effects of chemotherapeutics, JQ1 and CDK9 inhibitors in cell lines or patient-derived organoids were
also confirmed using CellTiter-Glo (CTG) assay (Promega) cell viability assays following manufacturer’s instructions. The assay results (quadruplicates) were analyzed in Excel and plotted in GraphPad Prism (error bars represent standard error of the mean). Two
in vitro culture configurations were applied in these studies:
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2-D Culture Cell Viability Assays
The cells were seeded into 384-well plates (500-2x103 cells/well) in supplemented media (50 mL-100 mL/well) and incubated for 24h
prior to addition of compound/s at indicated concentrations.
3-D Organoids Cell Viability Assays
The cells were plated in Matrigel similarly to single-cell format. After plating, the cells were allowed to grow for 7-10 days into 3-D
organoids. Once the organoid structures were formed (confirmed by microscope observation), the medium was replenished, and
the organoids were incubated for 24 more hours before adding the compound(s) at indicated concentrations.
To confirm that the cytotoxic effect of the tested drugs is not affected by the properties of Matrigel, we compared the activity of
common chemotherapeutics against tumor cells grown as 2D monolayers, single-cells in Matrigel (i.e. exposed to the drug before
forming 3D organoids) and as organoids in Matrigel (Figure S1A and S1B). During prolonged drug-response assays the medium
and tested compounds were replenished at regular intervals. At each indicated time point (1-21 days) either luciferin (for the luciferase-positive cells; concentration per manufacturer’s instructions) or CTG reagent (per manufacturer’s instructions) was added
to each well, and the plates were read using a microplate reader (BioTek Synergy 2). The linearity of bioluminescence assay in
3-D cultures was estimated by measuring the signal of known cell numbers in 3-D cultures (data not shown).
EDL Organoids Regrowth Suppression Experiment
MDAMB-231 3-D organoids were exposed to the indicated chemotherapeutic agents for 96h to generate persister organoids (phenotypically and morphologically similar to Figures 1B and 1D, respectively); next, the gels were washed in cold PBS and the persister
organoids were extracted and re-embedded in new gels and incubated in the presence of JQ1 (200nM), INK128 (100nM) or DMSOcontrol. The MDAMB-231 cells were extracted from the newly-formed gels at indicated time points using cold PBS and, when necessary, brief incubation with trypsin at 37 C to generate single-cell solution. The growth rates of persister organoids after drug washout
was estimated by cell counting (Countess automated cell counter) at indicated time points. Cell counting measurements were also
confirmed by bioluminescence-based measurements.
PRISM-based Phenotypic Studies in Pools of Barcoded Cancer Cell Lines
PRISM is a method that allows pooled screening of mixtures of cancer cell lines by labeling each cell line with a distinct 24-nucleotide
barcode and has been previously described in detail (Yu et al., 2016). Briefly, we used a collection of adherent cancer cell lines that
stably expressed DNA barcode sequences with limited sequence homology to the human genome. For the 2-D cultures, the cells
were seeded in 25cm flasks (100x103/flask in experimental triplicates) and incubated in supplemented medium for 24h before adding
docetaxel (100nM) or DMSO-control. For the 3-D cultures, the cells were suspended in matrigel and dispensed in 10cm dishes
(100x103 in 1ml matrigel/dish); let at 37oC for 30 min to solidify and supplemented with culture medium. The gels were incubated
at 37oC for 8 days to allow for 3-D organoid structures formation (confirmed by microscope observation), followed by medium replenishment and addition of docetaxel (100nM) or DMSO-control the next day. Both 2-D and 3-D cultures were harvested 5, 10 and
15 days after the start of treatment. The cellular DNA was isolated using standard DNA extraction kit (Qiagen) and sequenced to estimate the copies of the specific barcodes corresponding to distinct cell lines, as previously described (Yu et al., 2016). The comparison of the normalized counts for each barcode between treated conditions and the respective time-point DMSO-controls, was used
to estimate the docetaxel-induced reduction of viability for 253 cell lines that grew in 3D conditions.
Barcode-Mediated Clonal Tracking Experiment
The barcoded sgRNA library was generated as previously described (Al’Khafaji et al., 2019). Briefly, the Crop-seq-opti vector (available from Addgene 106280) was modified by replacing the Puro resistance marker with Vex-GFP using restriction cloning. We cloned
a gRNA library on the modified Crop-seq-opti_Vex vector using used the BsmBI restriction site. The double stranded 58 bp barcoded
gRNA insert library was generated by performing a PCR extension reaction with the following primer oligos:
N20_gRNA GAGCCTCGTCTCCCACCGNNNNNNNNNNNNNNNNNNNNGTTTTGAGACGCATGCTGCA
and gRNA_RevExt TGCAGCATGCGTCTCAAAAC
as follows: 98 C for 2 min, 10x (65 C for 30 s, 72 C for 10s), 72 C for 2 min, hold at 4 C. The double stranded barcode-sgRNA oligo
was purified using a QIAquick PCR Purification Kit (Qiagen, #28104). The double-stranded product contains two BsmBI sites that,
upon digestion, generate complimentary overhangs for ligation into the Crop-seq-opti_Vex. Assembling of the double-stranded barcode-sgRNA insert into the Crop-seq-opti_Vex vector was done using a Golden Gate assembly reaction at a molar ratio of 1:5 and
cycled 100x (42 C for 2 min and 16 C for 5 min). The assembled plasmid was then purified using the DNA Clean & Concentrator kit
(Zymo, #D4033) and used to transform Endura electrocompetent cells (Lucigen, #60242-2). Transformed bacteria were inoculated in
500 ml 2xYT medium containing 100 mg/ml carbenicillin incubated overnight at 30 C. Plasmid DNA was extracted using a Qiagen
Plasmid Plus Midi Kit (Qiagen #12943).
