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2.0.22) to study the recurrence of gene-level CNVs in our sample set.

Proteomics: Peptides digested by Lys-C and trypsin were labeled by TMTpro 16plex label reagents (Thermo Fisher Scientific, San Jose, USA).
The TMT-labeled samples were cleaned with a C18 column (Waters Sep-Pak® Vac 1 cc C18 Cartridge) and fractionated using a Dionex
UltiMate3000 HPLC system (Thermo Fisher Scientific, San Jose, USA). The redissolved peptides were analyzed by liquid chromatography–
tandem mass spectrometry (LC–MS/MS) with a nanoflow DIONEX UltiMate 3000 RSLCnano System (Thermo Scientific™, San Jose, USA)
coupled with an Orbitrap Exploris 480 mass spectrometer (Thermo Scientific™, San Jose, USA), which was equipped with a FAIMS Pro™
(Thermo Scientific™, San Jose, USA) in data-dependent acquisition (DDA) mode. The mass spectrometric (MS) data were analyzed by
Proteome Discoverer (version 2.4.1.15, Thermo Fisher) using the human protein database downloaded from UniProt (version 15/07/2020,
20368).

Polar metabolomics: LC–MS/MS analyzes were performed using an ultrahigh-performance liquid chromatography (UHPLC) system (Vanquish,
Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 m) coupled to a Q Exactive High Field (QE-HFX) mass
spectrometer (Orbitrap MS, Thermo). A QE HFX mass spectrometer was used for its ability to acquire MS and MS/MS spectra in information-
dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, version 4.1, Thermo). MS raw data files were converted
to mzXML format by ProteoWizard software (version 3.0.19282) and processed by the R package XCMS (version 3.2) for metabolomics. Then
the MS/MS spectra were searched in an in-house database for polar metabolite annotation based on accurate mass (m/z, ± 5 ppm), retention
time and spectral patterns.

Lipidomics: LC–MS/MS analyzes were performed using a UHPLC system (1290, Agilent Technologies) equipped with a Kinetex C18 column (2.1
* 100 mm, 1.7 m, Phenomen). A QE mass spectrometer was used for its ability to acquire MS and MS/MS spectra in DDA mode in the control
of the acquisition software (Xcalibur, version 4.0.27, Thermo). MS raw data files were converted to mzXML format by ProteoWizard software
(version 3.0.19282) and processed by LipidAnalyzer for lipidomics data. Then, the LipidBlast database (MSDIAL version 4.48) was applied for
lipid annotation. The MS/MS spectra matching score was also calculated as described in the polar metabolomic analysis section.

More details were provided in supplementary materials.

No custom algorithms or software that were central to this research was used.

R software 4.0.4 was used for the analyses. Survival analysis was performed using the Kaplan–Meier method and compared with the log-rank
test using the R package “survival” (version 3.3-1), and then visualized by the R package “survminer” (version 0.4.9).Differentially expressed
genes (DEGs) between HER2-0 and HER2-low breast cancers were determined using the R package “DESeq2” (version 1.30.1) according to
official instructions. Enrichment analysis based on DEGs and differentially expressed proteins was performed using the R package
“clusterProfiler” (version 4.0.5). The pathway enrichment score for each sample was evaluated using the ‘‘gsva’’ function in the R package
‘‘GSVA’’ (version 1.38.2) according to package instructions. Tumor mutation burden (TMB) was calculated with the R package
“maftools” (version 2.6.05). PAM50 subtypes were determined based on the PAM50 classifier. IntClust subtypes were assigned using CNA and
RNA data with R package iC10 (version 1.5).Lehmann's subtype and HRD score were calculated with custom code according to corresponding
reports described in the manuscript.

The code was available at GitHub (https://github.com/ljdai98/FUSCC_HER2-low_breast_cancer_study).

