
ORIGINAL RESEARCH

Biglycan as a potential regulator of tumorgenicity and immunogenicity in K-RAS- 
transformed cells
Karthikeyan Subbarayana, Chiara Massaa, Sandra Leisza, André Steven a, Daniel Bethmann b, Katharina Biehla, 
Claudia Wickenhauser b, and Barbara Seliger a,c

aInstitute of Medical Immunology, Martin Luther University Halle-Wittenberg, Halle, Germany; bInstitute of Pathology, Martin Luther University Halle- 
Wittenberg, Halle, Germany; cFraunhofer Institute for Cell Therapy and Immunology, Leipzig, Germany

ABSTRACT
The extracellular matrix component biglycan (BGN) plays an essential role in various physiological and 
pathophysiological processes. A deficient BGN expression associated with reduced immunogenicity was 
found in HER-2/neu-overexpressing cells. To determine whether BGN is suppressed by oncogene-driven 
regulatory networks, the expression and function of BGN was analyzed in murine and human BGNlow/ 
BGNhigh K-RASG12V-transformed model systems as well as in different patients’ datasets of colorectal 
carcinoma (CRC) lesions. K-RAS-mutated CRC tissues expressed low BGN mRNA and protein levels when 
compared to normal colon epithelial cells, which was associated with a reduced patients’ survival. 
Transfection of BGN in murine and human BGNlow K-RAS-expressing cells resulted in a reduced growth 
and migration of BGNhigh vs BGNlow K-RAS cells. In addition, increased MHC class I surface antigens as 
a consequence of an enhanced antigen processing machinery component expression was found upon 
restoration of BGN, which was confirmed by RNA-sequencing of BGNlow vs. BGNhigh K-RAS models. 
Furthermore, a reduced tumor formation of BGNhigh versus BGNlow K-RAS-transformed fibroblasts asso
ciated with an enhanced MHC class I expression and an increased frequency of tumor-infiltrating 
lymphocytes in tumor lesions was found. Our data provide for the first time an inverse link between 
BGN and K-RAS expression in murine and human K-RAS-overexpressing models and CRC lesions asso
ciated with altered growth properties, reduced immunogenicity and worse patients’ outcome. Therefore, 
reversion of BGN might be a novel therapeutic option for K-RAS-associated malignancies.
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Introduction

Proteoglycans (PGs) are structurally diverse constituents of the 
extracellular matrix (ECM) and cell surface and have recently 
emerged as novel biomarkers and molecular players of cancer 
diagnosis and therapy by regulating signaling cascades, cytoskele
ton configuration, autophagy, and angiogenesis.1,2 In malignant 
tumors and their tumor microenvironment (TME), the expres
sion of PGs is modulated and affects growth properties, cell 
adhesion, inflammation, differentiation, and angiogenesis.3–5 In 
this context, the altered composition and function of the ECM 
and their binding receptors have recently been shown to impact 
tumor initiation and progression.6 Small leucine-rich proteogly
cans (SLRPs) are a protein family composed of 18 members that 
are present in the ECM of a variety of tissues, including bone, 
cartilage, and tendon, and contain leucine-rich repeats (LLR).7 

BGN is a member of this family and interacts with the transform
ing growth factor (TGF)-β, with extracellular receptors, such as 
the toll-like receptor (TLR)-2 and −4 and the epidermal growth 
factor receptor (EGF-R).8–11 It is differentially expressed in var
ious malignant tumor entities5,12 and affects molecular events 
relevant to either tumor progression13–15 or suppression depend
ing on the cancer type analyzed.9,16,17 This dual role in tumor
igenicity appears to be mediated, at least partially, by its ability to 

influence both oncogenic and inflammatory pathways due to its 
binding to TGF-β1 and TLRs, respectively.8,17–19 In pancreatic 
cancer cells, BGN has been shown to be induced by TGF-β via the 
SMAD4/DPC4 pathway, which is accompanied by growth inhibi
tion of tumor cells suggesting a tumor suppressive function of 
SMAD4/DPC4.8 In addition, an inverse correlation between BGN 
expression and the level of K-RAS and HER-2/neu expression in 
human tumor cells and/or in in vitro models of oncogenic trans
formation was found.17,20,21

