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W Check for updates

Circulating tumor cells (CTCs) drive metastasis, the leading cause of
deathinindividuals with breast cancer. Due to their low abundancein
the circulation, robust CTC expansion protocols are urgently needed to

effectively study disease progression and therapy responses. Here we
present the establishment of long-term CTC-derived organoids from
female individuals with metastatic breast cancer. Multiomics analysis of
CTC-derived organoids along with preclinical modeling with xenografts
identified neuregulin1 (NRG1)-ERBB2 receptor tyrosine kinase 3 (ERBB3/
HER3) signaling as a key pathway required for CTC survival, growth and
dissemination. Genome-wide CRISPR activation screens revealed that
fibroblast growth factor receptor 1 (FGFR1) signaling serves acompensatory
function to the NRG1-HER3 axis and rescues NRG1 deficiency in CTCs.
Conversely, NRG1-HER3 activation induced resistance to FGFR1inhibition,
whereas combinatorial blockade impaired CTC growth. The dynamic
interplay between NRG1-HER3 and FGFR1 signaling reveals the molecular
basis of cancer cell plasticity and clinically relevant strategies to target

it. Our CTC organoid platform enables the identification and validation

of patient-specific vulnerabilities and represents an innovative tool for
precision medicine.

Breast cancer (BC) treatment and prognosis have been greatlyimproved
in recent years. Nevertheless, metastatic BC (MBC) remains incur-
able. BC cells spread mainly to the lungs, liver, bones, lymph nodes
and brain, and the source of these metastases has been suggested to
be circulating tumor cells (CTCs) with metastasis-initiating ability".
Even though CTC enumeration serves as a prognostic marker®?, CTC
biology remains poorly understood*. Notably, the field still lacks a
standardized method for the functional characterization of CTCs,
which s essential to unveil the mechanisms and pathways involved in
tumor spreading, dissemination and colonization to distant organs.
Thescarcity of CTCsinblood and the difficulty of culturing them limit
their use for functional analyses. Limited publications have reported
the possibility of expanding CTCs from few patients with MBC (MBCPs)
with extremely high CTC numbers’®”. Nonetheless, a systematic and

detailed assessment of the in vitro conditions required to generate
long-term propagatable CTCs is lacking®. Liquid biopsies are easy to
obtainand almost noninvasive, and they provide a continuous source
of tumor-derived material (CTCs or circulating cell-free tumor DNA),
granting the possibility of longitudinal sampling. The establishment of
experimental platforms supporting reliable isolation and expansion of
CTCsistherefore of greatinterest due to relevant clinical implications’,
including the identification of adaptive resistance mechanisms and
CTC plasticity in response to environmental challenges'®".

A recent study suggested that CTC lifespan is the most critical
parameter governing metastasis'’. Hence, identification of the path-
ways responsible for CTC survival represents a crucial step for block-
ing CTC dissemination. The treatment algorithms for MBC are mainly
decided based on estrogenreceptor (ER), progesterone receptor and
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ERBB2 receptor tyrosine kinase 2 (ERBB2/HER2) expression, assessed
by immunohistochemistry (IHC) staining of the primary tumor. To
date, HER2 inhibitors, such as trastuzumab, pertuzumab, tucatinib,
lapatinib and HER2-directed antibody-drug conjugates (such as tras-
tuzumab deruxtecan), are the standard approaches exclusively for BC
with HER2 amplification even though HER2-expressing cells also exist
inHER2/HER2"° BCs™*, Indeed, arecentlandmark study demonstrated
that treatment with trastuzumab deruxtecan significantly prolonged
progression-free survival inindividuals with HER2'° BCY, highlighting
therelevance of the HER2 pathway in MBC irrespective of the HER2 IHC
score determined at diagnosis. HER2 activates downstream oncogenic
signaling via the PI3K-AKT, MAPK and JAK-STAT pathways, mainly by
dimerizing withiits partner HER3 (ref. 16), which contains the binding
pocket for the ligand neuregulin 1 (NRG1). Although the NRG1-HER3
pathway has been studied in BC" and other entities™, only limited
information is available onits rolein MBC CTCs.

Here, we established a method for the long-term expansion of
MBCP-derived CTCs from multiple liquid biopsy sources. Using this
platform, weidentified NRG1as akey factor that promotes HER3* CTC
survival, facilitating metastatic growth. Moreover, we uncovered FGFR1
signaling as a compensatory mechanism able to sustain CTC survival
and growth in the absence of NRGL1. Last, we provide functional data
showing that combinatorial blockade of NRG1 and FGFR1 signaling
could efficiently target CTCs in MBCPs.

Results

Role of NRG1in metastasis and CTC-derived organoid
establishment

Intheinitial attempt to establishin vitro conditions for MBCP-derived
CTCs, we pre-expanded cells in vivo, generating xenografts where
CTCs (CTC-derived xenograft (CDX))" or cells collected from effu-
sions (effusion-derived xenograft (EDX))' were transplanted into
immunocompromised NOD.Cg-Prkdcscid I2rgtm1W;jl/Sz) (NSG) mice.
We thenisolated tumor cells from the xenografts and expanded them
in a serum-free molecularly defined medium containing different
supplements that support the organotypic growth of primary cells
(first-generation G1 medium). CTC-derived organoids (CDOs) were
expanded as three-dimensional structures, either in a matrix-free
condition orembedded ina collagen-based chemically defined floating
matrix®°. Using this strategy, we successfully established and expanded
atotal of six different CDX or EDX models for more than 20 passages
while preserving their genetic profile (Fig. 1a and Supplementary
Table1). Only in one out of six models did cells acquire an additional
mutation in SMAD4 at passage 14, with concomitant change in their
morphology (Extended Data Fig.1a). Importantly, the CDOs faithfully

recapitulated the original individual and matched xenograft subtypes
(Extended Data Fig. 1b). Thus, we were able to establish human BC
CDOs from CDXs and EDXs while maintaining patient-specific char-
acteristics.

To avoid the time-consuming patient-derived xenograft (PDX)
pre-expansionstep and thus be able to analyze tumor cellsinthe labora-
tory in parallel to the clinical course of disease, we tested the efficacy
of the G1 medium in supporting the expansion of CTCs directly iso-
lated from MBCP liquid biopsies. G1 was not sufficient to promote cell
proliferation nor to maintain cell survival of CTCs in vitro. Therefore,
to optimize culture conditions for primary CDOs, we performed tran-
scriptomic analysis on primary and metastatic cells from preclinical
xenografts with the aim of identifying the molecular pathways critical
for CTC growthinvivo (Fig.1b). Tostudy the early stages of cell spread-
ing and distant organ colonization after primary tumor removal, we
analyzed the micrometastatic stage whereby only small clusters of cells
were present (Fig.1c). As expected, interparticipant heterogeneity was
larger thantheintraparticipant differences between primary and meta-
static cells (Extended Data Fig. 2a). Within each individual, primary
tumors clustered separately from metastatic cells, suggesting substan-
tial transcriptional differences already at the micrometastatic stage.
Asallthe models consistently gave rise to lung metastases while other
organs were differentially colonized, we focused on lung-metastatic
cells. Here, we found an NRG1-dependent signature? that was strongly
enriched in lung-colonizing cells compared to in the primary tumor
(Fig. 1d and Extended Data Fig. 2b). Based on these results, we sup-
plemented the G1 medium with NRG1 (20 ng mI™) along with other
factorsthatare beneficial for ex vivo carcinoma cultures, namely FGF3,
FGF7,FGF8, FGF9, FGF10, noggin, gremlin-1, SB431542 (activin-BMP-
TGFp pathway inhibitor) and Y27632 (ROCK inhibitor)***. To test this
now-termed G2 formula, we established a protocol to isolate CTCs
directly from MBCP blood by diagnostic leukapheresis (DLA; CTC596).
The DLA product was processed by depletion of hematopoietic and
endothelial cells, followed by enrichment of EPCAM'CD45™ CTCs by
fluorescence-activated cell sorting (FACS; Fig. 1e and Supplementary
Fig.1). Both our G1 medium and previously reported CTC medium’
were not sufficient to promote cell proliferation nor to maintain CTC
survival. By contrast, G2 medium allowed the exponential growth
of CDOs over time, with a significant reduction of apoptotic and
necrotic cells compared to CDOs in the original G1 medium (Fig. 1f,g
and Extended DataFig. 3a,b).

Toidentify the essential supplements required and sufficient for
the robust proliferative effect of G2 medium, each molecule/growth
factor was tested separately by either the addition to G1 medium or
removal from G2 medium, respectively. Remarkably, although none

Fig.1|NRGlsignaling is upregulated in metastasis-initiating cellsin vivo
and is crucial to establish primary CDOs. a, CDX and EDX in vitro models.
Scale bar, 20 pm. BPE, pleural effusion from a patient with breast cancer; BA
peritoneal effusion from a patient with breast cancer b, In vivo preclinical
model of spontaneous metastatic formation. ¢, Representative IHC images of
mammary fat pad (MFP) tumor (hematoxylin and eosin (H&E)) and matched
lung-colonizing cells detected using human-specific antibodies to CK19 and
Ki-67; experiments were repeated three times independently with similar
results. d, Gene set enrichment analysis (GSEA) applying the ‘Nagashima NRG1
signaling up’ signature? to the dataset of sorted lung-colonizing cells (Lungs) and
matched primary tumor cells (MFP tumor); NES, normalized enrichment score;
FDR, false discovery rate; FC, fold change. e, CTCisolationand in vitro direct
expansion workflow. f, CTC596 cell growth under different medium conditions
using the CellTiter Blue (CTB) assay. Mean values were normalized to day O

for each condition and log,, transformed to enhance approximate normality.
Data are shown as mean + s.e.m.; n =3 biological replicates for G1 + Y27632

and G1+ NRG1 +Y27632; n = 4 biological replicates for G1, G1+ NRG1and G2.
Datawere analyzed by two-way analysis of variance with a Dunnett’s multiple
comparisons test; G1+ NRG1, P=0.0002; G1 + Y27632, G1+ NRG1 +Y27632

and G2, P<0.0001, each versus Gl medium at day 7. g, Top: clonogenic assay
representative brightfield images. Scale bar, 10 um. Bottom: stacked bar plot
showing the percentages of colonies (green), proliferating cells (orange),
surviving cells (blue) and dead cells (black). Data are shown asmean +s.d.;
n=2biological replicates for 5% O, G1+ NRG1 + Y27632, G1 + NRG1 + Y27632;
n=3biological replicates for G1 + Y27632, G1 + NRG1and G1. h, Cell cycle

phase distribution (S (orange), G2 (blue) and GO/G1 (black)) after 48 h under
different medium conditions. Data are shown as mean + s.e.m.; n = 3 biological
replicates. Data were analyzed by two-way ANOVA test with a Dunnett’s multiple
comparisons test versus G1; NS, not significant; GO/G1: +Y27632, P= 0.0034;
+NRGL, P=0.0004; +NRG1 +Y27632, P< 0.0001.S: +NRG1, P=0.0092;
+NRG1+Y27632, P< 0.0001.1i, Top: representative brightfield images of CTC596
organoids without (left) or with (right) NRG1 (20 ng ml™). Scale bars, 100

um. Bottom: organoid quantification. Bars represent the mean, and each dot
represents a technical replicate (n = 4). j, Representative western blot showing
phosphorylated and total levels of AKT, ERK1/ERK2 and FAK, with or without
NRG1 (20 ng ml™, 10 min). Experiments were repeated two times independently
with similar results.
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ofthe single growth factors tested was able to completely recapitulate
the effects observed using G2, NRG1 and Y27632 promoted survival
and proliferation when added individually to the G1 medium (Fig. 1h,i).
Strikingly, by adding both NRG1 and Y27632, a synergistic effect on
CDO growthwas observed, and the addition of both compounds fully
phenocopied the growth mediated by G2 (Fig. 1f-h and Methods).
We therefore defined ‘CTC medium’ as G1 + NRG1 + Y27632. Interest-
ingly, we observed that low oxygen (5%) enhanced cell viability and
colony formation (Fig. 1g), similar to what was observed for induced
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sufficient to phosphorylate and activate HER3 and AKT in CTC596 cells
(Extended Data Fig. 3d).

Together, our data demonstrate that NRG1 signaling plays a key
roleinthe establishment and growth of primary CTCsin vitro.

