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Additional File 1: Supplementary Figures, Material and Methods 

Figure S1. DSC2 Microarray Analysis in an independent validation cohort. For validation 
purpose we used an independent Affymetrix microarray dataset consisting of 572 breast 
cancer samples from Gene Expression Omnibus (GSE2603, GSE2034, GSE12276) for which 
detailed information on metastatic localization was available [PMID 19421193]. 
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Figure S2. In Western Blot analysis PR- and ER- negativity were significantly associated with 
high DSC2 protein levels (all bands: left side and upper band: right side) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Overexpression of DSC2. (A) mRNA level in wild type (WT) MDA-MB-231-BR 
and after lentiviral transduction with LEGO-iC2-DSC2 and the empty vector (LeGO-iC2). (B) 
Morphology of cell spheroids with MDA-MB-231-BR WT, LeGO-iC2 (empty vector) and 
LeGO-iC2-DSC2 (DSC2 overexpression) cells, before and after mechanical dissociation.  
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Figure S4. Cisplatin PT-GG staining. (A) Exemplary images of immunohistochemical PT-GG 
staining in MDA-MB231-BR scramble and DSC2 shRNA III after 8h treatment with cisplatin 
(B) Quantification of PT-GG positive and negative cells in MDA-MB231-BR scramble and 
DSC2 shRNA III after 8h and after 24h treatment with cisplatin (C) Exemplary images of 
immunohistochemical PT-GG staining in MDA-MB231-BR WT, LeGO-iC2 (empty vector) and 
LeGO-iC2-DSC2 (DSC2 overexpression) after 8h treatment with cisplatin (D) Quantification 
of PT-GG positive and negative cells in MDA-MB231-BR WT, LeGO-iC2 and LeGO-iC2-DSC2 
after 8h and after 24h treatment with cisplatin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Material and Methods 
 
For staining of cisplatin DNA-adducts, slides were deparaffanized, pretreated with 
FastEnzyme (ZUC059-015, Zytomed, Berlin, Germany) for 5 min and incubated with 1:1000 
diluted rat monoclonal PT-GG antibody (Oncolyze, Essen, Germany) for 80 min, respectively 
at room temperature. After washing, incubation with biotin-conjugated rabbit anti-rat 
antibody (1:100 dilution in TBS; 312-065-048, JacksonImmuno Research, Ely, UK) followed 
for 30 min at room temperature. Staining was visualized with streptavidin conjugated 
Alkaline Phosphatase and Chromogen RED using DAKO RealTM detection System (K5005, 
DAKO, Glostrup, Denmark) kit according to the manufacturer’s instructions. As negative 
control, rat IgG 2a kappa Isotype Control (14-4321-85, eBioscience, San Diego, CA, USA) was 
used instead of primary antibody. All slides were counterstained with haematoxylin. 
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Additional File 2: Patient characteristics Microarray and Western Blot cohorts 

 

Table S1: Patient characteristics 
Hamburg Microarray 

Cohort n=197
Hamburg WesternBlot 

Cohort n= 111
n (%) n (%)

Age (years)
Median 56.6 56.2
Range 29-94 29-79

Histological Type
Ductal 140 (71) 75(68)
Lobular 31 (16) 19 (17)
Others 22 (11) 13 (12)
Unknown 4 (2) 2 (2)

Tumor Size (stage)
< 2cm (pT1) 51 (26) 24 (12)
2-5cm (pT2) 121 (61) 72 (37)
> 5cm (pT3-4) 20 (10) 11 (6)
Unknown 5 (3) 4 (2) 

Grade
I 20 (10) 7 (6)
II 80 (41) 47 (42)
III-Undifferentiated 92  (47) 53 (48)
Unknown 5 (3) 4 (4)

Lymph Nodes 
Negative nodes 136 (69) 70 (63)
Positive nodes 60 (31) 39 (35)
Unknown 1 (0.5) 2 (2)

ER Status
Positive 148 (75) 81 (73)
Negative 41 (21) 25 (22)
Unknown 8 (4) 5 (5)

Positive 124 (63) 69 (62)
Negative 65 (33) 37 (33)
Unknown 8 (4) 5 (5)

Molecular Subtyp
               Luminal 123 (63) 58 (52)
               HER2 + 29 (15) 23 (21)
               TN 37 (19) 25 (22)
               Unknown 8 (4) 5 (5)

All distant metastases 55 (28) 41 (37)
No distant metastases 120 (61) 53 (48)
Unknown 22 (11) 8 (7)
Bone metastases1 34 (17) 23 (21)
Lung metastases1 28 (14) 23 (21)
Visceral/hepatic metastases1 30 (15) 25 (22)
Brain metastases1 15 (8) 12 (11)

Follow-up
Recurrence 72 (37) 51 (46)
No recurrence 105 (53) 52 (47)
Recurence unknown 20 (10) 8 (7)
Died of disease 56 (28) 41 (37)
Died of other course 8 (4) 7 (6)
Alive 126 (64) 60 (54)

               Unknown 7 (4) 3 (3)
               Median follow-up period 
(months)

133 142

1: multiples included

PR Status

Distant metastases
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Additional File 3: Patient characteristics TMAs 

 

 

 

 

 

 

 

 Table S2: Patient characteristics TMAs
W18.4062 W18.4025 W18.4026 W18.4023

*n= 105 *n = 47 *n = 58 *n = 16
Tumor Size (stage)

< 2cm (pT1) 25 17 19 5
2-5cm (pT2) 56 26 31 10
> 5cm (pT3-4) 16 3 7 1
Unknown 8 1 1 0

Grade
I 1
II 8
III-Undifferentiated 45
Unknown 4

Lymph Nodes 
Negative nodes 56 16 24 6
Positive nodes 37 25 21 10
Unknown 12 6 13 0

ER Status
Positive 40 26 12
Negative 24 21 0
Unknown 41 0 4

Positive 40 20 12
Negative 24 27 0
Unknown 41 0 4

Molecular Subtyp
               Luminal 2 12
               HR+/HER2+ 40 26 0 0
               HER2 + 16 2 0
               TN 24 4 44 0
               Unknown 41 11 10 4
Follow-up