Database for data collection

The hg38 human genome reference was downloaded from https://genome-idx.s3.amazonaws.com/hisat/grch38_snptran.tar.gz/. Cancer driver genes were derived
from OncoKB (https://www.oncokb.org/), Integrative Onco Genomics (https://www.intogen.org/) and Cancer Genomics Consortium (CGC, https://
cancer.sanger.ac.uk/cosmic/) dataset. Human protein database was downloaded from Universal Protein (Uniprot, https://www.uniprot.org/). Annotations for lipids
were downloaded from LipidBlast database (https://fiehnlab.ucdavis.edu/projects/lipidblast/).

Database for data analysis

The multiomics data and clinical information of the TCGA-BRCA dataset were downloaded from cBioPortal (https://www.cbioportal.org/). Lipid metabolism genes
were extracted from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/). Gene lists of PI3K and ERBB2 signaling and
REACTOME gene sets were derived from the MSigDB C2 collection (https://www.gsea-msigdb.org/). The multiomics data and clinical information of the TCGA-BRCA
dataset used in this study are available in the cBioPortal (https://www.cbioportal.org/)62,63.

Data generated in this study

The WES data, CNA data, RNA sequencing data and metabolome data generated in this study have been deposited in the GSA database (https://ngdc.cncb.ac.cn/
gsa/) under accession codes PRJCA017539 [https://ngdc.cncb.ac.cn/bioproject/browse/PRJCA017539]. The TMT-based MS-quantified protein data have been
deposited in the iProX (https://www.iprox.cn) under accession codes IPX0006535000 [https://www.iprox.cn/page/project.html?id=IPX0006535000]. Source data are
provided with this paper. A minimum dataset this study has been deposited in the Zenodo (https://zenodo.org/) under DOI 10.5281/zenodo.7958124 [https://
doi.org/10.5281/zenodo.7958124]. These data were publicly accessible after publication.

Source data are provided with this paper.
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Human research participants
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Sex was determined by investigator observation. We do not restrict sex in the recruitment of our study, but due to the
disease type we focused, the majority of included patients were female. Specifically, in all patients finally included in our
study, only one patient was male. And thus, we do not perform sex-based analyses and our finding mainly apply to female.

Population characteristics of participants including age, investigator observed sex,menopause status and neoadjuvant
therapy status were included. These characteristics of included patients were detailed in Table 1 and supplementary
materials.

Chinese patients nationwide from China diagnosed with breast cancer and get treated at the Department of Breast Surgery at
FUSCC from January 1, 2013 to December 31, 2014 were retrospectively reviewed. A total of 773 consecutive patients were
enrolled according to the following defined criteria: 1) Willing to participate in this study and signed written informed
consent; 2) Patients diagnosed with unilateral invasive breast cancer; 3) Central pathologic examination of tumor specimens
performed by the Department of Pathology at FUSCC: ER, PR, and HER2 statuses; 4) No evidence of distant metastasis at
diagnosis; 5) Sufficient archived tissue available for further investigation.

HER2-0 status was defined as a HER2 IHC score of 0; HER2-low status was defined as a HER2 IHC score of 1+ or 2+ with ISH-;
HER2-positive status was defined as a HER2 IHC score of 2+ with ISH+ or 3+.The HER2 IHC scores were reevaluated for all
HER2-negative samples, where some original HER2 IHC slides were unavailable, and thus be excluded. This exclusion did not
involve any subject slecetion.

Bias may exist because of our single-center design, but we avoided self-selection bias thoroughout the whole study.
Discussion about the bias were provided in our manuscript in the Discussion section.

This study was approved and supervised by the Institutional Review Board of FUSCC (IRB ID: 050432-4-1911D).

We recruited all patient satisfying criteria described between 01/01/2013 and 12/31/2014 as described above and thus no sample-size
calculation was performed.

In the rescoring, 66 patients were excluded because of no available historical HER2 IHC slides.

Most sequencing and molecular profiling was performed once per human sample because of the limited amount of tissue that is available per
patient. Technical replicates (samples from 5 patients) were set to verify the reliability of TMT-labeled proteome system by Spearman's
correlation analysis, where technical replicates showed good correlation.

Randomization was not relevant to this study because we didn't have group allocation in the experiments.

Samples were blinded during the sample preparation and sequencing.




