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Abstract

Protein-protein interactions (PPIs) are fundamental to understanding biological systems as 

protein complexes are the active molecular modules critical for carrying out cellular functions. 

Dysfunctional PPIs have been associated with various diseases including cancer. Systems-wide 

PPI analysis not only sheds light on pathological mechanisms, but also represents a paradigm 

in identifying potential therapeutic targets. In recent years, cross-linking mass spectrometry (XL-

MS) has emerged as a powerful tool for defining endogenous PPIs of cellular networks. While 

proteome-wide studies have been performed in cell lysates, intact cells and tissues, applications 

of XL-MS in clinical samples have not been reported. In this study, we adopted a DSBSO-based 

in vivo XL-MS platform to map interaction landscapes from two breast cancer patient-derived 

xenograft (PDX) models. As a result, we have generated a PDX interaction network comprising 

2,557 human proteins and identified interactions unique to breast cancer subtypes. Interestingly, 

most of the observed differences in PPIs correlated well with protein abundance changes 

determined by TMT-based proteome quantitation. Collectively, this work has demonstrated the 

feasibility of XL-MS analysis in clinical samples, and established an analytical workflow for 

tissue cross-linking that can be generalized for mapping PPIs from patient samples in the future to 

dissect disease-relevant cellular networks.
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Introduction

Protein-protein interactions (PPIs) constitute the fundamental basis of complex biological 

networks that govern cellular functionality and physiological states1,2. It is well-known 

that altered and dysregulated PPIs have been intimately linked to a variety of human 

pathologies3–5, prominently including cancer6. As such, there is a paramount importance 

to develop methodologies to unravel the molecular mechanisms behind these interactions 

and identify clinical biomarkers for developing therapeutic treatments7. Within the last 

several decades, affinity purification mass spectrometry (AP-MS) has proven powerful and 

been utilized to profile PPIs at the global scale from many organisms due to its sensitivity, 

versatility, speed and scope8,9. The interaction data generated by large-scale AP-MS studies 

have contributed to the expansion of current protein interaction databases9,10. However, 

the potential reorganization of PPIs upon cell lysis and difficulty in maintaining weak and 

transient interactions prevent the full characterization of native PPIs. In recent years, AP-MS 

has been coupled with proximity labeling (e.g. APEX (ascorbate peroxidase), BioID) to 

improve the detection of dynamic and transient interactions11,12. However, these approaches 

only provide a list of putative interactors and can result in high background due to label 

diffusion and/or nonspecific binding13. In addition, affinity purification-based strategies 

require cell engineering to express tagged or fusion proteins in host cells, and often involve 

iterative experiments with a large number of bait proteins to unravel PPI networks at the 

systems-level, limiting their applicability to clinical samples.

Cross-linking mass spectrometry (XL-MS) has emerged as a powerful tool for studying PPIs 

both in vitro and in vivo, offering a unique capability to capture native PPIs from cellular 

environments14–20. This approach reveals endogenous PPI identities and interaction contacts 

concurrently to enable the differentiation between direct and indirect interactors. The cross-

links formed between proximal residues of interacting proteins can further serve as distance 
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constraints to assist in refining existing structures and elucidating architectures of native 

protein complexes14–17,21–23. To advance XL-MS studies, we have previously developed 

a series of sulfoxide-containing MS-cleavable cross-linkers to facilitate the detection and 

identification of cross-linked peptides24,25, which have proven effective for global PPI 

mapping25–27. While various cross-linking platforms have been utilized for whole-proteome 

PPI mapping of cell lysates25,27–29, intact cells26,30–32, organelles33–35, and tissues18,33,36, 

XL-MS analysis of clinical samples has not been explored. To identify disease-specific PPIs 

and biomarkers from clinical samples, we have taken our previously developed XL-MS 

platform featuring enrichable and MS-cleavable cross-linkers i.e. Alkyne/Azide-A-DSBSO 

(aka DSBSO)37,38, for in-cell cross-linking26 and adapted it for XL-MS at the tissue level.