Long-term CDOs from individuals with MBC

After successful generation of the first long-term CDO, we established
additional CDOs from different MBC liquid biopsy sources. To select
samples with higher CTC numbers, we enumerated relatively intact
CTCsinblood using the Food and Drug Administration-approved Cell-
Search systeminacohort of 567 MBCPs treated at the National Center
for Tumor Diseases (NCT) in Heidelberg fromJanuary 2017 to April 2022
(Fig.2a).In263 (46.38%) samples, CTCs were not detected, 165 (29.10%)
individuals showed between1and 9 CTCs, 110 (19.40%) individuals
showed between 10 and 100 CTCs, and 28 individuals (4.94%) showed
more than 100 CTCs (Fig. 2b). Survival correlated with the number of
CTCs, with a median survival of 1,129 days in individuals where CTCs
were not detectable, 492 daysinindividuals with CTC counts between1
and 9,267 daysinindividuals with CTC counts between 10 and 100 and
254.5 days in individuals with more than 100 CTCs (Fig. 2c). Next, we
collected additional liquid biopsies from individuals with the highest
(>100) CTC counts for CDO generation. From 8 of 12 samples (66.7%)
available, we successfully generated long-term CDOs: three from DLA
and five from peripheral blood (Extended DataFig. 4a). Inaddition, we
established CDOs from effusions from two individuals, one of which
contained no CTCsintheblood. The modelsincluded allmajor subtypes
of BC: hormonereceptor'HER2” (HR*'HER2; luminal), HR"HER2" (triple
negative BC (TNBC)) and HER2" (Fig. 2d and Supplementary Table 1).
The absence of cross-contamination with cell lines and the match
between CDOs and the corresponding participant were confirmed
(Extended Data Fig. 4b,c). CDOs were profiled for genetic alterations
using participant-matched biopsies of tumor lesions as references
and matched buffy coats as germline controls®. As expected, TP53and
PIK3CA were the most frequently mutated genes, followed by APCand
CDH1I (Fig. 2e and Supplementary Table 2). Moreover, copy number
analysis highlighted a strong consistency between the genomic profiles
of CDOs and matched participant profiles (Extended Data Fig. 4d).
Of note, a gain of chromosome 1q (chrlq; CTC1119 and CTC1063) or
loss of chr16q (CTC1296, CTC775 and CTC1106) was observed in the
matched CDOs and participant samples, in line with what was previ-
ously reported for HR* BCs. In TNBC-derived CTC1273 and CTC1007
cells, atypical gain of chrlOp was detected in both CDOs and matched
participant samples®. All models were also subjected to transcrip-
tomic analysis. Principal component analysis (PCA) showed that
transcriptomes clustered primarily by participant ID, as expected.
Nonetheless, the BC subtype was the main driver of PC1 separation
because TNBC-derived CDOs clustered separately from either HER2*
or luminal-derived CDOs (Fig. 2f). CDO heterogeneity was highlighted
by varyinglevels of EpCAM, vimentin, Ki-67 and ER expression (Fig. 2g
and Extended Data Fig. 5a). Next, we demonstrated that the CDOs can

be used as a clinically relevant platform to model drug sensitivity or
resistance. Indeed, sensitivity to the selective PIK3CA inhibitors alpe-
lisib or taselisib”*® correlated with PIK3CA status (Fig. 2h and Extended
DataFig.5b). We then collected asecond liquid biopsy from participant
CTC1106 (Fig. 2i) who, after an initial response, developed resistance
to alpelisib/fulvestrant as assessed by computed tomography scans,
tumor markers and reduced general condition. The second established
CDO from CTC1106 at time point ¢, showed lower sensitivity to either
alpelisib or taselisib than t; CDOs (Fig. 2j and Extended Data Fig. 5¢),
recapitulating the clinical resistance status of the participant at this
stage.

Together, we generated 11 primary CDOs from liquid biopsies of
10 MBCPs. These CDOs serve as a platform for studying how cancer
cellsbecomeresistant to therapy over time.

HER3 s crucial for CTC growth and survivalinvivo

Given the critical role of NRG1in maintaining CDO survival and prolif-
eration, we next investigated the expression of ERBB family member
receptors (EGFR and HER2-HER4) relevant to mediating NRG1 intra-
cellular signaling. Among these, HER3, capable of directly binding
NRG1and preferred dimerization partner of HER2 (ref. 16), showed the
highest and most consistent, albeit heterogeneous, expression across
the different models (Fig. 3a and Extended Data Fig. 5d). HER3 protein
expression was detected in CDOs of all subtypes, matched xenograft
tumors (CDX) and matched participant primary tumors and metastases
(Fig. 3b and Extended Data Fig. 6a).

Single-cell transcriptomic analysis revealed heterogeneous
expression of ERBB3 in three primary uncultured participant CTCs
(Fig.3c,d, Extended DataFig. 6b,c and Supplementary Table 1). Analy-
sis of differentially expressed genes in ERBB3" compared to ERBB3"
clusters yielded 598 differentially regulated genes (Supplementary
Table 3) that we used to generate a HER3 gene signature. This signature
separated ERBB3" from ERBB3"° CTCswithin each participant (Extended
DataFig. 6d) and was highly enriched in lung-metastatic cells compared
to primary tumor cellsin the xenografts (Fig. 3e), indicating that HER-
3sienhigh cells may mediate lung metastasis formation. Importantly, our
CTCHER3 signature strongly correlates (R =0.82,P<2.2x10 ) witha
reported functional NRG1signature (‘NagashimaNRG1signaling up™),
which was obtained after short-term treatment of MCF7 cell lines with
NRG1 (Extended Data Fig. 6e). This is consistent with the functional
expression of HER3 and activity of its downstream signaling cascade
in CTCs of MBCPs.

To functionally dissect the role of HER3, we used CTC223 CDOs,
which were established and maintained in G1 medium lacking NRG1
and thus developed independently of exogenous NRG1. We engineered
CTC223 cells withan ERBB3-knockout (KO) allele orintroduced aninser-
tion-deletion-carrying non-functional (NF) allele defective for plasma
membrane expression (Extended Data Fig. 7a). As expected, both
ERBB3-KO cells and ERBB3-NF cells completely lacked NRG1-mediated
HER3 phosphorylation (Fig. 3f). Alledited CDOs showed similar growth

Fig.2|Systematic establishment and characterization of long-term CDOs
directly fromindividuals with MBC. a, MBCP cohort (n = 567). b, Distribution
of participants according to CTC number per 7.5 ml of blood using the CellSearch
system (Menarini). NA, not available. ¢, Probability of survival stratified by CTC
countin MBCPs (n = 566 participants). Data were analyzed by log rank (Mantel-
Cox) test, and the Pvalue of each comparison s reported. d, Left: isolation of
CTCs from peripheral blood or effusion products. Right: brightfield images of
the CDOs are shown. Scale bar, 50 pm. e, Mutational profile of the top ten most
commonly mutated genes in CDOs and matched participant lesions. f, PCA

plot using RNA-seq data from CDOs. Different tumor subtypes are indicated

with different shapes (HER2, circle; luminal, triangle; TNBC, square). RNA-seq
libraries were prepared in triplicates for each model. g, Representative IHC
images for H&E, ER, EpCAM, vimentin and Ki-67 protein expressionin CDOs from
the CTC1063 luminal subtype and CTC1125 TNBC subtype; n =1; scale bar, 50 pm.

h, Areaunder the curve (AUC) values for dose-response to alpelisib. A CTB assay
was performed after 72 h. Bars represent the median, and each dot represents the
AUC mean derived from two independent experiments for each CDO. CDOs were
grouped according to PIK3CA status: WT (left, n = 6) and mutated (mut; right,
n=4)CDOs.Datawere analyzed by two-tailed unpaired ¢-test; P= 0.0097.i, CTC
numbersin 7.5 mlof blood in longitudinal samples from participant CTC1106.
Anoverview of the treatment regimen is reported; PD, progressive disease; PR,
partial response. Dates are shown along the x axis. j, Plot representing the dose-
response of CTC1106 (blue, t,) and CTC1106 effusion (gray, t,) CDOs to alpelisib
treatment. A CTB assay was performed after 72 h. The CTB fluorescence value was
normalized to the viability of cells without the drug. Dots represent the mean;
n=2biological replicates. The average half-maximal inhibitory concentration
(IC,) values are reported.
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kineticsin the absence of NRG1; however, only cells carrying wild-type
(WT) ERBB3 (empty vector (EV)) responded to NRG1 treatment with
increased growth, whereas the two mutant CDOs were refractory
(Fig.3g).

We next tested whether blocking HER3-NRG1 signaling could
affect tumor growthin vivo by transplanting CDOs into the mammary
fat pad of NSG mice. ERBB3-KO-and ERBB3-NF-cell-derived tumors were
significantly smaller than ERBB3-EV controls (Fig. 3h and Extended Data
Fig. 7b,c). To specifically evaluate the role of HER3 in mediating lung
colonization independent of primary tumor growth, we performed
tail veininjections of each of the three ERBB3 variant cell lines (Fig. 3i).
After 5months, thousands of ERBB3-EV cells (average of 3,430.6; range
of1,649-7,074) colonized the lungs, but none or only a few cells were
detectedinthe ERBB3-KO (average of 1.25, range of 0-3) and ERBB3-NF
groups (average of 22.75, range of 0-71; Fig. 3j, left, and Extended
Data Fig. 7d). This was confirmed by bioluminescence quantification
(Extended DataFig. 7e-g). Consistently, we observed an average of 4.4
(range of 0-8.8) CTCs per ml of blood in ERBB3-EV transplant recipi-
ents, whereas no CTCs were detected in the circulationin the HER3-KO
or HER3-NF cohorts (Fig. 3j, right, and Extended Data Fig. 7h). Impor-
tantly, the reintroduction of WT ERBB3 into ERBB3-KO cells (rescue)
completely rescued the phenotype, confirming that HER3 is required
and sufficient for lung colonization (Fig. 3k). Lastly, interrogation of
The Cancer Genome Atlas (TCGA) reverse-phase protein array (RPPA)
cohort® revealed that HER3 is associated with poor outcome at the later
stage of BCwithrespect to bothrelapse-free survival (P=0.0046) and
overall survival (P=0.0074; Fig. 3l and Extended Data Fig. 8).

Collectively, these data suggest a crucial role for NRG1-HER3
signaling in CTC dissemination and lung colonization, raising the
possibility that high HER3 activity provides CTCs with propagating
and lung metastasis-initiating capacity.

FGFR1signaling circumvents HER3-NRG1 dependency in CDOs
Interestingly, although all established CDOs expressed high levels of
HER3, they showed variable dependencies on NRG1as measured by their
clonogenic outgrowth efficiency in the presence or absence of NRG1.
We identified an ‘NRG1-dependent’ group, which includes CTC596,
CTC1106, CTC782, CTC775 and CTC1296, and an ‘NRGl1-independent’
group, which includes CTC1063, CTC1119, CTC1007, CTC1125 and
CTC1273 (Fig. 4a).

Toidentify pathways that can compensate for NRG1-HER3 signal-
ing at the functionallevel, we performed a genome-wide CRISPR activa-
tion (CRISPRa) screen using NRG1-dependent CTC596 CDOs (Fig. 4b).
When NRG1 was withdrawn from the medium, we observed an initial
massive cell death, followed by regrowth of NRG1-independent clones
carrying specific single guide RNA (sgRNA), which we then collected
at two different time points (¢, and ¢,). The screen identified 41 genes
significantly enriched atboth ¢, and t, compared to theinitial time point

(to; Fig.4cand Supplementary Table 4). The top enriched hit was FGFRI
(Fig.4d), whichis also genetically altered in 20% of MBCs™.

To validate these data, we overexpressed FGFRI in CTC596 CDOs
using a CRISPRasystem with two different sgRNAs (1and 2), resultingin
either 5- or 400-fold FGFRI overexpression (Fig. 4e and Extended Data
Fig.9a). Although cell viability of control cells was reduced t015.6% 72 h
after removal of NRG1, as expected, FGFRI overexpression was sufficient
torescuethis phenotype, achieving 82.66% and 89.48% (FGFRIsgRNAs1
and 2, respectively) of viable cells despite the absence of NRG1 (Fig. 4f).
These results were further confirmed by clonogenic assays; although
71.88% of cells died and no colony formation was observed in control
cells in the absence of NRG1, FGFRI-overexpressing CDOs (sgRNA 1or
sgRNA 2) showed asignificantly lower percentage of dead cells (54.51%
and 39.23%, respectively) and a higher proportion of proliferating and
colony-forming cells in the absence of NRGI (Fig. 4g). These data sug-
gest that FGFRI overexpression fully compensates for the absence of
NRG], leading to a complete rescue of cell viability and clonogenic
growth potential.

To functionally validate this finding, we treated FGFRI-
overexpressing CDOs with a selective FGFR inhibitor (AZD4547). As
shown in Fig. 4h, FGFRI-overexpressing CDOs were highly sensitive
to AZD4547 in the absence of NRGI. Notably, cell viability reduction
induced by FGFR inhibition was completely rescued by adding NRG1.
We further validated the mutual compensatory effect of NRG1 and
FGFR1in our NRGl-independent CDX models (Extended Data Fig. 9b)
aswellasinall five NRG1-independent CDOs (Fig. 4i). Lower sensitivity
to AZD4547 was observed in the presence of NRG1, demonstrating that
in nongenetically manipulated CDOs, NRG1-HER3 signaling can also
rescue cell viability reduction induced by FGFR1inhibition.