Recurrence 25 6 20 16
No recurrence 61 13 26 0
Recurence unknown 21 28 12 0
Died of disease 12 2 13 8
Alive 68 19 33 8

               Unknown 27 26 12 0
               Median follow-up     
period (months)

24,5 57 44 85,5

* analysable biopsies from primary breast cancer samples

PR Status
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Additional File 4: Correlation between DSC2 mRNA levels and clinical and 
histopathological parameter 

 

Table S3: 
Correlations between DSC2 mRNA levels and clinical and histopathological parameter (p-values)

DSC2_204750_s_at DSC2_204751_x_at DSC2_mean value

n 200 200 200
Mean 158,2 255,1 206,6
Median 82,3 182,6 140,6
 Standard deviation 290,0 234,1 213,8
Variance 84123,9 54808,6 45698,6
Minimum 4,0 8,1 6,1
Maximum 2658,8 1483,5 1610
Percentile 25 36,9 124,1 92,2

50 82,3 182,6 140,6
75 174,5 282,0 236,5

pT χ2 (Q) 0,061 0,460 0,063

pN χ2 (Q) 0,235 0,200 0,072

Metastasis χ2 (Q) 0,001 0,671 0,060

Grading χ2 (Q) 0,820 0,008 0,070

Histology χ2 (Q) 0,372 0,298 0,456

ER χ2 (Q) 0,175 < 0,0005 0,0002

PR χ2 (Q) 0,555 0,014 0,134

molecular subtype χ2 (Q) 0,001 < 0,0005 < 0,0005

distant metastasis χ2 (Q) 0,357 0,421 0,393

bone metastasis χ2 (Q) 0,647 0,984 0,69

lung metastasis χ2 (Q) 0,025 0,092 0,078

visceral metastasis χ2 (Q) 0,906 0,633 0,459

skin metastasis χ2 (Q) 0,277 0,306 0,030

lymph node metastasis χ2 (Q) 0,137 0,628 0,659

locoreg. Metastasis χ2 (Q) 0,212 0,890 0,805

cerebral metastasis χ2 (Q) 0,575 0,001 0,012
OAS Cox-regr. 0,004 < 0,0005 0,0001
OAS Log-rang (Q) 0,400 0,026 0,035
RFI Cox-regr. 0,001 < 0,0005 0,00001
RFI Log-rang (Q) 0,056 0,041 0,051
RFI Log-rang (M) 0,008 0,006 0,021
RFI TNBC Log-rang (Q) 0,047 0,093 0,005
RFI TNBC Log-rang (M) 0,005 0,013 0,029

Red-coloured values are significan (< 0,05)
OAS: overall survival
RFI: recurrence-free interval
RFI TNBC: recurrence-free interval in triple-negative breast cancer 

p value Hazard ratio 95% CI
DSC2 mean value Q1-3 vs Q4 0,008 2,071 1,207-3,553

pT1 0,394
pT2 0,444 0,643 0,207-1,993
pT3 0,762 0,851 0,299-2,418

pT4 0,507 1,551 0,424-5,660
pN 0,244 0,739 0,444-1,229
molecular subgroup 0,042 0,632 0,406-0,983

χ2 (Q): chi-quadrat test using quartiles
Cox-regr.: cox-regression analysis using continous values
Log-rang (Q): log -rang analysis using quartiles

 Multivariate Cox regression analysis (disease-free survival)
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Additional File 5: Correlation between DSC2 mRNA level and protein level 

 
 

Table S4

Single 110 
kDa band

Upper DB 
between 93 and 
110 kDa 

Lower DB 
between 60 and 
85 kDa

All bands

r=0.936 r=0.646 r=0.754

- Sρ=0.936 Sρ=0.646 Sρ=0.756
P <0.000 P <0.000 P <0.000

r=0.646 r=0.676 r=0.804

Sρ=0.646 - Sρ=0.677 Sρ=0.805

P <0.000 P <0.000 P <0.000

r=0.936 r=0.676 r=0.873

Sρ=0.036 Sρ=0.677 - Sρ=0.874

P <0.000 P <0.000 P <0.000

r=0.754 r=0.804 r=0.873

Sρ=0.756 Sρ=0.805 Sρ=0.874 -
P <0.000 P <0.000 P <0.000

Single 110 
kDa band

Upper DB 
between 93 and 
110 kDa

Lower DB 
between 60 and 
85 kDa

All bands

r=0.431 r=0.548 r=0.423 r=0.440

Sρ=0.431 Sρ=0.547 Sρ=0.421 Sρ=0.440
P <0.0001 P <0.0001 P <0.0001 P <0.0001

Correlation coefficients; r=Pearson Correlation, Sρ=Spearman’s rho. P =P -value. 

Correlation between protein expression in all detected DSC2 bands  

Single 110 
kDa band

Upper DB 
between 93 
and 110 
kDa 

Lower DB 
between 60 
and 85 kDa

All bands

Correlation coefficients; r=Pearson Correlation, Sρ=Spearman’s rho. P =P -value. 
Statistically significant P -values are highlighted. DB=double band. Protein expression 
values were divided into quartiles prior to statistical analysis. UPA497 was used as 
the positive control for all calculations. 

Correlation between DSC2 mRNA (Microarray Data) and protein (WB Data) 
expression values 

mRNA 
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2 Summary of the Publication 

2.1 Background 

Breast cancer is the most common malignancy in females worldwide, affecting 
approximately 12% of all women in their lifetime (Sung, Ferlay et al. 2021). The disease 
prognosis varies significantly between breast cancer patients, depending heavily on 
tumour stage, histological classification, molecular subtype and gene expression 
profiling at the time of diagnosis and therapy commencement (Schnitt 2010). Breast 
cancer stage is classified using the TNM staging system, which takes primary tumour 
size and localisation (T, tumour), as well as spread to lymph nodes (N, node) and 
distant organs (M, metastases) into account. In the past decades, we have observed 
a significant improvement in the prognosis of this disease, owing to advancements in 
diagnostic tools and therapeutic agents, as well as an increased public awareness for 
the disease and the importance of breast cancer screening. The resulting increase in 
overall survival has correspondingly led to a rise in the incidence of tumour relapse 
and metastatic breast cancer spread, augmenting the importance of research, and 
ensuing therapeutic advancements, in this field (Winters, Martin et al. 2017). 
 
