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Abstract 

Background: Desmocollin-1 (DSC1) is a desmosomal transmembrane glycoprotein 
that maintains cell-to-cell adhesion. DSC1 was previously associated with lymph node 
metastasis of luminal A breast tumors and was found to increase migration and inva-
sion of MCF7 cells in vitro. Therefore, we focused on DSC1 role in cellular and molecular 
mechanisms in luminal A breast cancer and its possible therapeutic modulation.

Methods: Western blotting was used to select potential inhibitor decreasing DSC1 
protein level in MCF7 cell line. Using atomic force microscopy we evaluated effect 
of DSC1 overexpression and modulation on cell morphology. The LC–MS/MS analy-
sis of total proteome on Orbitrap Lumos and RNA-Seq analysis of total transcrip-
tome on Illumina NextSeq 500 were performed to study the molecular mechanisms 
associated with DSC1. Pull-down analysis with LC–MS/MS detection was carried 
out to uncover DSC1 protein interactome in MCF7 cells.

Results: Analysis of DSC1 protein levels in response to selected inhibitors displays 
significant DSC1 downregulation (p-value ≤ 0.01) in MCF7 cells treated with NF-κB 
inhibitor parthenolide. Analysis of mechanic cell properties in response to DSC1 
overexpression and parthenolide treatment using atomic force microscopy reveals 
that DSC1 overexpression reduces height of MCF7 cells and conversely, parthenolide 
decreases cell stiffness of MCF7 cells overexpressing DSC1. The LC–MS/MS total 
proteome analysis in data-independent acquisition mode shows a strong connection 
between DSC1 overexpression and increased levels of proteins LACRT and IGFBP5, 
increased expression of IGFBP5 is confirmed by RNA-Seq. Pathway analysis of proteom-
ics data uncovers enrichment of proliferative MCM_BIOCARTA pathway including CDK2 
and MCM2-7 after DSC1 overexpression. Parthenolide decreases expression of LACRT, 
IGFBP5 and MCM_BIOCARTA pathway specifically in DSC1 overexpressing cells. Pull-
down assay identifies DSC1 interactions with cadherin family proteins including DSG2, 
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CDH1, CDH3 and tyrosine kinase receptors HER2 and HER3; parthenolide modulates 
DSC1-HER3 interaction.

Conclusions: Our systems biology data indicate that DSC1 is connected to mecha-
nisms of cell cycle regulation in luminal A breast cancer cells, and can be effectively 
modulated by parthenolide.

Keywords: DIA, Proteomics, Pull-down, DSC1, Breast cancer, Metastasis

Graphical Abstract

Introduction
Breast cancer represents the most prevalent and the most lethal cancer disease in the 
female population [1]. It is a heterogeneous disease that can be classified into intrin-
sic or molecular subtypes which differ in molecular profile, treatment strategy, response 
to treatment, and patient outcome [2]. These involve at least four molecular subtypes 
including luminal A, luminal B, HER2 + and triple negative [3, 4]. Generally, luminal A 
tumors that are the most prevalent and have the most favorable outcome express estro-
gen and progesterone receptors, do not express tyrosine-protein kinase erbB-2 (HER2/
ERBB2) and show low levels of proliferation marker Ki-67 [5]. Although luminal B 
tumors also express hormonal receptors, these tumors can express HER2 and usually 
have higher proliferation potential associated with increased tumor aggressiveness [6]. 
On the other hand, HER2 + tumors lack hormonal receptors and overexpress HER2, 
whereas triple-negative tumors do not express any of these receptors. Both HER2 + and 
triple negative subtypes are associated with high grade and poor clinical prognosis [7]. 
For luminal A subtype, well established and effective treatment includes hormone ther-
apy that targets estrogen and progesterone receptors and is based on tamoxifen or aro-
matase inhibitors [8, 9]. However, up to 16% of node-negative luminal A patients and up 
to a third of lymph node positive luminal A patients at the time of diagnosis develop dis-
tant metastasis [10, 11]. Moreover, about 20% to 30% of patients with estrogen receptor-
positive tumors become resistant to the endocrine treatment [12]. Thus, development of 
more stratified approaches targeting the pro-metastatic mechanisms is of a high clini-
cal need. For HER2 + subtype, trastuzumab treatment targeting HER2 receptor that is 
expressed on the surface of tumor cells, represents a prototype of a successful treatment 
that has reversed the prognosis of HER2 + patients to more favorable outcome.

In our previous study, we identified desmocollin-1 (DSC1) as a protein more abun-
dant in more migrating population of MDA-MB-231 breast cancer cell line [13]. 
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Subsequently, immunohistochemical analysis of 96 primary breast tumors revealed 
increased levels of DSC1 in lymph node positive luminal A tumors compared to their 
lymph node negative counterparts [13]. Increased levels of DSC1 were also observed in 
higher grade and HER2 + breast cancer subtypes and was associated with worse distant 
metastasis free survival in lymph node positive breast tumors [13]. Finally, DSC1 over-
expression was associated with higher migration and invasiveness of MCF7 cells [13]. 
Generally, DSC1 is a transmembrane glycoprotein belonging to the cadherin family [14]. 
Cadherins participate in intercellular adhesion via desmosome formation and influence 
migration of cells [15], and potentially influence motility and invasion of tumor cells 
[16]. Based on these findings we hypothesize that DSC1 may play a role in metastasis of 
luminal A breast cancer and has a potential to serve as a therapeutic target. Here we aim 
at understanding the molecular role of DSC1 in breast cancer cells using proteomics [17] 
and RNA sequencing (RNA-Seq), analysis of its role in cell morphology, and at propos-
ing the inhibitor that can modulate DSC1 protein levels and DSC1-related molecular 
mechanisms. Finally, we identify proteins interacting with DSC1 using pull-down assay 
and detect protein interactions targetable by DSC1 inhibition.

Materials and methods
Cultivation of cell lines

The MCF7 breast cancer cell line (ATCC, USA), stably transduced MCF7-DSC1-GFP 
line producing DSC1—Streptavidin-Binding Peptide—Green Fluorescent Protein 
(DSC1-SBP-GFP) fusion protein, and control MCF7-GFP line producing SBP-GFP 
fusion protein, both transduced lines prepared as described by Faktor et al. [13], were 
cultured in Dulbecco’s Modified Eagle´s Medium (DMEM, Sigma-Aldrich, USA) sup-
plemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, USA) at 37  °C and 5% 
 CO2 to approximately 80% confluency. Cells were washed with sterile 0.5% EDTA in 
1 × phosphate buffered saline (1 × PBS; 0.137 M NaCl; 2.68 mM KCl; 1.47 mM  KH2PO4; 
6.45 mM  Na2HPO4) during passaging, harvested using 0.125% trypsin solution (Sigma-
Aldrich, USA) and resuspended in DMEM with 10% FBS. The growth medium was peri-
odically evaluated for mycoplasma contamination.