Lentiviral preps were generated by transfecting Lenti-X 293T cells with the Crop-seq barcode library and packaging plasmids
psPAX2 and MD2.G. The MDAMB-231 cells were transfected with the generated viral preps at low MOI (10% transfection efficiency; assessed by flow cytometry) to ensure that most cells receive one single barcode; flow cytometry analysis indicated 6%
transfection rate. Approximately 125000 EGFP+ cells (roughly representing equivalent number of barcodes) were collected by
flow cytometry and expanded in culture. Prior to inoculation in animals, a pellet of 2 million cells was frozen to assess the baseline
distribution of barcodes (T0). The rest of the cells were inoculated s.c. in 15 SCID mice (2 million cells per animal). When tumors
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reached 50-100mm3 the animals were randomized into 3 groups and treated with docetaxel (15mg/kg), epirubicin (3mg/kg) or
DMSO control 3 times per week. The dose of docetaxel was lowered to 10mg/kg after the second week to decrease systemic toxicity.
After 4 weeks of treatment all tumors were harvested and genomic DNA was extracted. The gDNA was amplified by PCR (2 mg gDNA
per 25 mL reaction; 5 reactions per harvested tumor) using Q5 PCR master mix and thermal cycles: 98 C for 2 min, 22x (98 C 10 s,
65 C 30 s, 72 C 15 s), 72 C 2 min, 4 C indefinitely. The PCR product was purified using the Ampure cleanup kit and sequenced using
the Illumina NextSeq platform.
Analysis of Clonal Composition Using Sequenced Barcodes
Counts of expressed barcode tags were extracted from FASTQ files using Pycashier (https://github.com/DaylinMorgan/pycashier), an
extension of Cashier (developed by Russell Durrett). Pycashier is a wrapper that uses cutadapt to identify and remove flanking adapter
sequences and starcode (v1.3) to performs fast minimum levenshtein clustering. FASTQ Files were uncompressed and renamed in order
to run Pycashier. Default parameters were used including Pred quality filtering of 30, levenshtein clustering with a ratio 3, distance 1 and
filtering reads that have counts less than 10. A cut-off of 10 was confirmed as an appropriate threshold in a cumulative plot of barcode
frequencies as described in Bystrykh L et al., On a cumulative frequency scale, the curve noticeably bent at the turning point, indicating
the change from high frequencies (true barcodes) to very low frequencies of barcodes (false) close to 10. The experiment was run in 2
batches, the second batch (D3-5, E1-5) were grown for longer (2-3 days) in culture. There was no difference in the median count between
batches, but there was a difference in library depth (colSums) and upper quantiles. Quantile normalization (R package preprocessCore::normalize.quantiles) was applied to adjust the batch effect and read counts were adjusted by the median ratio method (Li et al., 2014).
Specifically, the adjusted read count x is calculated as the rounded value of x/s , where s is the size factor in experiment j and computed as
the median of all size factors calculated from individual sgRNA read counts. In total 168,852 barcodes were observed in one or more
samples. The greatest barcode diversity (n=134,488) was in T0 whereas a mean of 30,889, 22,806 and 30,752 barcodes were detected
in vehicle (V), Dox (D) and Epi (E) treated animals respectively. In differential barcode analysis, barcode with 2 or fewer observations in
vehicle, or in either treatment animal (min(D,E)) were excluded. Non-parametric Rank Product (geometric mean rank) analysis (Breitling
et al., 2004) was used to identify barcodes that were differentially enriched in treatment compared to vehicle. P values were corrected for
multiple testing using the False Discovery Rate (FDR, (Benjamini and Hochberg, 1995)). Additionally differential barcode analysis using a
negative binomial model was applied as described by Li el al (Li et al., 2014). Linear regression analysis of barcodes was performed using
Bioconductor packages voom, limma and p value were adjusted for multiple testing using the FDR. Wilcox signed rank test was performed on barcode alpha (Shannon) and Beta (Bray Curtis) diversity indices, calculated using the R package functions vegan::vegdist,
vegan::betadisper. Shannon index assessed the barcode diversity within an observation, whereas Bray Curtis indices measure the pairwise dissimilarity between observations (samples). The Bray Curtis index is 0 if the two observations share all the same barcodes and 1
they don’t share any common barcodes. Tukey Honest significant differences’ test was also used to examine the overlap in confidence
intervals on the differences between the means of Bray Curtis dissimilarity indices. Bioconductor R version 4.0.2 was used in all statistical
analyses and code is available on github (http://github.com/aedin/barcodes).
NADPH/NADP Measurement Assay
The cells were seeded as 2-D cultures in 10 cm dishes (1x106 cells/dish). JQ1 was added the next day, followed by addition of epirubicin or DMSO-control 4h later. The cells were harvested after 12h by scrapping in cold cell recovery solution, followed by centrifugation and pellet storage at -80oC. The cellular pellets from 2-D and 3-D cultures were processed for NADP/NADPH measurement
using the NADP/NADPH Quantitation Colorimetric Kit (BioVision), according to manufacturer’s instructions. An increased NADP/
NADPH ratio is indicative of higher redox stress levels.
Apoptosis Assay
The rate of cell apoptosis in 2D and 3D cultures was estimated by luminescence measurement, using the RealTime-Glo Annexin V
Apoptosis assay (Promega, Madison, WI) following the manufacturer’s instructions. Briefly, the cells were incubated with two annexin
V fusion proteins (Annexin V-LgBiT and Annexin V-SmBiT) which contain complementary subunits of NanoBiT Luciferase; and a
time-released luciferin. The increased cell surface levels of membrane phosphatidylserine in apoptotic cells brings the Annexin VLgBiT and Annexin V-SmBiT luciferase subunits into complementing proximity, which is reflected by the strength of bioluminescence
signal emitted in culture (quadruplicate measurements per experimental condition).
BH3 Profiling
Flow cytometry-based BH3 profiling was performed as previously described (Ryan et al., 2016). Briefly, cells were stained with
Zombie Aqua Dye (Biolegend, #423101) to assess viability, followed by permeabilization, incubation for 90 minutes with the peptides
BIM and BID, and staining with cytochrome C-Alexa Fluor 488 (Biolegend, #612308). Flow cytometry analysis was performed on a
LSRFortessa X-20 machine (BD Biosciences) and the results analyzed on the FlowJo software. The percentage of cytochrome C
release in persister organoids vs. control was calculated based on average of the Mean, Geometric Mean, or Median of Fluorescence
Intensity (MFI) of the Cytochrome C -Alexa Fluor 488 staining normalized to the respective values of the positive and negative controls
in the same sample (respectively cells exposed to buffer or 25mM alamethicin). For the MYC-KD and JQ1-treated cells, the percentage of cytochrome C release (duplicates) was calculated based on the Median of Fluorescence Intensity (MFI) of the Cytochrome CAlexa Fluor 488 staining normalized to the respective values of the positive and negative controls in the same sample (respectively
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cells exposed to buffer or 25mM alamethicin). Apoptotic priming was visualized in graphs using the average percentage of cytochrome C release ± SEM of duplicates. The experiments were repeated 2 times to ensure consistency of the data.