Giventhe ability of NRG1to confer resistance to FGFR1inhibition,
we conclude that the FGFR1and NRG1-HER3 pathways are functionally
interdependentin BC cells. This suggests that the cells exhibit adaptive
plasticity, enabling them to switch between these pathways to promote
survival, proliferation and ultimately metastasis. Accordingly, we
investigated whether NRG1-dependent CDOs had lower baseline FGFR1
signalinglevels. AsshowninFig. 4j, compared to NRG1-dependent cells,
NRGI-independent cells indeed showed overall higher FGFRI mRNA
expression. These findings were confirmed using RNA-sequencing
(RNA-seq) data (Extended Data Fig. 9c) and were specific to FGFRI
(Extended Data Fig. 9d). Importantly, NRGl-independent CDOs dis-
played a corresponding enrichment in an FGFR1 activation signature
(Fig. 4k). To corroborate these findings in a larger and independent
cohort, we interrogated DepMap datasets. A positive correlation
between FGFRI expression and resistance to lapatinib was observed
notonlyinBC cell lines (Fig. 41 and Extended Data Fig. 9e) but also for
the entire PanCancer dataset (Extended Data Fig. 9f). Inline with this,
ERBB3 expression positively correlated with resistance to the FGFR
inhibitor AZD4547 (Extended Data Fig. 9g,h).

Fig.3|HER3 expression is crucial for CTC growth and survival invivo. a, ERBB3
expression; n =3 biological replicates. Box plots show the median and top and
bottom quartiles. Whiskers denote 1.5x the interquartile range. b, Representative
IHC images of HER3; n = 1; scale bar, 50 pm. ¢, scRNA-seq workflow. d, ERBB3
expressionin CD45 EpCAM* CTCs. ERBB3", turquoise; ERBB3", orange. €, GSEA
using the HER3 CTC signature on the dataset from Fig. 1b. f, Western blot showing
phosphorylated and total levels of HER3 with or without NRG1 (20 ng mI™%; 30

and 60 min) in ERBB3-WT or ERBB3-KO CTC223 cells; n=1.g, CTB assay with
(solid line) or without (dotted line) NRG1. Mean values were normalized to day

0 for each condition. Error bars indicate s.e.m.; n = 4 biological replicates for

all conditions but EV without NRG1 day 4 and EV with NRG1days 2,3and 4 (n=3
biological replicates). Data were analyzed by two-way ANOVA with a Tukey’s
multiple comparisons test. h, Top: in vivo tumorigenic assay workflow. Puro,
puromycin resistance; LUC, luciferase. Bottom: tumor growth quantification via
bioluminescence. Each dot represents a mouse; n =4 per condition. Box plots
show the median and top and bottom quartiles, and whiskers indicate minimum

and maximum values. Data were analyzed by two-tailed Mann-Whitney test;
KO1lversus EV, P=0.0286; NF versus EV, P=0.0286.1, In vivo metastasis assay
workflow. j, Box plot showing tumor cell number per mouse (left, EV, n=5mice;
KOland NF: n=4mice) and CTC number per ml of blood (right, EVandKO1,n=6
mice; NF, n=5mice). Each dot represents amouse. Box plots show median values
and top and bottom quartiles, and whiskers indicate minimum and maximum
values. Data were analyzed by two-tailed Mann-Whitney test (left, KO1versusEV,
P=0.0159; NF versus EV, P= 0.0159; right, KO1 versus EV, P = 0.0152; NF versus EV,
P=0.0152).k, Box plot showing ex vivo lung bioluminescence intensity. Each dot
represents amouse. Box plots show median values and top and bottom quartiles,
and whiskers indicate minimum and maximum values (EV and NF, n = 5 mice; KO1,
n=4mice). Datawere analyzed by two-tailed Mann-Whitney test (KO1versusEV,
P=0.0317; ERBB3rescue versus EV, P= 0.8413). 1, Relapse-free survival (RFS) in
ER"stage 3 BC according to HER3 protein expression interrogating TCGA RPPA
cohort; low, black; high, red; HR, hazard ratio.
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Together, these results demonstrate that the plasticengagement
of either FGFR1 or HER3 allows cancer cells to adapt to different envi-

ronmental cues.

Combined NRG1 and FGF inhibition eradicates CDOs

Drivenby the observation of the mutual plasticity between NRG1-HER3
and FGFR1signaling, we hypothesized that concurrentinhibition of both

pathways would be most effective in eliminating CDOs. We tested this
hypothesis by performing viability assays on both NRG1-dependent and

NRGI-independent CDOs treated with lapatinib or AZD4547 alone or

in combination (Fig. 5a).

Although NRG1-dependent CDOs (CTC596,

CTC1106, CTC782, CTC775 and CTC1296) were highly sensitive to lapa-

tinib, NRGl-independent CDOs were more resistant (Fig. 5b). Gener-
ally, CDOs showed resistance to AZD4546 in the presence of NRG1. As
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expected, combination treatment with lapatinib and AZD4547 was sig-
nificantly more effective than either of the two drugs alone in all CDOs,
regardless of their dependency on NRG1. These findings were also
confirmed in the NRG1-independent CDX model. Although combina-
tion treatments in the absence of NRG1 eliminated all viable cells, NRG1
stimulation supported cellular viability in the presence of both drugs yet
significantly less than treatment with either of the drugs alone (Fig. 5¢).
Furthermore, althoughlapatinib alone caused strong suppression of AKT/
ERK activity downstream of HER2/HER3 stimulation inNRG1-dependent
lines, combination treatment blocked AKT/ERK phosphorylationinboth
NRGI-dependent and NRGl-independent cells (Fig. 5d).

Asproofof concept, withthe aim of translating these findings into
aninvivo setting, we transplanted two TNBC NRG1-independent CDOs
(CTC1007 and CTC1125) into the mammary fat pads of NSG mice and
performedinvivo drugtreatment (Fig. 5e). As showninFig. 5f, although
amild tumor reduction was observed when mice were treated with
either lapatinib or AZD4547 alone, a stronger reduction was achieved
following combined treatment in both models.

In conclusion, we demonstrate that simultaneous inhibition of
NRG1-HER3 and FGF-FGR1signaling pathways impaired CTC survival
and proliferation in vitro and tumor formation in vivo.

FGFRI1 expression in therapy-resistant BC cells

Consideringthat, after initial response, mostindividuals will ultimately
develop resistance to HER2-targeted therapies®, we first interrogated
our single-cell RNA-seq (scRNA-seq) dataset to explore FGFR gene
expression in uncultured MBCP-derived CTCs (Fig. 6a and Extended
DataFig.10a). FGFRI expression levels were heterogeneous and higher
inparticipants treated with anti-HER2/HER3 therapy regimens admin-
istered before liquid biopsy collection (Fig. 6b (participant CTC595
progressed on different lines of anti-HER2/HER3 therapy) and Supple-
mentary Table1). ERBB3™ CTCs showed a positive correlation with FGFR1
expression and functional signatures representing FGFR1activationin
allthree participants (R = 0.26-0.73). Interestingly, the strongest cor-
relations (R = 0.65-0.73) were found in participant 595 (Fig. 6¢). These
analyses suggest the functional activity of FGFR1 and its downstream
pathwayin ERBB3™ CTCs, particularly inindividuals resistant to HER2/
HER3-targeted therapy.

To test whether individuals who developed resistance to HER2/
HER3 or PI3K inhibitors (HER2/HER3 downstream effector) show
increased FGFRI1 expression, we collected RNA-seq data from the Hei-
delberg CATCH cohort® of matched longitudinal biopsies before (t,)
and after (¢,; progressive disease) therapy (Fig. 6d). Heterogeneous
FGFRI1 expression was observed in all (n =14) matched longitudinal
samples (Fig. 6e). However, in individuals receiving HER2/HER3 or
PI3KA inhibitors (n =4), increased FGFRI expression was observed at
t,. Thisobservation supports the finding that FGFR1 pathway activation

represents an escape mechanism in individuals treated with HER2/
HER3 signaling pathway-inhibiting drugs.

To further validate the role of the NRG1-HER3 and FGF-FGFR1
pathways in CTC survival and proliferation, we processed a liquid
biopsy from participant CTC1106 (¢,; Fig. 2i). Following hematopoietic
cell depletion and live-cell sorting via FACS, the isolated CTCs were
platedin complete CTC medium but with the following modifications:
(1) standard with NRG1and FGF, (2) without FGF, (3) without NRG1 and
(4) without both NRG1 and FGF. As expected, complete CTC medium
supportedinitial CTC survival and subsequent proliferation over time.
Conversely, the absence of both NRG1 and FGF in the CTC medium
resulted in a dramatic reduction of CTC survival and failed to sustain
their proliferation, demonstrating that both NRG1 and FGF are essen-
tial. Inmedium lacking only FGF, CTC growth was modestly impaired.
However, culturing in the absence of NRG1 (gray line) resulted in sub-
stantially reduced CTC expansion over time, highlighting its critical
rolein CTC proliferation and survival (Fig. 6f).

Finally, using the longitudinal CTC1106 CDOs (Fig. 2i), we further
assessed the plasticinterplay between FGFR1and HER3. Notably, FGFR1
expression was significantly increased after alpelisib treatment (t,;
Fig. 6g), which correlated with an enrichment of the FGFR1 activation
signature (Fig. 6h). We then functionally linked the increased expres-
sion of FGFR1withareduction of NRG1dependency. As showninFig. 6i,
CTC1106 t, showed a significantly stronger clonogenic ability in the
absence of NRG1than CTC1106 ¢,. These datashow the relevance of the
NRG1-HER3 and FGF-FGFR1compensatory mechanismin longitudinal
samples, suggesting FGFRI upregulationas a potential escape mecha-
nism of BC cells that develop treatment resistance (Fig. 6j).

Discussion

Todate, MBCisanincurable disease and represents the second leading
cause of death from cancer among women*. CTCs are the source of
metastasis, butlong-termexpansionin vitro has been amajor challenge
preventing their functional interrogation. Here, we report the establish-
mentand characterization of 17 long-term CDOs originating from liquid
biopsies derived from 16 MBCPs spanning the different BC subtypes.
Although 6 models were obtained from CDXs or EDXs, 11 CDOs were
generated directly from effusion samples or peripheral blood (either
by DLA or blood withdrawal) without any initial pre-expansion in vivo.
Importantly, these CDOs can allow the investigation of molecular path-
ways crucial for CTC survivaland can also be used as a preclinical model
suitable for drug screening and therapy resistance studiesinapersonal-
ized approach. Moreover, our platformis suitable for serial longitudinal
isolation and expansion of tumor cells from MBCPs to monitor disease
progression and therapy responses. Although our cohortsizeis limited
and the paucity of data available from BC CTC cultures hinders statisti-
cally significant conclusions, copy number and single-nucleotide variant

Fig. 4 | FGFR1signaling acts as acompensatory pathway and circumvents
HER3-NRG1dependency in CTCs. a, Top: clonogenic assay workflow. Bottom:
clonogenic assay quantification. Data were analyzed by two-tailed paired

t-test (CTC596, P=0.0291; CTC1106, P=0.0478; CTC775, P=0.0134; CTC782,
P=0.0340; CTC1296, P=0.0006; CTC1063, P=0.6965; CTC1119, P= 0.0848;
CTC1007, P=0.8611; CTC1125, P= 0.7429; CTC1273, P= 0.1869 with versus
without NRG1; n =3 biological replicates). b, CRISPR-dCas9 genome-wide
activation screening workflow. ¢, Overlapping enriched genesin ¢, and ¢,
compared tot, (FDR < 0.05, number of gRNAs > 2).d, Correlation plot between
SigmaFCat t;and ¢, for overlapping genes (n = 41). A simple linear regression was
calculated, and slope and Pvalues are reported. e, Top: validation experiment
workflow. Bottom: western blot analysis of CTC596 cells overexpressing

FGFRI (FGFR1-1and FGFRI-2) and control (CTR, n=1).f, Viability of CTC596

cells expressing dCas9 (CTR) or overexpressing FGFRI (FGFRI-1and FGFRI-2)
without NRG1. Values were normalized to CTR cells with NRG1. Bars represent the
mean, error bars indicate s.e.m., and each dot represents an experiment (n =3
biological replicates). Data were analyzed by one-way ANOVA with a Dunnett’s

multiple comparisons test (FGFRI-1versus CTR, P=0.0003; FGFRI-2 versus CTR,
P=0.0002). g, Clonogenic assay quantification (n = 3 biological replicates).