For the inhibitor selection, 250,000 MCF7 cells for each condition were placed on 
three 6 cm plates in 4.5 ml complete DMEM media supplemented with 10% FBS. Cells 
were subsequently cultivated for 24 h prior the transient transfection.

For the atomic force microscopy (AFM) experiment, the 3 cm plates were coated with 
1 ml of sterile poly-L-lysine solution in water for one hour and then the solution was 
aspirated off. Stably transduced MCF7-DSC1-GFP and control MFC7-GFP cells were 
counted using Bürker’s chamber and 80,000 cells were added to coated 3  cm plates. 
DMEM medium was filled to the total volume of 2 ml. Cells were further incubated with 
parthenolide at IC50 concentration or dimethyl sulfoxide (DMSO) for 24 h.

For the total proteome experiment, MCF7-DSC1-GFP cells and control MCF7-GFP 
cells were grown on 6-well plates as above in three biological replicates per condition. 
300,000 cells were placed on the wells. After 24 h, cells were treated with parthenolide at 
IC50 concentration or DMSO and incubated for 24 h. Floating cells were stained using 
0.4% trypan blue mixed 1:1 with cell suspension and counted using LUNA-II cell coun-
ter (Logos Biosystems, Inc.).
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For the pull-down experiment, cell line MCF7-DSC1-GFP and control cell line MCF7-
GFP were grown in three biological replicates, each replicate on three 15 cm plates to 
70% confluency. Cells were further incubated with parthenolide at IC50 concentration 
or DMSO for 24 h.

For the RNA-Seq experiment, MCF7-DSC1-GFP and MCF7-GFP cells were cultured 
on 6 cm plates and were incubated with parthenolide at IC50 concentration or DMSO 
for 24 h. Cells were prepared in biological duplicates for each condition.

Transient transfection of MCF7 cells

MCF7 cells were transiently transfected using pLenti6.3-rbs-DSC1-GWs-C-HA-IRES-
GFP plasmid. Transfection solution was prepared in the volume of 500 μl/6 cm plate. 
The solution consisted of 4 μg plasmid DNA and 12 μl polyethylenimide, ratio 1:3 dis-
solved in DMEM medium without FBS in final volume of 500 μl. Solution was incubated 
for 15 min at RT. The solution was administered on plates with cells in the next step and 
incubated for 12 h at 37 °C and at 5%  CO2. After 12 h DMEM medium was replaced with 
fresh DMEM. Transfection efficacy was checked using fluorescent microscopy.

Selection of DSC1 inhibitor

Transiently transfected MCF7 cells were treated with inhibitors niclosamide (chemical 
purity 99.4%, Sigma-Aldrich), norcantharidine (chemical purity 99.5%, Sigma-Aldrich) 
and parthenolide (chemical purity 98%, Sigma-Aldrich) that were selected based on 
our previous study [11]. Each inhibitor was added to reach its IC50 concentration – 
1.68  µM for niclosamide, 270.6  µM for norcantharidin and 12.8  µM for parthenolide. 
Control cells were treated with DMSO (Sigma-Aldrich). Cells were incubated for 24 h 
at 37 °C and 5%  CO2. After incubation, significant number of cells lost its adherent state, 
hence growth media were centrifugated at 1000 × g for 5 min at RT. Adherent cells were 
washed 2 times with 1.5 ml 1 × PBS. Adherent and pelleted cells were harvested, pooled, 
and lysed in a buffer containing 250 mM Tris/HCl pH 6.8, 10% SDS, 30% glycerol, 5% 
β-mercaptoethanol and 0.02% bromophenol blue at 95 °C. Cell lysate was subsequently 
incubated at 95  °C for 10  min. Protein concentrations were determined using RC-DC 
protein assay kit (Bio-Rad, USA) according to manufacturer’s instructions.

Western blot analysis

30  µg of a total protein was loaded on 10% separation and 5% concentration sodium 
dodecyl sulfate–polyacrylamide gel and electrophoretically separated as previously 
described [18]. Separated proteins were transferred onto a nitrocellulose blotting mem-
brane BioTrace™ NT, pure Nitrocellulose, 0.22 μm (Pall Life Sciences, Mexico) in a blot-
ting buffer (20% methanol, 0.19 M glycine, 24.8 mM Tris Base) at 100 V for 75 min. The 
efficiency of blotting was tested using Ponceau S solution (2.63 mM Ponceau S, 0.14 M 
sulfosalicylic acid, 0.18  M trichloroacetic acid). Membranes were blocked for 1  h in a 
5% non-fat dried milk in 0.1% Tween + 1 × PBS. Next, rabbit polyclonal anti-DSC1 
antibody (ab198904, Abcam, UK, dilution 1:1000) was used to detect DSC1. Primary 
antibody was diluted in a 5% non-fat dried milk in 0.1% Tween-20 + 1 × PBS. Mouse 
monoclonal anti-actin antibody clone AC-40 (A4700, Sigma-Aldrich, USA, dilution 
1:1000) was used as a loading control. For detection of fusion proteins with SBP tag, 
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anti-SBP antibody was used (MAB10764, Merck, USA, dilution 1:2000). Membranes 
were incubated overnight with primary antibodies at 4 °C and subsequently washed in 
1 × PBS and 0.1% Tween + 1 × PBS both twice. Corresponding secondary antibodies 
conjugated with horseradish peroxidase were diluted in 5% non-fat dried milk in 0.1% 
Tween-20 + 1 × PBS to 1:1000 and incubated with membranes for 60 min at RT. Mem-
branes were then washed again in PBS and 0.1% Tween + 1 × PBS both twice and incu-
bated with freshly prepared enhanced chemiluminescence (ECL) solution composed 
from solution A (10 mM luminol, 0.5 mM EDTA, 405 μM coumaric acid, 200 mM Tris 
pH 9.4) and solution B (0.5 mM EDTA, 8 mM sodium perborate tetrahydrate, 50 mM 
sodium acetate pH 5) mixed in 1:1 ratio. ECL solution was removed after 5 min incu-
bation and chemiluminiscence was detected on a Fusion Fx Spectra (Vilber Lourmat, 
France). Semiquantitative analysis of the signals was performed using QuantityOne 4.6 
software (Bio-Rad, USA) with signal comparison of DSC1 to actin in Microsoft Excel 
using Student t-test, results were visualized in GraphPad Prism 8.4.3. As the best per-
forming inhibitor, parthenolide was selected for the following experiments.