The loss of BGN expression correlated with the malignant 
phenotype of HER-2/neu-transformed human and murine 
model systems in vitro. This was accompanied by an increased 
cell proliferation, migration and invasion rate as well as an 
upregulated TGF-β signaling, which was directly associated 
with reduced immunogenicity as shown by enhanced tumor 
growth in vivo and downregulation of MHC class I APM 
component and MHC class I surface expression.17

In general, RAS proteins control signaling pathways repre
senting key regulators of malignant transformation, thereby 
leading to increased proliferation and malignant 
transformation.22 In human tumors of distinct origin including 
CRC, K-RAS is frequently overexpressed due to activating muta
tions, which is often associated with a poor prognosis and worse 
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clinical outcome of CRC patients. In addition, there is growing 
evidence that K-RAS transformation causes immune evasion 
mediated by a decrease or loss of immune stimulatory molecules 
including the heavy chain (HC) of the human leukocyte antigen 
(HLA) molecules, β2-microglobulin (β2-m) and APM compo
nents, by an upregulation of non-classical HLA class I antigens, 
such as HLA-G and –E, and of checkpoint ligands, like e.g. PD- 
L1, as well as by changes in the composition of the TME.23–29 In 
CRC, the K-RAS status has been shown to be directly associated 
with a decreased HLA class I expression thereby subsequently 
impairing the antigen presentation ability of CRC cells.30 

Despite the fact that molecular-targeted therapies have signifi
cantly improved the survival of CRC patients with therapeuti
cally targetable lesions compared to conventional 
chemotherapy,31,32 immunotherapies have still a limited success 
in this tumor entity, which might be explained by the develop
ment of different strategies by CRC to escape immune 
surveillance.33,34 Therefore, one primary goal is to restore 
tumor immunogenicity by boosting HLA class I and inhibiting 
PD-L1 surface expression in tumors. Identifying key molecules 
or substances overriding these tumor intrinsic escape routes will 
help improve durable tumor rejection. So far, neither immune 
therapeutics nor therapeutic agents directly targeting wild type 
(wt) RAS have been clinically approved for the treatment of 
K-RAS-associated diseases.35–38 Direct inhibition of mutant 
RAS by allele-specific inhibitors and approaches targeting RAS- 
activating pathways or RAS effector pathways represent promis
ing strategies.39 For example, Sotorasib, a small molecule inhi
biting K-RASG12C activity, has been shown to lead to a durable 
tumor regression in K-RASG12C bearing murine tumors and to 
anti-cancer activity in patients harboring this K-RAS 
mutation.40,41 There exists evidence that the phosphotyrosine 
kinase receptors EGF-R and HER-2/neu are upregulated in 
breast epithelial cells.42 Interestingly, in a ductal pancreatic 
epithelial model, a cooperation of oncogenic RAS and loss of 
SMAD4 signaling resulted in an upregulation of the ERB recep
tor expression due to protein stabilization and increased 
transcription.43

Based on the ability of BGN to modulate the HER-2/neu- 
transformed phenotype and enhance tumor immunogenicity, 
it was hypothesized that BGN might provide a molecular ther
apeutic option for malignancies with K-RAS mutations.17 

Therefore, the expression and function of BGN were deter
mined in model systems of murine K-RAS-transformed fibro
blasts as well as in human CRC cells with known K-RAS status 
regarding its role in in vitro and/or in vivo growth properties, 
MHC class I-mediated immunogenicity, immune cell recogni
tion as well as CRC patients’ survival.

Materials and methods

Cell lines and transfectants

The human CRC cell lines expressing wild type (wt) (RKO) or 
mutated (mut) (SW480, K-RASG12V),44 the colorectal epithelial 
cell line CoN and murine NIH3T3 fibroblasts were purchased 
from the American Tissue culture collection. The NIH3T3 
K-RASG12V-transformed derivative, termed BGNlow K-RAS, 
was generated as described previously.20

The generation of the BGN overexpressing murine K-RAS 
transformed fibroblasts, named BGNhigh K-RAS cells (clone 
BGN1, BGN2) and vector controls (BGNlow/vector K-RAS) 
have previously been described.17,20 The human CRC cell 
lines were stably transfected with the vector backbone alone 
or a BGN expression vector according to Recktenwald and 
coauthors.20