Cell Cycle Analyses
Cell cycle analysis was performed in cells from 3D cultures. The gels were initially disrupted mechanically using cold PBS. The 3-D
organoids were isolated by centrifugation and incubated with trypsin for 20 min at 37 C to generate single-cell suspensions. The cells
isolated from 3D cultures were stained using the FxCycle PI/RNase Staining Solution (Thermo Fisher) according to manufacturer’s
instructions and analyzed by flow cytometry.
Histological Analyses
Cells suspended in matrigel were cast in 12-well plates (1.5 ml/well) and the gels were let to solidify for 1h at 37 C. After gel solidification, the 3-D cultures were supplemented with medium and incubated for 7-8 days to allow for organoid formation. Gels were
then extracted from the culture vessel and fixed in 10% formalin. Subsequently, the gels were processed for paraffin embedding
and immunohistochemistry (slide sections), as previously described (Dhimolea et al., 2010, 2020). Tumor tissues were fixed in
10% formalin and processed for immunohistochemistry following standard protocols.
Western Blot
Cell lysates were analyzed using 7% NuPage Tris-Acetate gels (Invitrogen) according to manufacturers’ instructions and transferred
to a nitrocellulose membrane. The membranes were incubated overnight at 4 C with primary antibody for the respective target
(see Key Resources Table), followed by incubation with the respective secondary anti-mouse or anti-rabbit HRP-linked antibody
at room temperature for 1 h. The protein bands were visualized using chemiluminescence solution (RPN2232; GE Healthcare).
CRISPR-Cas9 Mediated MYC Gene Knockout
Lentiviral particles were generated as described above. MDAMB-231 cells were first transduced with the lentiviral construct pLX311Cas9 to generate MDAMB-231/Cas9+ cells. Next, two target sgRNA sequences for MYC, as well one target sequence for each of the
olfactory receptor genes OR10G2 or OR10G3 (used as controls, given the biological inertness of these genes in epithelial cancers),
were cloned into the Lenti X CRISPR-Cas9 (Clontech) according to manufacturer’s instructions. The sgRNA target sequences are as
follows:
MYC_sgRNA1: ACAACGTCTTGGAGCGCCAG
MYC_sgRNA2: GCCGTATTTCTACTGCGACG
OR10G2: GGAGGCTTCTTAGATTTGGG
OR10G3: GCTTAGCAGTCATGAGCACA
MDAMB-231/Cas9+ cells were incubated for 16h in cell medium, and viral prep at 2:1 ratio (polybrene was added at 8mg/ml concentration). After the end of the incubation with the viral preps, cells were washed and incubated for additional 24h. Next, the transduced cells were transferred to 6-well plates and selected with hygromycin (1mg/ml) for 72h. The effect of chemotherapeutics on the
transduced cells was assessed by two cell viability assays: a) Transduced cells were plated in 384-well plate and treated the next day
with chemotherapeutics at the indicated doses. Cell viability was assessed by CTG as described in previous section. b) The transduced cells were exposed to chemotherapeutics at concentrations and durations indicated in the respective experiments. Next, the
cells were harvested using trypsin and incubated with 0.4% trypan blue for 5 min; the number of dead and live cells was estimated
using the Countess II FL automated cell counter.
CRISPR-interference Mediated MYC Gene Knockdown
We performed the CRISPR-interference experiments similar to previously described protocols (Kearns et al., 2014). The plasmid
construct pHAGE TRE dCas9-KRAB expressing the tet-regulatable dCas9-KRAB was obtained from Addgene (Plasmid #50917)
and used to generate lentiviral particles with Lenti-X 293T cells and packaging plasmids psPAX2 and MD2.G. The plasmid was introduced in MDAMB-231 cells via lentiviral tranduction and the cells expressing the tet-inducible dCas9-KRAB vector were selected
using G418 (1 mg/ml). The following sense (and respective antisense) sgRNA sequences for CRISPR interference against MYC or
olfactory receptor genes were generated:
MYC_1: AGGCAGAGGGAGCGAGCGGG
MYC_2: CCCGGCTCTTCCACCCTAGC
MYC_3: GCAGCGCAGCTCTGCTCGCC
MYC_4: GCTGTAGTAATTCCAGCGAG
MYC_5: GCGCTGCGGGCGTCCTGGGAA
OR10G3: GTGGATACGGAATTCCTGTC
OR6S1: CAACAGAGTTCGTCCTGGCA
and subsequently cloned into the BsmBI site of plasmid pXPR_050. Next, the MDAMB-231 cells expressing the doxycyclineinducible dCas9-KRAB vector were lentivirally transduced with the sgRNA-expressing constructs and selected using puromycin
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(1 mg/ml). Doxycycline-induced dCas9 expression was titrated by western blot. Gene knockdown was also assesed by western blot
for target protein. Exposure to 2ug/ml doxycycline induced Myc downregulation within 3 days. Examples with sgRNA_MYC_2,
sgRNA_MYC_3 and sgRNA_MYC_4 are shown (Figure S6A).
Myc Overexpression
Doxycycline-mediated induction of Myc was enabled by first transducing MDAMB-231 or MCF7 cells with the lentiviral vectors pLV
[Exp]-EGFP/Neo-EFS>tTS/rtTA, and next with pLV[Exp]-mCherry:T2A:Bsd-TRE>hMyc or as control pLV[Exp]-mCherry:T2A:BsdTRE>mCherry; followed by selection with the respective antibiotics. The lentiviral vectors were purchased from VectorBuilder.
Animal Studies
The in vivo experiments were conducted in accordance with the guidelines of the DFCI Institutional Animal Care and Use Committee.