Atomic force microscopy

After the growth medium replacement, cells were analyzed with AFM microscope Nano 
Wizard 3 (JPK Instruments, Germany) using AFM probe HYDRA-ALL (force mapping, 
contact mode, set point 100 nm; AppNano, USA) with tip in shape of tetrahedral pyra-
mid. Data were evaluated in JPK Data Processing 5 software and Gwyddion 2.46 and 
afterwards illustrated by boxplots in GraphPad Prism 8.4.3 comparing the cell stiffness 
and cell height of the stably transduced MCF7-DSC1-GFP and MCF7-GFP treated with 
either parthenolide or DMSO. Statistical significance of the differences between these 
two cell lines in cell stiffness and cell height was calculated in GraphPad Prism 8.4.3 
using a two-tailed Student t-test for normal data layout (p = 0.05).

Sample preparation for total proteome analysis

During cell harvesting, DMEM media containing floating cells was removed and wells 
were washed twice with 1 × PBS, which was then added to the removed media and 
centrifuged at 1000 × g, 4 °C for 5 min. Supernatant was removed and pellet was resus-
pended in 1 × PBS. 1 × PBS was added to adherent cells in wells, which were scraped and 
pooled with cells from media. Cells were centrifuged at 1000 × g, 4  °C for 5 min. Lysis 
buffer (6  M guanidine hydrochloride, 0.1  M Na-phosphate, pH 6.6, 1% Triton X-100) 
was added to the wells to lyse the rest of unscraped cells to maintain the highest yield. 
This “conditioned” lysis buffer was used to lyse the pellets containing originally floating 
cells and cells scraped in 1 × PBS. Finally, samples were subsequently sonicated using 
HD 2200 (Bandelin, Germany) 30 × 0.1 s with power 50 W and after 30 s pause again 
30 × 0.1 s with power 50 W. Cells were kept on ice during the sonication. Next, samples 
were incubated for 75 min at RT and centrifuged for 20 min at 4 °C and 14,000 × g. After 
centrifugation, supernatant was collected. Protein concentration was determined using 
RC-DC Protein Assay kit (Bio-Rad, USA).
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Pull‑down assay

Growth medium was removed, cells were placed on ice and washed with ice cold 1 × PBS 
three times. Cells were than washed with 2 × concentrated Complete™, EDTA-free Pro-
tease Inhibitor Cocktail (Roche, Switzerland) in 1 × PBS. Another 2 × protease inhibitor 
cocktail was added, cells were scraped and centrifuged for 5 min at 1000 × g, 4 °C. Super-
natant was removed and pelleted cells were stored at − 80 °C. Cell pellets placed on ice 
were resuspended in 1 ml HNN-lysis buffer (0.5% NP40, 0.2 M  Na3VO4, 1 mM PMSF, 
1 × Complete™, EDTA-free Protease Inhibitor Cocktail (Roche, Switzerland), 1.2  µM 
avidine). Cell suspension was incubated for 10 min on ice and centrifuged for 20 min 
at 13,000 × g, 4  °C. During centrifugation, Micro BioSpin® 6 Columns (BioRad, USA) 
were equilibrated using 250 µl HNN-lysis buffer. 100 μl High Capacity Streptavidin Aga-
rose Resin (Thermo Fisher Scientific, USA) was resuspended in 750 μl HNN-lysis buffer. 
Supernatants from samples were mixed with 200 μl streptavidin beads per sample. Sam-
ples were incubated on a rotation wheel for 15 min at 4 °C. Samples were subsequently 
transferred on equilibrated columns and washed twice with 1 ml HNN-lysis buffer and 
three-times with 1 ml HNN-buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 50 mM NaF) 
without protease inhibitors and detergents. All washing steps were performed using 
gravity flow. Samples were finally eluted using 200 μl 2.5 mM biotin solution in HNN-
buffer without protease inhibitors and detergents. Elution step was performed three 
times.

Protein digestion and peptide desalting

Protein samples for total proteome and pull-down analysis were submitted to trypsin 
digestion using Filter-Aided Sample Preparation (FASP) method [19] and desalted as 
previously described [20]. Briefly, 100  µg of protein per total proteome sample or the 
whole pull-down eluates were transferred to the Microcon filter device, cut-off 30 kDa 
(Millipore, Germany) with 8 M urea in 0.1 M Tris/HCl, pH 8.5, reduced by tris(2-car-
boxyethyl)phosphine), alkylated using iodoacetamide, digested overnight by trypsin 
(Promega, USA) in the ratio 1:30, and resulting peptides were desalted on MicroSpin 
columns C18 (Nest Group, USA). Desalted peptides were dried in SpeedVac concentra-
tor and stored at − 20 °C.

LC–MS/MS measurement

The dried peptides were solubilized using 50 µl of 2.5% formic acid (FA) in 50% acetoni-
trile (ACN), then 100  µl of pure ACN was added and the samples were concentrated 
using SpeedVac concentrator (Thermo Fisher Scientific) to 20  µl. Finally, the concen-
trated samples were diluted into LC–MS vials to get peptide concentration of 0.8 µg/µl 
with addition of 1 µl 0.01% of polyethylene glycol (BioUltra, 20,000, Sigma-Aldrich) [21] 
in water, 1 µl of stock iRT peptides standard (Biognosys), 2 µl of 5% FA and filled into 10 
µl by MilliQ water (Merck). Two µg of peptides mixture was injected for each sample.