Patient-derived xenografts (PDXs) have become indispensable models in cancer research 

due to their capacity to faithfully reproduce the characteristics and behavioral attributes of 

human tumors39. Thus far, these models have been extensively employed to study cancer 

biology through genomic sequencing40, transcriptional profiling41, immunohistochemical 

staining42, and proteomics43,44. While comprehensive PPI characterization of PDX and 

primary tumors is still lacking, recent studies have identified similar genomic signatures 

and protein profiles between breast cancer PDX and its original tumors45,46. These studies 

collectively suggest that PDX models are a valuable preclinical system for disease PPI 

identification. Therefore, we performed XL-MS analysis of two major breast cancer 

subtypes: basal and luminal PDX models. The luminal subtype is the most prevalent (~45% 

of cases) and considered as low grade, which expresses hormone receptors and responds 

well to hormone therapy, but poorly to chemotherapy. The basal subtype constitutes around 

15% of cases and is characterized by high-grade, proliferative, and hormone receptor-

negative tumors with no targeted therapy and poor prognosis. Characterization of these 

cancer subtypes at the PPI level is crucial for understanding their distinct clinical features 

and identifying potential targets for diagnosis, prognosis, and therapy. To this end, we 

have adapted the DSBSO-based in vivo XL-MS platform to analyze the two types of 

breast cancer PDX tissues and obtained a comprehensive XL-PPI network composed of 

2,557 proteins. To the best of our knowledge, this study represents the first application of 

XL-MS to PDX samples, highlighting its effectiveness for defining interaction networks in 

clinical samples. The analytical strategy established here can be generalized to study protein 

interactions in other disease models to help us delineate molecular networks underlying 

human pathologies.

EXPERIMENTAL PROCEDURES

Cross-Linking, Protein Extraction and Trypsin Digestion of Mouse Xenograft Tissue

Patient-derived xenograft (PDX) tumor tissues used in this study were from NCI Patient-

Derived Models Repository (PDMR), including basal (P96) and luminal (P97) subtypes of 

breast cancers. Tumor pieces for each subtype were dissected from mouse as previously 

described44. Thirty mg of breast cancer patient-derived xenograft tissues (basal and luminal) 

were cryopulverized prior to suspension in cross-linking buffer (20 mM HEPES (4-(2-

Hydroxyethyl)piperazine-1-ethane-sulfonic acid), 150 mM NaCl, 1.5 mM MgCl2, pH 7.8) 

containing 2 mM Alkyne-A-DSBSO. The tissue powders were then incubated for 1 h with 
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rotation at 37 °C. Following quenching of remaining cross-linker with 50 mM ammonium 

bicarbonate for 15 min, the samples were homogenized by 22G needle. The supernatant was 

clarified by centrifugation at 14,000 g and protein concentration was measured by Bradford 

assay. 1 mg protein from each PDX sample was digested using FASP (filter aided sample 

preparation) procedure as previously described26 (see Supplemental Methods). The digested 

peptides were desalted and stored in −80 °C prior to subsequent “click”-based labeling and 

enrichment.

Click Chemistry-Based Cross-Link Enrichment.

Click labeling of BPA (biotin picolyl azide) to Alkyne-A-DSBSO cross-linked peptides was 

performed as previously described26. Briefly, BPA, BTTAA, CuSO4, and sodium ascorbate 

were added to peptide digests (40 uL) to a final concentration of 1.2 mM, 1 mM, 500 μM, 

and 5 mM, respectively. The mixture was then rotated in the dark at room temperature for 

2 h. After labeling, binding buffer (25 mM sodium phosphate, 150 mM NaCl, pH 7.5) was 

added to a final volume of 200 μL and rotated with 250 μL of streptavidin beads for 2 

h at room temperature. After washing with binding buffer twice, the DSBSO cross-linked 

peptides were eluted from the beads through acid cleavage using 10% formic acid at 37 °C 

overnight.