For phenotypic and molecular profiling studies, MSK-PCa1 or HCI003 patient-derived organoid cells or MDAMB-231 cells were suspended in medium containing 20% matrigel and injected subcutaneously in the flank of NOD.Cg-Prkdcscid mice (2x106 cells/injection). The mice bearing MSK-PCa1 or HCI003 tumors were implanted with dihydrotestosterone or estradiol pellets, respectively.
When the average tumor diameter reached approximately 1 cm, the mice were separated into treatment vs. control groups as indicated and treated with either vinblastine/control (2 mg/kg, weekly i.v. injections, for MSK-PCa1 PDX), afatinib/control (25 mg/kg by
daily oral gavage, for the HCI003 PDX), docetaxel (5 mg/kg 3 times per week) or/and NVP2 (1 mg/kg 3 times per week) for the
MDAMB-231 xenografts. Tumor growth or response to treatment was monitored by caliper measurements or by in vivo bioluminescence measurements. Residual drug-persistent tumors were collected after 2-4 weeks, at the plateau phase of tumor burden curves.
Proteomic Analysis (Reverse Phase Protein Analysis, RPPA)
RPPA analyses were conducted by the Functional Proteomics RPPA Core facility (Houston, TX), which is supported by MD Anderson
Cancer Center Support Grant # 5 P30 CA016672-40. We examined the expression levels of 303 proteins in HCI009 and HCI011 3DPDO samples (isolated as described above) treated with either DMSO-control or docetaxel 100nM (experimental duplicates). Lysates
of these protein samples were processed by the Core based on protocols and procedures outlined on the website of the facility
(https://www.mdanderson.org/research/research-resources/core-facilities/functional-proteomics-rppa-core/rppa-process.html).
Antibody array signal reads from replicates were averaged for each protein. The resulting matrix of RPPA data was provided as logtransformed linear normalized, linear normalized, and normalized median centered data.
Sample Collection and Gene Expression Analysis
The cells in 2-D cultures were collected by scraping in cold cell recovery solution, pelleted by centrifugation and stored at -80oC. The
3-D gels were disrupted mechanically using cold cell recovery solution and 3-D organoids were collected by centrifugation and
stored at -80 C. The gels of most 3-D PDO models were collected 10-12 days after drug exposure. For the washout studies, the
gels of 3-D PDO models HCI009 and HCI011 were collected 5 days after drug exposure and 5 days post drug washout (after
12 days total drug exposure). The gels of 3-D PDO MSK-PCa7 were collected 12 days after drug exposure and 5 days after drug
washout. The RNA was isolated using Qiagen RNA isolation kit. The RNA isolated from 3D-PDOs and MDAMB-231 organoids (experimental triplicates) treated with vehicle, docetaxel, or afatinib was supplemented with ERCC RNA spike-in mix to adjust for the cell
number, and subsequently analyzed by RNA sequencing using Illumina NextSeq 500 Next Gen at the Molecular Biology Core Facility
(Dana-Farber Cancer Institute). We performed differential gene expression analysis for the RNA-seq data using the bioconductor
DEseq2 package (Love et al., 2014).
Public Datasets Used
The molecular profiles of bulk post-treatment residual patient tumors were obtained from datasets GEO: GSE87455 (Kimbung et al.,
2018), GEO: GSE32603 (Magbanua et al., 2015), GEO: GSE43816 (Gruosso et al., 2016) and GEO: GSE32072 (Gonzalez-Angulo
et al., 2012). The PROMIX trial dataset GEO: GSE87455 (which is the largest of these clinical datasets) was analyzed at individual
patient level using the residual tumor samples collected after 2 cycles of chemotherapy (69 patients; e.g. Figure 3G) or after 6 cycles
of chemotherapy, at surgery (58 patients), versus the respective baseline samples. A similar analysis of I-SPY1 trial dataset GEO:
GSE32603 (42 patients) at patient level is depicted in Figure S5D. For each patient in the PROMIX trial we examined the correlation
between the changes in transcript levels (residual vs baseline tumors) with the respective transcript changes (residual vs baseline) for
each of the other patients of the same trial, or with the transcript changes observed in our pre-clinical models of treatment persistence
(versus baseline). This analysis intended to examine whether the correlation between the adaptive transcriptional changes in treatment-persistent residual pre-clinical models and clinical samples is similar to the correlation observed between the individual patients (Figure 1F).
The molecular profiles of single cell post-treatment residual patient tumors (versus their baseline) were obtained from dataset SRA:
SRP114962 (Kim et al., 2018). For the single-cell RNAseq profile, sample annotations were imported from the public dataset. Raw
fastq files were downloaded from ENA. Adapter and quality trimming was performed using BBMap (v.38.73), and single end reads
were aligned against the GENCODE v.32 hg38 transcriptome using salmon (v.1.0.0). In cases where read pairs were present, only
read 2 was used. Further processing was performed in R/Bioconductor. Salmon quantification results were imported with
tximport, using the transcripts to gene symbol mappings generated from the GENCODE gtf file. Analysis was performed using
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Seurat after normalization with SCTransform. Signature scores were calculated by the SingleCellSignatureScorer module of the
SingleCellSignatureExplorer using counts obtained from the Seurat SCTransform function. For plotting the single-cell copy numbers
(Figure 3C) we used the processed data matrix of long integer copy numbers from the whole genome sequencing data provided by
the authors of the paper (Kim et al., 2018). Figures 1G–1I and Figures 3C and 3D depict the single cell RNA profile of patient 615 from
that study.
The transcriptional profiles of mouse embryonic stages were obtained from the Boroviak et al.(Boroviak et al., 2015) dataset with
EBI ArrayExpress (Kolesnikov et al., 2015) accession ArrayExpress: E-MTAB-2958. We generated a read count matrix from the provided BAM files using feature counts from the subread package (version 1.5.2) (Liao et al., 2014). For the gene level feature counts, we
used the GTF annotation file from Cell Ranger 10X Genomics (version cellranger-mm10-1.2.0; http://www.10xgenomics.com).
Mouse Ensemble gene identifiers were mapped to MGI Gene symbols and retrieved using the Bioconductor biomaRt package (Durinck et al., 2009). The transcriptional profile of a second mouse embryonic diapause dataset (GEO: GSE143494) was used to confirm
the results obtained with the Boroviak et al. dataset (Figure S5E).