Liquid chromatography-tandem mass spectrometry (LC–MS/MS) analyses were 
done using RSLCnano system online connected to Orbitrap Fusion™ Lumos™ tribrid 
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Prior to LC sepa-
ration, tryptic digests were online concentrated and desalted using trapping column 
(100 μm × 30 mm) filled with 3.5-μm X-Bridge BEH 130 C18 sorbent (Waters, Milford, 
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MA, USA). After washing of trapping column with 0.1% FA, the peptides were eluted 
from the trapping column onto analytical Acclaim Pepmap100 C18 column (3 µm par-
ticles, 75 μm × 500 mm; Thermo Fisher Scientific, Waltham, MA, USA) by the following 
gradient program (mobile phase A: 0.1% FA in water; mobile phase B: 0.1% FA in 80% 
ACN; flow 300 nl/min): the gradient elution started at 5% of mobile phase B and began 
increase in the 5th min to 37% during the 109 min, then reached to 80% of mobile phase 
B in the next 6 min and remained at this state for the last 10 min. Equilibration of the 
trapping column and the analytical column was done prior to sample injection to sam-
ple loop. The analytical column outlet was directly connected to the Digital PicoView 
550 (New Objective) ion source. Active Background Ion Reduction Device (ESI Source 
Solutions) was installed. MS data were acquired in a data-independent acquisition (DIA) 
mode.

Orbitrap analyzer and quadrupole mass filter were employed for survey scan detection 
(350–1650 m/z). The MS scan resolution was 120,000 (at 200 m/z) with a target value of 
2 ×  105 ions and maximum injection time of 100 ms. After the MS scan, defined m/z seg-
ments were isolated by quadrupole mass filter and higher-energy collisional dissociation 
(HCD) fragmentation was done with a target value of 5 ×  105 ions. MS/MS spectra after 
HCD fragmentation (default charge state is 2 and 28% collision energy) were recorded 
in Orbitrap with a resolution of 30,000 (at 200 m/z) in scan range of 200–1800 m/z. The 
maximum injection time for MS/MS was 50 ms.

Mass spectrometry data processing

DIA data were analyzed in Spectronaut software (Biognosys) version 13.6 for total pro-
teome experiment and 13.9 for pull-down experiment, both in directDIA mode. Uni-
Prot/SwissProt database version 2019_07 downloaded on 2019-09-16 limited to human 
entries containing 20,431 sequences was used for database searches. Carbamidomethyl-
ation (C) was used as fixed modification, oxidation (M) and acetylation (protein N-term) 
were used as variable modifications. q-value at both precursor and protein levels were 
set to 0.01. For the total proteome experiment, data based on q-value 0.25 percentile 
(identified in 3 of 12 total runs) were involved in the final dataset. For the pull-down 
analysis, data based on q-value 0.33 percentile (identified in 3 of 9 total runs) were 
involved in the final dataset. Analysis of differential protein abundance was performed 
using t-test implemented in Spectronaut with false discovery rate correction. Default 
settings were used for other parameters.

Sample preparation for transcriptomics analysis

The cells were washed two times with cold 1 × PBS on ice. The cells were harvested by 
adding 500 µl of 1 × PBS and scraping by a cell scraper, transferred to an Eppendorf tube, 
and stored on ice. After centrifuging (1000 × g, 4 °C, 5 min), the supernatant was aspi-
rated and 360 µl of TRI reagent was added to the pelleted cells. Total RNA was isolated 
according to TRI reagent protocol (T9424, Sigma-Aldrich) and its concentration was 
determined using Qubit RNA BR assay kit (Q10210, Thermo Fisher Scientific) and RNA 
integrity and quality (cut-off > 8.0) using Qubit RNA IQ Assay Kit (Q33221, Thermo 
Fisher Scientific). 240 ng of total RNA at 20 ng/µl was used in RNA-Seq analysis. Sam-
ples were stored at − 80 °C.
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RNA‑Seq analysis

The TruSeq Stranded Total RNA LT Sample Prep Kit (Illumina) was used to convert 
0.5 mg of total RNA into a library of template molecules. Library was validated using 
Bioanalyzer (DNA 1000 Kit, Agilent) and quantified according to manufacturer instruc-
tions by qPCR (KAPA Library Quantification Kit Illumina platforms, Kapa Biosystems) 
using Quant studio (QuantStudio 5, Thermo Fisher Scientific). Samples were sequenced 
using NextSeq 500 (Illumina).

RNA‑Seq data processing

For RNA-seq, the raw reads were filtered to remove the adaptors and low-quality bases 
using Trimmomatic (v0.36) with Truseq2 s well as any reads that were shorter than 65 
bases. Filtered reads were aligned to the human genome (Homo_sapiens.GRCh38.dna.
primary_assembly) using STAR (v2.5.2b) in end-to-end mode to scan splice junctions. 
Then the counts in exon genomic features were calculated subread (v1.5.2). Differential 
expression analysis was performed in R 3.5.3 under the Deseq2 package version 1.22.2.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) in GSEA Java desktop application [22] version 
4.3.2 was conducted using the list of all quantified proteins from total proteome analy-
sis pre-ranked according to the negative log2 of the q-value and the sign of the log2 FC 
to identify enriched pathways, with a priori defined pathways from BioCarta database. 
Minimal size of a gene set was adjusted to 10, otherwise default settings were used.

GSEA analysis of pull-down data was performed with minimal gene set size set to 2 
and with use of Gene Ontology Biological Process (GOBP) database. False positive and 
false negative interacting partners (i) with log2 FC > 0 in pull-down and simultaneously 
log2 FC > 0 and q-value < 0.05 in total proteome analysis, or (ii) with log2 FC < 0 in pull-
down and simultaneously log2 FC < 0 and q-value < 0.05 in total proteome analysis, were 
excluded from the pull-down GSEA analysis.

GSEA analysis of the RNA-Seq data was performed with the same settings as in the 
total proteome experiment for all quantified protein-coding transcripts with use of the 
BioCarta database.

Results
NF‑κB inhibitor parthenolide modulates DSC1 expression

In the present study, we tested nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) inhibitor parthenolide, cyclin-dependent kinase 2 (Cdk2) inhibitor norcan-
tharidin and NF-κB inhibitor niclosamide to identify inhibitor decreasing protein levels 
of DSC1. Inhibitor experiments were performed in MCF7 cell line transiently trans-
fected with a vector carrying DSC1 gene and control cells. Significant decrease of both 
longer (Fig. 1A, p-value < 0.01) and shorter isoform (Fig. 1B, p-value < 0.01) of DSC1 pro-
tein were found in cells treated with parthenolide compared to the control, other inhibi-
tors did not exhibit any effect (Fig. 1A, B, Additional file 1: Fig. S1 and Table S1). These 
results suggest that parthenolide has a significant downregulating effect on DSC1 pro-
tein levels and that DSC1 is sensitive to potential anti-metastatic inhibitors in luminal 
breast cancer cells.
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Fig. 1 Statistical evaluation of semiquantitative analysis of inhibitor effects on DSC1 A preprotein B active 
protein levels. AFM was used to measure stiffness and height of MCF7-DSC1-GFP and control MCF7-GFP 
cell line (C). Comparison of D height and E stiffness of cells MCF7-DSC1-GFP and MCF7-GFP treated with 
parthenolide (PTL) and control cells. **p-value < 0.01, ****p-value < 0.0001
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Parthenolide decreases stiffness of MCF7 cells specifically overexpressing DSC1