Cancer metastases develop when individual tumour cells or tumour cell clusters 
separate from the primary tumour, spreading locally or travelling via the bloodstream 
(hematogenic spread) or lymphatic system (lymphatic spread) to distant organs. 
Hematogenous metastases of breast cancer predominantly form in bone, lung, liver, 
and brain tissue (Liang, Zhang et al. 2020). 
 
Understanding the factors which influence the effectiveness and pattern of metastatic 
spread is vital in the combat of metastatic breast cancer. For example, past research 
has shown that metastasis is strongly influenced by the tumour’s molecular subtype; 
triple negative (TNBC) and HER2-positive subtypes typically metastasise to the brain 
and lungs, luminal A and B subtypes commonly metastasise to bone, and liver 
metastases are predominantly observed in HER2-positive cases (Smid, Wang et al. 
2008, Soni, Ren et al. 2015, Bartmann, Wischnewsky et al. 2017). Furthermore, the 
propensity of tumour cells to form circulating tumour cell clusters (CTC clusters), rather 
than remaining singular circulating tumour cells (CTCs), appears to influence their 
survival in the blood stream/ lymphatic system, and thus their metastatic potential 
(Klotz, Thomas et al. 2020). CTC clusters are cell aggregates of up to 50 tumour cells, 
which are up to 50-fold more likely to form metastases than single CTCs (Aceto, Bardia 
et al. 2014).  
 
Recent research into desmosomal proteins, specifically their roll in cell aggregation 
and adhesion, has highlighted a potential association between increased desmosome 
density and improved formation of CTC clusters, and thus, metastases (Aceto, Bardia 
et al. 2014, Saias, Gomes et al. 2015). Desmosomes are dynamic cell junctions which 
form a vital component of the intercellular scaffolding between neighbouring epithelial 
cells, enabling intercellular adhesion and epithelial integrity (Al-Jassar, Bikker et al. 
2013). For example, high plakoglobin expression levels have been detected in CTC 
clusters (Xie, Hu et al. 2020). Another recent study has associated the desmosomal 
protein desmoglein 2 with a poorer prognosis and higher risk of recurrence in breast 
cancer patients. Their results suggest that hypoxia induced desmoglein 2 expression 
increases the prevalence of CTC clusters (Chang, Chen et al. 2021).  
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This study focused specifically on the role of the transmembrane proteins desmocollin 
2 (DSC2), belonging to the cadherin superfamily, and plakophilin 1 (PKP1), a member 
of the arm-repeat (armadillo) family, in breast cancer metastases formation (Image 1). 
DSC2 has been studied in the context of other cancer entities and here it has been 
shown that high DSC2 expression increases cell proliferation, invasion (Fang, Liao et 
al. 2013) and aggregation (Fang, Liao et al. 2014, Saias, Gomes et al. 2015). PKP1 
proteins are located in cell desmosomes and the nucleoplasm, and are involved in the 
linking of cadherins to intermediate filaments in the cytoskeleton. As a desmosome 
stabiliser, PKP1 plays an important role in stratified and complex epithelia, with PKP1 
gene mutations leading to the well described skin fragility syndrome (South 2004). 
Furthermore, both PKP1 down- and upregulation has been associated with various 
forms of cancer and metastasis (Yang, Fischer-Keso et al. 2015, Haase, Cui et al. 
2019, Martin-Padron, Boyero et al. 2020). However, the roles of DSC2 and PKP1 
specifically in breast cancer and in the formation of breast cancer metastases remain 
largely unknown.  
 

 
Image 1: Architectural unit of the desmosome.  
 
Source: adapted from the graphical abstract from Al-Jassar, C., H. Bikker, M. Overduin and M. 
Chidgey (2013). "Mechanistic basis of desmosome-targeted diseases." J Mol Biol 425(21): 
4006-4022. 
 

2.2 Study objectives 

Preceding microarray analyses of DSC2 and PKP1 in 194 breast cancer mRNA 
samples (cohort A) highlighted their potential prognostic value, with mRNA expression 
significantly correlating with an increased risk for brain metastases. The aim of this 
doctoral research study was to investigate the expression of DSC2 and PKP1 at a 
protein level in primary breast cancers and, where available, their brain metastasis 
counterparts, in order to verify the microarray analysis findings and assess their 
involvement in breast cancer progression and the development of breast cancer 
metastases.  
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2.3 Methods 

2.3.1 Western Blot 

Tissue samples from a total of 110 patients (cohort B) where collected and used to 
create protein lysates for western blot analyses. Of these, a total of 12 patients 
developed brain metastasis.  
 
For the western blot analyses, volumes of tumour lysates containing 20 μg of total 
protein were loaded per well. The proteins were separated via gel electrophoresis on 
10% polyacrylamide gels (11% glycerin, distilled water, 10% SDS and 10% 
acrylamide) and transferred to polyvinylidene difluoride membranes (Merck Millipore 
KGaA Darmstadt, Germany). Filters were blocked in Roche blocking reagent solution. 
Primary antibodies diluted in a 1:10 solution of blocking reagent and TBST (TBS: 
50mM Tris, 150mM NaCl, pH 7.6 with 10% TWEEN 20) were applied and membranes 
were incubated over night at 4°C. Filters were washed with TBST and secondary 
antibodies - diluted in blocking reagent and TBST (1:10) - were applied for 1 hour at 
room temperature. Subsequent to washing with TBST, bound antibodies were 
visualised using a chemiluminescent reagent (SuperSignal ® West Pico 
chemiluminescent Substrate, Thermo Scientific, Rockford, USA). Light emission was 
detected using FUJI-super RX medical X-ray films (FUJI, Tokyo, Japan). Protein band 
intensities were quantified using a calibrated densitometer (GS-800 Imaging 
Densitometer, Bio-Rad, Munich, Germany).  
 
