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Pseudo-temporal dynamics of chemoresistant
triple negative breast cancer cells reveal EGFR/HER2
inhibition as synthetic lethal during mid-neoadjuvant

chemotherapy

Won-Min Song,'2:382* Pej-Ling Chia,**8 Xianxiao Zhou,"?3 Martin Walsh,> Jose Silva,”* and Bin Zhang'2:3:>*

SUMMARY

In the absence of targetable hormonal axes, chemoresistance for triple-negative
breast cancer (TNBC) often compromises patient outcomes. To investigate the
underlying tumor dynamics, we performed trajectory analysis on the single-nuclei
RNA-seq (snRNA-seq) of chemoresistant tumor clones during neoadjuvant
chemotherapy (NAC). It revealed a common tumor trajectory across multiple pa-
tients with HER2-like expansions during NAC. Genome-wide CRISPR-Cas9 knock-
out on mammary epithelial cells revealed chemosensitivity-promoting knock-outs
were up-regulated along the tumor trajectory. Furthermore, we derived a
consensus gene signature of TNBC chemoresistance by comparing the trajectory
transcriptome with chemoresistant transcriptomes from TNBC cell lines and poor
prognosis patient samples to predict FDA-approved drugs, including afatinib
(pan-HER inhibitor), targeting the consensus signature. We validated the syner-
gistic efficacy of afatinib and paclitaxel in chemoresistant TNBC cells and
confirmed pharmacological suppression of the consensus signature. The study
provides a dynamic model of chemoresistant tumor transcriptome, and computa-
tional framework for pharmacological intervention.

INTRODUCTION

Triple-negative breast cancer (TNBC) is a type of breast cancer characterized by the absence of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2). TNBC
accounts for 10-20% of all breast cancer cases and is associated with a high recurrence/distant metastasis
rate and poor survival.! Treatment options for TNBC patients remain scarce. The standard-of-care consists
of chemotherapy based on anthracycline-taxane regimens as TNBC tumors lack molecular targets for
endocrine and HER2-targeted therapies. However, chemoresistance, the insensitivity of cancer cells to
therapies, is a key factor of poor prognosis. Only 20% of TNBC patients present a pathological complete
response (pCR) after neoadjuvant chemotherapy (NAC), and those with residual disease (RD) have
significantly worse overall survival than non-TNBC patients with RD.?

The molecular underpinnings of TNBC therapy resistance are heterogeneous. Bai et al. summarized seven
mechanistic pillars of TNBC therapy resistance” including: (1) Stronger anti-oxidant ability by treatment-
modulated mitochondrial damage, (2) increased drug efflux and metabolism to reduce intra-cellular
drug accumulation, (3) enhanced tumoral DNA repair capacity to maintain the DNA integrity, (4) anti-
apoptosis and autophagy to sustain tumor cell survival, (5) metabolic reprogramming for rapid tumor
growth, (6) epithelial-mesenchymal transition pathways giving rise to cancer stem cell and metastatic
recurrence, and (7) heterogeneous tumor micro-environment for immune evasion and stem-like pheno-
types. These pillars may act independently or crosstalk, and manifest differently for TNBC subtypes
showing varying responses to neoadjuvant chemotherapy (NAC).*

To tackle the diverse spectrum of TNBC therapy resistance, several therapeutic strategies have shown
some promise in clinical and preclinical studies. For instance, platinum-based treatments are now incorpo-
rated into neoadjuvant and metastatic treatments.” Several targeted therapies were proposed for subsets
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receptor tyrosine kinases (RTKs) including FGFR, VEGFR, PDFGR, IGFR1, AXL, MET and EGFR.” Bromodo-
main and extra-terminal domain (BET) inhibitors, intervening with epigenetic regulations by BET family
proteins, showed some efficacy in TNBC,'? followed by the rapid emergence of resistance.'’ Overall,
the development of TNBC-targeted therapies is well behind that of other breast cancer subtypes, and
chemoresistance is still a key contributing factor to the poor outcomes in TNBC.

To this end, the dynamic aspects of TNBC therapy have been a significant contributing factor to TNBC
chemoresistance. During the standard-of-care chemotherapy, intrinsic chemoresistant sub-clones may
expand (i.e. selection),”” or tumor cells may acquire resistance through genetic and epigenetic alterations

favoring their survival (i.e. a(:iaptation).w'“1

Single-cell sequencing studies have been instrumental to dissect these cell-level dynamics during TNBC
therapies. For instance, the infiltration of immuno-suppressive myeloid cells (IMCs) in tumors arises after
HER2-targeted therapy in HER2+ breast cancers and IMC-targeted therapy enhances anti-tumor immu-
nity.'> Pre-existing de novo mutations and acquired mutations during neoadjuvant chemotherapy (NAC)
have been found to confer resistance in TNBC."* Computational frameworks have also been developed
to infer cell-level temporal dynamics, thus ‘cell trajectories’ capturing cell states stretched across inferred
time windows (hence pseudo-time).’®"” These advances hold the potential to uncover mechanisms under-
lying the dynamic processes of TNBC chemoresistance. However, systematic efforts to translate the
dynamic aspects into potential therapeutic avenues have been lacking.

To address this knowledge gap, we designed a three-step computational workflow (Figure 1). In the first
step, we utilize single-cell sequencing data of TNBCs during NAC and inferred the tumor cell trajectory un-
der chemotherapeutic treatment to study activated pathways in chemoresistant cells. Importantly,
genome-wide CRISPR loss-of-function studies confirmed that the up-regulated transcriptome along the
pseudo-temporal trajectory was enriched in genes whose knock-out promotes chemosensitivity. In the
second step, we compared the dysregulated pathways along the tumor cell trajectories to the tumor
intrinsic pathways from in vitro chemoresistant TNBC models and survival-associated pathways in bulk
TNBC cohorts. These comparisons identified recurrent gene signatures across different studies and
yielded the consensus chemoresistance pathways. In the third step, we investigated the therapeutic poten-
tial by predicting FDA-approved drugs to suppress the consensus pathways. Finally, we validated the
predicted efficacy of combined treatment of a standard chemo-regimen, paclitaxel, and top predicted
drug in the consensus pathway-driven TNBC cells. Overall, the three-step workflow represents a compre-
hensive framework to model the molecular dynamics of TNBC chemoresistance and effectively predicts its
pharmacological intervention strategy.

RESULTS

Single-nuclei transcriptome of TNBC patients undergoing NAC

We analyzed the single-nuclei RNA-sequencing (snRNA-seq) data before (B), in the middle of (M), and after
(A) neoadjuvant chemotherapy (NAC) in samples from 6 TNBC patients. Three of the six patients showed
NAC-sensitivity (S) and exhibited tumor clonal extinction after NAC whereas the rest were NAC-resistance

(R), exhibiting persistent clones after NAC'* (Table 1). For simplicity, we termed the snRNAseq data as the
Kim-snRNA-seq data (Sequencing Reads Archive (SRA): SRP114962).

After data quality control (Figures ST and S2; see STAR Methods for details), 2,849 cells from all the 6
patients in the Kim-snRNA-seq data'* were retained for the subsequent analyses. These cells formed 10
clusters (Figure 2A) which corresponded to specific cell types (Figure 2B). T. The cell clusters C3, C4, C9,
and C2 highly expressed an epithelial tumor marker, EPCAM. Especially, C3, C4, and C9 hihgly expressed
an undifferentiated cancer progenitor/stem cell (CSC) marker, THY7 (also known as CDY90),"® which is a
characteristic of cells undergoing epithelial-mesenchymal transition (EMT)."®'? In contrast, EPCAM was
not highly expressed in C1, C6, and C10. As these cells were tumors from TNBC patients, the gene expres-
sion reflecting receptor status of ER+ (ESR1), PR+ (PGR), and HER2+ (ERBB2) were generally low. This data-
set contains primarily the single-nuclei transcriptomes of TNBC epithelial cells (EPCAM+) but was short of
immune cells (CD45"), and thus it was limited to elucidating changes in tumor cells.

