ONLINE METHODS
Breast cancer cohort
A total of 157 breast cancer patients were enrolled in the study and provided a written informed consent (“Profiling” protocol approved by the Ethical committee of Candiolo Cancer Institute). Since we focused our project on the ERBB2 gene and HER2 protein status, our cohort was stratified on HER2 expression IHC staining (4B5 assay by Roche Ventana, Tucson, USA) that was re-assessed by two pathologists (CM, AS) based on the latest ASCO-CAP guidelines[1] and on the scoring performed with the DB-04[2] and DB-06[3] trials. The cohort was therefore subdivided into four IHC-based categories comprising 40 score 0 (19 HER2-null, score 0 – no staining, and 21 HER2-ultralow, score 0 with staining), 28 HER2 score 1+ (HER2-1+), 71 samples with HER2-2+ and 18 score 3+ BCs[4]. Score 2+ cases were subdivided according to ERBB2 copy number status evaluated by FISH into 15 cases with ERBB2 gene copy numbers <4 (HER2-negative, 2N), 41 cases with ERBB2 gene copy numbers between 4 and 6 (HER2-equivocal, 2E) and 15 cases with ERBB2 gene copy number >6 (HER2-positive, 2A). HER2-low carcinomas were 84 in total following FISH analysis. 
Clinical and pathological features are summarized in Supplementary Table 1 and 2, and the cohort is represented in Supplementary Figure 1, which highlights the subgroup of cases in which specific downstream analyses were performed (red squared).

DNA and RNA purification for bulk analysis
We extracted DNA from formalin-fixed paraffin-embedded (FFPE) tissues sections pertaining to the whole set of 157 samples, with a parallel haematoxylin and eosin (H&E) stained section reviewed for the tumour cellularity by a pathologist (CM). DNA was purified for the entire cohort using the Maxwell® RSC DNA FFPE Kit (Promega, Madison, USA) and RNA was extracted only on the HER2-low tumours using Maxwell® RSC RNA FFPE Kit (Promega, Madison, USA). Both nucleic acids were quantified with spectrophotometer (Nanodrop 1000, ThermoFisher Scientific, Waltham, MA, US) and fluorometer (Qubit, ThermoFisher Scientific, Waltham, MA, US), and checked for integrity using the Agilent 4150 TapeStation System, with Genomic DNA ScreenTape Assay for TapeStation Systems or Agilent RNA ScreenTape Assay (Agilent Technologies, Santa Clara, US).

CUTseq bulk library preparation and sequencing
All 157 samples were subjected to the CUTseq assay, a quick, cheap, and robust library prep method to assess genome wide copy-number alterations[5]. Briefly, we dispensed about 7 ng of the DNA purified from FFPE using the I.DOT One robot. Following the initial digestion by NlaIII-HF enzyme, we added a 33 nM-CUTseq adapter for each sample by ligation (T4 rapid DNA ligase Thermo Fisher Scientific). After ligation, adapted samples were pooled fragmented using Covaris ME220 Focused-ultrasonicator (target peak around 200 bp). Sheared DNA was purified for the subsequent IVT step. After this, we followed the protocol described in the CUTseq manuscript and sequenced the 75 bp single-end libraries on an Illumina NovaSeq 6000 platform (Illumina San Diego, California, U.S). 

DNA targeted sequencing 
A total of 80 ng was used to analyse the 84 HER2-low samples using the targeted NGS the TruSight Oncology 500 panel (Illumina, San Diego, California, U.S), allowing deep sequencing of 523 gene and a total of 1.2 Mb of coding region (1.94 Mb of total coverage). We produced the libraries following the manufacturer’s protocol. All libraries passed the quality controls and were sequenced on the NovaSeq 6000 instrument (Illumina, San Diego, California, U.S). Raw data were processed on the DRAGEN on-site server (v4.0, Illumina), using the TSO500 “tumour-only” pipeline, aligning sequences on the human reference sequence GRCh37 (hg19). All alterations with a variant allele frequency (VAF) >10% were annotated using the Intervar tool[6], with the in silico estimation of pathogenicity (12 predictors contained in the ANNOVAR tool) and the clinical significance reported by ClinVar (version 20221231 hg19 build). Finally, variant actionability was annotated by the OncoKB™ Annotator tool. TSO500 also inferred the tumour mutation burden (TMB) and the microsatellite instability status (MSI) of 120 microsatellite loci.