Data were analyzed by two-way ANOVA with a Tukey’s multiple comparisons

test. h, Dose-response of FGFRI-overexpressing cells treated with AZD4547
inthe presence or absence of NRG1. Bars represent the mean, and error bars
indicates.e.m.; n =3 biological replicates for all FGFRI-1conditions but NRG1
0.001puM (n=2),and n =3 for all FGFRI-2 conditions but NRG10.001 pM (n =2)
and NRG13 pM (n=1). The average IC,, values are reported. i, AUC values for

the NRGl-independent models in response to treatment with AZD4547 with

(left) or without (right) NRG1. Each dot represents the AUC mean derived from
two independent experiments. Data were analyzed by two-tailed paired ¢-test;
P=0.0030.j, FGFRI expression in CDOs grouped according to NRG1 dependency.
Thebarsrepresent the mean. Data were analyzed by two-tailed unpaired t-test;
P=0.0244.k, GSEA using the Reactome downstream signaling of activated FGFR1
signature as the dataset and RNA-seq data from NRG1-dependent and NRGI1-
independent CDOs as the gene set. 1, Correlation plot between drug sensitivity
and FGFRI1 expressionin BC cell lines.
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Fig. 5| Combined inhibition of NRG1 and FGF signaling leads to CDOs
elimination. a, Experimental design of the drug screening experiment in
CDOs. b, Heat map showing relative viability of different CDOs (rows) in the
presence of lapatinib (Lap), AZD4547 (AZD) or lapatinb + AZD4547 (combo).
Each column represents one biological replicate; each condition has three
biological replicates (repl-3). FGFRI and ERBB3 expression (RNA-seq normalized
counts) as well as statistical analyses (one-way ANOVA with a Dunnett’s multiple
comparisons test) were added as additional annotation. A CTB assay was
performed after 72 h of treatment. CTB fluorescence values were normalized

to the viability of control cells incubated with vehicle only. ¢, Bar plot showing
relative viability of CTC223 cells in response to lapatinib or AZD4547 alone or
lapatinb + AZD4547 in the absence (left, n = 3 biological replicates) or presence
(right, n = 4 biological replicates) of NRG1. A CTB assay was performed 72 h
after treatment. CTB fluorescence values were normalized to the viability of
control cellsincubated with vehicle only. Bars represent the mean, error bars
indicates.e.m., and each dot represents an experiment. Data were analyzed by
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one-way ANOVA with a Tukey’s multiple comparisons test (Lap + AZD versus Lap,
P<0.0001; Lap + AZD versus AZD, P= 0.0001 without NRG1; Lap + AZD versus
Lap, P=0.0018; Lap + AZD versus AZD, P< 0.0001 with NRG1). d, Western blot
analysis of whole-cell protein lysates derived from CDOs treated with DMSO,
lapatinib, AZD4547 or lapatinb + AZD4547 for 12 h. Phosphorylated and total
protein kinase B (AKT) and ERK1/ERK2 were detected. GAPDH was used as the
loading control; n=1;lane 1, DMSO; lane 2, 5 pM lapatinb; lane 3,1 uM AZD4547;
lane 4, lapatinb + AZD4547. e, Experimental design of drug treatment in vivo.

f, Plots showing increases in tumor volume over time in PDXs treated with vehicle
(red), lapatinib (blue), AZD4547 (turquoise) or lapatinib + AZD4547 (black).
Tumor volume was measured with a digital caliper and normalized to the volume
atbaseline (day 0). Data are shown as mean + s.e.m.; n = 6 mice per group. Data
were analyzed by two-way ANOVA with a Tukey’s multiple comparisons test
(CTC1007 Lap + AZD versus CTR, P< 0.0001; Lap versus CTR, P=0.0003; AZD
versus CTR, P=0.001; CTC1125 Lap + AZD versus CTR, P=0.0001; Lap versus CTR
and AZD versus CTR, not significant).
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Fig. 6 | FGFR1 expression is functionally relevant in therapy-resistant BC cells.
a, Uniform manifold approximation and projection (UMAP) plot from scRNA-

seq analysis from Fig. 3c. Each dot represents one putative CTC, and the color
gradientis based on FGFR1 expression. b, Dot plot showing FGFRI1, FGFR2, FGFR3
and FGFR4 expression in putative CTCs from each participant (CTC250, CTC595
and CTC596). Below each participant ID, the treatment received before collection
of the liquid biopsy is specified (more details are available in Supplementary
Table1).c, Correlation dot plot of HER3, NRG1 and FGFR1 signatures. Mean z
scores per CTC were computed for the HER3 signature, the Nagashima NRG1
signature and three FGFRI1-related Reactome gene sets and were correlated
against FGFRI1 expression (exp) and the HER3 and Nagashima signature scores.
Pearson correlations were computed per participant using only the non-ERBB3-
expressing CTCs. d, Schematic workflow of longitudinal sample collectionin

the CATCH cohort for transcriptomic analysis. e, Left: box plot showing FGFRI
expression levels assessed by RNA-seq in matched biopsies before and after

drug treatment. Treatments are indicated by color. Righ:, box plot showing
FGFRI1 expressionin matched biopsies before and after drug treatment with
either PI3Ka inhibitors (pink) or anti-HER2 (turquoise). Each dot represents
aparticipant. f, Growth curve of CTC1106 cells (effusion, t,) in the reported
medium. Cells were counted weekly for 1 month. Dots represent the mean;
n=3technicalreplicates. g, Plot representing FGFRI expressionin CTC1106 CDOs
established from the first (¢, blue; n = 3 biological replicates) and second

(t,, gray; n=2biological replicates) time points measured. Data were analyzed by
two-tailed unpaired t-test; P= 0.0101. h, GSEA using the Reactome downstream
signaling of activated FGFR1signature on data from CTC1106 CDOs established
from the first (¢,) and second (¢,) time points. i, Plot showing the frequency of
wells with two or more live cellsin a clonogenic assay using CTC1106 models.
Counting was performed 14 days after single-cell FACS seeding in CTC medium
without NRG1. Data were analyzed by two-tailed paired ¢-test; P= 0.0024
(n=4biological replicates). j, Graphical abstract.

analyses of the CDOs do not provide evidence that our culture condition
isselective for the growth of CTCs fromindividuals with specific genomic
profiles. The most critical variable appears to be the starting number of
cultured CTCs. By focusing onindividuals with over 100 CTCs, this study
necessarily limited its applicability to a narrower range of individuals.
However, we showed that the use of alternative liquid biopsies like DLA
or pleural and peritoneal effusions can overcome this limitation.

CTCs represent a heterogeneous population, with only a fraction
able to survive, extravasate and seed distant metastases. The ability of
certain CTCstosurviveisacrucial step during metastasis formation. Our
dataidentify NRG1-HER3 signaling as one of the key players mediating
this process. Indeed, NRG1 enabled the establishment of robust in vitro
conditions, which allowed initiation and long-term expansion of primary
CTCs. Accordingly, in vivo datashow that HER3* CTCs represent a highly
aggressive subpopulation with superior survival and metastatic potential.

Inresponse to extrinsic factors, such as drug treatments, pheno-
typic plasticity can contribute to the heterogeneity of CTCs, leading
totreatment resistance'. Here, we provide evidence of acomplemen-
tary mechanism of action in which cells can switch between HER3 and
FGFR1to promote growth and survival via AKT-ERK pathways. As a
consequence, combined blockade of NRG1 and FGF signaling resulted
insustained growthinhibition of CDOs bothinvitroandinvivo. These
findings are in line with other studies where the cross-talk between
FGFRs and ERBB family members have been hypothesized to mediate
therapy resistanceinliver cancer***, lung cancer*® and BC*.Inaddition,
amplification of FGF signaling has been shown to promote resistance
to HER2 inhibition in HER2* BC*®. The ability of FGFR1 to upregulate
NRG1 was recently reported in pancreatic ductal adenocarcinoma®;
however, we did not observe this phenomenon in our models.

To inhibit the HER2/HER3 pathway, we used lapatinib, a revers-
ible, ATP-competitive tyrosine kinase inhibitor of HER2 that has been
approved for treatment of HER2' BC for adecade. Alternative strategies
areat different stages of approval and may offer more effective options.
Based on our in vitro, in vivo and ex vivo data, MBCPs with advanced
disease and HER3-expressing CTCs will likely benefit from treatment
with last-generation HER3 inhibitors, such as patritumab deruxtecan,
a HER3-directed antibody-drug conjugate recently approved for the
treatment of metastatic EGFR-mutated non-small cell lung cancer***
with encouraging results in early BC*. Ideally, the subsequent addi-
tionofan FGFR1inhibitor would prevent potential adaptive resistance
mediated by cell plasticity.

Methods
Allresearch performed inthisstudy complied with all relevant German
ethical regulations.

Clinical specimens
Liquid biopsy samples (pleural and ascitic effusions and peripheral
blood withdrawals) were obtained from MBCPs participating in the

CATCH (Comprehensive Assessment of Clinical Features and Biomark-
ers to Identify Patients with Advanced or Metastatic Breast Cancer
for Marker Driven Trials in Humans) trial at the Division of Gyneco-
logic Oncology, NCT Heidelberg (case number S-164/2017). Written
informed consent was obtained from all participants.

Participant and tumor characteristics are summarized in Sup-
plementary Table 1. CTC-specific assessments were further approved
by the ethical committee of the University of Heidelberg (case number
$295/2009) and University of Mannheim (2010-024238-46).

EDX and CDX models

The procedure for generating orthotopic xenografts from effusion was
first described by Al-Hajj et al.** and was recently refined by our group”;
peripheral blood withdrawal was previously described by our group'.

CTC enumeration

Blood samples were collected in CellSave tubes (Menarini Silicon Bio-
systems) and run with CellSearch (Menarini) using the CTCkit (Menar-
ini) at the Department of Tumor Biology, Hamburg, according to the
manufacturer’s guidelines.

Blood samples
Peripheral blood samples weredirectly collected in Vacutainer CPT tubes
(BD Biosciences) and processed following the manufacturer’s guidelines.

Leukapheresates

MBCPs with 210 CTCs per 7.5 ml of blood were asked to participate in
the CTC leukapheresis study, approved by the ethical committee of
the University of Heidelberg (case number S-408/2013). DLA was per-
formed at the Medical University Hospital Heidelberg using a Spectra
Optia (Terumo BCT) according to manufacturer’s instructions. Plasma
and CTCswere collected using the cMNC programwithareduced pack-
ing factor of 4.5 and with 2-3% hematocrit.

Apheresate products were immediately collected and processed
under sterile conditions. Depletion of blood cells was performed using
Miltenyi Biotec microbeads (anti-CD45, 130-045-801; anti-CD3, 130-
050-101; anti-CD31,130-091-935; anti-CD16, 130-045-701; anti-CD235a,
130-050-501; each 20 pl per 107 cells).

FACS and flow cytometry

Cells were stained in PBS +1% bovine serum albumin (BSA) and 2 mM
EDTA using the following antibodies: EpCAM-FITC and APC-Vio770
(clone HEA-125, REA764 Miltenyi Biotec, 1:50), CD45-VioBlue (REA747
clone, MiltenyiBiotec,1:50), HER3-PE (66223 clone, FAB3481P, R&D, 1:20),
CD31-VioBlue (clone AC128, Miltenyi Biotec, 1:50), CD16-VioBlue (clone
REA423, Miltenyi Biotec, 1:50), CD41-VioBlue (clone REA386, Miltenyi
Biotec, 1:50) and CD235a-VioBlue (clone REA175, Miltenyi Biotec, 1:50).
Propidiumiodide (PI; P3566, Thermo Fisher Scientific, 1:1,000) or DAPI
(D1306, Thermo Fisher Scientific,1:1,000) was used to exclude dead cells.
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The following antibodies were used for the analysis of xenograft-derived
samples (all anti-mouse, PacificBlue, Biolegend): CD45 clone 30-F11
(103116, 1:1,000), CD11b clone M1/70 (101226, 1:2,000), TER-119/Ly-76
clone TER-119 (116223, 1:200), Ly-6G clone 1A8 (A25985, 1:2,000), CD31
clone 390 (102422,1:1,000) and H-2K“ clone SF1-1.1 (116629, 1:50).

Cells were sorted and analyzed using a FACSAria Fusion and LSR
Fortessa (BD Biosciences). BD FACSDiva software and FlowJo software
were used for analysis.

Determination of NRG1blood concentration

NRGI concentration in blood samples from MBCPs was measured
with a Human NRG1 ELISA kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Absorbance was determinedon a
SpectraMax iD3 microplate reader.