Based on the above findings, we investigated whether parthenolide is effective in func-
tional experiments on both cellular and molecular level. Cell stiffness and height of 
the stably transduced MCF7-DSC1-GFP cell line were compared to MCF7-GFP cells 
using AFM (Fig.  1C). Both cell lines were treated with either parthenolide or DMSO 
as a control. Height of MCF7-DSC1-GFP cells was significantly (p-value = 5.66E−3) 
lower compared to MCF7-GFP cells (Fig. 1D). Parthenolide specifically and significantly 
(p-value = 6.71E−6) decreased stiffness of cells overexpressing DSC1 (Fig.  1E). These 
results indicate that DSC1 overexpression and parthenolide treatment affect MCF7 cell 
line morphology.

DSC1 overexpression is associated with upregulation of proliferative pathways in MCF7 

cells that are targetable by parthenolide

To characterize molecular mechanisms associated with DSC1 overexpression and par-
thenolide-induced DSC1 inhibition in MCF7 cell line, total proteome and transcriptome 
changes in MCF7-DSC1-GFP cells overexpressing DSC1 and control MCF7-GFP cells 
with parthenolide or DMSO treatment were evaluated. The adherent cells were har-
vested together with the floating cells which represent mixture of living and dead cells 
with 28.01 ± 4.26% and 37.99 ± 4.12% viability in MCF7-DSC1-GFP and MCF7-GFP 
cells treated with parthenolide, respectively, illustrating the activity of the inhibitor. Pro-
teins from the cell lysates were identified and quantified using LC–MS/MS analysis in 
DIA mode and transcripts were identified and quantified using RNA-Seq approach.

3505 protein groups (FDR < 0.01, Additional file 2, for representative iRT peptide chro-
matograms please see Additional file 1: Fig. S2) and 17,157 protein-coding transcripts 
(Additional file 3) were quantified. DSC1 overexpression confirmed by increased DSC1 
protein (q-value = 5.53E−49, log2 FC = 4.07) and transcript (q-value = 6.2E−129, log2 
FC = 14.02) levels led to statistically significant (q-value < 0.05) up-regulation (protein 
log2 FC > 0.58, transcript log2 FC > 1) and down-regulation (protein log2 FC < −  0.58, 
transcript log2 FC < −  1) of 151 and 129 proteins, respectively (Additional file  2), and 
276 and 268 transcripts, respectively (Additional file 3) (MCF7-DSC1-GFP vs. MCF7-
GFP comparison). The most up-regulated proteins include extracellular glycoprotein 
lacritin (LACRT) and insulin-like growth factor-binding protein 5 (IGFBP5) that plays 
a role in cell proliferation, apoptosis, and survival (Additional file 1: Table S2). Increased 
protein levels were observed also for groups of proteins involved in cell proliferation 
(USP8, KIF23, RACGAP1, NUMA1, STMN1 and IQGA3) and cell adhesion (FREM2, 
TMOD3, NRCAM, BCAM) (Additional file  1: Table  S2). Total of 14 genes displayed 
increased expression on both protein and transcript level in DSC1 overexpressing cells 
(Table 1) with IGFBP5 as the most stimulated gene at the protein level.

On the other hand, parthenolide treatment of DSC1 overexpressing cells (MCF7-
DSC1-GFP + PTL vs. MCF7-DSC1-GFP comparison) was associated with significant 
down-regulation of 274 proteins and 655 transcripts. On the protein level, the most 
deregulated were LACRT and IGFBP5 (Additional file 1: Table S2). From the genes with 
increased expression both on protein and transcript level after DSC1 overexpression, 
only IGFBP5 displayed decreased protein and transcript levels in DSC1 overexpress-
ing cells treated with parthenolide (Table  1), however DSC1 protein downregulation 
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by parthenolide was observed also in control cells (MCF7-GFP + PTL vs. MCF7-GFP 
comparison). Parthenolide alters DSC1-induced up-regulation of LACRT and IGFBP5 
proteins in MCF7-DSC1-GFP cells compared to control MCF7-GFP cells, both treated 
with parthenolide (MCF7-DSC1-GFP + PTL vs. MCF7-GFP + PTL comparison). These 
results suggest LACRT and IGFBP5 as the most co-expressed genes with DSC1 in breast 
cancer cells that can be modulated with parthenolide treatment.

GSEA analysis was performed to define biological pathways associated with DSC1 
overexpression and parthenolide-induced DSC1 inhibition on protein and transcript 
levels. DSC1 overexpression in MCF7 cells was associated with statistically significant 
(FDR q-value < 0.05) positive enrichment of 2 protein BIOCARTA pathways (Fig.  2), 
namely MCM and VDR pathways, from which MCM pathway consists of Cdk2 and heli-
cases minichromosome maintenance (MCM) 2–7, and VDR pathway contains proteins 
involved in chromatin remodeling (Additional file 4). Parthenolide treatment of DSC1 
overexpressing cells resulted in negative enrichment of 4 pathways, including MCM 
pathway. However, the parthenolide-induced negative enrichment of MCM pathway 
was specific for DSC1 overexpressing cells as the parthenolide did not induce negative 
enrichment of MCM pathway in the control cell line (Fig. 2). The negative enrichment of 
MCM pathway after parthenolide treatment specifically in DSC1 overexpressing cell line 
was observed also on the transcriptome level, although with lesser statistical significance 
(FDR q-value = 0.061) (Fig. 2, Additional file 4). These results indicate DSC1 overexpres-
sion in MCF7 cells to be associated with increased expression of genes involved in DNA 
replication and cell cycle progression.

Fig. 2 Gene set enrichment analysis of proteomics and transcriptomics profile comparisons of 
MCF7-DSC1-GFP and MCF7-GFP cells treated and untreated with parthenolide. PTL parthenolide
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In conclusion, DSC1 overexpression in MCF7 cells is related to increased expression 
of LACRT and IGFBP5 gene and proliferative MCM pathway. Parthenolide decreased 
LACRT and IGFBP5 protein and IGFBP5 transcript levels and suppressed MCM path-
way specifically in DSC1 overexpressing MCF7 cells.