The NIH3T3 cells and their derivatives as well as the CoN 
cells were maintained in Eagles modified essential medium 
(EMEM, Lonza, Basel, Switzerland), whereas the human CRC 
cell lines in Dulbecco’s modified Eagles medium (DMEM, 
Gibco) supplemented with 10% fetal calf serum (FCS), 2 mM 
glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin 
(PAA; Pasching, Austria) and cultured at 37°C in 5% CO2 
humified air. All stable BGN transfectants (BGNhigh K-RAS) 
and vector controls (BGNlow/vector) were maintained in com
plete DMEM or EMEM, respectively, supplemented with 1 mg/ 
ml G418 (PAA).

RNA isolation and real time quantitative RT-PCR

Total cellular RNA was isolated using the nucleo spin RNA II 
kit (Macherey-Nagel, Dueren, Germany), before 2 µg total 
RNA was transcribed into cDNA and subjected to PCR as 
previously described.45 The target-specific primers used for 
quantitative PCR are listed in Supplementary Table 1.

Luciferase (luc) reporter assay for determination of the 
APM promoter activity

TAP1/LMP2, TAP2 and TPN promoter sequences were ampli
fied from genomic DNA and then cloned into the pGl3 lucifer
ase (luc) vector (Promega, Fitchburg, USA) as recently 
described.46 For transient transfections, 1 × 105 cells were 
incubated overnight in 100 µL OptiMEM (Invitrogen) followed 
by transfection with 0.3 µg of the respective promoter con
structs and 0.016 µg of the β-galactosidase (β-gal) vector using 
Lipofectamine 2000 (Invitrogen, Waltham, USA) according to 
the manufacturer’s instructions. Forty-eight hours after trans
fection, the luc activity was determined with the luc substrate 
(Promega) using a luminometer and normalized to the trans
fection efficiency determined by β-galactosidase (ß-gal) 
enzyme activity.47

Western blot analysis

For Western blot analysis, 5 × 106 cells were harvested and 
proteins were solubilized as described.48 30 µg protein/lane 
was separated in 10% SDS-PAGE gels, transferred onto 
nitrocellulose membranes (Schleicher & Schuell, Dassel, 
Germany) and stained with Ponceau S as previously 
described.45 Membranes were incubated overnight at 4°C 
with a primary polyclonal antibodies directed against BGN 
(Proteintech, Rosemont, IL, USA) and K-RAS (Cell Signaling 
Technology, Danvers, USA) and monoclonal antibodies 
directed against β-actin (Sigma-Aldrich, St. Louis, USA) 
and/or glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (Cell Signaling Technology), respectively, fol
lowed by incubation for 1 h with a horseradish peroxidase 
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(HRP) linked secondary antibody (Ab, Cell Signaling 
Technology) and developed using the ECL method. 
Chemiluminescence signals were visualized with the Lumi- 
Light Western Blotting Substrate (Roche Diagnostics) and 
recorded with a LAS3000 system (Fuji, Tokyo, Japan). To 
quantify the protein expression, the appropriate area of the 
signal was integrated using an AIDA image analyzer 
(Raytest, Straubenhardt, Germany) and subsequently nor
malized to β-actin or GAPDH.

Cell proliferation, migration and Anchorage-independent 
growth

The growth characteristics of murine and human BGNlow and 
BGNhigh K-RAS-transformed cells was determined using dis
tinct methods. The cell proliferation was analyzed at different 
time points using the cell proliferation kit II (Roche Applied 
Science, Penzberg, Germany) and measuring the conversion of 
the tetrazolium salt (XTT) to formazan on a spectrometer 
(MRX, Dynex, Lincon, UK).21

The scratch assay mimicking the directional cell migration 
was employed by scratching a confluent cell monolayer with 
a Pasteur pipette and monitoring the wound healing according 
to Rodriguez and coauthors.49 Images were captured before 
and at different time points after scratching over 24 hours. The 
images were compared and the migration rates were quantified 
using the Metaview software (Biovision Technologies, Exton, 
USA).50

Next to wound healing assays, the cell migration was deter
mined by plating 5 × 104 cells into a trans-well chamber using 
a gradient of 0.5 to 10% FCS as attractant.45 After 24 hours, the 
number of migrated cells was determined with the Cell Titer 
Glo Luminescence cell viability assay (Promega) according to 
the manufacturer’s instructions. The luminescence was nor
malized against the luminescence of 5 × 104 cells directly 
seeded into the bottom of the trans-well plate.