The following antibodies were utilised in the western blot detection process for DSC2: 
mouse monoclonal anti-DSC2 IgG (Millipore, MABT411) dilution 1:1,000, mouse 
monoclonal anti-β-Actin (C4) (Santa Cruz Biotechnology, sc-47778) dilution 1:2,000 
and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, sc-2055) dilution 1:8,000.  
 
The following antibodies were utilised in the western blot detection process for PKP1: 
mouse monoclonal anti-PKP1 IgG (Santa Cruz Biotechnology, sc-33636) dilution 1: 
200, mouse monoclonal anti-β-Actin (C4) (Santa Cruz Biotechnology, sc-47778) 
dilution 1:2,000 and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, sc-2055) 
dilution 1:8,000.  
 
Protein lysates from the breast cancer cell line T47D and the breast cancer lysate UPA 
497 were used as positive controls for DSC2. Protein lysates from the breast cancer 
cell line MCF7 and breast cancer sample T1513 from the patient cohort B were used 
as positive controls for PKP1. Positive control expression was defined as 100% for the 
purpose of standardisation. Protein expression values were also normalised using the 
loading control β-Actin.  
 

2.3.2 Immunhistochemistry 

Immunohistochemical analyses were performed on primary breast cancer and cerebral 
metastases samples in order to qualitatively assess the localisation and range of DSC2 
and PKP1 expression between varying breast cancer patients and tumour modalities. 
The samples used in the analyses included primary breast cancer samples from 
patients with or without brain metastases. In the cases of metastatic breast cancer to 
the brain, the corresponding brain metastases samples were also analysed. 
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Furthermore, tissue microarrays (TMAs) of primary breast cancer and brain 
metastases samples were analysed.  
 
Paraffin embedded tissue samples were deparaffinised in xylene and subsequently re-
hydrated in a descending alcohol series, culminating in distilled water. Antigen 
damasking was achieved in citrate buffer (10 mM) heated in the microwave until 
boiling, and then for 23 minutes at 90°C in a kitchen steamer. Endogenous peroxidase 
activity was blocked with 0.5% H2O2.  
 
DSC2 sections were incubated at 4°C overnight with the primary antibody (Rabbit anti-
DSC2, HPA 012615 von Sigma Aldrich) diluted 1:400 in antibody diluent (S0809, 
DAKO, CA, USA). Isotype (anti-rabbit IgG, sc-2027, Santa Cruz) and negative control 
slides (pure antibody diluent) were incubated at 4°C overnight. Incubation with the 
secondary antibody (anti-rabbit IgG, BA-10000, Vector) occurred at room temperature 
for 30 minutes.  
 
PKP1 sections were incubated at 4°C overnight with the primary antibody (mouse anti-
PKP1, sc-33636 von Santa Cruz Biotechnology,) diluted 1:100. Isotype and negative 
control slides were simultaneously incubated at 4°C overnight (anti-mouse IgG, X0931, 
DAKO and pure antibody diluent respectively) and incubation with the secondary 
antibody (anti-mouse IgG, BA-2000, Vector) occurred at room temperature for 30 
minutes.  
 
TBS (5 mM Tris, 15 mM NaCl, pH 7.6) was used for all washing steps. Enzymatic 
detection of the proteins was achieved using the VECTASTAIN Elite ABC-HRP kit (30 
min at room temperature), followed by the peroxidase substrate kit (DAB, SK-4100, 
Vector). The nuclei were counterstained with hematoxylin (Papanicolau’s solution 1a 
Harris’ hematoxylin solution,1.09253.0500, Merck, Darmstadt, Germany or Hem alum 
solution acid acc. to Meyer, T865.2, Carl Roth, Karlsruhe, Germany). Following 
dehydration in an ascending alcohol series and xylene, the sections were mounted 
(Eukitt, 03989, Sigma Aldrich, Deutschland) and visualised using a light microscope 
(Axioskop 40, Carl Zeiss Imaging Solutions).  
 
The expression and localisation of DSC2 and PKP1 were assessed by two 
investigators independently. Scores were awarded for stain intensity (SI, 0 = negative, 
1 = weak, 2 = moderate, 3 = strong) and homogeneity (percentage of positive tumour 
cells, 0 = 0%, 1 = <19%, 2 = 20-49%, 3 = 50-79%, 4 = 80-100%). Additional staining 
of blood vessels and/or the extracellular matrix was also noted.  
 

2.3.3 Statistical Analyses 

All statistical analyses were performed using SPSS Statistics version 24 for Windows 
(IBM, Armonk, NY, USA). Correlations between mRNA levels (microarray data, cohort 
A) and protein levels (western blot data, cohort B) were assessed using two-sided 
Pearson tests. Chi-square tests were used to correlate mRNA and protein expression 
with the following clinical and pathological parameters; histological grading (G1/ G2/ 
G3), molecular subtype (Luminal/ HER2 positive/ TNBC), oestrogen receptor (ER) and 
progesterone receptor (PR) status (positive/ negative) and the presence of metastases 
(bone/ lung/ visceral/ brain/ loco-regional). Kaplan-Meier estimates and the log-rank 
test were used to analyse disease-free and overall survival. The associated hazard 
ratios for the multivariate analyses were determined by Cox regression. Probability 
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values (p-value) ≤ 0.05 were considered to be statistically significant.  
 

2.4 Results 

2.4.1 Desmocollin 2 - Western Blot Analyses 

From the microarray cohort of 197 tumour samples (cohort A), a total of 110 samples 
(cohort B) were tested at a protein level using western blot. According to the literature 
and as described in the biological information provided by the antibody manufacturer, 
the molecular weight of the DSC2 protein is 110 kDa. As expected, most samples 
presented a correspondingly weighted band. However, in all samples, one or more 
additional bands were detected by the anti-DSC2 antibody (Figure 2A of the 
manuscript). These bands most often presented as two double band sets between 60 
and 85 kDa, and 93 and 110 kDa. All of the 110 samples were at least lightly positive 
for one of these double band sets.  
 