Parthenolide modulates interactions of DSC1 with cell adhesion molecules and HER3

We performed a pull-down experiment to identify new potential DSC1 interacting 
partners binding to its N-terminus, as the DSC1-SBP-GFP fusion protein produced 
in MCF7-DSC1-GFP cells contains SBP tag attached to the C-terminus of DSC1, and 
to evaluate the ability of parthenolide to modulate these interactions. Presence of SBP 
tag in MCF7-DSC1-GFP cell line and control MCF7-GFP line was confirmed using 
western blot with immunodetection (Additional file 1: Fig. S3). Analysis of interacting 
partners in vitro was performed using pull-down assay with subsequent identification 
by LC–MS/MS in DIA mode. Total of 706 proteins were identified (Additional file 5). 
From these, 250 proteins are potential interacting partners of DSC1 (q-value < 0.05 
and log2 FC > 1 in pull-down comparison MCF7-DSC1-GFP vs. MCF7-GFP), from 
which 54 were significantly downregulated by parthenolide (q-value < 0.05 and log2 
FC < −  1 in pull-down comparison MCF7-DSC1-GFP + PTL vs. MCF7-DSC1-GFP). 
Pull-down results were compared with results of total proteome analysis to prevent 
from false positive interactions that could be caused by increased protein abundancy 
in pull-down due to gene co-expression with DSC1. Out of 250 potential interacting 
partners, 184 proteins (Additional file 5) were not found co-expressed with DSC1 in 
total proteome analysis (log2 FC < 0 or log2 FC > 0 and q-value > 0.05 or not identi-
fied in MCF7-DSC1-GFP vs. MCF7-GFP comparison in total proteome analysis). 23 
of these not co-expressed potential interactors (Tab. 2, Fig.  3A) were modulated by 
parthenolide (q-value < 0.05 and log2 FC <  1 in pull-down comparison MCF7-DSC1-
GFP + PTL vs. MCF7-DSC1-GFP). These proteins include desmoglein 2 (DSG2) that 
is essential for desmosome formation and is a known interactor of DSC1, which vali-
dates the results of this experiment. Moreover, cadherins 1 (CDH1) and cadherin 
3 (CDH3), four protocadherins and cadherin receptor CELR2 that play role in cell 
adhesion were shown to interact with DSC1 as well. Parthenolide also inhibits inter-
action of DSC1 with receptor tyrosine-protein kinase erbB-3 (HER3/ERBB3) that is 
involved in cell proliferation.

GSEA of the pull-down identified proteins (Fig. 4) highlights participation of DSC1 
potentially interacting proteins in 4 enriched (FDR q-value < 0.10) Gene ontology bio-
logical process (GOBP) pathways that play a role in cell adhesion (Additional file 6). 
These pathways involved desmosomal proteins including DSG2, catenin alpha-1 
(CTNA1), CDH1 and CDH3, and HER2 that is linked to proliferation regulation. The 
ability of parthenolide to alter protein–protein interactions of DSC1 with desmo-
somal proteins was demonstrated by negative enrichment of three GOBP pathways 
(Fig. 4).

Analysis of known interacting partners of DSC1 was performed in the STRING data-
base. The interaction site of DSC1 (Fig. 3B) showed mainly interactions of DSC1 with 
proteins forming the desmosome structures (DSG2) and with proteins envoplakin 
(EVPL) and periplakin (PPL) that represent components of keratinocytes that contain 
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Fig. 3 A 23 potential interaction partners of DSC1 modulated by parthenolide. B Known interaction partners 
of DSC1 in the STRING database

Fig. 4 Gene set enrichment analysis of proteins that are not co-expressed with DSC1 and were identified 
in pull-down from MCF7-DSC1-GFP vs. MCF7-GFP cells treated and untreated with parthenolide. Proteins in 
italics were enriched in comparison MCF7-DSC1-GFP + PTL vs. MCF7-DSC1-GFP only. Proteins in bold were 
enriched in both comparisons. PTL parthenolide
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copious desmosome structures. All proteins illustrated on the interaction map showed 
score > 0.950 that corresponds with high probability of correctness of these interactions.

In conclusion, pull-down analysis of DSC1 interacting proteins revealed DSC1 to 
interact not only with cytoskeletal proteins and proteins mediating cell adhesion, but 
also with proteins regulating cell proliferation, especially tyrosine kinase receptors 
HER2 and HER3, highlighting possible significant role of DSC1 in breast cancer pro-
gression. Moreover, parthenolide was found to modulate DSC1 interacting partners 
including protein HER3.

Discussion
DSC1 is a transmembrane protein that maintains cell–cell adhesion as a part of des-
mosomes [23]. Previous studies suggested DSC1 to play a role in progression of vari-
ous cancer diseases. For instance, DSC1 was found overexpressed in liver metastasis 
of colorectal tumors [24] and a lack of DSC1 protein in squamous cell carcinoma was 
associated with increased patient survival [25]. Moreover, DSC1 was found to positively 
influence β-catenin, c-myc and cyclin D1 signaling pathways leading to cancer progres-
sion [26]. Contradictory to these studies, others showed DSC1 protein to be negatively 
associated with disease progression. Low expression of desmocollins including DSC1 
in colorectal carcinoma was related to higher tumor grade [27]. DSC1 was also overex-
pressed in primary melanoma and downregulated in melanoma metastases [28].

In the context of breast cancer, our previous study [13] revealed increased protein lev-
els of DSC1 in luminal A breast tumors that invaded regional lymph nodes compared 
to lymph node negative luminal A breast tumors. Moreover, we confirmed DSC1 to 
increase migration and invasion of MCF7 breast cancer cell line in vitro [13]. Based on 
this evidence we suggested that DSC1 could be involved in metastatic mechanisms of 
luminal A breast tumors.