Targeted gene expression profile 
Targeted gene expression profiling (GEP) was assessed by the Breast Cancer BC 360™ Panel (NanoString Technologies, Seattle, WA, US). The panel comprises 776 BC related genes, analysed by the nSolver Software (NanoString Technologies) with the nSolver Advanced Analyses. This approach allows to evaluate the pathway score as the first principal component of the pathway genes normalized expression, the cell type score (method described in[7]) and the differential gene expression (DGE) analysis. Based on this, we evaluated gene expression profiling comparing all the clustered groups identified by the CUTseq sWGS. The details about the algorithm were described in the nCounter Advanced Analysis 2.0 User Manual (MAN-10030-03). From raw data, a private NanoString pipeline allows identifying the PAM50 intrinsic molecular subtyping, Genomic Risk (GR) and Risk of Recurrence (ROR) for all the 84 HER2-low tumours[8, 9].  

Single cell (sc)CUTseq library preparation and sequencing
We applied scCUTseq following the detailed step-by-step protocol available at[10], to three different breast carcinomas belonging to the score 2+, 2E subgroup that had a frozen sample available. Features of these three tumours are reported in the Supplementary Table 3. First, we assessed tumour cellularity by cutting from the three samples a frozen section that was stained by H&E for microscopic observation. Then, we extracted single nuclei from the fresh frozen, optimal cutting temperature (OCT) compound-embedded blocks for each tumour. Single nuclei suspensions were prepared using the Tapestri frozen tissue nuclei extraction protocol (https://missionbio.com). Each block was placed on a pre-chilled dish placed on dry-ice and incubated with the Tapestri lysis solution (~3 min). The tissue was thoroughly minced with scalpels, and another 1.8 mL of tissue lysis solution was added to rinse the dish. All tissue fragments were transferred into a tube and spun at 20 rpm at room temperature for 15 min. After stopping the lysis, we filtered the solution through a 50 mm cell strainer. The flowthrough was at 300g for 5 min at room temperature, then we fixed the nuclei with a solution containing 66% v/v methanol/33% v/v acetic acid pre-chilled at +4°C. After 15 min incubation on ice, we centrifuged the sample at 300g for 5 min at room temperature to collect the fixed nuclei. We discarded the supernatant and resuspended the nuclei in 1X PBS/5 mM EDTA/0.05% NaN3 and filtered the nuclei through a 20 mm cell strainer. We then manually dispensed 5 μL of Vapor-Lock (Qiagen, cat. no. 981611) into each well in the targeted region of a 384-well plate. Nuclei were transferred into FACS-compatible tubes, added with 2.46 ng/mL Hoechst 33342 (Thermo Fisher Scientific, cat. no. 62249) and incubated for 2 min. We sorted single nuclei 384-well plates using the BD FACSJazz Cell Sorter (BD Biosciences) based on forward and side scatter properties. After sorting, plates were stored at –20°C until further processing. Nuclei were whole genome amplified using the MALBAC kit (Yikon Genomics, cat. no. Y001A). Briefly, after cell lysis (50°C for 1 h and 80°C for 10 min in a PCR thermocycler), nuclei were pre-amplified step, at 94°C for 3 min to denature DNA, followed by 8 cycles of quasi-linear amplification (20°C for 40 sec; 30°C for 40 sec; 40°C for 30 sec; 50°C for 30 sec; 60°C for 30 sec; 70°C for 4 min; 95°C for 20 sec; and 58°C for 10 sec) in a PCR thermocycler. Finally, we amplified the nuclei at 94°C for 30 sec to denature DNA followed by 14 cycles of exponential amplification (94°C for 20 sec; 58°C for 30 sec; 72°C for 3 min) in a PCR thermocycler.
We finally sequenced the MALBAC products following the high-throughput CUTseq protocol based on the I.DOT system (CELLINK), which we described before. We digested the MALBAC products with the NlaIII restriction enzyme (NEB, cat. no. R0125L) (37°C for 30 min followed by 65°C for 20 min to inactivate the enzyme). After digestion, we ligated 33 nM scCUTseq adapters into each well (one barcode per cell), with the T4 rapid DNA ligase (Thermo Fisher Scientific, cat. no. K1423) at 22°C for 30 min. We then pooled each single nuclei and, after purification with Agencourt Ampure XP beads, we sheared it using Covaris ME220 Focused-ultrasonicator with a target peak set at 200 base pairs (bp). To prepare sequencing libraries, we followed the standard CUTseq protocol. All libraries were single-end, 76 bp sequenced in using the NovaSeq 6000 S4 flow cell (200 Cycles) kit (Illumina, cat. no. 20028312). 