In order to clarify the nature of these unexpected bands, the intensity of each singular 
band and each double band set was quantified by densitometry. The Pearson 
correlation coefficient between the single band (110 kDa) and the double band (93 -10 
kDa) was r = 0.936, and that between both double band sets was r = 0.676 (both p < 
0.0000; Supplementary table S4 of the manuscript). Furthermore, all bands showed a 
significant and at least moderate correlation with the DSC2 mRNA expression 
determined via microarray analyses (Pearson correlation coefficient r > 0.4; p < 0.001; 
Supplementary table S4 of the manuscript). On the basis of these results, it can be 
assumed that all bands are either isoforms of DSC2, or resultant of posttranslational 
modifications, such as glycosylation. All subsequent analyses are, for the purpose of 
simplicity, confined to the assessment of the upper 110 kDa band and the collective 
assessment of all detected DSC2 bands, although similar results were obtained from 
analyses of each individual band, as well as each double band set. 
 
Western blot analyses showed broad variations in primary breast cancer DSC2 
levels and verified a correlation between DSC2 expression at an mRNA and 
protein level. 
 
The protein expression analyses using our western blot cohort (cohort B, n = 110 
highlighted a broad range of DSC2 protein expression in primary breast cancer 
samples, varying between low and very high expression. In order to better compare 
DSC2 expression between the samples, and for the purpose of clarity, the intensity 
values detected by densitometry were grouped into four equal quartiles representing 
no/low, low-moderate, moderate, and high protein expression. When comparing the 
microarray and western blot data, a significant correlation between DSC2 expression 
at an mRNA and protein level was observed for all bands (Pearson correlation 
coefficient r > 0.4; p < 0.001; Supplementary table S4 of the manuscript). This supports 
the hypothesis that all bands are isoforms or modified DSC2 proteins, as mentioned 
above.  
 
High DSC2 expression was significantly associated with the triple negative 
breast cancer molecular subtype and an increased risk for pulmonary 
metastases. 
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The western blot results also validated the significant relationship between high DSC2 
expression and the TNBC molecular subtype (p = 0.017; Figure 2B of the manuscript) 
which was seen at an mRNA level in the microarray analyses. This association was 
further substantiated by the findings that PR- and ER- negativity were each individually 
significantly associated with high DSC2 levels (all bands: p = 0.046 and p = 0.04, upper 
band: p = 0.054 and 0.012 respectively; Supplementary figure S2 of the manuscript). 
High DSC2 expression was also significantly associated with an increased risk of 
pulmonary metastases (all bands: p = 0.049, upper band: p = 0.052; Figure 2C of the 
manuscript). No significant association between high DSC2 levels and increased 
cerebral metastases could be observed at a protein level in our cohort; an albeit 
insignificant trend to this effect was, however, observed (all bands: p = 0.405, upper 
band: p = 0.42). 
 
Patients with moderate to high DSC2 expression levels experienced a 
significantly shorter disease-free survival than patients whose tumours 
expressed no or little DSC2. 
 
Patients whose tumours possessed increased levels of DSC2 (Quartiles 2, 3 and 4) 
sustained a significantly shorter disease-free survival period in comparison to patients 
with low DSC2 expression (all bands: p = 0.049, upper band: p = 0.157; Figure 2D of 
the manuscript). No significant trend was observed between the patient’s overall 
survival and the level of DSC2 expressed in her tumour (p = 0.112; Figure 3G of the 
manuscript).  
 

2.4.2 Desmocollin 2 - Immunohistochemical Analyses  

To further validify our findings at a protein level and identify the localisation of DSC2 in 
breast cancer and brain metastases tumour tissue, immunohistochemical staining was 
carried out on a variety of primary breast cancer and breast cancer brain metastases 
sections, as well as TMAs of primary breast cancer and brain metastases samples.  
Representative DSC2 staining results are shown in figures 1A-D. DSC2 expression 
was observed exclusively in tumour cells in all samples. Within both primary breast 
cancer and brain metastases tumour cells, DSC2 was located in the cellular membrane 
or the cytoplasm. The cell nucleus was uniformly negative for DSC2 (Figures A and 
C).  
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Figure 1: Desmocollin 2 immunohistochemistry in primary breast cancer and breast 
cancer brain metastases samples. (A) Exemplary images showing the range of DSC2 
expression in primary breast cancer samples; strong, membranous, and cytoplasmic staining 
(left), strong membranous staining (middle) and moderate, membranous, and cytoplasmic 
staining (right). (B) DSC2 negativity in a breast cancer brain metastases sample. (C) 
Exemplary image showing strong membranous and cytosolic DSC2 expression in a tissue 
microarray breast cancer brain metastasis sample. (D) DSC2 negativity in a tissue microarray 
breast cancer brain metastases sample. 
 

2.4.3 Plakophilin 1 - Western Blot Analyses 

A single PKP1 band was detected at 75 kDa (Figure 2). PKP1 expression was 
assessed semi-quantitively and assigned to four categories (no = 1, weak = 2, 
moderate = 3, and strong expression = 4). Bands allocated to group 4 were of equal 
or greater density to the positive control T1513. The results show a moderate and 
significant correlation between the PKP1 mRNA expression determined via microarray 
analyses and PKP1 protein expression determined via western blot analyses (Pearson 
correlation coefficient r = 0.697; p = 0.000).  

 
Figure 2: Representative western blot showing PKP1 expression in a range of primary 
breast cancer samples. Protein lysates from the breast cancer cell line MCF7 and the breast 
cancer sample T1513 were used as positive controls for PKP1. A single PKP1 band was 
detected at 75 kDa. β-actin protein expression was quantified as a loading control.  
 

D 

A 
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Increased PKP1 expression was significantly associated with an increased 
incidence of locoregional and pulmonary metastases, as well as a reduced 
disease-free survival for breast cancer patients. 
 