Herein, we firstly investigated DSC1 modulation in breast cancer. In our previous 
GSEA analysis of 836 primary breast tumor transcription profiles [11], we identified 
NF-κB pathway to be associated with positive lymph node status of luminal A patients 
in general and linked Cdk2 to the high risk of distant metastasis in lymph node negative 
luminal A patients. Based on these results we proposed a panel of inhibitors of these 
potential therapeutic targets that previously exhibited ability to suppress luminal A 
breast cancer in vitro and eventually in vivo. These inhibitors include NF-κB inhibitor 
parthenolide and Cdk2 inhibitor norcantharidin with which we tested additional NF-κB 
inhibitor niclosamide. Parthenolide inhibits MCF7 mammosphere formation and prolif-
eration of MCF7 cells in vitro [29] and suppresses MCF7 mice xenografts [30]. Norcan-
tharidin, clinically used drug for liver cancer treatment [31] was shown to repress breast 
cancer cell growth, adhesion, and migration and to induce apoptosis [32, 33]. Moreover, 
niclosamide, Food and Drug Administration-approved drug was found to induce inhibi-
tion of breast cancer cell growth [34, 35]. In the present study we tested these inhibi-
tors to identify a modulator of DSC1 expression in luminal A breast cancer cells. We 
revealed that parthenolide significantly decreased DSC1 protein levels in MCF7 cells 
producing DSC1. Mechanism of parthenolide inhibition of desmosomal proteins is how-
ever not well understood to date. Nevertheless, previous studies [36–39] identified par-
thenolide to covalently bind several protein targets, including NF-κB factors and kinases 
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associated with cancer development. Based on this evidence we conclude possible indi-
rect inhibition of DSC1 by parthenolide.

AFM uncovered DSC1 over-expression in MCF7 cells to cause statistically sig-
nificant decrease of cell height. This can be assumed as a pro-metastatic effect since 
reduced cell height was linked to metastatic phenotype [40]. Moreover, AFM revealed 
significant decrease of cell stiffness after parthenolide treatment in DSC1 overex-
pressing cells. AFM studies offered contradictory evidence on association between 
cell stiffness and metastatic potential. Some studies [41–43] showed cancer cells to 
be more elastic than normal cell lines and connected decreased cell stiffness to acti-
vation of EMT and invasion of cancer cells to distant tissue. Other studies [44–46] 
evidenced increased rigidity of cytoplasmatic membrane to be associated with higher 
pro-metastatic properties of cancer cells. Our results suggest that both DSC1 and 
parthenolide treatment influence morphology of MCF7 cell line.

To study molecular mechanisms associated with DSC1 overexpression and its inhi-
bition by parthenolide, we performed analysis of the total proteome and transcrip-
tome using DIA-LC–MS/MS and RNA-Seq, respectively. The most co-expressed 
genes with DSC1 modulated by parthenolide treatment were IGFBP5 and LACRT. 
IGFBP5 participates in cell growth, differentiation of human embryonic cells and in 
homeostasis in adult cells. Moreover, IGFBP5 can regulate IGF-II [47], apoptotic mol-
ecules (bax, bcl-2) [48] and p38 MAP kinase and Erk 1/2 signal transduction path-
ways [49], and thus influences cell proliferation, migration, survival, adhesion, and 
apoptosis [50–53]. Nevertheless, the reports of the role of IGFBP5 in cellular growth 
are contradictory, suggesting a complex role of IGFBP5 in cancer cells, as it can either 
stimulate or inhibit cell proliferation in various cell types [54]. IGFBP5 was revealed to 
stimulate cell migration in breast cancer [54]. Clinical observations provided support-
ing evidence that IGFBP5 is associated with metastasis and the aggressive tumor phe-
notype in breast cancer [55–58]. IGFBP5 was found overexpressed in breast tumors 
compared to normal breast tissues [59–61]. Hao et al. showed increased expression 
of IGFBP5 in lymph node metastases of breast carcinoma [57] and Li et al. demon-
strated association between increased transcript levels of IGFBP5 and axillary lymph 
node metastasis and estrogen receptor expression in breast tumors [62]. Increased 
transcript levels of IGFBP5 also correlated with decreased survival of lymph node 
negative and estrogen receptor negative patients [62]. Contrary to these findings, 
IGFBP5 was found to inhibit growth of breast cancer cells in vitro and in vivo [48] and 
IGFBP5 overexpression was associated with improved breast cancer patient outcome 
in another study [63]. This inconsistency in suggestions of IGFBP5 role in breast can-
cer could be due to IGFBP5 protein cellular localization that seems to affect its ability 
to promote or inhibit breast cancer progression [64]. Tumor tissues mainly contain 
cytoplasmic IGFBP5, whereas cell lines with exogenously introduced IGFBP5 include 
mainly nuclear IGFBP5 acting as a growth inhibitor. Change of IGFBP5 localization 
from nucleus to cytoplasm switched IGFBP5 to a promoter of growth and migration 
[64]. This is in agreement with clinical observations indicating cytoplasmic IGFBP5 
as a marker of poor prognosis [64]. LACRT is a glycoprotein that functions as a mito-
gen and promotes homeostasis and proliferation in human corneal epithelial cells [65, 
66]. Mitogenic function of LACRT via NFAT and mTOR activation was observed in 
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human embryonic kidney cells and human corneal epithelial cells [67]. LACRT was 
found expressed in normal breast tissue, breast tumors and breast cancer cell lines 
[68]. Amplification of LACRT gene was reported to be associated with invasion of 
breast tumors and was suggested as a marker for circulating breast cancer cells [69] 
which indicates connection of LACRT to metastatic behavior of breast tumors. These 
results suggest that DSC1-related molecular mechanisms supporting the lymph node 
metastasis development of luminal breast tumors could be associated with IGFBP5, 
known regulator of cell growth, migration, and proliferation, and with proliferation-
promoting protein LACRT.

We further showed DSC1 overexpression to be associated with enrichment of MCM 
pathway that consists of CDK2 and MCM subunits 2–7. CDK2 binds to cyclin partners 
and promotes cell cycle progression [70, 71], whereas MCM2-7 complex acts as helicase 
and enables DNA replication during the S phase of the cell cycle [72]. Enrichment of this 
pathway supports the findings of association between DSC1 and proteins involved in 
proliferation in MCF7 breast cancer cells with potential to promote breast tumor aggres-
siveness and metastatic behavior.

Mechanisms of parthenolide-induced DSC1 inhibition include downregulation of 
IGFBP5 and LACRT together with proliferative proteins of MCM pathway. From these 
results we suggest that parthenolide treatment could target cellular mechanisms con-
nected to DSC1 in luminal A breast cancer cells.