The anchorage-independent growth was determined by 
seeding 2 × 104 cells/35-mm plate in 0.3% agar in respective 
complete medium with 20% FBS and incubated at 37°C for 
28 days.45 The number of colonies was determined by staining 
with iodonitrotetrazolium chloride (Sigma).

Flow cytometry

Following mAbs were used for flow cytometry: the phycoery
thrin-labeled anti-H-2Ld/q (Cedarlane Laboratories LTD, 
Burlington, Canada) and, the respective isotype mouse immu
noglobulin (Beckman Coulter, Brea, USA) for staining murine 
cells and the FITC-labeled HLA class I-specific mAb (Beckman 
Coulter) and lgG2a isotype control (Beckman Coulter) for 
staining of human cells.

Flow cytometric analysis was performed as described.48 

Briefly, 5 × 105 cells were incubated with the appropriate 
amount of antibodies at 4°C for 30 minutes before the stained 
cells were measured on a NAVIOS (Becton Dickinson, 
Franklin Lakes, USA) and subsequently analyzed with the 
Kaluza software (Beckman Coulter). The data are represented 
as mean specific fluorescence intensity (MFI) from three inde
pendent experiments.

For cell cycle analysis, 1 × 106 cells were cultured in 0.1% 
FCS for 48 h, followed by their cultivation in 10% FCS. The 
cells were then fixed with ice-cold ethanol (70%) and stained 
with propidium iodide (Sigma). Analyses were performed by 
flow cytometry using the Kaluza software (Beckman Coulter).

In addition, blood from tumor-bearing mice was analyzed 
by flow cytometry after lysis of erythrocytes using erythrocyte 
lysis buffer (c-c-pro GmbH, Oberdorla, Germany). 
Mononuclear cells were incubated with the rat anti-mouse 
CD16/32 (Beckman Coulter, Brea, CA, USA) to block nonspe
cific antibody binding. Anti-CD4 PeCy7 (eBioscience/ 
ThermoScientific), anti-CD8α FITC (Beckman Coulter) and 
anti-CD25 eFluor450 (eBioscience/ThermoScientific) were 
used for staining of T cells. Before acquisition on a NAVIOS 
flow cytometer (Beckman Coulter), the cells were labeled with 
propidium iodide to exclude dead cells. Analysis was per
formed using the Kaluza software package (Beckman Coulter).

In vivo tumor growth and specimen collection

All animal experiments described were approved by the 
Regional Council of the Medical Faculty at the Martin Luther 
University Halle-Wittenberg in Halle (Germany) and animals 
were maintained in accordance to the Guidelines for the Care 
and Use of Laboratory Animals. Adult (2-3-month old, 20 ± 4 g 
body weight, male and female), specific pathogen-free inbred 
immune-competent DBA/10IaHsd mice (Harlan Laboratories) 
were used for the analysis of tumor formation. Ten mice/group 
were subcutaneously (s.c.) injected with 1 × 106 fibroblasts 
(BGNlow K-RAS, BGNhigh K-RAS, BGNvector K-RAS) in 
200 µL PBS/mouse into the left lateral abdominal wall. The 
right lateral abdominal wall was used for sham injections with 
PBS. The tumor diameter was monitored three times a week by 
caliper measurements of the greatest longitudinal diameter. 
The mice were sacrificed between 3 and 6 weeks after injection, 
the tumors excised and stored in paraffin or fresh frozen in 
liquid nitrogen.

In addition, between days 36 and 41, tumor-bearing mice 
were anesthetized with 2.5% (v/v) isofluran and blood was 
collected by cardiac puncture into heparin-containing tubes 
and subjected to flow cytometry as described above.