Cross-link Identification and Data Analysis

The eluted peptides were first separated by SEC (size exclusion chromatography); the two 

primary fractions with cross-linked peptides (F23–25min, F25–27min) were collected and 

injected for LC-MSn analysis using an UltiMate 3000 RSLC coupled in-line to an Orbitrap 

Fusion Lumos mass spectrometer (Thermo Fisher, San Jose, CA). MSn data were extracted 

using PAVA and subjected to database searching using Batch-Tag within Protein Prospector 

(v.6.3.5). Cross-linked peptides were identified by the integration of MSn data with database 

search results using the in-house software xl-Tools as described26 (Supplemental Methods). 

PPI analysis and structural mapping were derived based on DSBSO XL-MS data. Gene 

Ontology enrichment was performed using the R package “ClusterProfiler”47. BioPlex 

(https://bioplex.hms.harvard.edu/)9, BioGrid (https://thebiogrid.org/)48 and CORUM (http://

mips.helmholtz-muenchen.de/corum)49 were used to annotate PPIs and map protein 

complexes. Mapping of cross-links to high-resolution structures of protein complexes was 

performed using PyMOL as previously described26.

TMT Quantification of Mouse PDX Proteomes

100 μg of peptides from each sample were labeled with TMT-16-plex in the presence of 

30% acetonitrile. Samples were labeled for 60 min at room temperature. After labeling, 

the reaction was quenched by adding 5% hydroxylamine followed by incubation at RT for 

15 min. Then, the labeled peptides were pooled and desalted for subsequent LC-MS/MS 

analysis. Mass spectrometry analysis and MS data searching were performed as previously 

described44 (see Supplemental Methods).
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RESULTS AND DISCUSSION

DSBSO-Based XL-MS Analysis of Breast Cancer PDX Tissues

To expand the application of XL-MS to clinical samples and assess the feasibility to 

identify disease-relevant PPIs, we have adapted the DSBSO XL-MS strategy and applied 

it to two (basal and luminal) breast cancer PDX models (Figure 1). To enable cross-

linking of frozen tissues, PDX samples were first cryopulverized before cross-linking with 

Alkyne-A-DSBSO. Next, the cross-linked tissues were lysed in urea-containing buffer, 

and the extracted proteins were enzymatically digested (Figure 1). The resulting cross-

linked peptides were attached to a biotin tag through click chemistry-based conjugation, 

followed by binding to streptavidin resin26. After extensive washing and acid elution, cross-

linked peptides were isolated from non-cross-linked peptides. To enhance the detection 

and identification of the most structurally informative inter-linked peptides, the enriched 

cross-linked peptides were further separated by peptide SEC and the fractions containing 

interlinked peptides were then subjected to LC MSn for unambiguous identification50.

Here, we performed XL-MS analyses on two biological replicates of basal and luminal 

breast cancer PDX samples. In total, 15,952 CSMs (cross-link peptide spectrum matches) 

were identified at an FDR of 1.8%, generating an XL-proteome composed of 2,557 human 

proteins (Table S1). The overall results are comparable to our previous proteome-wide 

XL-data of HEK 293 cell lysates27 and cells26, demonstrating the effectiveness of the 

DSBSO-based workflow for PDX tissues.

XL-Proteomes of Breast Cancer PDX Tissues

From basal breast cancer PDX samples, a total of 8,707 CSMs were obtained from 1,908 

cross-linked proteins. Similarly, a total of 7,245 CSMs were obtained for luminal breast 

cancer PDX samples from 1,720 cross-linked proteins (Table S1). While the total number 

of cross-linked proteins identified from basal and luminal breast cancer are similar, 836 and 

649 proteins were unique to basal breast cancer and luminal breast cancer respectively, with 

41.9% overlap between the two compared samples (Figure 2A). In addition, 34.6% of K-K 

linkages were found in both types of the samples, suggesting subtle differences in cancer 

interactomes. To better assess the cross-linking data, we have performed tandem mass tag 

(TMT)-based quantitative analysis on both PDX models to determine the relative protein 

abundances within their proteomes. As a result, we identified and quantified a total of 8,855 

human proteins from basal and luminal PDX models, referred to as the TMT-proteome from 

this point onward (Table S2).