The western blot analyses (cohort B, n = 110) showed a significant association 
between tumours with moderate or high PKP1 levels and the development of both loco-
regional (p = 0.015; Figure 3A) and pulmonary metastases (p = 0.040; Figure 3 B). 
Furthermore, patients whose tumours contained high PKP1 levels had a significantly 
shorter disease-free survival (p = 0.007; Figure 3C). A trend, although statistically 
insignificant, could be observed between positive PKP1 expression and decreased 
overall-survival (p = 0.306; Figure 3D). 
 
Further western blot results 
 
The western blot results show a possible association between increased PKP1 
expression and estrogen receptor (ER) negativity (p = 0.043), as well as higher tumour 
grading (p = 0.064). No significant association could be shown between PKP1 
expression and the following clinicopathological parameters: cerebral metastases (p = 
0.555), PR-status (p = 0.385), pN status (p = 0.573) and pT number (p = 0.499). 
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Figure 3. Semi-quantitative expression of PKP1 in primary breast cancer lysates and its 
correlation with clinicopathological variables. (A) Tumours with high PKP1 levels are 
significantly associated with increased locoregional metastases development (p = 0.015). (B) 
A significant association was observed between high PKP1 expression and the development 
of pulmonary metastases (p = 0.04) (C) Disease-free survival in accordance with PKP1 
expression levels. Patients with a moderate to high PKP1 expression have a significantly 
shorter disease-free survival compared with patients whose tumours possess no or little PKP1 
(p = 0.007). (D) The trend observed between increased PKP1 expression and a reduced 
overall survival was not statistically significant (p = 0.306). 
 

2.4.4 Plakophilin 1 - Immunohistochemical Analyses 

The immunohistochemical staining located PKP1 not only in some tumour cells, but 
also myoepithelium, blood vessels and tumour-associated extracellular matrix (Figures 
A-C). Within tumour cells, positive PKP1 staining was strictly cytoplasmic; no nuclear 
staining for PKP1 was observed. Cytoplasmic PKP1 staining was also observed in 
some breast cancer brain metastases (Figures 4D and E). Nonspecific background 
staining was observed in a variety of samples (Figure F).  

A B 

C D 
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Figure 4: Plakophilin 1 immunohistochemistry in primary breast cancer and breast 
cancer brain metastases samples. (A) Exemplary images showing PKP1 staining in primary 
breast cancer samples; moderate cytoplasmic staining and negative nuclear staining (left), 
negative cytoplasmic and negative nuclear staining (right). (B, C) PKP1 was also detected in 
myoepithelial cells, blood vessels and tumour-associated extracellular matrix. (D) PKP1 
expression in a primary breast cancer sample from a patient without brain metastases. (E) 
PKP1 expression in a tissue microarray breast cancer brain metastases sample. (F) Exemplary 
image showing presumably nonspecific PKP1 background staining, with almost all tumour cells 
and extracellular tissues stained “positive” for PKP1.  
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2.5 Discussion 

Desmosomal proteins are important structural components which enable intercellular 
adhesion, and maintain epithelial integrity, acting as the scaffolding linking adjacent 
cells with the cytoskeleton (Al-Jassar, Bikker et al. 2013). In recent years, desmosomal 
proteins and, specifically, their role in cancer development and spread, have 
increasingly been a focus for cancer research. Both tumour-enhancing and tumour-
suppressive qualities have been attributed to these proteins in a variety of primary 
tumour entities, including oesophageal, lung and prostate cancer (Fang, Liao et al. 
2014, Yang, Fischer-Keso et al. 2015, Haase, Cui et al. 2019, Martin-Padron, Boyero 
et al. 2020, Hegazy, Perl et al. 2022). Specifically in the field of breast cancer research, 
the desmosomal proteins desmocollin 2 (DSC2), plakophilin 1 (PKP1), plakoglobin and 
desmoglein 2 have each, in recent studies, been associated with an increased 
formation of circulating tumour cell (CTC) clusters, an augmented metastasis risk und, 
thus, a poorer prognosis (Aceto, Bardia et al. 2014, Chang, Chen et al. 2021, Li, Wu 
et al. 2021). For example, Aceto et al. were able to show that plakoglobin knockdown 
causes disaggregation of CTC clusters, leading to compromised metastatic efficacy in 
animal models (Aceto, Bardia et al. 2014). This doctoral thesis focused on the proteins 
DSC2 and PKP1, specifically investigating their expression patterns in primary breast 
cancer and brain metastases samples, in order to gain further insight into their role in 
the progression of primary and metastatic breast cancer.  
 
Preliminary microarray analyses had, prior to this study, been performed to assess 
DSC2 and PKP1 expression at an mRNA level. Here, an association between high 
DSC2 and PKP1 mRNA levels, and increased disease progression and metastases 
was observed, forming the foundation of this research, which focused on their 
expression and influence at a protein level.  
 
When correlated with clinical and histopathological patient data, the western blot 
results for DSC2 similarly suggest a significant influence of DSC2 expression on 
disease progression and prognosis. Tumours with increased DSC2 levels were most 
commonly of the TNBC subtype. HER2 positive and luminal tumours were more likely 
to express moderate to low DSC2 levels. The western blot results also support the 
observation that DSC2-rich tumours were more likely to form pulmonary metastases, 
presenting the potential of DSC2 as a predictive marker for pulmonary metastases risk 
assessment. These results are in line with the findings from Landemaine et al., which 
also linked increased DSC2 expression with a higher lung metastases risk in breast 
cancer patients (Landemaine, Jackson et al. 2008). The significant association 
between increased DSC2 expression and increased cerebral metastases risk 
observed at an mRNA level could not, however, be validated at a protein level, 
presumably due to the small sample size of brain metastases in our western blot cohort 
(n = 12). An albeit statistically insignificant trend to the effect was, however, observed, 
underlining the need for further research to substantiate the possible correlation 
between DSC2 expression and cerebral metastases. Furthermore, increased DSC2 
expression led to a shorter disease-free survival, presumably due to the increased 
metastatic potential of DSC2 expressing primary tumours. Similar findings were 
published by Li et al., correlating high DSC2 (and PKP1) expression in breast and lung 
cancer samples with a shorter overall survival and worse disease progression (Li, Wu 
et al. 2021). Han et al. similarly reported that high DSC2 expression levels in their 
breast and lung cancer cohorts was significantly correlated with a poorer overall 
survival (Han, Sung et al. 2021).  
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The DSC2 immunohistochemistry results mirror the observation seen in our western 
blot data that DSC2 expression varies between no and strong expression, and pinpoint 
DSC2 exclusively in tumour cells. No DSC2 expression could be detected in the brain 
metastases samples. Further research is required to validate this finding. The lack of 
DSC2 positivity may, for example, be due to poor sample quality or an incorrect 
staining procedure for the tested brain metastases samples.  
 