Single cell (sc)FFPE sequencing
We applied single cell sequencing, sWGS from FFPE tissue sections (50 um-thick) corresponding to the three samples sequenced with scCUTseq, and for an additional HER2 score 2+, 2E tumour specimen (Supplementary Table 3). First, FFPE tissue rolls obtained from FFPE block samples subjected to cold formalin fixation (to guarantee lower DNA fragmentation[11]) were disaggregated down to a single cell suspension and stained with anti-keratin (K) and anti-vimentin (V) antibodies using FFPE SamplePrep kit (Menarini Silicon Biosystems, KI0114 and KI0115). Stained single cell suspensions were loaded into a DEPArray™ cartridge (Menarini Silicon Biosystems) and processed using the DEPArray™ system, allowing the detection and the isolation of cell batches and pure single cells. The gating strategy at the DEPArray™, allowed by the Automatic Cell Selection, takes into account chromosomes abnormalities typically occurring in tumour cells and resulting in a higher DNA content with respect to normal cells using the Integral Intensity parameter of the DAPI signal, indirectly measuring the DNA content of a cell, assessing the DNA Index of the K+V- population and using V+K- fraction as a normal diploid reference, in stoichiometric relationship to the cellular DNA content (DNA Index DI = tumour population peak position / stromal population peak position).
We then applied a sWGS on 50 cells/sample. First, Ampli1™ LowPass kit for Illumina (Menarini Silicon Biosystems S.p.a., catalogue number: KI0112, KI0040, KI0041) was used for preparing sWGS libraries from single cells according to manufacturer instructions. Ampli1™ LowPass libraries were then sequenced by HiSeq 2500 instrument using 100 SR rapid-run mode. For all the samples, we prepared a pool of 50 cells for both stromal and bulk sequencing. Each FFPE cell pool was transferred ianhattanroTUBE-50 AFA Fiber Screw-Cap for fragmentation by Covaris M220 instrument for 3 min and 52 sec (pick power:50, duty factor:20, cycles/burst:200) to obtain a 180–220 bp fragment size and whole genome libraries were prepared with DEPArray LibPrep™ kit for Illumina (Menarini S.p.a., catalogue number: KI0091, KI0100, KI0102, KI0107, KI0108) according to manufacturer instructions. Next, libraries were normalized and pooled to 4 nM based on qPCR quantification (Kapa Biosystems). Pooled samples were sequenced on the Illumina MiSeq sequencer (150 SR). 

Bioinformatic Analysis
Sequencing data pre-processing
We demultiplexed raw sequence reads to fastq files using Illumina bcl2fastq2 software (version 2.20). In the case of scCUTseq, each fastq file typically contains 384 single cells. We further demultiplexed and analyse each fastq file using a custom pipeline[5]. In short, we extracted cell-specific barcodes and UMIs from each read at the specified nucleotide locations. Following this, we matched the barcodes to a list of predefined barcodes allowing for two mismatches if using a set of 384 adapters, or one mismatch if using a set of 96 adapters. For sequence reads that extended through adapters, we trimmed the adapters from cell- (or sample-) specific fastq files using fastp (version 0.20.1). We aligned the fastq files to the GRCh37/hg19 human reference genome using Burrows-Wheeler Aligner version (BWA-MEM, v0.7.17 release) and subsequently sorted and indexed using samtools (version 1.10)22. Finally, we deduplicated the reads based on the unique molecular identifier (UMI) tag and read position using umi-tools (version 1.1.1)23. 

Copy number calling and quality control
Read counts were calculated for each bin (window size of 100 kb for bulk CUTseq and 500 kb for scCUTseq) and normalized by GC-content using LOWESS smoothing generating a Log R Ratio (LRR) value. Next, we either segmented the normalized read counts using the Circular Binary Segmentation module in the DNAcopy R package (v1.74.1)24 or, in the case of single cell data, performed joint segmentation using the multipcf function in the copynumber R package (v1.29.0.9)25. Following this, we merged adjacent segments that were not significantly distinct using mergeLevels in the aCGH (version 1.78.0) R package. In the case of single cell data, we then inferred integer copy numbers using a grid search between different ploidy and purity combinations and selecting the combination with the lowest error. We skipped this last step in the case of bulk sequencing data. Genome-wide plots for all the 157 patients were represented with the R package circlize (v.0.4.15).
We also excluded low-quality single cell copy number profiles from our analyses after manually inspecting 3,027 scCUTseq profiles and annotating them as high or low quality. 
Finally, we inferred copy number values to gene-level based on genes genomic coordinates overlapping detected segments R package (v1.52.0), defined as gained genes with a copy number > 4 and lost genes with a copy number < 1.5. False positive and true positive predictive values were assessed for ERBB2 gene as reported here26.