To understand the breadth of the XL-proteomes, we first compared their subcellular 

compartment distributions to those of the human51 and TMT-proteomes. As shown in Figure 

2B, the PDX XL- and human proteomes shared similar subcellular distributions that differed 

only slightly in the representation of cytosolic and plasma membrane proteins, similar to 

results from previous XL-MS data of HEK293 cells26 and lysates25,27. To examine the 

dynamic range of proteins comprising the PDX XL-proteomes, we plotted the abundance 

distribution of cross-linked proteins against that of the integrated human proteome obtained 

through PAXDB52 (Figure 2C). As illustrated, the overall relative intensities of cross-
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linked proteins spanned a range over 7 orders of magnitude, comparable to previously 

published data26,27. While the overall content of the XL-proteome coincides well with the 

TMT-proteome, 581 proteins were only identified by XL-MS analyses. This includes the 

highest abundant protein (i.e. TMSB4X, ~5 kDa) and the two lowest abundant proteins 

(i.e. SDR42E1 and CCDC188) found in our XL-MS data (Figure 2C), suggesting that 

XL-MS analysis can offer complementary protein identification to shotgun proteomics and 

enhance proteome coverage. The observed differences can be attributed to the enrichment 

of cross-links and the dependence of cross-link identification on the abundance of protein-

protein interactions rather than solely on the abundance of individual proteins. In addition, 

cross-linkability at the interaction interfaces and the resulting cross-linked peptides can 

influence their identification.

Within the PDX TMT-proteome, 937 proteins exhibited downregulation in luminal breast 

cancer (luminal/basal ≤ 0.5), and 801 proteins displayed upregulation in luminal breast 

cancer (luminal/ basal ≥ 2) (Table S2). Of the 937 downregulated proteins, 212 were 

identified as cross-linked proteins. Of these, 56 were found in both samples, while 135 and 

21 were unique to basal and luminal, respectively. Similarly, of the 801 upregulated proteins, 

175 were identified by XL-MS with 25 unique to basal, 93 to luminal, and 57 shared in both 

samples (Figure 2D). Notably, the observed variations in protein abundance between the two 

breast cancer subtypes determined by TMT-based quantitation exhibited a high degree of 

accordance with differential identification of cross-linked proteins by XL-MS (Figure 2D 

and Table S2). This consistency reaffirms the reliability of our XL-data and the differences 

observed in the two PDX models.

Gene Ontology Analysis of the PDX XL-Proteomes

To examine the context of the XL-proteomes, we first performed Gene Ontology (GO) 

analysis of cellular components. Distinct enrichment patterns were unveiled between basal 

and luminal breast cancer proteomes, as well as between breast cancer53 and normal 

breast tissue54. Both basal and luminal breast cancer showed common enrichments in 

cellular components, such as cell-substrate junction, focal adhesion, actin cytoskeleton, 

and ribosome. In comparison, luminal breast cancer exhibited a unique focus on ficolin-1-

rich granules, suggesting differences in vesicular trafficking and immune-related processes 

(Figure 3B). Interestingly, cellular component GO analyses on normal breast tissue and 

breast cancer proteomes (Figures 3C, D) also revealed pronounced disparities, with the 

cancer proteome displaying enrichments in cell-substrate junction and focal adhesion—the 

two most enriched cellular components in both basal and luminal XL-proteomes.

Next, molecular function GO analysis revealed that both basal breast cancer and luminal 

breast cancer highlighted cadherin binding, actin binding, and ATP hydrolysis activity 

(Figure S1A, B). While normal breast tissue also showed enrichments in cadherin binding, 

actin binding and ATP hydrolysis activity were only enriched in the breast cancer proteome 

(Figure S1C, D), illustrating an expected similarity between breast cancer proteins and basal 

or luminal cross-linked proteins. Finally, the XL-proteomes of basal and luminal breast 

cancer were found to be enriched in biological processes associated with increased cellular 

activity, such as cytoplasmic translation, nucleosome assembly, chromatin remodeling, and 
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protein folding (Figures S1E, F). These results suggest an augmented demand for protein 

synthesis, genomic organization, and cellular machinery—hallmarks of the proliferative 

nature of cancer cells, that correlate well with the enriched biological processes observed 

in the breast cancer but not normal breast tissue proteome (Figure S1G, H). Taken together, 

the PDX XL-proteomes contain molecular information that provides insights into the subtle 

differences between basal and luminal breast cancer and their divergence from normal breast 

tissue.