On the basis of these preliminary results, the immunohistochemical staining protocol 
for DSC2 was improved and subsequent staining experiments on primary breast 
cancer samples were performed by the co-authors of the paper, the results of which 
were included in the final publication. These analyses could confirm a significant 
association between increased DSC2 expression and the TNBC molecular subtype (p 
= 0.046; Figure 2H in manuscript). Representative examples of DSC2 staining in the 
luminal, HER2 positive and TNBC molecular subtypes can be seen in figures 2I-N of 
the manuscript. 
 
The western blot results for PKP1 showed that increased PKP1 protein expression was 
associated with an increased risk for locoregional and pulmonary metastases, as well 
as a significantly shorter disease-free survival. Similarly to DSC2, the significant 
association between increased PKP1 mRNA and increased cerebral metastases 
observed in the microarray data could not be validated at a protein level. As mentioned 
above, the small sample size (n = 12) is a likely explanation for this result.  
 
Immunohistochemical staining detected PKP1 not only in tumour tissue, but also in 
myoepithelial cells, blood vessels and the extracellular matrix. No significant trends or 
associations could be determined in the semi-quantitative analyses of the staining. 
This is presumably due to nonspecific (background) staining, which can bis falsely 
misinterpreted as a positive result (Ward and Rehg 2014), and must be acknowledged 
as a limitation of this research project. Future analyses should focus on establishing a 
specific PKP1 staining protocol, including testing alternative PKP1 antibodies.  
 
One possible explanation for the comparatively superior metastatic capability and 
overall poorer prognosis of DSC2- and PKP1-expressing breast cancers and is that 
the desmosomal proteins play an integral role in the formation of robust CTC clusters 
which, as previously mentioned, are substantially more metastasis prone than singular 
CTCs.  
 
CTC clusters have been shown to be more resistant to chemotherapeutic agents then 
individual tumour cells, as the 3D structure reduces drug exposition to centrally located 
tumour cells (Hou, Krebs et al. 2012, Schuster, Taftaf et al. 2021). This phenomenon, 
known as multicellular resistance (MCR), has been described for various anticancer 
drugs – pertaining to breast cancer, most notably cisplatin - and has been a significant 
focus point for cancer research over the past decades. New therapeutic drugs must 
circumvent MCR, for example by disrupting the intercellular connection between 
circulating tumour cells (Desoize and Jardillier 2000).   
 
Another possible mechanism for the enhanced survival of CTC clusters is the 
protection against shear forces offered by their 3D structure. In vitro experiments 
performed by Marrella et al. showed a higher resistance to shear forces in CTC clusters 
than singular CTCs (Marrella, Fedi et al. 2021). Li et al. showed that shear stress 
resistant breast and lung cancer cells express up to 5.3-fold more DSC2 and PKP1, 
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facilitating the formation of CTC clusters in circulation and increasing cell survival (Li, 
Wu et al. 2021).  
 
The survival advantage of CTC clusters in circulation may also relate to a decrease in 
apoptotic tendencies, when compared to single CTCs (Giuliano, Shaikh et al. 2018, 
Schuster, Taftaf et al. 2021). CTC clusters may be more resistant to the form of 
apoptosis which results when cells lose their connections to other cells or to the cellular 
matrix, a phenomenon known as anoikis. Han et al. recently showed that fibronectin 
knockdown in breast and lung cancer cells caused a decrease in the expression of a 
variety of desmosomal proteins, including DSC2 and plakoglobin, culminating in 
reduced cellular aggregation and increased susceptibility to anoikis (Han, Sung et al. 
2021).  
 
The aforementioned mechanisms of enhanced cellular adhesion and CTC cluster 
formation indicate that, in terms of the metastasis cascade, DSC2 and PKP1 are 
foremost important in the dissemination phase of metastasis, enhancing the survival 
of the tumour cells in the circulation, rather than, for example, influencing the phases 
of proliferation, detachment, intravasation or extravasation. 
 

2.6 Conclusions 

The experimental data and results obtained from the analyses of clinical tumour tissue 
show that DSC2 and PKP1 may influence the progression and metastasis pattern of 
breast cancer. The results linked high DSC2 expression at an mRNA and protein level 
to the TNBC molecular subtype, a higher tumour grade and a significantly reduced 
disease-free survival. Tumours with increased DSC2 mRNA and/or protein expression 
were also more likely to metastasise to the brain and lungs. Increased PKP1 
expression at an mRNA and protein level was associated with a higher incidence of 
locoregional and pulmonary metastases, as well as a reduced disease-free survival for 
breast cancer patients.  
 
When considering the role of desmosomal proteins in maintaining intercellular contact, 
increased DSC2 and PKP1 expression may assist in the formation of tumour cell 
clusters, which are more robust and chemotherapy resistant, and thus more 
metastases prone than singular circulating tumour cells. Further insight into the 
intricacies of differential DSC2 and PKP1 expression and their specific influence on 
intercellular interactions may open new perspectives for DSC2 and PKP1 as diagnostic 
tools and as targets for therapeutic intervention. Future research could, for example, 
focus on the expression of these proteins specifically in CTC clusters and in other 
breast cancer metastatic entities, such as pulmonary metastases.  
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2.7 Abbreviations 