Long-termin vitro expansion of CTCs

Immediately after FACS orimmunomagnetic sorting, the CTC-enriched
cellsuspensionwas centrifuged, the supernatant was carefully removed,
and the pellet was resuspended in the appropriate volume of CTC
medium, transferred toaplate (Corning, Primaria) and cultured at 37 °C
with 5% CO, and 5% O,. Medium was partially replaced every 48-72 h.
When cluster formation was detected, cells were collected, dissoci-
ated with Accutase (Sigma, Life Technologies) and expanded in larger
plates and subsequently in flasks. Floating three-dimensional collagen
gels with a final concentration of 1.3 mg ml™ collagen I (Corning) were
prepared as previously described with minor modifications?®. NRG1
concentrationusedinthe mediumandinall experiments was 20 ng ml™
unless otherwise specified. The medium recipe was licensed to Miltenyi
Biotec, and the optimized formulationis available under the name ‘Breast
TumorMACS Medium’;only Y27632 has to be added separately according
to the manufacturer’s instructions (StemMACS Y27632,130-103-922).

The cells were confirmed to be negative for contaminants (no
Mycoplasma, Squirrel Monkey Retrovirus, Epstein-Barr virus or
interspecies contamination was detected) by the Multiplex Cell Con-
tamination Test (Multiplexion)**. To test cross-contamination with
commercially available cell lines, single-nucleotide polymorphism
fingerprints were extracted from RNA-seq data on CDOs in vitro and
publicly available RNA-seq data from BC and acute myeloid leukemia
cell lines from CCLE* (PRJNA523380) using ExtractFingerprints and
CrosscheckFingerprints from GATK4 (ref. 46). Briefly, given a BAM/
SAM/VCFfile, single-nucleotide polymorphismsin specific highly vari-
able genomic locations were extracted and calculated. Concordance
between fingerprints was estimated, and the logarithm of the odds
score for identity was calculated (Extended Data Fig. 4a).

The match between CDOs and corresponding participant mate-
rial was confirmed by ExtractFingerprints and CrosscheckFinger-
prints from GATK4 on whole-genome sequencing data (Extended
DataFig.4b).

Clonogenic assay

Single-cell suspensions were obtained by treating cells with Accutase at
37 °Cfor 5 min. Cells were washed with PBS, spun down, resuspended
ina PBS solution containing 1% BSA, 2 mM EDTA and DAPI and filtered
througha40-pum cellstrainer. Cells were sorted using a FACSAria Fusion
(BD Biosciences) coupled with BD FACSDiva Software using a100-um
nozzle. After morphological gating using forward and side scatter, we
excluded duplets and dead cells (DAPI*) and sorted one single cell per
each well of a 96-well plate, previously filled with 200 pl of medium.
All plates were maintained at 37 °C with 5% CO, and 20.9% O, for nor-
moxiaand 5% O, for hypoxia. After 2 or 4 weeks, cells were checked and
counted under brightfield microscopy.

CRISPR-Cas9-mediated ERBB3 KO
ERBB3-KO gRNA sequences (Supplementary Table 1) were cloned into
the pLKO.005 backbone of the pLKOS5.sgRNA.EFS.tRFP657 plasmid,

as previously described*”*%, The correct assembly of the resulting
DNA plasmids was confirmed using Sanger sequencing. Lentivirus
production was performed using a second-generation lentivirus sys-
tem (psPAX2, Addgene plasmid 12260; pMD2.G, Addgene plasmid
12259). Viral supernatant was collected 48 h after transfection, passed
through a 450-nm filter, ultracentrifuged at 4 °C for 120 min, resus-
pended in cold PBS and stored at =80 °C until use. CTC223 cells were
transduced with pCW-Cas9-tGFP plasmid. After 4 days of incubation,
the GFP-Cas9*" CTC223 cells were sorted by FACS, expanded and trans-
duced with pLKO5-gRNA1-tRFP (ERBB3-KO1), pLKO5-gRNA2-tRFP
(ERBB3-NF) or pLKOS5-EV-tRFP (EV). GFP*tRFP" cells were sorted by
FACS and expanded. After 10 days, ERBB3 KO was induced by adding
1M doxycycline hydrochloride to the medium for 96 hand exchang-
ing the medium after 48 h.

Cell viability assay

Cell viability was measured using the CTB (Promega) assay. Specifi-
cally, 8,000-10,000 cells were seeded under the appropriate medium
conditions in each well of a 96-well multiwell plate. The day after, the
following compounds were added: AZD4547 (52801), lapatinib (S2111),
taselisib (57103) and alpelisib (52814; all purchased from Selleckchem).

Cell cycle analysis

In total, 1 x 10° cells per well were seeded in G1 medium. After 24 h,
the medium was replaced with G1, G2, G1 + NRG1, G1 + Y27632 and
G1+NRG1 +Y27632. After 48 h, 5-ethynyl-2’-deoxyuridine (EdU;
1:1,000) of a Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay
kit (Invitrogen) was added. After 3 h, cells were processed according to
the manufacturer’sinstructions and analyzed using an LSR Fortessa.

Apoptosis assay

Intotal,1x10°cells per well were seeded in G1, G2, G2 without NRG1 or
G2 without Y27632. After 48 or 120 h, cells were washed with PBS and
detached with Accutase. Cells were thenstained in1x Annexin V Binding
buffer with 1:20 Pl and 1:100 Annexin V-PE. After 15 min of incubation
atroom temperature, samples were measured using an LSR Fortessa.
The fractions of alive (PI"Annexin~), early apoptotic (PI"Annexin®),
late apoptotic (PI'Annexin®) and necrotic (PI'Annexin’) cells were
determined using FlowJo software.

Synergism between NRG1 and Y27632

To investigate the synergistic effect of NRG1 and Y27632 on CTC pro-
liferation, we used alinear model to describe cell viability. This model
included binary variables for NRG1 treatment, Y27632 treatment and
their combination. To test for synergy, we compared two generalized
linear mixed models: one withand one without aninteraction term for
the double treatment. An ANOVA revealed a significantimprovement
in the model with the interaction term (P=1.25x10°%), indicating a
synergistic effect.

Mouse studies

Animal care and procedures followed German legal regulations and
were previously approved by the governmental review board of the
state of Baden-Wiirttemberg, operated by the local Animal Welfare
Office (Regierungsprasidium Karlsruhe) under license numbers
G-240/11, G-115/17 and G-104/22. Mice were housed in individually
ventilated cages under temperature and humidity control. Cages con-
tained an enriched environment with bedding material.

In vivo preclinical model for micrometastases. Luciferase-labeled
CDX models wereinjected into the fourth mammary fat pad of female
NSG micethat were atleast 6 weeks old. Cellswereresuspendedinal:l
ratio of sterile PBS and growth factor-reduced Matrigel (BD). All mice
received subcutaneous implantation of B-estradiol as solid pellets
(Innovative Research of America), as previously described'. Primary
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tumors were resected after reaching a size of -0.5 cm® Micromestas-
tasis formation was monitored by measuring bioluminescent signal
using anVIS Spectrum Xenogen device (Caliper Life Sciences). Animals
werekilled, and micrometastasis-containing organs were collected.

CDX generation. NSG mice were transplanted with 1 x10° cells in
the fourth mammary fat pad, as described above. Tumor growth was
monitored, and mice were killed when end point criteriawerereached.

In vivo lung colonization assay. In total, 1 x 10° cells in 100 pl of PBS
were injected via the tail vein. Lung colonization was monitored by
measuring bioluminescent signal using an IVIS Spectrum Xenogen
machine (Caliper Life Sciences). Bioluminescence analysis was per-
formed using LivingImage software version 4.4 (Caliper Life Sciences).

In vivo drug treatments. Tumor growth was monitored, and drug
treatment wasinitiated when primary tumors were palpable. Mice were
treated by oral gavage daily with vehicle (0.1% Tween 80/0.5% Na-CMC,
100 pl), 100 mg per kg (body weight) lapatinib, 10 mg per kg (body
weight) AZD4547 or 100 mg per kg (body weight) lapatinib + 10 mg per
kg (body weight) AZD4547 allin 0.1% Tween 80/0.5% Na-CMC (100 pl).
Tumor size was recorded weekly using digital calipers. Animal weight
was recorded daily to monitor potential drug toxicity. At the experi-
mental end point, the maximal tumor size (1.5 cm®) was not exceeded.
None of the treatments had major toxic effectsin vivo (Extended Data
Fig.10b).

Gene expression analysis by quantitative PCR

Cells were collected, washed with PBS and centrifuged. RNA extrac-
tion was performed using miRNeasy Mini kit (Qiagen) or PicoPure kit
(Thermo Fisher), depending on the cell number, following the manu-
facturers’instructions. RNA concentration and purity were determined
using a NanoDrop spectrophotometer. Reverse transcription (RT)
was performed using a High-Capacity cDNA Reverse Transcription kit
(Applied Biosciences) following the manufacturer’s guidelines. Quan-
titative PCR was performed using 0.5 pl of forward and reverse primers
(10 uM stock solution), 5 pl of Power SYBR Green PCR master mix (Life
Technologies), 3 plof nuclease-free water and 1 pl of 1:10 diluted cDNA.
Thereactionwasrunona Thermo Fisher ViiA-7 Real-time PCR system.
Data were analyzed using the comparative cycling threshold (AAC,)
method. Primers are listed in Supplementary Table 5.

Gene expression analysis of the PDX model
Primary tumor and metastatic tissues derived from our PDX mouse
model were freshly processed using the GentleMACS system (Miltenyi
Biotec) to obtain asingle-cell suspension. Live tumor cells were sorted
by FACSinto RNA lysis buffer (Arcturus PicoPure RNAIsolationkit, Life
Technologies, Invitrogen). RNA was isolated according to the manu-
facturer’sinstructions. Gene expression analysis was performed using
Affy Human U133Plus 2.0 at the Genomics and Proteomics Core Facil-
ity of the German Cancer Research Center (GPCF DKFZ, Heidelberg).
To test differences in lung metastases versus primary tumors,
geneswere ranked based on log fold change. GSEA was performed with
the R package gage (v2.36.0) and default settings using the C2 curated
gene sets from MSigDB (v7.4). For the top hit (Nagashima NRG1 signal-
ing up) as well as our custom HER3 signature (Supplementary Table 3
and scRNA-seq analysis), GSEA was performed with the R package fgsea
(v1.12.0) and default settings to produce the plots in Figs. 1d and 3e,
respectively.

Westernblotting

Cells were lysed in RIPA-based protein lysis buffer. Protein concentra-
tion was determined using a Pierce BCA Protein Assay kit (Thermo).
After blocking for 1 h at room temperature with 1x Tris-buffered saline
and Tween 20 buffer containing 5% BSA, membranes were incubated

overnight with the appropriate primary antibodies diluted 1:1,000 in
blocking buffer. Antibodies to phospho-HER3/ERBB3 (Tyr 1289; 21D3;
rabbit monoclonal 4791), HER3/ERBB3 (D22CS5; XP rabbit monoclo-
nal 12708), FGFR1 (D8E4; XP rabbit monoclonal 9740), phospho-AKT
(Ser 473; D9E; XP rabbit monoclonal 4060), AKT (pan; C67E7; rabbit mon-
oclonal 4691), phospho-p44/42 MAPK (ERK1/ERK2; Thr 202/Tyr 204;
D13.14.4E; XP rabbit monoclonal 4370), p44/42 MAPK (ERK1/ERK2;
137F5; rabbit monoclonal 4695), phospho-FAK (Tyr 397; D20B1; rabbit
monoclonal 8556), FAK (rabbit polyclonal 3285) and GAPDH (14C10; rab-
bit monoclonal 2118) were purchased from Cell Signaling Technology.
Monoclonal anti-a-tubulin T5168 was purchased from Sigma-Aldrich.

IHC analysis

Sections from fixed CDOs or tissues were obtained, processed and
stained as previously described*’, with minor modifications. The
following antibodies were used: anti-EpCAM (Agilent Dako, clone
Ber-EP4, 1:100), anti-human KRT19 (Agilent Dako, clone RCK108,
1:50), anti-human Ki-67 (Agilent Dako, clone Ki-67,1:1,000), anti-ERa
(Thermo Fisher Scientific, clone SP1, 1:50), anti-CDH1 (Agilent Dako,
clone M3612, 1:30) and anti-vimentin (Agilent Dako, clone M7020,
1:1,000). For HER3 expression, we incubated samples with anti-HER3/
ERBB3 (D22C5, XP rabbit monoclonal 12708,1:50) at 4 °C overnight and
used heat-induced antigen unmasking with damp heat at 90 °C with
EDTA unmasking solution (pH 9 (1:10); 14747 Signal Stain) for 30 min.
Sections were scanned using a Zeiss AxioScan, and representative
images are shown.