We have next focused on cellular mechanisms associated with DSC1 via protein–pro-
tein interactions. Previously known interaction partners of DSC1 include desmosomal 
proteins involved in cell adhesion and proteins related to epithelial cell phenotype. In 
concordance with main role of DSC1 in mediating cell adhesion through desmosome 
formation and interactions with desmosomal proteins [73, 74], potential DSC1 interact-
ing proteins identified in our pull-down experiment involve mainly cadherins, namely 
DSG2, CDH1, CDH3 and several protocadherins. Cadherins typically participate in 
cell–cell adhesion, however cadherins are also known to interact with junctional pro-
teins (such as β-catenin) and with growth factor receptors and thus can affect cell pro-
liferation, motility, and survival [75]. CDH1 is a tumor suppressor that inhibits multiple 
steps of metastatic cascade [76]. CDH3 is a vital protein in maintenance of correct tis-
sue architecture [77]. In breast cancer, overexpression of CDH3 is connected to more 
aggressive tumor behavior and poor patient survival [78, 79]. We found DSC1 to interact 
also with tyrosine kinase receptors HER2 and HER3 and parthenolide to modulate this 
DSC1-HER3 interaction. HER2 is an oncogene that serves as a very important clinical 
marker and therapeutic target in breast cancer [80]. HER3 is known to participate in 
oncogenic signaling through activation of the PI-3 K/Akt pathway and Src kinase, which 
induces cell proliferation and survival [81–83]. Further, HER3 is important for cell motil-
ity and enhances metastatic potential of breast tumor cells [84]. Increased expression of 
HER3 in multiple cancer diseases including breast cancer results in decreased patient 
survival [85] and treatment failures in cancer therapy [86–88]. Based on the results of 
this study supporting previous evidence of DSC1 role in breast cancer metastasis we 
conclude that DSC1 could participate in breast tumor progression by co-expression 
with genes involved in cell proliferation in the early stage of the disease, and support the 
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formation of secondary tumors via physical interactions of DSC1 protein with proteins 
maintaining cellular adhesion in the later stage of the disease.

Conclusions
We show association of DSC1, protein previously linked with lymph node metastasis of 
luminal A breast tumors, with increased metastatic potential of luminal A breast can-
cer cells in vitro. Although DSC1 is primarily involved in cell adhesion, proteomics and 
transcriptomics analysis reveal DSC1 to increase expression of IGFBP5 and LACRT and 
to positively regulate pathway of cell proliferation. Moreover, our results indicate poten-
tial regulation of DSC1 by NF-κB inhibitor parthenolide as we identified parthenolide to 
reduce DSC1 protein levels in MCF7 breast cancer cells as well as expression of IGFBP5, 
LACRT genes and proliferative pathway. Besides cell adhesion proteins as CDH1, CDH3 
and DSG2, DSC1 interacts with tyrosine kinase receptors HER2 and HER3. Our data 
indicate that DSC1 is connected to cell migration, invasion, and cell cycle regulation in 
luminal A breast cancer cells, and can be effectively modulated by parthenolide. Based 
on these results we conclude that DSC1 could be involved in breast tumor proliferation 
and development in the early stage, and in tumor cell adhesion to metastatic sites in the 
later stage of the disease supporting generation of secondary tumors.
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of immunoblotting with anti-ACTB antibody. Tab. S1 Statistical evaluation of semiquantitative analysis of effect of 
inhibitors on protein levels of DSC1 longer and shorter isoforms. Fig. S2 (A) Representative chromatograms of iRT 
peptides measured in the total proteome experiment displayed in Skyline software, (B) iRT calibration chart used in 
the directDIA analysis in Spectronaut software. Tab. S2 Proteins significantly up-regulated after DSC1 overexpression. 
Fig. S3 Western blot verification of SBP tag presence in control MCF7-GFP cells and MCF7-DSC1-GFP cells used for 
pull-down identification of DSC1 protein interaction partners. Antibodies: Anti-SBP-tag (left), Anti-DSC1 (right) and 
Anti-ACTB (down).

Additional file 2. Total proteome experiment results. A) Mass spectrometry protein group level data from total pro-
teome experiment comparing protein levels in MCF7-DSC1-GFP and control MCF7-GFP cell line. B) Mass spectrom-
etry protein group level data from total proteome experiment comparing protein levels in MCF7-DSC1-GFP cell line 
treated with parthenolide and MCF7-DSC1-GFP cell line treated with DMSO. C) Mass spectrometry protein group 
level data from total proteome experiment comparing protein levels in MCF7-GFP cell line treated with parthenolide 
and MCF7-GFP cell line treated with DMSO. D) Mass spectrometry protein group level data from total proteome 
experiment comparing protein levels in MCF7-DSC1-GFP cell line treated with parthenolide and MCF7-GFP cell line 
treated with parthenolide.

Additional file 3. Results of RNA-Seq analysis of total transcriptome. A) RNA-Seq protein-coding transcript level data 
from transcriptomics experiment comparing transcript profiles in MCF7-DSC1-GFP and control MCF7-GFP cell line. 
B) RNA-Seq protein-coding transcript level data from transcriptomics experiment comparing transcript profiles in 
MCF7-DSC1-GFP cell line treated with parthenolide and MCF7-DSC1-GFP cell line treated with DMSO. C) RNA-Seq 
protein-coding transcript level data from transcriptomics experiment comparing transcript profiles in MCF7-GFP 
cell line treated with parthenolide and MCF7-GFP cell line treated with DMSO. D) RNA-Seq protein-coding transcript 
level data from transcriptomics experiment comparing transcript profiles in MCF7-DSC1-GFP cell line treated with 
parthenolide and MCF7-GFP cell line treated with parthenolide.

Additional file 4. Results of Gene Set Enrichment Analysis (GSEA) of A) total proteome data and B) transcriptomics 
data including GSEA enriched pathways and core enriched genes.

Additional file 5. Results of the pull-down identification of DSC1 protein interaction partners. A) Mass spectrom-
etry protein group level data from pull-down experiment comparing protein levels in MCF7-DSC1-GFP and control 
MCF7-GFP cell line pull-downs. B) Mass spectrometry protein group level data from pull-down experiment compar-
ing protein levels in MCF7-DSC1-GFP cell line treated with parthenolide and MCF7-DSC1-GFP treated with DMSO 
cell line pull-downs. C) Proteins significantly upregulated (q-value < 0.05 and Log2 FC > 1) in pull-down without 
parthenolide (PTL) treatment (comparison MCF7-DSC1-GFP vs. MCF7-GFP) and not statistically significantly upregu-
lated in total proteome analysis (either "q-value > 0.05 when Log2 FC > 0" or "Log2 FC < 0" or not identified) in total 
proteome comparison MCF7-DSC1-GFP vs. MCF7-GFP.

Additional file 6. Results of Gene Set Enrichment Analysis (GSEA) of pull-down data including GSEA enriched 
pathways and core enriched genes.
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