Immunohistochemical analysis

For staining with anti-BGN and anti-CD3 antibodies, 5 µm 
tissue sections of the murine BGNlow and BGNhigh K-RAS 
tumors were deparaffinized with xylol and transferred via 
alcohol into aqua dest (Elix 5 Filter System, Merck- 
Millipore, Burlington, USA). Antigen decloaking for mAb 
CD3 was performed by steaming the slides with a preheated 
TEDTA buffer (ZUC029-500, 1:10 dissolved, Zytomed 
Systems, Bargteheide, Germany) at pH 6.0 at 98°C for 
30 minutes in an oven (Braun, type 3216). No antigen 
decloaking was required for staining with the BGN Ab. 
The slides were blocked for 7–10 minutes with 3% H2O2. 
Following a rinsing step with washing buffer (ZUC202- 
2500, 1:20 solution, Zytochem Plus HRP Kit/Plus Polymer 
System, Zytomed Systems), the primary Abs were added 
dropwise on the tissue area. For BGN staining, the primary 
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Ab 16409-1-AP (Proteintech, Planegg, Germany) was incu
bated at a 1:50 dilution for 60 minutes at room temperature 
(RT). For CD3 detection, the tissues were stained with the 
primary mAb SP7 (RM-9107-S, Thermo-Fisher) at a 1:200 
dilution for 60 minutes at RT. After washing off the pri
mary Ab the slides were incubated with an HRP-polymer 
secondary Ab (POLHRP-100, Zytochem Plus HRP Polymer 
System Mouse/Rabbit, Zytomed Systems) for 15 (BGN) and 
30 minutes (CD3), respectively, at RT. After a washing step, 
the epitopes were visualized with DAB (10 minutes of DAB 
Substrate Kit, Zytomed Systems) followed by a counterstain 
with hemalaun (Dr. K. Hollborn & Sons, Leipzig, Germany) 
for 30 seconds, then transferred into xylol and slip covered 
(Eukitt, ORSAtec). Negative controls were obtained by 
omitting the primary Ab. Microscopic analysis of the stain
ing was independently performed by two pathologists (CW, 
DB). The staining intensity of BGN expression was scored 

as absent, weak, moderate, or strong. The distribution of 
intra-tumoral CD3+ T cells was classified as homogenous or 
non-homogenous, while their density was scored as the 
number of CD3+ cells per 10 high power fields (HPF, 
400x).

CD107a degranulation assay

Human peripheral blood mononuclear cells (PBMC) were 
purified from healthy donor buffy coat preparations by gradi
ent density centrifugation. Cells were stimulated for 18 h with 
1 ng/ml IL-12, 5 ng/ml IL-15 (both from Immunotools, 
Friesoythe, Germany) and 50 ng/ml IL-18 (Biovision, 
Milpitas, CA, USA) in X–vivo15 (Lonza) medium followed 
by their incubation with target cells for a CD107a degranula
tion assay. The anti-CD107a Ab was added after 1 h of co- 

Figure 1. Increased correlation and clinical relevance of K-RAS and BGN expression in CRC lesions. A. Correlation plot of K-RAS and BGN mRNA expression levels in CRC 
tissues. For bioinformatics analysis a CRC patient cohort (108 CRC samples, GEO ID: gse33114) was used for correlation of K-RAS and BGN expression levels. 2log: 
logarithmic values with base of 2. B. Increased inverse BGN mRNA expression levels in mut K-RAS CRC samples. TCGA COAD data set were employed to correlate the BGN 
mRNA expression to the K-RAS mutation status (72 K-RAS mutated and 109 non-mutated lesions) as described in Methods. C. Reduced BGN expression in CRC samples 
compared to normal colon epithelium. UALCAN-based proteogenomic analysis for BGN expression in CRC samples from the CPTAC dataset was performed. The protein 
expression of BGN obtained from 100 normal colon epithelia and 97 primary CRC samples was compared. The z-values represent standard deviations from the median 
across the CRC samples. Log2 spectral count ratio values from CPTAC were first normalized within each sample profile followed by normalization across samples. D. 
Correlation of BGN expression with the disease-specific survival of CRC patients. The TCGA COAD dataset expression was used as described in Methods for the 
determination of the clinical significance of BGN expression. The data are represented as a KM-plot for the patients’ disease-specific (p 0.0452) survival of CRC patients in 
correlation to BGN expression.
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culture and after 4 h the cells were stained with Ab directed 
against CD3, CD16 and CD56 to identify NK cells and deter
mine total NK cell activity.