Copy number profiles clustering
We clustered the 84 HER2-low patients at chr17 and genome-wide LRR mean for each segment, using the k-means algorithm implemented in the ComplexHeatmap R package (clustering method: “ward.D”, clustering distance: “Euclidean”), annotated as Roman numeral. We chose the best k using the silhouette score calculated with the ‘cluster’ R package (v.2.1.6).

Quantitative estimation of copy number alterations
We assessed broad genomic instability by calculating different chromosomal instability (CIN) metrics. First, we assessed a global score of chromosomal instability by calculating the percentage of gained (copy number > 2.5) and lost (copy number < 1.5) genetic material per chromosome and averaging these values across the autosomal chromosomes generating a score ranging from 0 to 1 where increasing number implies greater instability.
We evaluated the most variable genomic regions (Differentially Copy Numbered, DCN) among the clusters identified by applying the Kruskal-Wallis test followed by the Dunn’s test as post-hoc analysis (raw P-value ≤ 0.01). In the pairwise comparison we selected as significantly copy number varying regions those with Holm-adjusted p-value ≤ 0.01. From these regions the candidate genes were then extracted and visualized as heatmap.

Phylogenetic reconstruction and clone identification in tumour samples
We constructed phylogenetic trees of breast tumour single cells using MEDICC2 algorithm (version 1.8.2)[12] with default parameters and total copy numbers of single cells as input. 

scFFPE sequencing
The obtained fastq files were aligned to the hg19 human reference sequence using Burrows-Wheeler Aligner version 0.7.12 (BWA) and mem algorithm with default parameters. Copy-number alterations in the data were identified using Control-FREEC software (version 11.0) using control-free mode and coefficient of variation parameter set to 0.06. Ploidy parameter was selected based on the DNA index (DI) of the DEPArray™ sorted cell population, according to the formula ploidy = DI*2 and, for non-integer values, by testing the two nearest integer values. For each ploidy the root mean square error (RMSE) and percentage of genome explained are calculated using Control-FREEC. Ploidy is selected based on minimization of RMSE and maximization of percentage of genome explained. All the other Control-FREEC parameters were set to default values. To assess the quality of the generated profiles, alignments were randomly subsampled to 200,000 reads and copy number analysis was performed with Control-FREEC (v11.0) using a window length = 1 Mbp and a main ploidy = 2. Derivative Log Ratio Spread (DLRS) was then calculated using DLRS =std(diff(log2(CN2)2) where std stands for standard deviation, diff is the n-th discrete difference between consecutive windows along the genome and CN represents the copy number for each window. High DLRS values suggest a high level of noisiness (low-quality) in copy-number profiles. Hierarchical clustering of profiles was performed using “euclidean” distance metric and “ward.D” clustering method.

UMAP on single cells profiles
For either scCUTseq or DEPArray™ protocols, we first embedded the cells using the UMAP R package (v0.2.10.0) with the following parameters: random_state=678 and distance metric=“Manhattan”. 

Ideogram
Chromosome 17 (chr17) ideogram was visualized with the ideogRamR R package (v0.1.1). Log2 copy number values relative to chr17 segments were mapped directly on the ideogram with a false colour code ranging from dark blue to dark red according to loss or gain of genetic material respectively. 

Statistical analysis
Data were analysed by using both R software and the IBM SPSS Statistics, Version 20.0. (IBM Corp Armonk, NY). The t-student (continuous variable) or the chi-squared test (discrete variables) were FDR-adjusted to evaluate differences in the distribution of clinic and pathological features within the clusters identified by means of CUTseq analysis. For the survival analyses, PFS (calculated as the time from diagnosis to relapse) was evaluated for the HER2-low cohort using the Kaplan–Meier method and analysed with the log-rank test. Disease progression-free patients were censored at the date of the last follow-up. P-value < 0.05 was considered statistically significant.
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