Targeted next-generation sequencing of somatic mutations

Genomic DNA was extracted from CDOs and CDXs. DNA concentration
was assessed by fluorimetric measurement using a QuBit 3.0, and the
amount of amplifiable DNA (sequencing-grade quality) was determined
using a quantitative assay (TaqMan RNaseP detection assay) on a Ste-
pOnePlus instrument (both Thermo Fisher Scientific). Samples were
amplified using a custom-designed gene panel for BC*, covering the
mostrecurrent mutations®. Library preparation and sequencing were
performed using multiplex PCR-based lon Torrent AmpliSeq (Thermo
Fisher Scientific) and lon S5XL technology, as previously described*?.

Bulk RNA-seq of CDOs

CTCswere collected, washed in PBS and lysed in RNA lysis buffer. RNA
was extracted using a PicoPure RNA isolation kit following the manu-
facturer’sinstructions. RNA concentration and quality were assessed
by Bioanalyzer (Agilent). Libraries were prepared using 5 ng of total
RNAwith an NEBNext Single Cell/Low Input RNA Library Prep kit (New
England Biolabs) following the manufacturer’s instructions. Library
concentration was quantified with QuBit, and library size distribution
was assessed by Bioanalyzer. Up to15libraries were pooled equimolarly
and sequenced on aNovaSeq 6000 S1 (paired-end, 150 base pairs).

Bulk RNA-seq analysis
Bcl2fastq2 2.20 was used for conversion. Reads were trimmed for
adaptersequencesand aligned to the 1000 Genomes Phase 2 assembly
ofthe Genome Reference Consortium humangenome (build 37, version
hs37d5) with STAR* (v2.5.3a) using the following parameters: alignin-
tronMax: 500,000; alignMatesGapMax: 500,000; outSAMunmapped:
within; outFilterMultimapNmax:1; outFilterMismatchNmax: 3; outFil-
terMismatchNoverLmax: 0.3; sjdbOverhang: 50; chimSegmentMin: 15;
chimScoreMin:1; chimScoreJunctionNonGTAG: 0 and chimjunctionO-
verhangMin: 15. GENCODE gene annotation (GENCODE release 19) was
used for building the index. BAM files were sorted using SAMtools**
(v1.6), and duplicates were marked with Sambamba® (v0.6.5). Raw
counts were generated using featureCounts*® (Subread version1.5.3).
For calculation of normalized counts, mitochondrial RNA, tRNA,
rRNA and all transcripts fromthe Y and X chromosomes were removed,
and normalization was performed in analogy to transcripts per million.
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Differential gene expression analysis was performed using DESeq2
(ref. 56; v1.26.0). The Ifcshrink function was used to define differen-
tially expressed genes (| log, (fold change) |) of 1, adjusted Pvalue of
<0.05). Thelog, (fold change) values (nonshrinked) were used for GSEA
with clusterProfiler” and the Molecular Signatures Database v7.411 as
reference gene sets. Data handling was performed in R (v3.6.0) using
RStudio (v1.4).

Gene expression analysis of human CTCs: scRNA-seq

From cryopreserved vials of CTC samples, single live Lin EpCAM" cells
were directly sorted by FACS into 100 pl of TRIzol (Thermo Fisher).
Samples wereimmediately snap-frozenin liquid nitrogen and stored at
-80 °C.ForRNAisolation, TRIzol samples were thawed onice and mixed
with 20 pl of chloroform. After incubation at room temperature for
3 min, samples were centrifuged (12,000g, 5 min, room temperature)
andimmediately transferred onice. The aqueous phase was collected
and mixed with 0.4 pl of GlycoBlue (Thermo Fisher) in 75 pl of isopro-
panol, and samples were stored at 20 °C for at least 5 days. Samples
were centrifuged (13,000g, 1 h, 4 °C), and the pellet was washed with
70% ethanol and centrifuged again (13,000g, 15 min, 4 °C). The pellet
was resuspended in 5 pl of Smart-Seq2 buffer. Whole-transcriptome
amplification was performed using the modified Smart-Seq2 protocol
as previously described®, Libraries were constructed using a Nextera
XT DNA Library Preparation kit (Illumina) according to the manufac-
turer’s instructions but using one-fourth of all volumes. Sequencing
was performed on an Illumina HiSeq 2500 platform.

scRNA-seq analysis

Raw data processing was performed with kallisto®® (v0.43.0). The
kallisto index file was generated with a hg38 transcriptome fasta file
(release-98) downloaded from Ensembl, and reads were then pseudoa-
ligned to the transcriptome with kallisto in quant mode. The R package
tximport®® (v1.14.2) was used to perform gene-level summaries, and
the resulting count matrix was imported as a SingleCellExperiment
objectinR.

The R packages scater® (v1.14.6) and scran®* (v1.14.6) were used
to calculate quality control metrics and remove cells with less than
1x10° total counts, less than 2,500 detected features or a percent-
age of mitochondrial genes higher than 20%. Normalization and log
transformation of the data were performed with the functions com-
puteSumFactors and logNormCounts. Cells not expressing the epi-
thelial marker EpCAM or expressing the leukocyte marker CD45 were
removed, leaving 318 putative CTCs.

Cells were then separated into ERBB3" and ERBB3" populations
based on theresults of a k-means clustering (k =2) on ERBB3 expression
values (Fig. 3d). To define a HER3 signature, genes that were not
expressedin atleast 20% of cells were removed. Differentially expressed
genes between the ERBB3" and ERBB3"° populations were then com-
puted using the pairwiseWilcox function fromscran (FDR < 0.1). Result-
ing significant genes were intersected with genes whose expression
showed asignificant Pearson correlation (FDR < 0.1) with the expression
of ERBB3 and protein-coding genes, yielding 592 upregulated genes
and 6 downregulated genes (Supplementary Table 3). Tosee ifthe HER3
signature could be used to separate the FRBB3" and ERBB3"° populations
inthethreeindividuals, zscores were computed for each signature gene
for the two populations (z = ""T“), and the mean over all genes was
calculated. For better UMAP visualization and coloring of expression
of different genes (Fig. 6a and Extended Data Figs. 6b,c and 10a), data
wereintegrated with mutual nearest neighbors, asimplementedinthe
fastMNN() function from the batchelor®® (v1.2.4) R package.

Genomic analysis of CDOs and participant-matched lesions

Whole-genome sequencing and whole-exome sequencing data were
aligned and analyzed using the Sarek®* (v3.1.2) Nextflow®® (v22.10.7)
workflow from the nf-core framework. Briefly, initial quality control

and read trimming were performed with FASTQC (v0.11.9) and fastp®®
(v0.23.2). Trimmed reads were then aligned to the GRCh38 reference
genome using BWA-mem® (v0.7.17-r1188). Aligned reads were further
preprocessed using GATK4 (ref. 46; v4.3.0.0). Variants were called
using Strelka2 (ref. 46; v2.9.10), Mutect2 or Manta®® (v1.6.0) using
matching germline controls when possible. Variants were annotated
using Ensembl VEP’ (v106.1). For subsequent analyses, only variants
fulfilling the following criteriawere selected: (1) called by both Strelka2
and Mutect?2, (2) FILTER == PASS, (3) at least 20 reads mapped in the
germline controlsample orinthe tumor sample and (4) atleast 2 reads
mapped in the alternative allele in the tumor sample. Oncoplot was
generated using R4.3.0 and the maftools’ package (v2.16.0). A panel
of most common and relevant mutated genes was defined based on
previous studies on MBCPs>*°,

Gene expression analysis in longitudinal clinical lesions
RNAisolation from fresh-frozen or formalin-fixed paraffin-embedded
tumor samples, quality control, stranded library preparation,
sequencing, alignment of resulting reads and their summarization
were all performed as previously described”. The obtained read
counts for 22 longitudinally profiled tumor pairs were subjected to
variance-stabilizing transformation using DESeq2 (ref. 71; v1.22.2),
which was subsequently used as input for the PCA. Based on the PCA,
the initial set was further reduced to 14 pairs, selecting samples that
belong to the same cluster along the first PC axis.

Genome-wide CRISPRascreen to identify regulators of NRG1
dependency

The human CRISPRa pooled library Set A (Addgene plasmid 92379; a
gift from D. Root and J. Doench, Broad Institute of Harvard and MIT)
was amplified as previously described”. CRISPR library complexity was
assessed via next-generation sequencing using a HiSeq2000. For the
validation experiments, individual gRNAs were cloned into pXPR_502
(Addgene 96923; a gift from J. Doench and D. Root) lentivector for
CRISPRa experiments via restriction digest with BsmBI (New England
Biolabs, R0739). CTC596 cells were transduced with lentiviral parti-
cles carrying dCas9-VP64 (lenti dCas9VP64 Blast, Addgene plasmid
61425; a gift from F. Zhang, Broad Institute of MIT and Harvard) at a
multiplicity of infection of ~0.6. After recovery, cells were selected
with blasticidin (20 pg mI™). CTC596 cells expressing dCas9-VP64
were transduced with the genome-wide Calabrese CRISPRa library in
two independent experiments at a multiplicity of infection of ~0.15.
For each replicate, ~200 million cells were transduced, achieving
arepresentation of 300/500 cells per gRNA. After initial recovery
for 2 days, cells were selected with puromycin (1 ug ml™) for 4 days.
For each replicate, cells were collected at ¢, to determine baseline
gRNA representation, ¢, and ¢,. Genomic DNA was extracted using a
Quick-DNA Midiprep Plus kit (Zymo Research, D4075) following the
manufacturer’sinstructions, and next-generation sequencing libraries
were prepared as previously described”. Libraries were sequenced as
amultiplexed pool on aHiSeq2000 (125 cyclesread 1, 8 cycles index 1
(i7)). Data were analyzed using the PinAPL-Py web tool”. Briefly, after
trimming of the adapters, reads were aligned to the reference library
and counted. A gene score (SigmaFC) was then calculated by taking the
sum of the log (fold change) values of all sgRNAs targeting that gene
and multiplying it by the number of its sgRNAs that reached statistically
significant enrichment. The Benjamini-Hochberg correction method
was used for Pvalue correction.

Statistics and reproducibility

Samplesizes aresimilar to those reportedin previous publications'*’*”,
and no statistical method was used to predetermine sample size. Sta-
tistical analysis and data visualization were performed using GraphPad
Prism (v10.3.0 and earlier) software, except for genomic and transcrip-
tomic analysis and visualization, which were performed using R. Data
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collection and analysis were not performed blind to the conditions of
the experiments. For in vivo treatment studies, mice were randomized
before the start of treatment to ensure that each group started withan
approximately equal mean tumor size. For comparison between two
sample groups, statistical analysis was conducted using a two-tailed
(paired or unpaired) Student’s t-test, two-tailed Mann-Whitney test and
two-tailed Wilcoxon test, unless otherwise stated. For multiple com-
parisons, one- or two-way ANOVA was used. Data distribution was not
formally tested. A Pvalue of <0.05 was used as a cutoff for significance.
Data are generally presented as mean £ s.e.m. of n = x experiments,
withxindicating the number of independent experiments performed,
whichis noted in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

DNA-seq, RNA-seq, scRNA-seq and microarray data supporting the
findings of this study have been depositedin the European Genome-Phe-
nome Archive (EGA) under study number EGASO0001007582. Access to
these dataisrestricted to protect participantinformation. Researchers
canapply foraccess through the EGA Data Access Request, which willbe
reviewed by the Data Access Committee and Data Protection Office. A
Data Transfer Agreement must be signed by both parties, ensuring that
data confidentiality is maintained and the data are used for the stated
research purpose. The access process cantake up to several weeks. Fur-
therinformationabout the EGA canbe found at https://ega-archive.org.
The human BC reverse-phase protein assay data were derived from the
TCGAResearch Network (http://cancergenome.nih.gov/) and analyzed
using Kaplan-Meier Plotter (https://kmplot.com/). The gene expres-
sion profiles of commercially available BC and acute myeloid leukemia
cell lines were derived from the Cancer Cell Line Encyclopedia dataset
(PRJNA523380). The drug sensitivity and expression data on commer-
cially available datasets were retrieved from the DepMap portal (CTDv2
database; https://depmap.org/portal/ccle/). Genome-wide CRISPRa
screendataareavailablein Supplementary Table 4. Source dataare pro-
vided with this paper. All other data supporting the findings of this study
areavailable from the corresponding authors on reasonable request.