Validation of Cross-links by 3-D Structural Mapping

To assess the validity of the identified cross-links, we first compared our XL-proteome 

against the CORUM protein complex database. As a result, 1,908 cross-linked proteins 

from basal breast cancer were distributed into 560 CORUM protein complexes, in which 

356 (63.6%) and 79 (14.11%) were identified with ≥ 50% and ≥ 90% protein composition, 

respectively (Table S3). In comparison, 1,720 cross-linked proteins from the XL-proteome 

of luminal breast cancer PDX comprised 426 CORUM protein complexes. Similarly, 258 

(60.1%) of the protein complexes were identified with ≥ 50% protein compositions and 64 

protein complexes (15.2%) were determined with subunit recovery exceeding 90% (Table 

S3). These results illustrate the capability of XL-MS analysis to uncover endogenous protein 

complexes from breast cancer tissues.

Based on the number of identified K-K linkages, the CCT, cytoplasmic ribosome, and 

Nop56p-associated pre-rRNA complexes were best represented in our XL-data. The CCT 

complex was identified with 8 subunits (100% composition) in both samples. To examine 

cross-link validity, we mapped the identified linkages to a high-resolution structure of the 

CCT complex (PDB: 7LUP) (Figure 4A). 84.6% (22/26) and 87.9% (29/33) of the linkages 

from basal and luminal PDX samples, respectively, corresponded to Cα-Cα distances ≤ 

35 Å, thereby satisfying the maximum DSBSO distance threshold (Figure 4C). While 3 

out of the 4 non-satisfactory cross-links spanned distances ranging from 43–64 Å, one 

linkage (CCT8:K466-TCP1:K494) was found to span 129.3 Å when mapped to a single 

CCT ring. However, when mapped between two adjacent rings, its distance was reduced to 

22.2 Å, supporting the presence of a multimer consisting of dimerized CCT rings55 (Figure 

S2). Another major complex identified here was the cytoplasmic ribosome complex, which 

consists of 79 subunits and was identified with 110 linkages from 65 subunits in basal and 

93 linkages from 58 subunits in luminal cancer. When mapped to the available structure 

(PDB entry: 6OLG) (Figure 4B), more than 95% cross-links were ≤ 35 Å, demonstrating 

excellent cross-link distance satisfaction (Figure 4C). Interestingly, this satisfaction rate is 

comparable to that of previously reported in-cell XL-data (94%) 26, but much better than 

that of cell lysate-derived XL-data (72~76%)27. It is known that the ribosomal complex is 

dynamic, and its interactions are prone to change during cell lysis. As tissue cross-linking 

preserves ribosomal interactions similarly to in-cell cross-linking, our results suggest that 

the DSBSO XL-MS workflow is applicable for capturing endogenous protein interactions 

from frozen PDX tissues. When all cross-links were mapped to available high-resolution 

structures of 254 protein complexes, more than 95% of them were satisfactory, further 

reaffirming cross-link identification reliability (Figure 4D, Table S4).
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XL-PPI Networks of the PDX Models

To define and compare the interactomes of basal and luminal breast cancer, we generated a 

combined XL-PPI network of both PDX models comprising 2,557 nodes and 3,643 edges 

denoting 2,516 inter-protein and 1,127 intra-protein interactions (Figure S3). Among them, 

about 31% of the total XL-PPIs were found in both samples. While the number of inter-

protein XL-PPIs captured from basal and luminal breast cancer were comparable (1,600 

vs. 1,411), their overlap was only 19.7% (Figure S4A), suggesting noticeable differences in 

their PPI networks. To evaluate the authenticity of identified XL-PPIs, we cross-referenced 

the interactions within the STRING database56. Similar to our previous studies26,27, 85% of 

the XL-PPIs present in STRING (211 from basal and 189 from luminal) corresponded to 