Human to Mouse Orthologous Gene Mapping
We retrieved orthology mapping of mouse gene symbols to human gene symbols from the MGI database (Blake et al., 2017). The
mapping was extracted from the report HOM_MouseHumanSequence.rpt and is available at ftp://ftp.informatics.jax.org (accessed
August 2017). When multiple human genes mapped to a single mouse gene symbol, we assigned the expression value of corresponding mouse gene symbol for each human gene symbol. Mouse gene symbols without a human mapped gene symbol were
excluded from the analysis.
Gene Set Enrichment Analysis (GSEA)
The GSEA analyses were performed using the GSEA software (Subramanian et al., 2005) version 3.0 (gsea-3.0.jar) based on the preranked option. For each differential gene expression analysis we use the per gene fold-change for gene ranking (concordant results
observed with other ranking parameters, e.g. FDR). For the visualizations we use the GSEA enrichment scores (ES) and the gene set
size normalized enrichment scores (NES). For gene set enrichment plots in Figures 1E, 6G, and 7H we used the top 1000 genes with
FDR<0.05 in persister HCI002 model and the mouse embryonic diapause (Boroviak dataset (Boroviak et al., 2015)); concordant results were observed with other cutoffs.
Embryonic Diapause-like (EDL) Signature Score, EDL Proneness Signature and Survival Analysis
The EDL score was estimated by the Spearman correlation coefficient for the GSEA enrichment scores of all terms with nominal significance in Embryonic Diapause (DIA vs E4.5 EPI; Boroviak dataset) compared to the respective GSEA enrichment scores estimated
for the comparison of each of the organoid, PDX and patient derived samples (e.g. Treatment vs Baseline, Surgery vs Baseline) versus
their respective baselines . We performed GSEA using the Molecular Signature Database (MSigDB v6.2) (Subramanian et al., 2005), the
Gene Ontology GO database (Ashburner et al., 2000) and the ConsensusPathDB-human database (CPDB) (Kamburov et al., 2013). The
GO gene set collection was extracted from the bioconductor org.Hs.eg.db package (Carlson et al., 2016) for the biological process,
cellular component and molecular function domain.
Based on the intensity of EDL signature score in residual tumors, patients of the PROMIX or ISPY datasets were classified into EDLhigh and EDL-low groups, to compare the transcriptional profiles of baseline tumors between these two groups in each dataset and
derive a transcriptional signature of the proneness of baseline tumors to eventually develop EDL during treatment. An EDL-proneness
signature based on the top 50 upregulated and top 50 downregulated genes in baseline tumors of EDL-high vs. EDL-low groups from
the PROMIX or I-SPY datasets were then used to stratify BrCa patients of the METABRIC dataset and examine potential differences
in clinical outcome between the patients with high vs. low EDL-proneness signature. Concordant results were obtained with EDLproneness signatures generated based on different numbers of up- or down-regulated genes in baseline tumors of EDL-high vs.
EDL-low groups and different cutoffs to stratify patients according to EDL proneness score (data not shown).
Pairwise 2D GO Analysis
We defined the gene sets from the Gene Ontology database (Ashburner et al., 2000) that were provided by the bioconductor org.Hs.eg.db package and from the comprehensive pathway and gene set collection provided from the ConsensusPathDB-human database (CPDB) (Kamburov et al., 2013). We implemented the 2D annotation enrichment analysis in the script language R as previously
described (Cox and Mann, 2012). We performed Hotelling’s T2 test for each gene set using the Manova function in R. We considered
a total of about 8816 GO-terms and 3110 CPDB-pathways that are associated with at least 10 genes represented in a respective
gene expression dataset. For each term we tested the null-hypothesis whether the composite mean value of the gene ranks of a given
gene set from the two datasets is larger or smaller than the global composite mean value of the genes that are not members of the
respective gene sets for the two datasets. In order to consider multiple hypothesis testing, we applied the FDR multiple testing
correction procedure as previously defined (Benjamini and Hochberg, 1995). As described in Cox et al. (Cox and Mann, 2012), we
employed a position score for each gene set for the two input datasets. The position score is the rank average in each dataset as
defined by a value ranging between -1 and 1. For the analysis we ranked the genes for each dataset based on the log2 fold change
values.
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In order to estimate a similarity score between two datasets, we estimated the Spearman correlation coefficient between the
position scores for the significant gene sets with FDR<=0.05. The analyses were conducted both separately for GO-terms and
CPDB-pathways, as well as combined. Figures 3H, S4A, and S5A–S5C indicate the scores of commonly significant GO-terms
and CPDB-pathways between drug-persistent 3-D organoids vs. vehicle-control counterparts (plotted in the Y axis) and diapause
or normal embryonic stages vs. E4.5 epiblast (Boroviak et al., 2015) plotted on the X axis. The Spearman correlation coefficient is
indicated in each Figure.
Gene Essentiality Data
CERES scores (Meyers et al., 2017) as metrics of gene essentiality in conventional 2D cultures, were examined for various genes
commonly upregulated/downregulated across different drug-persistent PDO and PDX models based on results from genome-scale
in vitro CRISPR/Cas9 gene knockout screens of the Dependency Map program (www.depmap.org) performed with the AVANA
sgRNA library. The patterns of essentiality for different genes of interest were consistent across several different releases of data
from the Dependency Map studies.
QUANTIFICATION AND STATISTICAL ANALYSIS
Cell viability data are expressed as means with the standard error of the mean (SEM). When applicable, comparisons between groups
was performed using two-way ANOVA test (see figure legends). The Spearman correlation coefficient was used to assess statistical
significance in correlative analyses. Survival data were plotted as Kaplan-Meier survival curves and log-rank test was used to determine statistical significance. The p values % 0.05 were considered significant. Data were analyzed using GraphPad Prism software
(Graphpad, V8.0 and V9.0)
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Figure S1: Three-dimensional cancer organoid models
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Figure S1. Three-dimensional cancer organoid models, related to Figure 1.