Code availability
Allrelevant package and software informationis provided in the Meth-
ods. No custom code was generated during the course of this study.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Characterization of CDX and EDX-derived organoids. xenograft-derived CDOs are labelled with p and the number. Pink: possibly
a.0ncoprint showing the molecular alterations including the most frequent amplified; Red: amplified; Light green: possibly deleted, Green: deleted;
mutated genes in breast cancer. Targeted-DNA panel sequencing has been Mustard: mutation; Azure/Red: partial gene duplication; Azure/Green: partial
performed on longitudinal CDX and EDX-derived CDOs and from the xenograft gene deletion. b. Representative IHC pictures of different CDX- and EDX-derived
they have been generated (labelled as ‘xeno’). Different in vitro passages of CDOs, repeated two times independently with similar results. Scale bar 50 pm.
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Extended DataFig. 3 | CTC medium and NRG1in plasma. a. Stacked bar

plots showing the percentages of growing colonies (green), proliferating cells
(orange), surviving cells (blue) and dead cells (black) in a clonogenic assay.
Different media conditions are used (see Material and Methods for more details
on media composition). Counting was performed 30 days after single CTC596
cells FACS sorting. Data are shown as mean s.d., n =2 5%0, G1+ NRG1 + Y27632,
G1+NRG1+Y27632, G1 + R-spondin, G1+Noggin (NOG), Gremlin-1(GREM),
G1+SB431542, G1+FGFs, 5%0, Published medium, Published medium, n =3 5%0,
G2,G2,G1+Y27632,G1+NRG1, Gl biological replicates. b. Stacked bar plots
showing live or dead CTC596 cell distribution (healthy (green), early apoptotic
(orange), late apoptotic (blue), and necrotic (black)) after 48 (left) and 120
(right) hoursin either G1, G2, G2 w/o NRG1, G2 w/0 Y27632, or G2 w/o both Y27632

and NRG1 medium. Cell state analysis was determined via flow cytometry after
Annexin and Phosphoinositol (PI) staining. Data are mean +s.e.m, n = 3 biological
replicates. two-way ANOVA test, Dunnett”s multiple comparisons test, statistical
analysis is reported in Source Data. c¢. Plot showing NRG1 concentration (pg/

ml) inblood samples of metastatic breast cancer patients (MBCPs, n=7)
measured with the Human NRG1 ELISA kit. d. Western blot analysis of whole-

cell protein lysate derived from CTC596 cells in absence or presence of NRG1
atdifferent concentrations (0.1, 0.5, 0.8 and 20 ng/ml), including the average
NRGI1 concentration in the blood of MBC patients (0.8 ng/ml). Phosphorylated
and total HER3 and Protein Kinase B (Akt) were detected, tubulin was used as the
loading control,n=1.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Establishment and characterization of long-term cancer). c. Heatmap showing the LOD score calculated for pairwise comparisons
CDOs. a. Donut plot showing successful (Establishment) or unsuccessful (Failed) of WGS data from primary patient material (buffy coat and tumor lesions) and
attempts to obtain long-term CDOs. b. Heatmap showing the logarithm of the matched CDOs. d. logR plots showing copy number profiles of primary patient
odds (LOD) score calculated for pairwise comparisons of RNAseq data from tumor lesions and CDOs. Matched buffy coats were used as germline controls.

our CDOs and publicly available cell lines (from both human breast and blood
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Extended Data Fig. 5| See next page for caption.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-024-00882-2

Extended Data Fig. 5| Phenotyping and drug sensitivity of long-term CDOs.
a.Representative IHC pictures of different CDOs, n = 1. Scale bar 50 pm. b. Plot
showing area under the curve (AUC) values for dose-response to Taselisib.

Cells were grouped according to PIK3CA status (wild-type (wt) ontheleft,n=6,
mutated (mut) on the right, n =4). CTB assay was performed after 72 hours.
Each dot represents the AUC mean obtained fromn =5CTC1106,n =3 CTC1063,
CTC1007,CTC1125,n =2 CTC1119, CTC782, CTC775, CTC596, CTC1273, CTC1296
biological replicates. Two-tailed Unpaired t test: p = 0.0136. c. Plot representing
the dose response of CTC1106 CDO T1 (blue) and CTC1106 CDO T2 (grey) to

Taselisib. CTB assay was performed after 72 h. The CTB fluorescence value was
normalized to the viability of cells without the drug. Bars represent the mean,
error bars indicate standard error of the mean,n=5T1, n =3 T2 biological
replicates. The average IC50 values are reported (uM). d. Boxplots showing EGFR,
ERBB2, ERBB4 expression using RNAseq normalized counts from CDOs,n=3
biological replicates. Boxplots show low and upper quartiles and median line is
indicated. Whiskers, 1.5 x interquartile range. Dashed line represents the median
expression. RNAseq libraries have been prepared in triplicates for each of the
CTC models.
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Extended Data Fig. 6 | HER3 expression and scRNAseq of CTCs. a.
Representative IHC picture for HER3 protein expression in patient primary tumor
and metastatic lesions (left), in vitro CTCs Derived Organoids (CDO) (middle)

and xenograft (CDX) (right), n =1. Scale bar, 50 um b. UMAP plot from scRNAseq
analysis. Each dot represents one putative CTC, the color gradient is based on

the origin (patient) of the cells. c. UMAP plot from scRNAseq analysis. Each dot
represents one putative CTC, the color gradient is based on the expression of the
indicated gene. d. Violin plot representing mean z-scores per cell for ERBB3"&"

and FRBB3"* cell populations. Z-score was computed for each signature gene and
the mean of all z-scores was calculated for each cell. Two side t-test. e. Scatter plot
of mean z-score over HER3-signature genes against mean z-score over NRG1-
signature genes (Nagashima?). Each point represents a cell colored according to
the patient of origin. Coefficient of determination (R?) and p-value result from
Pearson s correlation between the NRGl mean z-scores and the HER3 mean
z-scores is reported.
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Extended Data Fig. 7| HER3 functional role invivo. a. Histogram showing
representative flow-cytometry analysis for HER3 expression at the plasma
membrane in CTC223 cells transduced with empty vector (EV, red) or two
different gRNAs (KO in blue and NF in turquoise), n = 1. Experiments were
repeated at least three times independently with similar results. b. Boxplot
showing the quantification of luminescence signal from transplanted cells
(CTC223 cells (EV (red), ERBB3 KO (blue), and NF (turquoise)) in the mammary
fat pad (MFP) of female NSG mice at the day of injection. Each dot represents a
mouse, boxs show low and upper quartiles and median line isindicated, whiskers
indicate minimum and maximum value, n = 4 mice. Two-tailed Mann Whitney
test, ns: not significant vs EV. c. Boxplot showing tumor weight in grams at end
point. Each dot represents a tumor, n =4 per condition, boxes show low and
upper quartiles and median line is indicated, whiskers indicate minimum and
maximum value. Two-tailed Unpaired t test, KO1vs EV: p = 0.0286, NF vs EV:
p=0.0009.d. Representative flow-cytometry plots of lung-colonizing cells

atend point. Tumor cells are defined as Blood Lineage”and EpCAM". HER3
expression was checked. e. Boxplot showing lung bioluminescence intensity
atthe day (day O) of the intravenous (tail vein) injection of CTC223 cells. Each
dot represents amouse, boxs show low and upper quartiles and median line
isindicated, whiskers indicate minimum and maximum values, n = 6 mice.
Two-tailed Mann Whitney test, ns: not significant vs EV. f. Boxplot showing ex
vivo lung bioluminescence intensity at end point from intravenous injection of
CTC223 cells. Each dot represents a mouse, boxs show low and upper quartiles
and median lineis indicated, whiskers indicate minimum and maximum values,
EV,KO1: n =6, NF: n = 5mice. Two-tailed Mann Whitney test, KO1vs EV: p = 0.0022,
NF vs EV: p = 0.0043. g. Image of ex vivo lung bioluminescence from Fig. 3i,j and
Extended Data Fig. 7f. h. Plot representing the blood volume used to detected
CTCs at the end point of the metastatic assay. Each dot represents one mouse,
mean ts.d.id indicated, EV,KO1: n = 6, NF: n = 5mice. One-way ANOVA, Tukey s
multiple comparisons test, the p value of each comparisonis reported.
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Extended Data Fig. 8 | HER3 expression and breast cancer patient survival.
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Extended Data Fig. 9 | FGFR1 expression and its correlation with HER3.
a.Bar plot representing the expression level of FGFRI1 after overexpressionin
CTC596 using two independent guides (FGFRI#1, FGFR1#2). Data are shown
asmean £s.d., n =2biological replicates. b. Plots representing the dose
response of CTC223 cells to AZD4547 in the presence (grey) or absence (black)
of NRG1. CTB assay was performed after 72 h. The CTB fluorescence value was
normalized to the viability of cells without the drug. Bars represent the mean,
error bars indicate standard error of the mean, n =3 biological replicates. The
average IC50 values are reported (1M). c. Boxplot showing FGFRI expression
(normalized counts) from RNAseq data. Cells are grouped according to NRG1
dependency (CTC1106, CTC596, CTC1296, CTC782, CTC775NRG1 dependent
models on the left, CTC1007, CTC1125, CTC1063, CTC1119, CTC1273 NRG1
independent models on the right). Boxplots show low and upper quartiles and
medianlineis indicated. Whiskers, 1.5 x interquartile range. Two-sided Wilcoxon
test was used. d. Boxplots showing FGFR2-3-4 mRNA expression (normalized

ERBB3 Expression

counts) from RNAseq data. Cells are grouped according to NRG1 dependency
(CTC1106, CTC596, CTC1296, CTC782, CTC775NRG1 dependent models on
theleft, CTC1007, CTC1125, CTC1063, CTC1119, CTC1273 NRGlindependent
models on the right). Boxplots show low and upper quartiles and median line is
indicated. Whiskers, 1.5 x interquartile range. Two-sided Wilcoxon test was used.
e. Correlation plot between Lapatinib sensitivity (AUC) and FGFRI expression
inn=33breast cancer cell lines. Data retrieved from DepMap portal (CTDv2
database). f. Correlation plot between drug sensitivity (n = 543 drugs) and FGFRI
expression in pan-cancer cell lines. Data retrieved from DepMap portal (CTDv2
database). g. Correlation plot between drug sensitivity (n = 543 drugs) and ERBB3
expression in breast cancer cell lines. Data retrieved from DepMap portal (CTDv2
database). h. Correlation plot between AZD4547 sensitivity (AUC) and ERBB3
expressioninn=33breast cancer cell lines. Data retrieved from DepMap portal
(CTDv2 database).
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Extended Data Fig.10 | FGFRs expression in CTCs and body weight duringin
vivo treatments. a. UMAP plot from scRNAseq analysis. Each dot represents one
putative CTC, the color gradient is based on the expression of the indicated gene.
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b. Plot showing body weights of mice monitored over time in PDX1007 treated
with vehicle (red), Lapatinib (blue), AZD4547 (turquoise) or Lapatinib+AZD4547
(black). Data are mean + standard deviation, n = 6 mice per group.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Our study uses data output by illumina sequencers and Affy Human U133Plus 2.0 generated at the German Cancer Research Center (DKFZ,
Heidelberg)

Data analysis Statistical analysis and data visualization were performed using GraphPad Prism software ((v10.3.0 and earlier), except for genomic and
transcriptomic analysis and visualization, which were carried out using R.
The computational software used in the study include:
- Bulk RNA-seq analysis
Bcl2fastg2 2.20 was used for conversion. Reads were trimmed for adapter sequences and aligned to the 1000 Genomes Phase 2 assembly of
the Genome Reference Consortium human genome (build 37, version hs37d5) with STAR (v2.5.3a) using the following parameters:
alignintronMax: 500.000, alignMatesGapMax: 500.000, outSAMunmapped: Within, outFilterMultimapNmax: 1, outFilterMismatchNmax: 3,
outFilterMismatchNoverLmax: 0.3, sjdbOverhang: 50, chimSegmentMin: 15, chimScoreMin: 1, chimScoreJunctionNonGTAG: 0,
chimJunctionOverhangMin: 15. GENCODE gene annotation (GENCODE Release 19) was used for building the index. BAM files were sorted
using SAMtools (v1.6) and duplicates were marked with Sambamba (v0.6.5). Raw counts were generated using featureCounts (Subread
version 1.5.3).
For calculation of normalized counts, mtRNA, tRNA, rRNA as well as all transcripts from the Y- and X-chromosome were removed and
subsequently normalization was performed in analogy to TPM (transcripts per million).
Analysis of differential expression was performed using DESeq2 (v1.26.0). The Ifcshrink function was used to define differentially expressed
genes (abs(log2FC) 21, p.adj < 0.05). Log2 fold changes (non-shrinked) were used for GSEA analysis with clusterProfiler and the Molecular
Signatures Database v7.411 as reference gene sets. Data handling was performed in R (v3.6.0) using RStudio (v1.4).
- scRNA-seq analysis
Raw data processing was performed with kallisto (v0.43.0). The kallisto index file was generated with a hg38 transcriptome fasta file
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(release-98) downloaded from Ensembl, and reads were then pseudoaligned to the transcriptome with kallisto in quant mode. The R package
tximport (v1.14.2) was used to perform gene-level summary, and the resulting count matrix was imported as a SingleCellExperiment object in
R. The R packages scater (v1.14.6) and scran (v1.14.6) were used to calculate quality control metrics and remove cells with less than 1e5 total
counts, less than 2500 detected features, or a percentage of mitochondrial genes higher than 20%. Normalization and log-transformation of
the data was performed with the functions computeSumFactors and logNormCounts. Additionally, cells that did not express the epithelial cell
marker EpCAM, or expressed the leukocyte marker CD45 were removed. In the end, 318 putative CTCs from three patients were left. For the
three patients 250, 595, and 596, cells were then separated into a HER3 high and a HER3 low population based on the results of a k-means
clustering (k=2) on HER3 expression values (Fig. 3d). To define a HER3 signature, genes that were not expressed in at least 20% of cells were
removed. Then, differential genes between the HER3 high and the HER3 low population were computed using the pairwiseWilcox function
from scran (FDR < 0.1). Resulting significant genes were furthermore intersected with genes whose expression showed a significant Pearson
correlation (FDR < 0.1) with the expression of HER3, and protein-coding genes, yielding 592 HER3 upregulated genes, and 6 HER3
downregulated genes (Suppl.Table2). To see if the HER3 signature could be used to separate the HER3 high and low populations in the three
patients, z-scores were computed for each signature gene for the two populations, and the mean over all genes was calculated. A t-test was
then performed between the z-scores for HER3 high and HER3 low to compute a p-value (Extended Data Fig.6d).