mRNA sequencing and data analyses

Library construction, RNA sequencing (RNAseq; Illumina 
platform, San Diego, USA), generation of fragments per kilo
base of transcription mapped (FPKM) reads and initial set of 
differential genes were performed by Novogene Company 
Limited (UK). Bioinformatics was performed according to 
the procedures described in previous studies.51 Reference gen
ome and gene model annotation files were directly downloaded 
from genome website browser (NCBI/UCSC/Ensembl). To 
quantify gene expression levels, HTSeq v0.6.1 was used to 
count the read numbers mapped of each gene. FPKM of each 
gene was calculated based on the length of the gene and read 
counts mapped to this gene.52

Initial analysis of differential expression between 
BGNlow and BGNhigh SW480 cells (two biological repli
cates) was performed by Novogene using the DESeq2 
R package (2_1.6.3). DESeq2 provides statistical routines 
for determining differential expression in digital gene 
expression data using a model based on the negative 
binomial distribution. The resulting p-values were 
adjusted using the Benjamini and Hochberg’s approach 
for controlling the False Discovery Rate (FDR). Genes 
with an adjusted p-value (Padj) < 0.05 found by DESeq2 
were assigned as differentially expressed. Gene Ontology 
(GO) enrichment analysis of differentially expressed genes 
was implemented by the clusterProfiler R package, in 

which gene length bias was corrected. GO terms with 
corrected Padj value < 0.05 were considered significantly 
enriched by differential expressed genes.

Bioinformatics analyses of public datasets

The different datasets used in this publication were described 
in detail in the Supplementary Table 2. The CRC data (GEO 
accession: gse33114) comprising 108 CRC samples were 
employed.53 K-RAS mutation and BGN expression data were 
downloaded from the TCGA colorectal Adenocarcinoma 
(COAD) dataset of 276 samples. 182 COAD patients were 
found to have BGN expression data, which were associated to 
the mutation pattern of K-RAS, H-RAS, N-RAS and B-RAF in 
CRC lesions.

For the correlation of BGN expression with the survival of 
CRC patients, the TCGA COAD (PanCancer Atlas) expression 
data comprising of in total 551 CRC patients, from which 310 
samples expressed BGN, were analyzed using Xena, the func
tional genomics and analysis platform developed by the 
University of California at Santa Cruz (https://xena.ucsc. 
edu).54

The Clinical Proteomic Tumor Analysis Consortium 
(CPTAC)55 defined proteome-based molecular tumor subtypes 
using liquid chromatography-tandem mass spectrometry (LC- 
MS/MS). The CPTAC Colon Cancer Confirmatory Study con
sisting of 97 primary CRCs and 100 normal colon epithelium,56 

but lacking information of RAS mutations was analyzed for 
BGN protein expression and data from normal colon epithe
lium vs. CRC tumor samples were correlated using 

Table 1. Correlation of K-RAS and BGN expression to the expression of selected immune modulatory genes.

correlation K-RAS BGN SW480 BGN vs. vector HER-2/neu BGN vs. vector

human genes R-value p-value R-value p-value log2FC mouse genes log2FC

HLA-A −0.173 0.073 0.648 3.3E-14 0.266 H2-K1 0.503
HLA-B −0.232 0.016 0.737 9.2E-20 1.512
HLA-C −0.234 0.015 0.703 2.3E-17 0.721
HLA-E −0.157 0.106 0.757 2.5E-21 0.671 H2-M3 −0.106
HLA-G −0.207 0.031 0.742 3.9E-20 no
TAP1 −0.189 0.051 0.52 8.3E-09 1.678 TAP1 0.115
TAP2 −0.104 0.283 0.277 3.7E-03 0.555 TAP2 0.913
TAPBP −0.37 0.000 0.456 7.1E-07 0.430 TAPBP 2.013
CALR −0.006 0.952 0.513 1.4E-08 0.939 CALR −0.230
CANX −0.248 0.010 −0.422 5.4E-06 0.801 CANX −0.445
PDIA3 −0.02 0.839 0.031 7.5E-01 0.677 PDIA3 −0.270
ERAP1 −0.258 0.007 0.021 8.3E-01 1.538 ERAP1 0.006
ERAP2 0.092 0.342 0.114 2.4E-01 0.774 ERAP2 no
PSMB9 −0.182 0.060 0.554 4.9E-10 2.420 PSMB9 48.362
PSMB8 −0.195 0.043 0.42 6.2E-06 2.533 PSMB8 46.422
PSMB10 −0.192 0.047 0.038 7.0E-01 0.322 PSMB10 2.120
CD274 −0.153 0.113 0.701 3.2E-17 1.476 CD274 0.104
B2M −0.101 0.297 0.494 5.4E-08 0.248 B2M 1.004
IFNG −0.19 0.049 0.452 9.1E-07 no IFNG no
IFNGR1 −0.12 0.216 0.66 8.3E-15 0.695 IFNGR1 −0.120
IFNGR2 −0.19 0.049 0.578 5.8E-11 −0.094 IFNGR2 0.377
JAK1 −0.113 0.244 0.471 2.7E-07 0.096 JAK1 0.423
JAK2 −0.08 0.409 0.573 9.5E-11 0.745 JAK2 −0.628
STAT1 −0.261 0.006 0.54 1.7E-09 0.477 STAT1 1.643
IRF1 −0.245 0.011 0.497 4.3E-08 0.951 IRF1 2.254