(A) Schematic representation of the three types of cell culture models (see Methods) used in the experiment of
panel B: 1) conventional 2-D culture in flat plastic surface, 2) cells in 3-D gels before the formation of organoids
(single-cell format), 3) fully-formed 3-D organoids in matrigel.
(B) Viability of MDAMB-231 cells after treatment (72h, 100nM) with common chemotherapeutic agents
(selected drug examples from larger chemical screens [Dhimolea et al., in preparation] are shown) in the three in
vitro culture systems described in Panel A. Most active compounds had markedly reduced efficacy against 3-D
organoids in short-term assays compared to respective 2-D cultures, or to single-cell gels, indicating that gel
matrix properties cannot account for the reduced chemotherapeutic cytotoxicity in 3-D organoids (quadruplicates;
mean ± SEM).
(C) Representative example of fluorescence-based imaging of sections from MDAMB-231 organoid cultures
after 12h exposure to epirubicin (100nM), indicating the drug molecule can readily penetrate the interior of 3-D
organoids (also see Methods); scale bar 50 µm.
(D) Characteristics of BrCa and PrCa patient-derived models established as 3D-organoids (PDO) in vitro or as
PDXs in vivo in this study. Abbreviations denote histological/molecular subtypes: invasive ductal carcinoma
(IDC), invasive lobular carcinoma (ILC), and luminal B (LumB).
(E) Longitudinal response of MSK-PCa1 PDO (quadruplicates; mean ± SEM) to the compounds of the FDAapproved oncology drugs panel (upper left; 100nM; each line corresponds to one drug; vinblastine highlighted
with red) and validation in the respective PDX model (lower left) as well as in vitro (upper) and in vivo (lower)
histological similarities with evidence of cancer cell killing or necrotic tissue around the drug-persistent residual
foci; H&E staining; scale bar 50 µm.
(F) Time-lapse response of HCI003 PDO (quadruplicates; mean ± SEM) to 33 EGFR inhibitors segued by
persistence (longitudinal curve plateauing) to afatinib and neratinib during prolonged exposure (top) and
validation of afatinib response in respective PDX (bottom).
(G) Representative examples of time-lapse response of several PDO models (quadruplicates; mean ± SEM) to the
FDA-Approved Oncology Set drug panel (100nM). Each red curve represents the longitudinal response to one
drug (black curves indicate DMSO controls); notice the plateauing of the curves with some drugs after the initial
reduction of cell viability, indicating adapted drug-persistent cell population (TP-organoid fractions).
(H) Scatter plots comparing for individual genes the aggregate gene expression changes in residual tumors of
BrCa patients (Kimbung et al., 2018) after 2 neoadjuvant chemotherapy cycles vs. baseline (genes with significant
changes [FDR<0.05] shown; dataset GSE87455, see Methods) vs. 1) with those of our drug-persistent BrCa/PrCa
preclinical models of residual disease vs. respective vehicles (aggregate expression changes in 8 TP-organoid and
2 PDX residual tumor models; treated with docetaxel, afatinib or vinblastine) (left) and 2) with those in TNBC
docetaxel-persister HCI002 organoids (right), shown as individual example.
(I) Scatter-plot showing gene set enrichment scores (encompassing CPDB and GO terms) in residual tumors
of BrCa patients (Kimbung et al., 2018) after 2 neoadjuvant chemotherapy cycles vs. baseline
(aggregate enrichment; dataset GSE87455, see Methods) vs. enrichment scores in examples of drug-persistent
organoid (left) or PDX (right) fractions vs. respective vehicles.

Figure S2: Treatment-persistent organoid (TP-organoid) models
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Figure S2. Treatment-persistent organoid (TP-organoid) models, related to Figure 1.
(A and B) Schematic representation of experiment (A) and response of MDAMB-231 parental cells in 2-D
cultures, cells extracted from organoids and re-plated in 2D culture (2D ex-3D organoids), and 3-D organoids to
docetaxel (24h) and epirubicin (48h) treatment (B); quadruplicates; mean ± SEM.
(C) Treatment-naïve and docetaxel-persister organoid cores (similar to those in Figures 1B and 1D) of two
additional PDO models (quadruplicates; mean ± SEM); H&E staining; scale bar 50 µm.
(D) Schematic representation of the distinct phenotypic features of drug-persistence in 2-D cultures and 3-D
cultures: each organoid originates from a single cell and, upon treatment, generates a drug-persistent fraction.
(E) Schematic representation of the experimental workflow for experiments in panels F-I.
(F) MDAMB-231 organoid treated with DMSO (left); epirubicin-persister organoid fractions (after 4 days
continuous drug treatment; 500 nM) re-cast in a new gel (middle); regrowth of persister organoid fractions ~3-4
weeks after epirubicin washout (right).
(G) PrCa organoid treated with DMSO (left); vinblastine-persister (middle) organoid fractions (generated after
10 days continuous drug treatment, 100nM; notice cell death debris around residual viable organoid); regrowth
of persister organoid fractions 10-12 weeks after vinblastine washout (right).
(H and I) Drug sensitivity of MDAMB-231 (H) and MSK-PCa1 (I) parental organoids vs. organoids re-grown
from treatment-persister cores (shown in F and G) after washout (quadruplicates; mean ± SEM); time-lapse
responses to 1μM of chemotherapeutic and dose-responses after 72h drug exposure are shown.
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Figure S3. Suppression of Myc activity induces diapause-like dormant molecular
adaptation in cancer cells, related to Figure 3.
(A) Western blot analyses showing protein level changes during treatment of MDAMB-231
organoids with docetaxel (100nM).
(B) MYC transcript level changes from RNA sequencing data during treatment of MDAMB-231
organoids with docetaxel (100nM).
(C-E) Validation of CRISPR-Cas9 mediated Myc protein down-regulation in MDAMB-231 cells
by western blot (CRISPR-Cas9 mediated KOs of olfactory receptor genes OR10G2 and OR10G3
are used as controls) (C); analysis of MSigDB gene sets positively (red) or negatively (blue)
regulated by Myc (D); and gene set enrichment plot for a selected example of Myc-driven gene
set (FDR<0.001) (E).
(F) Top gene sets negatively enriched in MYC-KO MDAMB-231 cells (analysis using MsigDB
compendium, 17810 gene sets in total).