STRING scores above 0.9, suggesting high confidence of the identified interactions (Figure 

S4B). Next, we compared our XL-PPIs against the BioPlex and BioGrid PPI databases, as 

well as other published proteome-wide XL-MS data. Out of the 1,600 XL-PPIs identified 

from basal breast cancer, 373 were found in the selected PPI databases and 200 have been 

reported by previous proteome-wide XL-MS studies25–29,57,58, with the remaining 1,027 

XL-PPIs representing novel interactions (Table S5A). For the 1,411 XL-PPIs identified from 

luminal breast cancer, 313 were found in the PPI databases and 160 were reported in the 

proteome-wide XL-MS data, leaving 938 XL-PPIs as novel interactions (Table S5B).

Interestingly, the 155 novel XL-PPIs shared by both PDX models involve 234 proteins 

including cancer-specific proteins. For instance, a known candidate biomarker for head and 

neck squamous cell carcinoma59, TMSB4X, has been found to interact with two breast 

cancer-related proteins, UACA and RAI14 (Figure 5). UACA has been identified as a 

modulator of chemoresistance and survival in breast cancer60, while down-regulation of 

RAI14 can inhibit the proliferation and invasion of breast cancer cells61. Another protein 

known to be important in regulating tumorigenesis and metastasis in breast cancer is 

TMSB1062, which has been found to interact with actin. As actins hold central importance 

in cell motility63, their interaction suggests a potential connection to cancer cell metastasis 

and invasion. Moreover, high expression of GRHL2 is strongly correlated with lower 

relapse-free survival in all four subtypes of breast cancer64. GSN was found to have 

higher expression in breast cancer tissue than histologically normal epithelium65. The novel 

interaction of GRHL2 and GSN identified here presents a link connecting their functions in 

tumorigenesis. In addition to the novel PPIs found in both breast cancer samples, our study 

has unveiled novel PPIs specific to basal and luminal breast cancer subtypes (Table S5A–B). 

For example, an interaction between CCDC188 and ATP5A1 was only detected in luminal 

breast cancer samples (Figure 5). While the role of CCDC188 in cancer is unclear, ATP5A1, 

a subunit of the ATP synthase complex, has been reported to be abnormally upregulated in 

breast cancer and used as a prognostic indicator and a therapeutic target for breast7 and lung 

cancer66, suggesting potential importance of their interaction in breast cancer.

Correlation of XL-PPIs with Protein Abundance in PDX Samples

To better understand the correlation of XL-PPIs to protein abundance, we constructed an 

XL-PPI subnetwork containing 821 differentially expressed proteins with 835 edges (Figure 

S5), with 145 interactions present in both cancer subtypes, 403 exclusively detected in 

basal breast cancer and 287 unique to luminal breast cancer. The majority of these PPIs 
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displayed a strong correlation with their relative abundance in the two compared samples 

(Table S2). For example, a downregulated protein in luminal breast cancer, H3C1, was 

found to interact with CCT6B, SGTA, UGGT2 in basal breast cancer (Figure 5). PPM1G, 

another downregulated protein in luminal breast cancer, was engaged in interactions with 

two protein groups that were exclusively identified in basal breast cancer. Similarly, TPT1, 

an upregulated protein in luminal breast cancer, was observed to interact with 1 protein 

group in the luminal breast cancer context (Figure 5). AGR2 (cancer-relevant protein, 

luminal/basal, 20.4) and MX1(luminal/basal 18.1) are two highly upregulated proteins in 

luminal breast cancer (Table S2), and their interactions with others were only detected in 

luminal breast cancer (Figure 5).