TNBC   Triple negative breast cancer 
HER2   Human epidermal growth factor receptor 2 
CTCs   Circulating tumour cells 
DSC2   Desmocollin 2 
PKP1   Plakophilin 1 
SDS    Sodium dodecyl sulphate 
TBS(T)   Tris buffered saline (with tween) 
TMA   Tissue microarray 
ABC-HRP kit  Avidin-biotin enzyme complex - horseradish peroxidase kit 
DAB   Diaminobenzidin 
SPSS   Statistical Package for Social Sciences 
ER   Oestrogen receptor 
PR   Progesterone receptor 
MCR   Multicellular resistance 
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3 Brief Summary of the Publication in English 

This study investigated the role of the desmosomal protein DSC2 in the malignant 
progression of primary breast cancer cells and the formation of distant metastases. 
Firstly, the expression of DSC2 in primary breast cancer samples was quantified at a 
protein level using microarray and western blot analyses. These results, when 
analysed in conjunction with patient data, highlighted the prognostic value of DSC2, 
showing significantly higher DSC2 expression in the comparatively aggressive 
molecular subtypes HER2 and TNBC, when compared to luminal breast cancers. 
Furthermore, an increase in cerebral and lung metastases, as well as a reduction in 
disease-free and overall survival, was observed in cases with high DSC2 expression.  
 
The direct influence of DSC2 expression on primary breast cancer cell behaviour and 
survival was subsequently investigated at a cellular level in both in vitro and in vivo 
experiments. Firstly, DSC2 overexpression and DSC2 knock down experiments were 
performed using the TNBC cell line MDA-MB-231 and the brain-seeking subline MDA-
MB-231-BR. In vitro experiments on cell lines with DSC2 down regulation showed a 
significant decrease in cellular aggregation. Conversely, it could be shown that 
increased ectopic DSC2 expression resulted in increased cellular aggregation and 
improved chemoresistance in 3D structures. This influence could not be reproduced in 
2D monolayered structures, further highlighting the importance of 3D cell aggregation 
for tumour cell drug resistance. The ensuing in vivo experiments using a brain 
dissemination xenograft mouse model underlined these findings, showing that DSC2 
knock down in brain-seeking TNBC cells caused a significant reduction in both 
circulating tumour cells and tumour cell clusters, and, correspondingly, the formation 
of fewer and smaller brain metastases.  
 
Our results suggest that DSC2 overexpression improves the metastatic capabilities of 
breast cancer cells by increasing tumour cell aggregation, thereby (1) enabling the 
formation of circulating tumour cell clusters - which are more resistant and prone to 
metastasise than single CTCs - and (2) hindering drug diffusion and protecting centrally 
located cells within both the primary tumour and in CTC clusters against drug 
exposition. Furthermore, we hypothesise that the increased DSC2 expression 
observed in the TNBC and HER2 subtypes is, at least in part, responsible for their 
comparatively higher metastatic potential and overall poorer prognosis.  
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4 Brief Summary of the Publication in German 

Diese Studie untersuchte die Rolle des desmosomalen Proteins DSC2 bei der 
malignen Progression primärer Mammakarzinome und der Bildung von 
Fernmetastasen. Zunächst wurde die Expression von DSC2 in primären 
Mammakarzinomproben auf Proteinebene mithilfe von Microarray- und Western-Blot-
Analysen quantifiziert. Diese Ergebnisse wurden mit Patientendaten statistisch 
korreliert und hoben einen prognostischen Wert von DSC2 hervor. Es zeigte sich eine 
deutlich höhere DSC2-Expression in den aggressiveren Subtypen HER2 und TNBC 
im Vergleich zum luminalen Mammakarzinom. Darüber hinaus wurde in Fällen mit 
hoher DSC2-Expression eine Zunahme von Hirn- und Lungenmetastasen sowie eine 
Verringerung des krankheitsfreien Überlebens und des Gesamtüberlebens 
beobachtet. 
 
Der direkte Einfluss der DSC2-Expression auf das Verhalten und Überleben primärer 
Mammakarzinomzellen wurde anschließend auf zellulärer Ebene, sowohl in In-vitro- 
als auch In-vivo-Experimenten untersucht. Zunächst wurden DSC2-Überexpressions- 
und DSC2-Knockdown-Experimente mit der TNBC-Zelllinie MDA-MB-231 und der 
geneigt cerebral metastasierenden Zellinie MDA-MB-231-BR durchgeführt. In-vitro-
Experimente an Zelllinien mit DSC2-Knockdown zeigten eine signifikante 
Verminderung der Zellaggregation. Umgekehrt konnte gezeigt werden, dass eine 
erhöhte ektope DSC2-Expression zu einer erhöhten Zellaggregation und einer 
gesteigerten Chemoresistenz in 3D-Strukturen führte. Dieser Einfluss konnte in 2D-
Monoschichtstrukturen nicht reproduziert werden, was die Bedeutung der 3D-
Zellaggregaten für die Therapieresistenz von Tumorzellen weiter unterstreicht. Die 
anschließenden In-vivo-Experimente unter Verwendung eines 
gehirnmetastasierenden, xenotransplantatierten Mausmodells untermauerten diese 
Ergebnisse. Sie zeigten, dass eine reduzierte Expression von DSC2 in TNBC-Zellelinie 
MDA-MB-231R zu einer signifikanten Reduzierung sowohl der zirkulierenden 
Tumorzellen als auch der Tumorzellcluster und dementsprechend zur Bildung von 
weniger und kleineren Hirnmetastasen führte. 
 
Unsere Ergebnisse legen nahe, dass die Überexpression von DSC2 die 
Metastasierungsfähigkeit zirkulierender Tumorzellen verbessert, indem sie indem sie 
die Tumorzellaggregation erhöht, wodurch (1) die Bildung zirkulierender 
Tumorzellcluster ermöglicht wird – die resistenter und anfälliger für Metastasierung 
sind als einzelne CTCs – und (2) Arzneimitteldiffusion behindert wird, und dadurch 
zentral gelegener Zellen vor Arzneimittelexposition geschützt werden. Zudem gehen 
wir davon aus, dass die erhöhte DSC2-Expression, die in den TNBC und HER2 
Subtypen beobachtet wird, zumindest teilweise für deren vergleichsweise höheres 
Metastasierungspotenzial und die insgesamt schlechtere Prognose verantwortlich ist. 
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