(G and H) Top gene sets negatively enriched in diapaused mouse embryos (Boroviak et al.,
2015) (G, analysis using the MsigDB compendium, 17810 gene sets in total) and gene set
enrichment plot for a selected example of Myc-driven gene set (H).

Figure S4: The transcriptional adaptation in TP-organoids resembles embryonic diapause
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Figure S4. The transcriptional adaptation in TP-organoids resembles embryonic diapause, related to
Figure 3.
(A) 2D GO enrichment comparisons (similar to Figure 3H; including CPDB pathways and GO terms; see
Methods) between docetaxel-persistent HCI002 BrCa PDOs vs. different mouse embryo developmental stages
(Boroviak dataset (Boroviak et al., 2015)). Spearman correlation coefficients indicate pronounced similarity of
the docetaxel-persistent 3-D organoids to the diapaused E4.5 epiblast but not to other embryonic stages
[comparisons similar to those performed by (Bulut-Karslioglu et al., 2016) and (Scognamiglio et al., 2016)].
(B and C) Scatterplots and box plots of previously-described (Scognamiglio et al., 2016) hallmark GO terms of
embryonic diapause which exhibit significant changes (FDR<0.05) both in the comparison between mouse
embryonic diapause vs. E4.5 epiblasts and in the comparison of chemo-persistent vs. control organoids in our 3D cultures of MDAMB-231 (B) and HCI002 (C) cells. Gray dots represent all genes. Blue and red dots
represent genes of downregulated and upregulated pathways, respectively.
(D and E) Comparisons of gene-level transcriptional changes [analyses similar to those performed using in vitro
models of embryonic diapause by (Bulut-Karslioglu et al., 2016))] between different mouse developmental
stages vs. docetaxel-persistent MDAMB-231 organoids (D, genes with FC>1 in both settings included) or vs.
docetaxel-persister HCI002 PDOs (E, genes with FC>1 and FDR<0.1 in both datasets included). Spearman
correlation coefficient indicates significant gene-level correlation between transcriptional changes in docetaxelrefractory organoids and mouse diapaused E4.5 epiblast (but not to other embryonic stages), with score values
similar or higher to those reported in studies of syngeneic in vitro/in vivo mouse diapause models
(Scognamiglio et al., 2016, Bulut-Karslioglu et al., 2016).

Figure S5: The transcriptional adaptation in treatment-persistent tumors cells of preclinical models
and patients resembles embryonic diapause
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Figure S5. The transcriptional adaptation in treatment-persistent tumors cells of preclinical models and
patients resembles embryonic diapause, related to Figure 3.
(A-C) 2D-GO gene set analysis (encompassing CPDB pathways and GO terms; see Methods) comparing the
transcriptional changes in several BrCa and PrCa drug-persistent PDO models (A), post-treatment residual PDX
tumors (B) and post-treatment residual tumors in BrCa patients [dataset GSE87455 from (Kimbung et al., 2018);
aggregate patient samples are shown] after 2 chemotherapy cycles or at surgery (C), with the transcriptional
changes in the diapaused E4.5 epiblast.
(D) Heatmap depicting the MSigDB gene sets significantly enriched in embryonic diapause and their respective
enrichment status in post-neoadjuvant chemotherapy residual tumor fractions in individual patients of the I-SPY
trial [dataset GSE32603 (Magbanua et al., 2015)]; notice the association between the embryonic diapause-like
(EDL) score (as metric of molecular signature correlation with embryonic diapause; see Methods) and the
enrichment status of Myc target gene sets (14 gene sets with significant negative enrichment in either embryonic
diapause or the clinical dataset are shown).
(E) Representative gene set enrichment plots in the post-neoadjuvant chemotherapy residual tumors of PROMIX
trial patients (aggregate expression) for the gene signatures down-regulated or upregulated in the embryonic
diapause dataset GSE143494. This comparison was performed to further confirm the similarities between the
transcriptional signatures of embryonic diapause and chemo-persister residual tumor cells (in preclinical models
and patients) using another (different from the Boroviak et al. study) experimental dataset of diapaused mouse
embryos.
(F) Disease-specific survival (DSS) of METABRIC patients stratified by their EDL-proneness signature
[independently derived from either the PROMIX (Kimbung et al., 2018) or the I-SPY (Magbanua et al., 2015)
trials datasets; see Methods] is inferior in patients whose baseline tumors exhibited higher EDL-proneness
signature (i.e. patients whose pre-treatment BrCa had higher probability to develop treatment-persistence through
diapause-like adaptation; see Methods). This analysis was necessitated by the absence from the METABRIC
dataset (or other studies of similar size) of molecularly characterized samples from treatment-persistent residual
disease.

Figure S6: Suppression of Myc activity induces diapause-like molecular changes and attenuates
the cytotoxic effect of chemotherapeutic drugs in cancer cells
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Figure S6. Suppression of Myc activity induces diapause-like molecular changes and attenuates the
cytotoxic effect of chemotherapeutic drugs in cancer cells, related to Figure 4.
(A) Western blot confirming doxycycline-inducible expression of Myc in MDAMB-231 cells.
(B) Longitudinal effect of chemotherapeutics on MDAMB-231 organoids expressing doxycycline-inducible cMyc or mCherry (as control); p<0.0001 for both drugs, two-way ANOVA with Sidak test for correction of
multiple comparisons for different time-points.
(C-D) Response of MDAMB-231 (C) and MCF7 (D) 3-D organoids (quadruplicates; mean ± SEM),
exogenously expressing doxycycline-induced Myc, or mCherry (as control), to chemotherapeutic agents (5 and
7 days time points, respectively); p<0.0001, two-way ANOVA with Sidak test for correction of multiple
comparisons for different doses.
(E) EDL-proneness scores of baseline BrCa tumors with vs. without MYC amplification in the METABRIC
dataset.
(F) Longitudinal treatment of organoids with JQ1 (500nM) induces transcriptional changes similar to the
changes observed in embryonic diapause (vs. treatment-naïve counterparts); 2D-GO enrichment comparison.
(G) Phase contrast microscopy of MDAMB-231 cells exposed to docetaxel in the presence or absence of JQ1;
24h; scale bar 200 µm.