We identified the genes over-expressed in each cell cluster (i.e., cluster-specific markers) by performing
differential expression analysis for each cell cluster against the rest by limma® (see STAR Methods for
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Figure 1. Integrative workflow to functionally characterize and target triple-negative breast tumor (TNBC) chemoresistance

In Step, |, snRNA-seq of neoadjuvant chemotherapy (NAC)-resistant tumors reveal shared cellular trajectory (top left). This yields pseudo-temporal dynamics
across treatment stages (RB: treatment-naive, RM: mid-treatment cells, RA: post-treatment cells), and varying molecular subtypes (top right). Functional
screening of resistance/sensitivity-promoting genes in epithelial mammary cells (MCF10A, bottom) is incorporated to identify TNBC chemoresistance
hotspots in the pseudo-temporal model. InStep I, differentially expressed pathways in the NAC-driven trajectory (green box) are compared with other
molecular signatures of TNBC chemoresistance, including TNBC prognostic signatures in bulk cohorts (purple box) and in vitro chemoresistance signatures
of TNBC cells (blue box). Recurrent genes across different signatures will be gathered as the consensus pathway of TNBC chemoresistance (pink bars on
right). In Step Ill, we predict FDA-approved drugs targeting the consensus pathways, and validate the prediction by evaluating the efficacy of the combined
treatment of paclitaxel and the predicted drug, in comparison with paclitaxel alone. The efficacies in TNBC cells with consensus pathway-driven resistance
(MDA-MB-231) were compared to those with consensus-free resistance (MDA-MB-453).

marker analysis; see Table S2). The enriched functions and pathways in these cluster specific signatures
suggest aberrant signaling underlying TNBC chemoresistance (Figure S3A). For instance, the chemo-sen-
sitive clusters C1 and C6 are associated with apoptosis-induced DNA fragmentation (FET FDR = 2.46E-6 &
2.11E-5respectively; Table S3), reflecting their responses to chemotherapy. On the other hand, the chemo-
resistant cluster C2 is associated with TNFa signaling while another resistant cluster, C9, is involved in MYC
signaling (Figure S3A).

Pseudo-temporal dynamics of adaptive tumor cells during chemotherapy

Then, we performed trajectory analysis to identify pseudo-temporal transcriptional changes in the
chemoresistant tumor cells at different stages of NAC. After inferring the cellular trajectories initiated by
slingshot”’ (see STAR Methods for trajectory inference; Figure S4), two chemoresistant trajectories, namely
Trajectory-l and-lll (Figure 2A), were identified. Trajectory-l captured the gradual increases of mid-NAC
cells from chemoresistant patients (Figures 2A and 2B), with increases in cancer stem cell markers, EPCAM
and THY1, and a genome-wide de novo methylation regulator, DNMT3A (DNA methyltransferase 3 alpha)
(Figure 2D). The top 500 genes (Table S3A) positively correlated with the inferred pseudo-time in
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Table 1. The number of cells corresponding to distinct patients (KTN102, KTN126, KTN129, KTN132, KTN302, and
KTN615) and NAC resistance/treatment group

Cell group KTN102 KTN126 KTN129 KTN132 KTN302 KTN615
SB 59 0 0 216 0 266

SM 0 0 0 443 0 96

SA 97 0 0 0 0 0

RB 0 122 406 0 0 0

RM 0 0 0 0 313 0

RA 0 455 376 0 0 0

*S: chemo-sensitive, R: chemoresistance, B: pre-NAC, M: mid-NAC, A: post-NAC.
Patients with persistent tumor clones after NAC were regarded as chemoresistant, and those without any clones were re-
garded as chemo-sensitive.'” See the abbreviations described in the table.

trajectory-l were enriched for the hallmark epithelial-mesenchymal transition pathway (corrected FET
(cFET) p =3.44E-4, 4.65-fold enrichment (FE); Table S3B; see STAR Methods for the details about trajectory
association analysis), which is often over-expressed in invasive tumors.”” As over-expression of DNA meth-
yltransferases plays causal roles in the generation and maintenance of CSCs,”* the results suggest that de
novo epigenetic modifications by DNMT3A may be linked to the emergence of CSC-like phenotypes in
mid-NAC.

The trajectories also reflected pseudo-temporal changes in breast tumor cell subtypes during NAC. By
inferring cellwise molecular subtypes by PAM50?* (see STAR Methods), trajectory-I showed varying propor-
tions of the molecular subtypes along the path. Her2-like and Luminal B cells gradually increased, whereas
basal-like cells gradually decreased toward C4 with a sudden increase in the terminal C9 (Figure S3B). Also,
EGFR expression gradually increased across trajectory-l, and aligned with the increased Her2-like cells in
C9 (Figure S3D). On the other hand, trajectory-Ill is characterized by high basal-like cell proportion in the
cluster C2 which includes cells from a single patient, consistent with the high expression of basal markers
(KRT5 and KRT14 expression in Figure S3C).

Next, we reasoned that some up-regulated pathways/genes along the trajectories may be involved in the
acquisition of chemoresistance. Toward this end, we performed genome-wide CRISPR/Cas? pooled
knockout screening in the immortalized basal non-transformed human mammary epithelial cell line
(MCF-10A)*> with exposure to either Doxorubicin (anthracycline) or Paclitaxel (taxane) (see Step | in
Figure 1; see STAR Methods). The high throughput screening identified gene knock-outs that sensitized
for chemotherapy or promoted chemoresistance (Table S1).

Remarkably, knock-outs promoting chemo-sensitivity were enriched in trajectory-l. By evaluating the
cellwise enrichment of these signatures by Gene Set Variation Analysis (GSVA),”® we observed gradual
enrichment of the chemo-sensitizing knock-outs in the cells along trajectory-1 (C5-9; Figure 2C). This enrich-
ment peaked at C9 with most cells enriched for GSVA z-scores >3 (Figure 2D). Many of these knock-outs
corresponded to up-regulated genes in C9 (Figure S5), which were the marker genes of C9 (green gene
symbols on the right, Figure 2B). On the other hand, the knock-outs promoting chemoresistance were
not enriched in the other cell trajectories (trajectory-Il: C1 — Cé — C10, trajectory-Ill: C5 — C2; Figure 2C).

In summary, trajectory-l, characterized by the expansion of Her2-like cells during the mid-NAC phase
(Figure 2E) and transformation into adaptive CSC-like tumor cells. Trajectory-l was a shared tumor cell
trajectory across multiple TNBC patients, underlying the acquired chemoresistance in TNBC.

Activated genes along trajectory-l associates with poor prognosis in bulk cohorts

Prompted by the findings above, we postulated that the presence of tumor populations along the chemo-
resistant trajectories (i.e. trajectory-I and —Il) would be associated with poor prognosis. To test the hypoth-
sis, we collected publicly available, clinically annotated TNBC bulk cohorts (METABRIC?’: 288 samples,
TCGA?: 157 samples). As the snRNA-seq data was short of immune and stromal cells, we inferred immune
and stromal cell abundances by ESTIMATE? to select the samples with low stroma/immune cell contents,
leaving 143 and 77 samples for METABRIC and TCGA respectively (see STAR Methods for details). Then, we
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Figure 2. Pseudo-temporal dynamics of single-cell transcriptome during neoadjuvant chemotherapy (NAC)

(A) tSNE plot of cell clusters and associated inferred lineages (I, Il and ). The dotted arrows show the inferred tumor trajectories across respective cell
clusters labeled by numbers.

(B) Heatmap of cluster markers. The log2(TPM +1) of cluster marker expressions across all nuclei are shown. The top panel shows clinical and molecular
annotations for individual nuclei. From the top, the first row depicts cell trajectory assignments, the second row shows cell cluster assignments, the third row
shows cell groups as defined by patients’ responses (S: chemo-sensitive, R: chemoresistant) and NAC stages (B: pre-NAC, M: mid-MAC, A: post-NAC), the
fourth shows the patients from which the nuclei were sourced, and the fifth shows molecular subtypes by PAMS50 classifications. On the right, chemo-
sensitizing or resistance-promoting gene knockouts from genome-wide CRISPR/Cas9 screening in MCF10A cells are marked (chemo-sensitizing hits: green,
resistance-promoting hits: red). The first 5 rows in the bottom panel show key cell type marker genes (epithelial tumor: EPCAM, CDH5, immune cells: CD45,
cancer stem-cell marker: THY1, hormone receptors/Her2: ESR1, PGR, and ERBB2). The bottom three rows show inferred pseudo-time stamps on individual
nuclei per trajectory in A.
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Figure 2. Continued

(C) Pie charts of cell cluster compositions across different NAC stages and NAC sensitivity. Each pie size represents the proportion of cells coming from
chemo-responsive (S) or —resistant (R) patients at different stages of NAC (B: pre-NAC, M: mid-MAC, A: post-NAC). The color codes are shown in the bottom
legend.