While most of the differentially detected XL-PPIs correlate well with relative protein 

abundance in the two compared samples, some do not follow the same trend. For 

instance, for four upregulated proteins in luminal breast cancer, MIF, SHB, CASD1 

and PRKAA2 (Table S5), their pair-wise interactions (MIF-NSDHL, MIF-TARS, SHB-

SLC25A5/6, CASD1-PGAM1/2/4 and PRKAA2-TPM1/2/3/4) were only identified in basal 

breast cancer. Notably, PRKAA2 is a catalytic subunit of AMP-activated protein kinase 

and tropomyosin proteins (TPM1/2/3/4) are known phosphorylated proteins. The PRKAA2-

TPM interaction may be involved in modulating the phosphorylation states of TPM proteins 

during tumorigenesis.

Apart from the PPIs involving differentially expressed proteins, our constructed XL-PPI 

interactome also contains a subnetwork of unchanged proteins (luminal/basal, 0.5–2) in 

the TMT-proteome that were reproducibly and differentially detected in our XL-data. This 

subnetwork contains 586 nodes and 662 edges, in which 490 PPIs were identified in both 

cancer subtypes, 123 unique to basal, and 49 to luminal breast cancer. Interestingly, despite 

no apparent abundance differences of these proteins between the two cancer subtypes, some 

PPIs were exclusively detected in one or the other. For instance, the interactions of MLIP 

with two cancer related proteins, IMMT and SEPTIN7, were only found in basal breast 

cancer. SEPTIN7 has been reported to have an inhibitory effect on cancer cells migration 

and invasion67, while IMMT serves as an independent diagnostic biomarker for advanced 

clinical status and poor relapse-free survival rate in breast cancer patients68. Similarly, the 

two pair-wise interactions (PPIA-BBX and PPIA-FAM186B) were only detected in luminal 

breast cancer. PPIA has been shown to play a crucial role in the development of various 

human cancers, such as gastric cancer69, colon cancer70, hepatocellular carcinoma71, lung 

adenocarcinoma72, and multiple myeloma73. Notably, the same cross-link between PPIA 

and FAM186B was found in previous XL-MS data of the HEK293 cells26, reaffirming their 

interaction.

Another unchanged protein is MKI67, a known biomarker for breast cancer proliferation, 

which exhibited different interactions in the two cancer subtypes. As shown in Figure 5, 

MKI67 was found to interact with SLC25A5/6 in basal, whereas its interaction with HSPA8 

and HNRNPA protein group were identified in luminal. Remarkably, all of the MKI67-

interacting proteins identified in our XL-proteomes have been shown to be associated with 

cancer. HSPA8 has a similar function to MKI67 for cell proliferation in breast cancer74, 

and their interaction is further supported by our previous XL-data of HEK 293 cells26. 
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Furthermore, increased expression of SLC25A5/6 has been reported in cancer cells75, and 

members of the heterogeneous nuclear ribonucleoprotein family (i.e. HNRNPD, HNRNPK) 

have been implicated as having oncogenic potential or being capable of modulating 

oncogenic pathways. The identification of these cancer-specific PPIs suggests that MKI67 

may coordinate with different proteins during breast cancer development. Collectively, 

our XL-MS analysis was able to identify tissue-specific PPIs that involve cancer-relevant 

proteins associated with tumorigenesis. Our results suggest that the XL-PPI networks of the 

PDX models are modulated by multiple factors including protein abundance and disease 

states, and the network rewiring is associated with breast cancer subtypes.

Conclusion

In this study, we have adapted the DSBSO-based in vivo XL-MS platform to define protein 

interactions in basal and luminal breast cancer PDX models. The scope and depth of 

the resulting XL-proteomes are comparable to systems-wide XL-MS analyses of intact 

cells and cell lysates, demonstrating the effectiveness of tissue cross-linking. While the 

PDX XL-proteome only comprises a portion of the proteome, its current content contains 

molecular information that exhibits the enrichment of cellular components and molecular 

functions specific to breast cancer. In comparison with the PDX proteome determined 

by TMT quantitation, differential detection of cross-linked proteins in the two compared 

samples corresponded very well with their relative abundance, supporting the reliability 

of the XL-MS data. The PPI network analysis revealed that a diverse group of protein 

interactions have been identified with a number of interactions involving cancer-relevant 

proteins. Importantly, tissue-specific interaction profiles have been observed, suggesting 

potential network rewiring in the two selected cancer subtypes. Interestingly, XL-PPIs 

only identified in a single cancer subtype did not necessarily correlate with their relative 

abundances. This observation supports the notion that alterations in PPIs are not limited to 

protein abundance changes, but also affected by cellular states, uncovering new insights on 

molecular differences between cancer subtypes beyond conventional proteome profiling. 