For better UMAP visualization and coloring of expression of different genes (Fig.6a, Extended Data Fig.6b,c and 10b), data of the three
patients was integrated with mutual nearest neighbors (MNN) as implemented in the fastMNN() function from the batchelor63 (v1.2.4) R
package.

- Whole Genome Sequencing and Whole Exome Sequencing

data were aligned and analyzed using the Sarek (version 3.1.2) Nextflow (version 22.10.7) workflow from the nf-core framework. Briefly, initial
quality control and reads trimming was performed with FASTQC (version 0.11.9) and fastp (version 0.23.2). Trimmed reads are then aligned to
GRCh38 reference genome using BWA-mem (version 0.7.17-r1188). Aligned reads were further preprocessed using GATK4 (version 4.3.0.0)
Best practice and variants were called using Strelka2 (version 2.9.10), Mutect2 or Manta (version 1.6.0) using matching germline control when
possible. Variants were annotated using Ensembl VEP (version 106.1). For subsequent analyses, only variants fulfilling the following criteria
were selected: 1. called by both Strelka2 and Mutect2, 2. FILTER==PASS, 3. at least 20 reads mapped in the germline control sample or in the
tumor sample, 4. at least 2 reads mapping in the alternative allele in the tumor sample. Oncoplot were generated using R 4.3.0 and maftools
package (version 2.16.0). A panel of most common and relevant mutated genes was defined based on previous studies on metastatic breast
cancer patients.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

DNAseq, RNAseq, scRNAseq, and microarray data supporting the findings of this study have been deposited in the European Genome-Phenome Archive (EGA),
under the study EGASO0001007582. Access to this data is restricted to protect patient information. Researchers can apply for access through the EGA Data Access
Request, which will be reviewed by the Data Access Committee and Data Protection Office. A Data Transfer Agreement (DTA) must be signed by both parties,
ensuring data confidentiality is maintained and the data is used for the stated research purpose. The access process can take up to several weeks. Further
information about EGA can be found at https://ega-archive.org. The human breast cancer reverse phase-protein assay data were derived from the TCGA Research
Network: http://cancergenome.nih.gov/ and analyzed using https://kmplot.com/. The gene expression profile of commercially available breast cancer and acute
myeloid leukemia cell lines were derived from the Cancer Cell Line Encyclopedia (CCLE) dataset (PRINA523380). The drug sensitivity and expression data on
commercially available datasets were retrieved from DepMap portal (CTDv2 database) (https://depmap.org/portal/ccle/). Genome-wide CRISPRa screen data are
available in supplementary Table3. Source data have been provided as Source Data files. All other data supporting the findings of this study are available from the
corresponding author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Female breast cancer patients.

Reporting on race, ethnicity, or Patient and tumor characteristics are summarized in Table 1.
other socially relevant

groupings
Population characteristics Patient and tumor characteristics are summarized in Table 1.
Recruitment Liquid biopsy samples (pleural and ascitic effusions and peripheral blood withdrawals) were obtained from metastatic breast

cancer patients participating at the CATCH (Comprehensive Assessment of clinical feaTures and biomarkers to identify
patients with advanced or metastatic breast Cancer for marker driven trials in Humans) trial at the Division of Gynecologic
Oncology, National Center for Tumor Diseases (NCT) Heidelberg (case number S-164/2017). Written informed consent was
obtained from all patients.

CTC-specific assessments were further approved by the ethical committee of the University of Heidelberg (case numbers
$295/2009), and University of Mannheim (2010-024238-46). CTC count within the peripheral blood was measured during the
course of the disease. Pleural and ascitic effusions were obtained in routine clinical practice.

Metastatic breast cancer patients with high CTC counts within the peripheral blood sample (=10CTCs/7,5ml) were asked to
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participate in the CTC leukapheresis study. The study was approved by the ethical committee of the University of Heidelberg
(case number S-408/2013). All the liquid biopsy samples from metastatic breast cancer patients available between 2017 and
2022 were real-time processed, whenever was possible (available people in the lab), without any apparent bias.

Ethics oversight Liquid biopsy samples (pleural and ascitic effusions and peripheral blood withdrawals) were obtained from metastatic breast
cancer patients participating at the CATCH (Comprehensive Assessment of clinical feaTures and biomarkers to identify
patients with advanced or metastatic breast Cancer for marker driven trials in Humans) trial at the Division of Gynecologic
Oncology, National Center for Tumor Diseases (NCT) Heidelberg (case number S-164/2017).

CTC-specific assessments were further approved by the ethical committee of the University of Heidelberg (case numbers
$295/2009), and University of Mannheim (2010-024238-46).

Metastatic breast cancer patients with high CTC counts within the peripheral blood sample (=10CTCs/7,5ml) were asked to
participate in the CTC leukapheresis study. The study was approved by the ethical committee of the University of Heidelberg
(case number S-408/2013).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size, but sample sizes are similar to those reported in previous publications. To
ensure reproducibility of our experimental findings, we generated replicates wherever possible confirming the reproducibility of the results as
detailed in the figure legends.

Data exclusions  In scRNAseq analysis, the R packages scater and scran were used to calculate quality control metrics and remove cells with less than 1e5 total
counts, less than 2500 detected features, or a percentage of mitochondrial genes higher than 20%. Normalization and log-transformation of
the data was performed with the functions computeSumFactors and logNormCounts. Additionally, cells were removed that did not express
the epithelial cell marker EpCAM, or expressed the leukocyte marker CD45, since these cells were attributed to be blood cells rather than real
CTCs. In the end, 318 putative CTCs from three patients were left.

Replication To ensure reproducibility of our experimental findings, we generated replicates wherever possible confirming the reproducibility of the results
as detailed in the figure legends.

Randomization  For in vitro experiments, samples were analyzed equally with no subsampling, therefore there was no requirement for randomization. For in
vivo treatment studies, mice were randomized before the start of treatment to ensure that each group started with an approximately equal

mean tumor size.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Western-Blot (dilution 1:1000):
HER3/ErbB3 (D22C5) XP® Rabbit mAb #12708 Cell Signaling Technology
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Validation

Phospho-HER3/ErbB3 (Tyr1289) (21D3) Rabbit mAb #4791 Cell Signaling Technology
FGF Receptor 1 (D8E4) XP® Rabbit mAb #9740 Cell Signaling Technology
Phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060 Cell Signaling Technology

Akt (pan) (C67E7) Rabbit mAb #4691 Cell Signaling Technology

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb #4370 Cell Signaling Technology
p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb #4695 Cell Signaling Technology
Phospho-FAK (Tyr397) (D20B1) Rabbit mAb #8556 Cell Signaling Technology

FAK polyclonal Antibody Rabbit #3285 Cell Signaling Technology

GAPDH (14C10) Rabbit mAb #2118 Cell Signaling Technology

Monoclonal Anti-a-Tubulin antibody produced in mouse T5168 Sigma-Aldrich
FACS/Flow-cytometry:

EpCAM -FITC and APC-Vio770 (clone HEA-125, REA764 Miltenyi Biotec 1:50)

CD45 VioBlue (REA747 clone, Miltenyi Biotec, 1:50)

HER3-PE (66223 clone, FAB3481P, R&D, 1:20)

CD31-VioBlue (clone AC128, Miltenyi Biotec, 1:50)

CD16-VioBlue (clone REA423, Miltenyi Biotec, 1:50)

CD41-VioBlue (clone REA386, Miltenyi Biotec, 1:50)

CD235a-VioBlue (clone REA175, Miltenyi Biotec, 1:50)

anti-mouse CD45 PacificBlue Biolegend Clone 30-F11, Cat# 103116, 1:1000
anti-mouse CD11b PacificBlue Biolegend Clone M1/70, Cat# 101226, 1:2000
anti-mouse TER-119/Ly-76 PacificBlue Biolegend Clone TER-119, Cat# 116223, 1:200
anti-mouse Ly-6G PacificBlue Biolegend Clone 1A8, Cat# A25985, 1:2000
anti-mouse CD31 PacificBlue Biolegend Clone 390, BioLegend Cat#102422, 1:1000
anti-mouse H2-k d PacificBlue Biolegend Clone SF1-1.1, Cat# 116629, 1:50

DAPI (D1306, Thermo Fisher Scientific, 1:1000)

Propidium lodide (P3566, Thermo Fisher Scientific, 1:1000)
Immunohistochemistry:

anti-EPCAM Agilent DAKO Clone Ber-EP4, Cat# FO86001, 1:100

anti-CDH1 Agilent DAKO Clone M3612, 1:30

anti-estrogen receptor alpha (ER) Thermo Fisher Clone SP1, Cat# MA5-16362, 1:50
anti-human Ki-67 Agilent DAKO Clone Ki-67, Cat# FO78801, 1:1000

anti-human KRT19 Agilent DAKO Clone RCK108, Cat# M0888, 1:50

anti-vimentin Agilent DAKO Clone M0725, Cat# M0725, 1:1000

HER3/ErbB3 (D22C5) XP® Rabbit mAb #12708 (1:50) Cell Signaling Technology
Immunomagnetic sort:

anti-CD45 (#130-045-801), Miltenyi Biotec, 20 uL/10e7 cells

anti-CD3 (#130-050-101), Miltenyi Biotec, 20 ulL/10e7 cells

anti-CD31 (#130-091-935), Miltenyi Biotec, 20 ul/10e7 cells

anti-CD16 (#130-045-701), Miltenyi Biotec, 20 ul/10e7 cells

anti- CD235a (#130-050-501), Miltenyi Biotec, 20 ulL/10e7 cells

All antibodies were validated for the specific application by the manufacturer and validation data is available on the manufacturer’s
website. A protein size marker was run on every western blot and the size of the assessed bands was compared to the manufactures
information. For IHC analysis, positive and negative tissues were included in the staining run whenever possible. HER3 and FGFR1
antibodies were further validated with KO or overexpressing cells.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female NOD.Cg-Prkdcscid I12rgtm1W;jl/SzJ (NSG) mice (at least 6 weeks old) were used in the study.
The study did not involve wild animals.

Female mice were used in this study as it breast cancer focused.

The study did not include samples collected from the field.

Animal care and procedures followed the German legal regulations and were previously approved by the governmental review board
of the state of Baden-Wurttemberg, operated by the local Animal Welfare Office (Regierungsprasidium Karlsruhe) under the license
number G-240/11, G-115/17, G-104/22. Mice were housed in individually ventilated cages under temperature and humidity control.
Cages contained an enriched environment with bedding material.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Liquid biopsies or expanded CTCs were stained in a PBS solution containing 1% BSA and 2 mM Ethylenediaminetetraacetic
acid (EDTA) using panels with the antibodies listed before. See Method section for details for the preparation of all samples.

Instrument BD FACSAria™ Fusion | or Il Cell Sorter, BD LSRFortessa™ Cell Analyzer

Software FlowJo, BD FACSDiva

Cell population abundance Due to limited sample material, post-sorting purities were not re-assessed using flow cytometry. Instead, this was done by
gating and quantificatoin of populations using FlowJo.

Gating strategy FSC-A vs SSC-A was the starting gate wherein debris was excluded. Next, single cells were gated based on the exclusion of

outliers in FSC-A vs FSC-H. Viable cells were then gated within this population based on low /negative DAPI (or PI) staining
(FSC-A vs DAPI/PI). Finally, the ultimate sorting population were gated based on EpCAM+/CD45-(or blood lineage-).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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