(D) Enrichments of chemo-sensitizing (left) or resistance-promoting (right) gene knockouts from genome-wide CRISPR/Cas? screening for Doxorubicin (top)
and Paclitaxel (bottom). Each dot shows enrichment of the screening signatures as evaluated by Gene Set Variation Analysis (GSVA). We applied GSVA Z-
score >3 or <—3 thresholds (horizontal red lines) to identify significant enrichment or depletion of the knockout signatures in the cellwise transcriptome.
(E) Summary of pseudo-temporal changes in cell populations along trajectory-I. Top panel: Cells by different treatment stages, Bottom panel: Cells

by PAM50 molecular subtypes. C9 is marked as the primary cell cluster of interest with therapeutic potentials as indicated by CRISPR-Cas9 screening results
in D.

inferred the abundance of the tumor populations by enrichment test for the top 500 most over-expressed
genes in the tumor cell cluster marker signature in the bulk samples (see STAR Methods; Figure S6A for
overall workflow).

In METABRIC, five distinct clusters emerged (Figure 3A) with significant difference in survival patterns
(Figure 3B; logrank pvalue = 4.70E-2). Clusters 1 and 4 were associated with poor prognosis (Figure 3B),
where cluster 1 expressed the markers of C3, C4, and C9, and cluster 4 expressed the markers of C2.

Similar patterns were seen in TCGA. Clustering analysis of the tumor cell marker enrichments yielded
7 distinct clusters (Figure 3C). Although TCGA data was limited with a smaller number of samples and
shorter periods of patient follow-up than the METABRIC cohort, the clusters still had significant difference
in survival (Figure 3D; logrank pvalue = 2.11E-2). Similar to cluster 1 in the METABRIC cohort, cluster 2 from
TCGA expressed the markers of C3, C4, and C9, and was associated with poor prognosis (Figure 3C).

In summary, over-expression of C3, C4, and C9 markers, marking the terminal stages of trajectory-l, were
consistently associated with poor prognosis in independent bulk cohorts, suggesting the association of C3,
C4, and C9 markers in tumors with chemoresistance.

Consensus signature of TNBC chemoresistance compendium

We postulated that trajectory-l captured the adaptive reprogramming of CSCs as a shared molecular
feature of TNBC chemoresistance. In other words, some of the core pathways underlying chemoresistance
are shared across different models (e.g. EMT,*® self-renewing cancer stem cells®'), and should thus be
robustly activated.

Hence, we interrogated a broad spectrum of TNBC transcriptome data to extract gene signatures associ-
ated with chemoresistance. The gene signatures were derived from the following three studies: (1) The che-
moresistant cells against the chemo-responsive cells in the Kim-snRNA-seq data,'* (2) the therapy-resistant
TNBC cells against the treatment naive parental cells underPaclitaxel (GEO: GSE90564) and JQ1 (GEO:
GSE63582),"" (3) and the survival-associated gene signatures in the METABRIC cohort.

Then, we identified the 1,524 frequently up-regulated genes in chemoresistant cases across the gene
signatures as the consensus chemoresistance signaturein TNBC (hence the consensus chemoresistant
pathways; see STAR Methods for details). These genes constitute the pathways robustly activated in
TNBC chemoresistance (Figure 4A and Table S5A). Indeed, the consensus signature was also enriched
for several hallmark pathways of TNBC therapy-resistance® including TNFa signaling via NF-kB (cFET
p = 2.57E-16, 5.30 EFC), EMT pathway (cFET p = 1.66E-10, 4.24 EFC) and hypoxia (cFET p = 8.48E-13,
4.71 EFC).

Identification of the consensus signature-driven TNBC models

We identified TNBC models whose chemoresistance was driven by activation of the consensus chemore-
sistant pathways. We performed GSVA on individual TNBC cell line transcriptomes to evaluate enrichment
of the consensus pathways as a proxy for consensus pathway activation. Then, these consensus pathway
activation scores were compared with publicly available doxorubicin and paclitaxel efficacy data in
GRpmax index (GR.x = —1: cytotoxic to the cells, GRpayx = 0: cytostatic, i.e., cells are resistant).”*** It turned
out that MDA-MB-231 and HCC1143 cells were resistant to the regimens and had high consensus activation
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Figure 3. Expressions of the trajectory markers in bulk samples are associatedwith poor prognosis in METABRIC and TCGA

(A) Heatmap of top 500 tumor cluster marker enrichments in METABRIC TNBC patients. The main heatmap depicts GSVA enrichment score as sample-wise
enrichments of the trajectory markers in METABRIC TNBC patients. On top of the heatmap, the annotations depict the number of lymph node metastasis,
5-year disease recurrence (relapse: red, no relapse: green) and TP53 mutation status. On the bottom, the abundance of stromal and immune cells by
ESTIMATE score (low: yellow, high: red) is shown in the heatmap bar. The heatmap was clustered by complete linkage hierarchical clustering with 5 clusters
as evaluated in Figure S4F. The poor prognosis associated with cluster 1 is highlighted to show enrichments of tumor cell markers from C3, C4, and C9.
(B) Kaplan-Meier plot of METABRIC TNBC patients stratified by hierarchical clustering from the tumor cell marker enrichments in A.

(C) Heatmap of marker GSVA z-scores in TCGA TNBC patients: From the top, the annotation depicts cancer stage, 5-year overall survival (death: red, alive:
green), and sample clusters by hierarchical clustering on the GSVA matrix with k = 4. The ESTIMATE scores are shown on the bottom annotation bar. The
tumor-enriched clusters with mild C9 and C2 marker enrichments are associated with poor prognosis and being highlighted in a red box.

(D) Kaplan-Meier plot of TCGA TNBC patients stratified by hierarchical clustering (k = 4) from the marker enrichments in C.

scores whereas MDA-MB-453 cells showed a low consensus activation score and were highly resistant to
the regimens (Figure 4C).

Such heterogeneity in chemoresistant TNBC cell lines may be explained by several molecular factors. EMT
and TNFa pathways, EGFR, and the snRNA-seq markers (C3, C4, and C9) were activated in MDA-MB-231
cells (Figure S7). In contrast, these pathways and genes were lowly expressed in MDA-MB- (Figure S7).
These results suggest that MDA-MB-231 is more suitable for modeling chemoresistance for it captures
the pseudo-temporal dynamics in the Kim-snRNA-seq data, and MDA-MB-453 can serve as a model
with low expression of EGFR.

Data-driven drug prediction identifies EGFR inhibition as an effective strategy to abolish
chemoresistance

As the consensus signature represents the shared pathways conferring chemoresistance, these pathways
could represent an Achilles heel in the resistant TNBC cells and serve as therapeutic targets to synergize
with the established chemo-regimens to improve the overall efficacy.

To address this, we designed a computational framework to predict FDA-approved drugs targeting the

consensus pathways (Step lI, Figure 1). We first sought to identify an adequate TNBC model whose chemo-
resistance is driven by the consensus pathways. To this end, we utilized the GR50 index for evaluating the
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Figure 4. Identification of FDA-approved drugs to target consensus-driven chemoresistant TNBC cells

(A) Overlap between the consensus signature and individual chemoresistance signatures from multiple sources (marked
in red). Differences between individual signatures and consensus signatures are also shown in gray and ivory as labeled in
the legend.

(B) Scatterplot of consensus signature enrichments in TNBC cell line transcriptome (xaxis: GSVA Zscore of the consensus
signature) and efficacy of doxorubicin (on left) and paclitaxel, also known as taxol (on right), by GRax index. The
horizontal red line is the median GRy,.x score among TNBC cells per tested drug. Vertical red lines are |GSVA Zscore| =
3,-3 thresholds to identify cells enriched or depleted of the consensus upregulated signature.

(C) Computational prediction of FDA-approved drugs to suppress the consensus chemoresistance pathways by
EMUDRA. On the yaxis, the negative EMUDRA Zscore shows the predicted efficacy of the drug to reverse the consensus
signature in MDA-MB-231 cells.

(D and E) Dose-dependent TNBC chemoresistant cell viability on Paclitaxel (PTX) only or Paclitaxel + afatinib combination
therapy on MDA-MB-231 cells (D) and MDA-MB-453 cells (E). Curves with different afatinib concentrations are highlighted
by different colors (0 puM: black, 1 pM: pink, 2 uM: red). Xaxis: paclitaxel concentrations (in nM). Yaxis: cell viability after 72 h
of treatment, where 100% cell viability corresponds to untreated cells at Oh time point. The error bars are Mean + SD.

drug sensitivity of TNBC cells to standard chemo regimens (doxorubicin and paclitaxel).** The non-respon-
sive cells with a high degree of consensus pathway activation, hence likely to acquire chemoresistance were
inspected. This yielded MDA-MB-231 as the ideal TNBC model, whose chemoresistance is driven by the
highest degree of activation of the consensus chemoresistance pathway (Figure 4B).