(H-J) JQ1 attenuated the cytotoxic effect of chemotherapeutics in 2-D (H) and 3-D cultures (I) of breast cancer
cell lines and in PDO models (J); quadruplicates; mean ± SEM.
(K) Doxycycline-inducible Myc-mediated chemo-sensitization of BrCa 3-D organoids (quadruplicates; mean ±
SEM) is attenuated by JQ1 (4 day time point; p<0.0001 for docetaxel and p=0.009 for epirubicin, two-way
ANOVA for viability with Sidak test for correction of multiple comparisons for different doses.

Figure S7: The EDL adaptation in cancer cells has distinct phenotypic and molecular features
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Figure S7. The EDL adaptation in cancer cells has distinct phenotypic and molecular features, related to
Figure 6.
(A) 2D-GO enrichment comparison (see Methods) of transcriptional changes between Docetaxelpersistent_vs_Treatment-naive MDAMB-231 organoids and Quiescent_vs_Proliferative cells from six different
colon cancer organoid models from public dataset GSE114012; orange/green = concordantly
upregulated/downregulated; red/blue = anti-correlated changes; gray = below 0.1 threshold score.
(B-C) Time-lapse response of 2-D cultured cell lines (B) and respective 3-D organoids (C) exposed to JQ1,
abemaciclib and AMG900. Each curve represents the longitudinal response to one compound. Time-points
selected for JQ1-induced chemo-refractoriness assays (panels D-H) in each culture setting are indicated by
arrows; quadruplicates; mean ± SEM.
(D-H) An independent set of experiments showing co-treatment of 2-D cultures (D-E) or 3-D organoids (F-G)
of MDAMB-231 (D, F) or MCF7 (E, G) human BrCa cell lines with docetaxel (D-G) or epirubicin (H) with
JQ1, Abemaciclib or AMG900. Cell cycle inhibitors do not phenocopy the effect of JQ1 on conferring
attenuation of cytotoxicity (quadruplicates; mean ± SEM)
(I) Enrichment scores for gene sets of the MsigDB compendium related to Myc transcriptional output, stemness
and senescence in the mouse diapaused embryos, MDAMB-231 MYC-KO cells, and the diapause-like
treatment-persister organoids and PDX models (treated with docetaxel, vinblastine or afatinib), ordered
vertically according to enrichment score in embryonic diapause; non-significant (p>0.05) enrichment scores
shown in gray.

Figure S8. The diapause-like persister tumor cell adaptation is distinct and reversible, related to Figure 6.
(A) Normalized expression of general pluripotency genes in control and docetaxel-persister (Doc) EDL
organoids, and in mouse epiblast stages day-4.5, diapause (DIA), and day-5.5 (Boroviak et al., 2015).
(B) Relative expression of significantly (FDR<0.05) altered transcripts in organoids, during docetaxel treatment
and 3 days after docetaxel washout. The figure shows experimental triplicates.
(C) Transcriptional changes in histone and tubulin gene families in docetaxel-persistent organoids and 3 days
after docetaxel washout in PDO models; normalized counts; experimental triplicates.
(D) Proteomic (RPPA; see Methods) changes in ribosomal biosynthetic activity in docetaxel-persistent
organoids and 3 days after drug washout in HCI009 PDO, compared to the average of respective controls
(experimental duplicates); concordant with proteomic biosynthetic markers in mouse embryonic diapause
(Bulut-Karslioglu et al., 2016).
(E) Examples of gene families (histones, keratins, tubulins, glutathione S-transferases) expression changes in
afatinib-persistent and docetaxel-persistent PDOs (each drug condition compared to DMSO-treated control).
(F) Naïve MSK-PCa1 organoids and afatinib-persistent or vinblastine-persistent organoid fractions (as shown in
Suppl. Figures S1D and S2G) were extracted from the gel, recast in new gels and longitudinally re-exposed to
afatinib and vinblastine (100nM). Notice cross-resistance in vinblastine-refractory organoids and lack thereof in
afatinib-refractory organoids (quadruplicates; mean ± SEM). Further results obtained after drug-washout and
followed by prolonged (~3 months) re-growth cultures of these persistent organoid cores are shown in Suppl.
Figure S1I.

Figure S9: Diapause-like persister organoids have distinct therapeutic vulnerabilities
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Figure S9. Diapause-like persister organoids have distinct therapeutic vulnerabilities, related to Figure 7.
(A) CERES scores for essentiality of the top 100 genes commonly upregulated/downregulated across 9 drugpersistent PDO and PDX models. CERES scores, derived from CRISPR-based genome-scale knockout screens
conducted in 2D in vitro cultures by the Dependencies Map program, Broad Institute (Meyers et al., 2017)), are
depicted for breast cancer cell lines as a matrix (right side of graph) of cell lines (in columns) and genes (in rows);
while data for non-breast lines are depicted for each gene (row) as stacked bars, to visualize CERES scores in
descending order (from left to right) for each gene. Black or dark blue color indicates negative CERES scores,
compatible with pronounced sgRNA depletion in a given cell line; conversely red indicates enriched sgRNAs for
the respective genes.
(B) Response of treatment-naïve MDAMB-231 organoids (quadruplicates; mean ± SEM) to autophagy inhibitor
SBI0206913 (left) and effect of the combination of docetaxel (50nM) and SBI0206913 dose-response (5 days
exposure) on the viability of naïve MDAMB-231 organoids (simultaneously co-treated with both compounds),
and of treatment-persister organoids (pre-treated for 1 week with 50nM docetaxel to establish persister cells)
(right). Dose-response curves of combined docetaxel and SBI0206913 treatments (right) were normalized to their
respective docetaxel-containing and SBI0206913-free control, to directly visualize the differential effect of
SBI0206913 on docetaxel sensitivity of naïve versus docetaxel-persister organoids.
(C) Effect of epirubicin, in the presence vs. absence of ATR inhibitor VE821, on the viability of treatment-naïve
MDAMB-231 organoids (simultaneously co-treated with both compounds), and of docetaxel-persister organoids
(pre-treated for 1 week with docetaxel to establish persister cells); 5 days drug exposure; quadruplicates; mean ±
SEM.