Notably, apart from molecular differences in the two selected cancer subtypes, other 

factors such as genetic and environmental alterations could contribute to the observed PPI 

differences. Therefore, multiple sample groups within a given subtype would be needed 

to better understand the attributes of network differences in future studies. Additionally, 

the integration of isotope-labeling based quantitative XL-MS strategies will allow accurate 

determination of condition-specific PPIs for revealing cancer-specific interactomes and 

their association with disease progression76. Moreover, coupling cross-linking with co-

Fractionation can facilitate the elucidation of functional protein modules77. Overall, the 

analytical workflow established here offers a promising avenue for comprehending PPIs 

in disease contexts to advance our understanding of human pathologies and uncover new 

molecular targets for improved therapeutic strategies.
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ABBREVIATIONS

PPIs protein-protein interactions

XL-MS cross-linking mass spectrometry

Azide/Alkyne-A-DSBSO Azide/Alkene-tagged, acid-cleavable disuccinimidyl bis-

sulfoxide

DSBSO Azide/Alkyne-A-DSBSO

PDX patient-derived xenografts

MSn multi-stage mass spectrometry

CID collisional induced dissociation

LC-MSn liquid chromatography multistage mass spectrometry

CSM cross-link peptide spectrum match

BPA biotin picolyl azide

BTTAA 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-

yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid

TMT tandem mass tag

FASP filter aided sample preparation

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethane-sulfonic acid

SEC size exclusion chromatography
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Figure 1. 
The DSBSO-based XL-MS platform for global PPI mapping in breast cancer PDX models. 

Alkyne-A-DSBSO was used for tissue cross-linking in this study.
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Figure 2. 
Annotation of the PDX XL proteomes. (A) Venn diagram depicting overlap of the basal 

and luminal XL-proteomes. (B) Comparison of subcellular compartmental distribution 

between basal and luminal XL-proteomes, as well as the human proteome and the PDX 

TMT-proteome. (C) Protein abundance distributions of basal and luminal XL-proteomes. 

(D) Heatmaps showing the identification of cross-linked proteins that were upregulated in 

basal and luminal samples respectively, illustrating good correlations between the cross-link 

detectability and protein relative abundance in the two compared samples.
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Figure 3. 
GO enrichment analysis of PDX XL-proteomes and normal/cancer breast tissue proteomes. 

Cell component enrichment analysis of (A) basal XL-proteome, (B) luminal XL-proteome, 

(C) normal breast proteome, and (D) breast cancer proteome
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Figure 4. 
Evaluation of cross-link validity by structural mapping. Mapping of cross-links onto high-

resolution structures of (A) CCT (PDB: 7LUP) and (B) ribosome (PDB: 6OLG) complexes. 

Cross-links unique to basal PDX shown in red, unique to luminal PDX shown in blue, and 

identified in both samples depicted in green. (C) Distance distributions of the mapped cross-

links from ribosome and CCT complexes. (D) Distance distributions of mapped cross-links 

from all available high-resolution structures.
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Figure 5. 
Selected XL-PPIs from base and luminal PDX models. Node colors represent relative TMT 

quantitation in basal and luminal PDX samples. Blue: protein upregulated in basal PDX; 

red: protein upregulated in luminal PDX; gray: protein unchanged in basal vs. luminal 

PDX; no color: protein not identified in TMT-proteome. Blue edges denote XL-PPIs 

identified in basal PDX; red edges correspond to those identified in luminal PDX. Edges 

and corresponding missing nodes from each PDX sample grayed out. Note: “*” signifies a 

protein group containing multiple homologous proteins.
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