Then, we leveraged Ensemble of Multiple Drug Repositioning Approaches (EMUDRA)®” to predict FDA-
approved drugs. Briefly, EMUDRA queries cancer cell transcriptome changes by chemical perturbations
in LINCS database® and examines if each pharmacological perturbation can successfully reverse the tran-
scriptional changes in disease. In our study, we focused on the chemically perturbed MDA-MB-231
transcriptome to search for potential drugs that suppress the consensus chemoresistance signature
(Figure 4C and Table S5C).
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Of interest, the top three predictions from EMUDRA (afatinib, ponatinib, and erlotinib; Figure 4C)
commonly inhibit EGFR. Afatinib is a pan-HER inhibitor that has been approved for Her2+ non-small cell
lung cancer and has shown efficacy in Her2+ breast cancers.”’* Ponatinib, a multi-targeted tyrosine kinase
inhibitor, targets primarily Ber-Abl tyrosine kinase proteins, but also VEGF receptor, PDGFR, SRC kinase,
KIT, and RET.* Ponatinib has shown efficacy in chronic myeloid leukemia (CML) and acute lymphoblastic
leukemia (ALL).*° A recent multi-omics analysis of TNBC cell lines showed potential efficacy in the mesen-
chymal subtype."" Erlotinib, an EGFR inhibitor, is an FDA-approved drug for non-small cell lung cancer and
pancreatic cancer. In preclinical studies, erlotinib synergized with metformin to show improved efficacy in
basal breast cancer cell lines.*

We questioned if the top-ranked drug afatinib which targets the EGFR axis can effectively suppress the
consensus pathways in TNBC cells (Figure 4D). We compared the afatinib-perturbed transcriptome of
TNBC cellsin the LINCS database to evaluate the suppression of the consensus chemoresistance signature
in TNBC cells. As expected, the consensus chemoresistance signature was significantly suppressed by afa-
tinib in MDA-MB-231 cells (GSEA pvalue = 1.53E-2, normalized enrichment score (NES) = —1.16), and BT-20
cells (GSEA pvalue = 1.29E-5, NES = —1.38).

In smmary, EGFR inhibition targeted by the top predicted drugs is consistent with the pro-tumorigenic
roles of EGFR in TNBC, such as modulating CSC phenotypes, recurrence and metastasis.*>**

Predicted drugs exhibit improved efficacy when combined with paclitaxel

We performed in vitro validation of the predicted treatment in MDA-MB-231 cells as the ideal consensus-
driven chemoresistant TNBC model. On the other hand, MDA-MB-453 served as the negative counterpart
to MDA-MB-231 because of the absence of the consensus pathways, hence the consensus-free resistant
cells (Figure 4B). Then, we compared the efficacies of the combination therapy (afatinib and paclitaxel)
in MDA-MB-231 and MDA-MB-453 by cell viability assays (see STAR Methods for details).

As predicted, we observed the synergistic efficacy of paclitaxel and afatinib in MDA-MB-231 (Figure 4E).
Notably, the combination therapy with 2 uM of afatinib showed greater efficacy than 1 uM. The higher con-
centration led to greater inhibition of downstream MAPK/ERK and PI3K/Akt signaling, and this is indicated
by a greater reduction in phosphorylation of ERK1/2 and Akt (Figure S8A). On the other hand, the addition
of afatinib did not improve response to paclitaxel monotherapy in MDA-MB-453 cells (Figure 4F), as
expected by the absence of dependency of EGFR signaling in these cells.

In addition, we evaluated the efficacy of ponatinib and paclitaxel in MDA-MB-231 cells to further validate
the drug predictions. As the second-ranked prediction, we argue that the efficacy of ponatinib and pacli-
taxel would demonstrate the effectiveness of the predictive framework. We tested 250 nM and 400 nM
dosages of ponatinib with a range of pacliataxel dosages from 0 to 1000 nM.

We observed additive efficacies of paclitaxel and ponatinib. For both of 250 nM and 400 nM ponatinib
dosages, the difference between paclitaxel monotherapy and ponatinib combination curves matched
the efficacy of ponatinib monotherapy (Figure S8). Although the observed synergy is less than the afatinib
combination, the results demonstrate that ponatinib complements paclitaxel in MDA-MB-231 cells, and
targets the paclitaxel-resistant pathways to improve the overall efficacy.

Combined therapy of paclitaxel and afatinib exhibits synergistic efficacy in MDA-MB-231
cells

We systematically evaluated the synergy of afatinib and paclitaxel in the MDA-MB-231 and MDA-MB-453
cells. We utilized the Bliss index, which tests the significant deviation of the observed effects from the ex-
pected effects if the two drugs worked independently.*> Overall, the Bliss index across the range of doses
in MDA-MB-231 cells indicated significant synergy with an average of 13.16 across three replicates, and
these were significantly higher than MDA-MB-453 cells (Wilcox pvalue = 5E-2, Figure S10).

We investigated the suppression of the chemoresistance pathways by combination therapy. We performed
RNA-sequencing on untreated, mono-treated (paclitaxel or afatinib) and the combo-treated MDA-MB-231
cells (see STAR Methods for details), and evaluated enrichments of the chemoresistance signatures in
mono- and combo-treated cells by Gene Set Enrichment Analysis (GSEA).“® In MDA-MB-231 cells, the
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Figure 5. Differentially expressed pathways in Paclitaxel and afatinib treated MDA-MB-231 cells, compared to DMSO treated cells

(A) Enriched chemoresistance signatures in TNBC tumor as evaluated by Gene Set Enrichment Analysis (GSEA). The top left panel shows the normalized
enrichment score (NES) of the consensus chemoresistance signature by different treatments in MDA-MB-231 cells. The main panel shows enrichments of
various chemoresistance signatures by the drug treatments (Afa: afatinib, PTX: Paclitaxel, combo: afatinib + Paclitaxel). The upper panel includes cell cluster
markers from snRNA-seq of chemo-treated patient samples, and the lower panel shows resistance signatures from various independent in vitro studies,
survival signatures from METABRIC, and differential gene signatures in chemoresistant cells from the snRNA-seq. The colors indicate NES as the degree of
the signature activation (in red) or suppression (in blue), point sizes as correlations to the significance of the NES (i.e. -log10(FDR adjusted GSEA pvalue)),
and border colors for significance levels as shown in the right side legend.

(B) Enriched hallmark pathways: Similar to A, enrichments of the cancer hallmark signatures in the Molecular Signature Database (MSigDB) in the treated
cells are shown. The treatments are shown on the xaxis. The significance of overall activation or suppression is denoted similarly to A. Significantly down-
regulated pathways by the combination therapy are highlighted by the blue dashed box. Likewise, upregulated pathways by the combination treatment are
highlighted by the red dashed box.

combination treatment most effectively silenced the consensus pathways (top left, Figure 5A) as well as
many individual chemoresistant signatures, compared to other mono-treatments (Figure 5A). In the Kim-
snRNA-seq, the genes down-regulated by the combination treatment were significantly enriched for the
markers of chemoresistant cells, C2 and C9. Furthermore, the combination treatment down-regulated
paclitaxel resistance signatures from pan-TNBC cell lines, JQ1 resistance signatures from SUM149 cells,
and poor prognosis-associated genes from tumor-purified samples in METABRIC cohort (lower panel,
Figure 5A).

On the other hand, the mono-treated cells did not demonstrate as many suppressions of the chemoresist-
ance pathways. Paclitaxel-treated cells did not show any significant enrichments the chemoresistant single-
nuclei cluster markers, and afatinib-treated cells down-regulated C9 markers (upper panel, Figure 5A).
These results indicate that the combination therapy shows greater efficacy in suppressing the consensus
pathways than the respective monotherapies, demonstrating synergistic lethality.

Finally, we investigated the effects of afatinib on other pathways. In comparison with the mono-treatments,
the combination treatment most effectively suppressed cancer hallmark pathways (Figure 5B) including
TNFasignaling via NF-kB, EMT, and hypoxia, which were enriched in the consensus chemoresistance signa-
ture. The combination therapy also significantly down-regulated several pathways upregulated by pacli-
taxel, including TNFa signaling via NF-kB, MYC, and P53 (highlighted in the red dashed box, Figure 5B).
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DISCUSSION

Herein, we developed an integrative computation framework to investigate the clinical problem of che-
moresistance in TNBC. Therapy resistance can emerge from the expansion of intrinsic, therapy-resistant
sub-clones, ' or is acquired from genetic or epigenetic events that eventually favor the cancer cells’
survival and e><pansior1.13'“1 To address this multi-faceted nature of chemoresistance, we analyzed the
single-nucleus transcriptome of TNBC patients undergoing neo-adjuvant chemotherapy (NAC) and
identified three tumor cell trajectories. This study revealed that tumor cell trajectory-I was shared across
different patients and associated with increased proportions of cells from mid-NAC phase and
progression toward expressing markers of several oncogenic pathways including MYC (FET FDR =
2.01E-19, EFC = 5.87), EMT (FET FDR = 2.63E-16, EFC = 5.51) and TNFa signaling (FET FDR = 1.28E-
15, 5.41 EFC).

Several marker genes of C9 suggest reprogramming into CSC-like cells during mid-NAC. These include a
cancer stem cell marker THY1, and a regulator of genome-wide de novo epigenetic modifications,
DNMT3A. In cancer stem cells, DNMT3A collaborates with MYC to silence the tumor suppressor miR-
200b, promoting EMT.*’ The aforementioned activation of MYC and EMT pathways in C9 also supports
the DNMT3A-MYC axis in cancer stem cells, suggesting epigenetic reprogramming into cancer stem cells
as a potential mechanism of adaptive chemoresistance.

Meanwhile, the inferred trajectory (trajectory-) reflected the gradual emergence of chemoresistance-pro-
moting genes during NAC. The chemoresistance-promoting genes from our genome-wide loss-of-func-
tion CRISPR-Cas? screening were gradually up-regulated along trajectory-l and peaked at the terminal
cluster, C9. As mid-NAC cells also gradually increased along trajectory-I, these imply therapeutic oppor-
tunities for TNBC chemoresistance lie in targeting the mid-NAC window.

The robustness of snRNA-seg-based finding was limited by the small number of samples. To mitigate these
shortcomings, we interrogated independent TNBC studies including clinically annotated bulk RNA-seq co-
horts and in vitro studies of TNBC chemoresistance and established the consensus chemoresistance signa-
ture by searching for robustly up-regulated genes in the resistant tumor cells.

By querying chemically perturbed transcriptomes of TNBC cells, we predicted afatinib, a pan-HER (EGFR,
HER2, and HER3) tyrosine kinase inhibitor, as the most promising FDA-approved drug to suppress the
consensus chemoresistance signature genes using EMUDRA.

The consensus signature was also instrumental to identify an adequate TNBC cellular model. The joint anal-
ysis of consensus pathway enrichment and drug efficacy data on TNBC cell lines predicted MDA-MB-231 as
the responsive paclitaxel-resistant model, in contrast to MDA-MB-453 as the non-responsive counterpart.
The predicted synergy between afatinib and paclitaxel was validated in vitro by testing cell viability on
exposure to mono- or combination therapy of paclitaxel and afatinib in MDA-MB-231 and MDA-MB-453
cells. Indeed, we observed the dosage-dependent synergy in MDA-MB-231 cells, whereas such synergy
was not observed in MDA-MB-453 cells. This is in line with the increased presence of Her2-like cells (Fig-
ure S3B) and EGFR expression (Figure S3D) in the shared chemoresistant cell trajectory (trajectory-1),
and demonstrates the EGFR-axis as a promising therapeutic target.

In human cancers, afatinib, an orally bioavailable irreversible pan-HER inhibitor, has shown some efficacy in
metastatic TNBC patients as a monotherapy in a phase 2 clinical trial.*® Its combination with dasatinib, an
SRC-family tyrosine kinase inhibitor, has also shown synergy in several TNBC cell lines through inhibiting
ERK and Akt signaling.*® Afatinib in combination with paclitaxel has shown efficacy in epithelial cancer cells,
including ovarian, colon, non-small cell lung carcinoma, and esophageal cancers.”’

However, EGFR inhibition as a monotherapy or in combination with other treatments has demonstrated
only marginal efficacy.”®° Although most of these clinical trials were focused on metastatic, advanced
TNBC, two recent clinical studies reported that EGFR inhibition is more beneficial in operable primary
TNBC cases.”®”” These imply that post-treatment, metastatic TNBC tumors may not be dependent on
EGFRssignaling alone,® and the emergence of CSC niche should be evaluated during mid-NAC to increase
the likelihood of therapeutic efficacy.
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As opposed to Her2-like convergence in trajectory-l, the trajectory-Ill (Figure 2) represents a basal-like tu-
mor cell trajectory with chemoresistant post-NAC cluster C2 as the terminal cluster. The markers of C2 were
enriched for TNFa signaling (FET FDR = 4.51E-11, EFC = 17.5) and hypoxia (FET FDR = 1.09E-4, EFC = 10.1).
This trajectory was not extensively studied because of its specificity for a single patient, but it is worth an
investigation as another distinct chemoresistance axis. Although this trajectory also shows high EGFR
expression (Figure S3D), it is distinctively different from Her2-like enriched C9. The CRISPR/Cas9 knockout
signatures of chemoresistance were not significantly enriched in C2 (Figure 2C). In the bulk samples, C2 and
C9 marker enrichments were mutually exclusive in tumor-enriched, poor prognosis samples (Figures 3A
and 3B). Also, the enrichment of hypoxia pathways was unique to C2, indicating the basal-like trajectory
captures the hypoxic niche of chemoresistance.”” Thus, unlike the Her2-like cells expanding in mid-
NAC, the basal-like, post-treatment cells in trajectory-1l/C2 may not depend on EGFR signaling and
require entirely different post-treatment therapeutic approaches.

Luminal A tumors express high levels of the hormone receptors ER+ and PR+, and show a good response to
therapies targeting ER-dependent axis such as anti-estrogen and aromatase inhibitors which directly
inhibit ER production.®® On the other hand, luminal B tumors are express lower amount of these receptors
and are characterized by higher cellular proliferation and poorer responses to the anti-hormonal therapies.
During ER-axis targeted therapy, it has been observed that luminal A tumors are converted into the more
resistant subtype, luminal B evolving into ER-independent tumors, which confers resistance to these
therapies.®”

Trajectory-| revealed the expansion of luminal B-like cells as well as the regression of luminal A cells
(Figures 2C and 2E), suggesting the chemoresistant mechanisms in TNBC cells may be shared with the
resistance in ER+ breast cancers. Further studies are necessary to determine the clinical consequences
of this finding.

In summary, we have developed an integrative computational framework to dissect the pseudo-temporal
dynamics of TNBC undergoing neoadjuvant chemotherapy (NAC). This study has provided an innovative
molecular landscape of the adaptive dynamics of TNBCs and identified shared tumor cell trajectories
across multiple patients leading to chemotherapy resistance. Our study presents a more holistic under-
standing of tumor evolution during treatment and provides promising windows for therapeutics
against TNBC.

Limitations of the study

Although our study has led to several findings, it is worth discussing its limitations. First, the number of
single-cell transcriptome of chemo-treated TNBC patient samples that are publicly available and that
we could analyze is low. Thus, the cellular dynamics portrayed in this study is likely incomplete. For the
drug prediction framework, we were restricted to the cell lines with GR50 index (used to evaluate chemo-
resistance) and the list of cell lines with chemically perturbed transcriptome by FDA-approved drugs in the
LINCS database. These limitations significantly reduced the overall list of TNBC cells for adequate valida-
tion experiments and led to the nomination of MDA-MB-231 as the only adequate model to test suppres-
sion of the consensus-driven chemoresistance.

In this regard, BT-20 showed a moderate degree of activation of the consensus chemoresistance signature
(GSVA Zscore = 1.12) and a high expression of EGFR (log2-transformed counts per million (CPM) = 10.67).
Thus, BT-20 could potentially serve as another model for consensus-driven chemoresistant TNBC to
examine the synergistic efficacy of afatinib andpacliataxel. As in vitro chemotherapy efficacy on BT-20
was missing in the GR50 database, so it was omitted in the formal TNBC model nomination.

Further study is needed to to identify and characterize more chemoresistant trajectories and test novel
drug combinations to restore chemosensitivity.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

phospho-Tyr CST Cat #9411; RRID: RRID:AB_331228
phospho-EGFR CST Cat #4407; RRID:AB_331795
EGFR CST Cat #2232; RRID:AB_331707
phospho-ERK1/2 CST Cat #4370; RRID:AB_2315112
ERK1/2 Santa Cruz sc-94; RRID:AB_2140110
phospho-Akt CST Cat #3787; RRID:AB_331170

Akt CST Cat #4691; RRID:AB_915783
B-actin Santa Cruz sc-47778; RRID:AB_2714189

HRP-conjugated anti-rabbit or
anti-mouse antibodies

GE healthcare

Cat#NA934V, #NA931V

Chemicals, peptides, and recombinant proteins

DMEM Corning Cat #10-013-CM

Fetal bovine serum Corning Cat #35-016-CV

penicillin/streptomycin Gibco Cat #15140-122

trypsin-EDTA Gibco Cat #15400-054

Paclitaxel Mount Sinai Hospital N/A

Doxorubicin Mount Sinai Hospital N/A

Afatinib (BIBW2992) Selleckchem Cat #51011

Ponatinib MedChemExpress Cat # HY-12047

polystyrene microplates Corning Cat #3903

EGF Sigma Cat #E9644

protease inhibitor cocktail Roche Cat #04693132001

Laemmli buffer Bio-rad Cat #1610747

chemiluminescent substrate SuperSignal Thermo Scientific Cat #34580

West Pico Plus

Critical commercial assays

GeCKOv2 Addgene Cat #1000000048

Brunello Addgene Cat #73179

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat #G7571

Bio-Rad Protein Assay Dye Bio-rad Cat #5000001

PCR Qiagen Cat #28104

Deposited data

JQ1 resistant TNBC cell line transcriptome Shuetal."' GEO: GSE63582

FASTQ files for published snRNA-seq Kim et al.’ Sequence read archive (SRA): SRP114962
RNA-sequencing data of MDA-MB-231 and This paper Gene Expression Omnibus (GEQ): GSE199779
MDA-MB-468 cells treated with Afatinib,

Paclitaxel, and the combined drugs

Processed data and codes This paper Zenodo DOI: https://zenodo.org/badge/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
transcriptome of resistant TNBC cell lines after prolonged N/A GEO: GSE90564
exposure to Paclitaxel

JQ1 resistant TNBC cell line transcriptome Shuetal." GEO: GSE63582

Experimental models: Cell lines

MDA-MB-231 AmericanType Culture Collection N/A
(ATCC; Manassas, VA, USA)

MDA-MB-468 AmericanType Culture Collection N/A
(ATCC; Manassas, VA, USA)

Software and algorithms

STAR aligner Dobin et al.’’ 2.5.0a

Scran Lun et al.®” 1.10.1

R Comprehensive R Archive 3.6.1
Network (CRAN)

Slingshot Street et al.”! 1.2.0

ESTIMATE Yoshihara et al.”’ 1.0.13

DESeq2 Love et al.®® 1.20.0

Survival N/A 2.3-7

Limma Ritchie et al.?° 3.46.0

GSVA Hanzelmann et al.*® 1.32

Other

License for BioRender contents used in Figure 1

BioRender

Agreement number: OM24SF3YYA

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Won-Min Song (won-min.song@mssm.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Data: The RNA-sequencing data of MDA-MB-231 and MDA-MB-468 cells treated with Afatinib, Pacli-
taxel, and the combined drugs are deposited at GEO and publicly available as of the date of publication.
Accession numbers are listed in the key resources table.

® Code: All original code and associated processed data have been deposited at Zenodo, and is publicly
available as of the date of publication. DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

MDA-MB-231 and MDA-MB-453 cells were obtained from AmericanType Culture Collection (ATCC; Man-
assas, VA, USA) and cultured in DMEM (Corning, Cat #10-013-CM) supplemented with 10% fetal bovine
serum (Corning, Cat #35-016-CV) and 1% penicillin/streptomycin (Gibco Cat #15140-122). Cells were
cultured in a humidified incubator at 37°C with 5% CO, and passaged every 3 — 4 days with 0.05%
trypsin-EDTA (Gibco, Cat #15400-054).
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METHOD DETAILS

Drugs

Paclitaxel and Doxorubicin were obtained from Mount Sinai Hospital. Afatinib (BIBW2992) was obtained
from Selleckchem (Cat #51011). Ponatinib was obtained from MedChemExpress (Cat # HY-12047).

CRISPR/Cas9 knock-out screening

CRISPR genome-wide loss-of-function (LOF) screens were performed using human CRISPR knockout
pooled libraries GeCKOv2 (Addgene Cat #1000000048) and Brunello (Addgene Cat #73179) using a
well-established protocol.** The one-vector system cloned into a lentiCRISPRv2 backbone was selected
for both libraries. MCF10A cells were lentivirally transduced with each library at a multiplicity of infection
(MQOI) of 0.3. 35 million cells were transduced for Brunello and 60 million cells for GeCKOv2. To maintain
adequate library representation, a sufficient number of cells were transduced to ensure at least 100X rep-
resentation assuming ~30% of the cells were successfully transduced. Cells were then selected with 1 ng/ml
puromycin for 72h, and passaged for 14 days to ensure an efficient CRISPR knockout was achieved before
screen selection was done. For the screens, 2 million cells were plated in 8 x 15cm dishes for a total of 16
million cells. sgRNA library expressing cells were positively selected with 5 cycles of Paclitaxel (PTX) at
7.5nM or Doxorubicin (DOX) at 30nM. Concentrations used reduced cell viability by 85% (PTX) and by
50% (DOX), as determined by CellTiter-Glo® assays. Cells were treated with paclitaxel for 24h before
washout, allowed to recover before passaging at least once, and propagated to have enough cells for
the next cycle. Each cycle lasted around 7 — 10 days. Genomic DNA was extracted from cells before and
after 5 cycles of selection (Agilent, Cat #200600). A 2-step PCR was performed to amplify the sgRNA-con-
taining region of interest and then to add adaptors and barcodes to the amplicons for multiplex deep
sequencing on the lllumina HiSeq 2500 platform. For the 1% step, multiple tubes of DNA amounting to a
total of 45pg (GeCKOvV2) and 30pg (Brunello) were amplified. PCR clean-up was performed (Qiagen, Cat
#28104) before gel extraction of the expected band. 60ng of amplified DNA was subjected to 2" step
PCR to add P5 and P7 primers. Both PCR steps were performed using PfuUltra Il Hotstart PCR Master
Mix following the manufacturer’s protocol. The PCR cycling parameters for both steps were as follows:

Temperature Time No. of cycles
95°C 2 min 1

95°C 30s 30

53°C 30s 30

72°C 30s 30

72°C 10min 1

4°C Hold N/A

The FASTQ sequences of both libraries were separately counted and annotated, and then merged by
homemade R scripts. Quality control (QC) and the identification of gene-level hits were conducted using
the meta-analysis algorithm ScreenBEAM. sgRNAs from both GeCKOv2 and Brunello libraries were
combined for hit identification using the benchmark of Z-score >1.96.

1 replicate was done for each library (positive screening process). 2 independent rounds of sequencing
were done. The 1°*round had 4 replicates for the parental libraries and 2 replicates for the PTX/DOX exper-
imental groups, where gDNA extraction and subsequent steps were performed independently. The 2"
round of sequencing had 1 replicate for each experimental group (parental, PTX, DOX).

Cell viability

Cell viability was assayed using CellTiter-Glo® Luminescent Cell Viability Assay (Cat #G7571). Cells were
seeded at comparable confluency at 10,000 cells/well for MDA-MB-231 and 25,000 cells/well for MDA-
MB-453 in 96-well clear bottom, white polystyrene microplates (Corning, Cat #3903) and treated with
respective drugs the following day. Cells were treated for 72h before drug-containing media was removed
and washed once with 1X PBS. Equal volumes of fresh media and CellTiter-Glo® reagent were added.
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Plates were incubated on a rocker for 2 minutes, after which endpoint readings at luminescent settings
were performed using a SpectraMax M5 microplate reader (Molecular Devices).

Western blotting

MDA-MB-453 or MDA-MB-231 cells were seeded in 6 cm dishes and grown to near-confluency. Cells were
washed with 1X PBS and treated with increasing concentrations of Afatinib (25nM to 2uM) for 24h in 0.5%
FBS DMEM and then stimulated with 50nM of EGF (Sigma, Cat #E9644) for 15min before washing with 1X
PBS and lysis in 1X RIPA buffer containing a protease inhibitor cocktail (Roche, Cat #04693132001). Protein
quantification was performed using Bio-Rad Protein Assay Dye (Bio-rad, Cat #5000001), and samples were
prepared in 4X Laemmli buffer (Bio-rad, Cat#1610747) and heated at 95°C for 5min. Proteins were resolved
by 8% SDS-PAGE gels, transferred to nitrocellulose membranes, and blocked with 5% BSA in PBS-T for 1h.
The membranes were probed with the following primary antibodies according to the manufacturer’s rec-
ommended dilutions: phospho-Tyr (CST, #9411), phospho-EGFR (Y1173) (CST, #4407), EGFR (CST #2232),
phospho-ERK1/2 (CST, #4370S), ERK1/2 (Santa Cruz, sc-94), phospho-Akt (S473) (CST, #3787), Akt (CST,
#4691), B-actin (Santa Cruz, sc-47778). Membranes were washed 3 times for 5min each with 1X PBS-T
and incubated with HRP-conjugated anti-rabbit or anti-mouse antibodies (GE healthcare, Cat#NA%34V,
#NA931V) at 1:5000 dilution in 5% milk in PBS-T for Th. After washing with 1X PBS-T, signals were detected
using chemiluminescent substrate SuperSignal West Pico Plus (Thermo Scientific, Cat #34580).

QUANTIFICATION AND STATISTICAL ANALYSIS

snRNA-seq analysis

Data download and alignment to hg38

Following the initial study of single-nuclei transcriptome of 6,862 cells across 8 patients who underwent
pre-, mid-, and post-neoadjuvant chemotherapy (NAC)'*, we were able to access a subset of data including
paired-end.fastq files for 3,546 cells from Sequencing Reads Archive (SRA) under study id ‘SRP114962".
These reads were mapped to hg38 using STAR aligner®' (—outFilterScoreMinOverlLread=0.3,—outFilter-
MatchNminOverlLread=0.3). As a first-pass filter for quality control, cells with alignment rate <30%, and
a number<100,000 reads were filtered out, leaving 3,167 cells for further analysis.

Expression quantification

The mapped transcript counts were called by hg38 Ensembl transcript id, and processed according to the
recommended workflow from R package scran.®” Cells were further screened with multiple criteria within
the workflow (Figure STA). Firstly, outlier cells with low library size and endogenous reads with MAD <-3
were filtered out. To determine the mitochondrial rate threshold to filter out apoptotic cells, we tested
the enrichment of TNBC chemoresistance signatures across a range of the thresholds (Figure S2), and
identified >50% as a reasonable threshold that balances the signature enrichments and the number of
remaining cells (Figures STA and S1C). Overall, 2,849 cells eventually remained, and Transcripts Per Million
(TPM) values were calculated for further analyses (see Table 1 for a breakdown of cell numbers). The
normalized, log-transformed counts were further adjusted for loading date with systematic batch and
mitochondrial rate as biological confounders using removeBatchEffect() from limma.?°

Unsupervised cell clustering

We utilized scran (1.10.1) R package for unsupervised clustering of the single-cell RNA-seq data. Unsuper-
vised clustering based on random walk community detection, namely walktrap algorithm,® was applied by
constructing k-nearest neighbor (kNN) graph in first 10 PCs. With kNN={N. (N. = number of cells), it
yielded 10 cell clusters (see Figure 2A). We utilized "“findMarkers()” function in scran R package to identify
the cell cluster markers with FDR <0.05 and |log2(overall fold change)| > log2(1.2).

Molecular subtyping of individual cells

We also performed PAMS50 subtyping on the single-nuclei transcriptome to classify their molecular charac-
teristics. Using normalized, log-transformed single-cell expression with ‘molecular.subyping()’ function
from genefu R package (v2.16.0),”" the molecular subtypes of individual cells were called with subtype
probability >50%.
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Trajectory inference

We utilized R package slingshot (v 1.2.0) to infer the trajectories of cancer cells depicting pseudo-temporal
transcriptomic changes during chemotherapy. slingshotrequires cell cluster assignments and the initial cell
cluster as the inputs. To identify the initial cell cluster, we performed slingshot for each patient to track
patient-wise temporal dynamics and merged the individually inferred pseudo-times. For each patient,
unsupervised cell clustering was performed and clusters with the most cells from pre-NAC were selected
as the initial cluster for the lineage inference (Figures S4A andS4B). These pseudo-times were then summa-
rized per cell cluster in the merged data, and the cell cluster with the overall minimum pseudo-time was
selected as the initial time point to infer the overall cell lineages. The gene expression correlating to the
lineages was identified by Spearman;s correlation analysis using cor.test() function in stat R package.
Among the significantly upregulated genes with FDR <0.05, the top 500 genes were chosen for
pathway/function enrichment analysis by Fisher's Exact Test (FET). The results from Spearman correlation
and FET are reported in Table S3.

Chemoresistance signature collection
We collected TNBC chemoresistance signatures from single nuclei RNA-seq, bulk data (METABRIC), and

in vitro models of TNBC. A detailed description of statistics and signature summaries can be found in
Table S4.

Chemoresistant signatures from scRNA-seq

We analyzed differentially expressed genes (DEGs) by comparing cells from chemoresistant (R) or-sensitive
(S) patients, and post- or pre-neoadjuvant chemo-treatments (post-/pre-NAC). Firstly, NAC response sig-
natures within the chemoresistant patients were first identified within each patient using DESeq2 (version
1.20.0)°° by contrasting cells from post-NAC with pre-NAC (R: Post-vs- Pre). After obtaining up- or down-
regulated signatures |fold change| (|FC|) > 3 and FDR <0.05 within each patient, we intersected the signa-
tures across the patients to finalize the signature, yielding 446 and 1,150 up-and down-regulated genes
respectively. Next, we identified time point-specific chemoresistance signatures by contrasting cells
from chemoresistant patients with those from chemo-sensitive patients within post-NAC or pre-NAC cells
(Post:R-vs- S or Pre:R-vs- S). For Post:R-vs- S comparison, post-NAC cells across chemoresistant patients
were aggregated and compared against post-NAC cells across chemosensitive patients by DESeq?2 pipe-
line with |[FC| > 3 and FDR <0.05 (8,611 and 528 up- and down-regulated genes respectively). Similarly, for
Pre:R-vs- S comparison, there were 3,528 and 583 up- and down-regulated genes respectively. The strin-
gent fold change threshold was due to the inflated DEGs with lower fold changes. For instance, |FC| > 2
with FDR <0.05 yielded over 6,000 up-regulated genes in chemoresistant cells compared to sensitive cells.
As single-cell RNA sequencing data are known to be noisy and dependent on distinct cell populations, we
applied |FC| > 3 to further eliminate false positives emerging from such noisy data.

Further, we identified chemoresistance signatures within each cell cluster by contrasting cells from the
chemoresistant patients with those from chemosensitive patients with |FC| > 2 and FDR <0.05.

Chemoresistant signatures from in vitro experiments

We searched Gene Expression Omnibus (GEO) and identified a Paclitaxel chemoresistance signature by
contrasting acquired chemoresistant TNBC cell lines against the respective parental cells across multiple
TNBC cell lines (BT20, SUM149, MDA-MB-231, MDA-MB-436, and MDA-MB-468) under accession number
GSE90564. The DEGs were called with (FC > 1.2 or FC < 1/1.2) and FDR <0.05 using limma.?° Similarly, the
resistance signatures of BET bromodomain inhibitor, JQ1, were obtained by contrasting TNBC cells
(SUM149 and SUM159) with acquired resistance against the parental cells (GEO accession: GSE63582).""
Two types of exposure, DMSO and JQ1, were considered separately per cell line, and this led to cell
line and exposure-specific JQ1 resistance signatures.

Sample clustering by cell cluster markers and immune/stromal cell abundances

We sought to calculate sample-wise enrichment of the tumor cell cluster markers from chemoresistance
promoting trajectories (trajectory-I &-IlI), in the 288 and 157 TNBC samples in METABRIC?” and TCGA,*®
respectively. Overall, computational workflow consists of three major steps i) tumor cell cluster marker
identification as the gene signature, ii) identification of stromal/immune contents low bulk samples to infer
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the tumor cell signature enrichments, then iii) Gene Set Variation Analysis (GSVA)?° to evaluate the tumor
cell signature enrichments. The overall computational workflow is illustrated in Figure S6A.

We chose GSVA over current state-of-art cell type deconvolution methods such as CIBERSORT,®® xCell,*’
or MuSiC®® to infer the tumor cell abundances in the bulk transcriptomes. These cell deconvolution
methods assume gene signatures for all cell types are available to infer the cell type compositions in the
bulk data, but Kim-snRNA-seq data lacked major immune and stromal cell populations (Figure 2B), and
were insufficient to apply the cell type deconvolution analysis. Alternatively, we postulated that tumor sam-
ples with low stromal/immune contents are more suitable to leverage the tumor cell signatures from the
Kim-snRNA-seq data, encoding aberrantly activated tumoral pathways in acquired chemoresistance.
Thus, we utilized Gene Set Variation Analysis (GSVA) to evaluate the sample-wise enrichments of the tumor
cell signatures and inferthe degree of chemoresistance driving pathway activation.

To extract the tumor cell signatures from the Kim-snRNA-seq data, we performed the marker detection
analysis in scran with “findMarkers()" function®* and extracted the top 500 marker genes showing the
largest expression fold changes with FDR <0.05 per tumor cluster. We note that the top 500 genes were
chosen uniformly to all tumor cell clusters so that the enrichment of the equally sized gene signatures allow
for comparisons across different tumor cell clusters, in contrast to the marker signatures with different sizes
by numerical thresholds (e.g. expression fold change). We also compared the GSVA results by using top
250 markers to evaluate the robustness of the findings (Figure S5). Overall, we repetitively observed that
findings from using the top 500 markers in the results from using the top 250 markers. These include
poor prognosis of patients showing enrichments of C3, C4, and C9 signatures (cluster 4 and 6, Figure S10A),
analogous to cluster 1 in Figure 3A, and good prognosis of patients showing the absence of C9 signatures
(cluster 2, Figure S10A), analogous to cluster 4 in Figure 3A. With the robustness of the results in different
numbers of top cluster markers, we chose the top 500 marker genes for the subsequent analysis of
METABRIC and TCGA bulk transcriptome cohorts.

To choose the bulk samples with low immune/stromal contents, we utilized ‘Estimation of STromal and Im-
mune cells in MAlignant Tumours using Expression data’ (ESTIMATE) method”” to infer the stromal and
immune cell abundance, where a lower ESTIMATE score indicates higher tumor purity. Then, we selected
the samples below the mean ESTIMATE scores in METABRIC (Figures S6B andSéC), and TCGA
(Figures S6D andSéE). For METABRIC cohort, the mean was calculated by modeling the ESTIMATE score
distribution with bimodal normal distribution as the distribution was not fully explained by the unimodal
model (Figure S6B) by Shapiro-Wilk test (p=1.34E-4). The mean value from the dominant peak was used
as the threshold to identify low stromal/immune content samples (Figure S6B). For TCGA cohort, the
distribution was normally distributed (Shapiro-Wilk p=8.11E-1), hence the mean of the unimodal model
was used as the threshold (Figure S4E).

To calculate the enrichment scores, we performed GSVA by running “gsva()” command with method="
gsva” parameter in GSVA R package”® on the stroma/immune-low samples. The “gsva” method calculates
the normalized enrichment score within the range of [-1,1], where the enrichments are captured in (0,1],
depletion in [-1,0), and 0 corresponds to no patterns of enrichment or depletion in individual samples.

Then, we performed sample clustering on stroma/immune-low samples by grouping samples with similar
enrichment patterns of the tumor cell marker genes. The sample-to-sample distance was calculated by cor-
relation distance, dj = |/2(1 — p;), p; = Pearson’s correlation, a metric distance with d=0 if p;=1, d;=2 if
p;=1. This was followed by hierarchical clustering with complete linkage distance.®” The adequate number
of clusters (k) was inspected by checking for common elbows in k-vs- average silhouette width curve, and
k-vs- adjusted Dunn’s index®” in k ranging in [2,10] (Figures S4F andS4G).

Finally, the prognostic significance of the clustering results was evaluated by testing if the survival curves in
different sample clusters (hence patient clusters) are significantly different via G* family of tests’® imple-
mented in “survdiff()” function (from the survival R package).”’ Then, the individual clusters associated
with poor or good prognoses were identified by Mantel-Haenszel chi-square statistic,”' measuring the de-
viation of the observed number of events (i.e. death or disease recurrence) from the expected number of
events.

¢? CellPress

OPEN ACCESS

iScience 26, 106064, February 17, 2023 21




¢? CellPress

OPEN ACCESS

Survival signatures from METABRIC

Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) included the largest TNBC
cohort of 286 bulk samples with disease-free progression follow-up, and we sought to identify prognostic
gene signatures from METABRIC transcriptome data. Although disease-free progression itself is not a
direct indicator of chemoresistance, it may serve as a sub-optimal indicator as chemotherapy is the stan-
dard-of-care option for diagnosed patients, and relapse within 3-5 years is the major risk factor leading
to poor prognosis.”” Within the chemoresistant transcriptome, we postulated that both intra-tumoral path-
ways and tumor micro-environment with varying stromal or immune cell abundance are the confounding
factors.

We hypothesized that tumor-purified (TP) samples would show distinctively low ESTIMATE scores, in
contrast to samples with high immune/stromal micro-environment contents (HTME) showing high
ESTIMATE scores. Thus, we modeled the ESTIMATE scores from METABRIC cohort with bimodal distribu-
tions. The fitted bimodal distribution yielded two peaks, namely: a high tumor purity peak (urp, red peak,
Figure S12B), and a high stromal/immune contents peak (uymve, green peak, Figure S12B). We then strat-
ified the samples according to the peak locations. TP samples were defined as low ESTIMATE score sam-
ples with < prp + 3o7p (o7p: standard deviation of the red peak in Figure S12B). Similarly, HTME samples
were defined as high ESTIMATE score samples with > pyrve. We classified the intermediate samples
with prp + 3o1p< ESTIMATE score < pyrme as tumor-enriched (TE) samples. Overall, we classified tumors
into tumor purified (TP) with low ESTIMATE scores, tumor enriched (TE) with intermediate ESTIMATE
scores, and high tumor micro-environment (HTME) with high ESTIMATE scores to further guide the sample
clustering analysis.

We classified the samples into TP, TE, and HTME groups, and Cox proportional hazard (Cox PH) model”?
was used within each group to evaluate the correlation between individual gene expression and disease-
free prognosis. Furthermore, samples were stratified by median values of individual gene expression and
tested for the significant difference in disease-free prognosis between expression-high and —low groups.
Overall, gene expression associated with good prognosis was defined as Hazard ratio <1 with Cox p-value
<0.05 by Cox PH and log-rank p < 0.05, and gene expression associated with poor prognosis was defined as
Hazard ratio >1 with Cox p-value <0.05 by Cox PH and log-rank p < 0.05.

Deriving consensus signature of TNBC chemoresistance

We interrogated NAC-treated single-nuclei transcriptome, '* the transcriptome of resistant TNBC cell lines
after prolonged exposure to Paclitaxel (GEO accession: GSE90564) or JQ1 (GEO accession: GSE63582)""
and survival-associated gene signatures in METABRIC cohort (see chemoresistance signature collection in
STAR Methods).

Then, we identified robustly activated pathways in chemoresistant tumors (i.e., consensus signatures) which
a synthetically lethal drug could then target with a conventional chemo-regimen, Paclitaxel. We reasoned
that these pathways should overlap across multiple chemoresistance signatures due to their robustness,
and yet manifest slightly differently from study to study due to noise. To account for this, we evaluated
the overlapping genes co-occurring across the pool of collected chemoresistance signatures to detect
the adequate co-occurrence threshold balancing the signature robustness over the noise.

In the co-occurrence-vs- overlap size curve (Figure S13A), the co-occurrence of 4 emerged as the elbow
point, indicating this as the optimal co-occurrence threshold to derive the overall consensus signature
(red line, Figure S13A), and yielded 1,524 consensus genes. The overlap between the consensus and
individual seed signatures is shown in Figure 4A.

RNA-sequencing data analysis of treated and untreated MDA-MB-231 cells

The 150bp paired-end RNA-sequencing data were generated from Illumina NovaSeq platform. The reads
were mapped to hg38 by STAR aligner (v2.7.5b),”* and the gene counts for fragments mapped into exonic
regions were called for hg38 ensembl genes by featureCounts in subread package (v2.0.1, parameters:-t
exon-g gene_id-p).”” Overall, uniquely mapped reads ranged from 34 to 54 million reads (Table S6A).
The gene counts were subsequently normalized by Counts Per Million (CPM), followed by Trimmed
Mean of M (TMM) scaling normalization.”® t-distributed stochastic neighbor embedding (t-SNE) of the
normalized expressions revealed a distinct separation between two groups of replicates (rep 1 & 2 against
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rep 3 &4), regardless of drug treatments (Figure S14B), and these groups coincided with sample RNA con-
centrations. To evaluate the impact of RNA concentration, we adjusted each gene expression for RNA con-
centration by utilizing ‘Im()" in R (v3.6.1), and the adjustment gathered each treatment group into distinct
clusters in the adjusted t-SNE plot (Figure S14C). Thus, we treated RNA concentration as the confounding
variable in the subsequent differential expression analysis between each drug treatment group (Paclitaxel,
afatinib, and a combination of both) and DMSO-treated samples by performing limma (v3.46.0).7°
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