Based on GEO data set of 108 mixed CRC (GEO ID: gse33114;53 the expression data of the K-RAS and BGN mRNAs were correlated to the expression of HLA class I APM 
components (http://r2.amc.nl; transform_2log, plotted into Y-Y-plot; the p value demonstrates the significance of correlation). Correlation values between BGNhigh 

and BGNlow/vector SW480 transformants were also compared.
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UALCAN.57 The methods for analyzing CPTAC-TCGA profil
ing data obtained from CRC tumors have been previously 
described.57

Statistical analysis

Microsoft Excel-Office 365 and R (programming language) 
were used for Student's t-test and one-way ANOVA. 
A p-value of < 0.05 was considered as significant (*, p < .05; 
**, p < .01; ***, p < .001).

Results

Correlation of BGN expression with the K-RAS status of 
CRC lesions and patients’ survival

Bioinformatics analysis using a dataset of 108 CRC samples53 

demonstrated an inverse correlation between the mRNA 
expression of K-RAS and BGN in CRC lesions (R − 0.207; 

p 0.023) (Figure 1a; Table 1). In the TCGA COAD dataset, 
BGN expression was downregulated, which was more pro
nounced in the mut K-RAS (n = 73) vs. wt K-RAS overexpres
sing (n = 109) CRC lesions (Figure 1b, p=.05). Furthermore, 
BGN expression was also downregulated in N-RAS- 
(Supplementary Figure 1A, p = .095), but not in B-RAF- 
mutated CRC samples (Supplementary Figure 1B, p = .052). 
It is noteworthy that genetic alterations were found in K-RAS 
in 41%, in N-RAS in 11% and in B-RAF in 10% of CRC speci
men of the COAD database analyzed consisting of 276 CRC 
lesions. This was confirmed by the analysis of a TCGA data set 
comprising of 551 CRC lesions demonstrating a loss or strong 
downregulation of BGN expression, while high BGN mRNA 
levels were expressed in normal colon epithelium. Similar 
results were obtained by the analysis of the CPTAC database 
demonstrating a reduced or loss of BGN protein expression in 
primary K-RAS-overexpressing CRC samples compared to 
normal colon epithelium (Figure 1c). Since both COAD and 

Figure 2. Basal and restored BGN expression in CRC and K-RAS-transformed fibroblasts. A, B. Lack of constitutive BGN expression in wt and mut K-RAS CRC cell lines 
compared to normal colon epithelium. The BGN mRNA (A) and protein expression levels (B) in human SW480 and RKO cells and the colon epithelium cell line CoN was 
evaluated as described in Methods. The BGN mRNA expression was determined by qPCR and presented as relative BGN mRNA expression of CRC cell lines to CoN cells 
set as “1”. The BGN and K-RAS protein expression was determined by Western blot analysis using anti-BGN- and anti-K-RAS-specific Abs, while staining of the Western 
blots with an anti-GAPDH mAb served as loading control. C. Downregulated BGN expression in K-RAS-transformed fibroblasts. The BGN protein expression in 
untransformed and K-RAS-transformed fibroblasts was evaluated as described in Methods. A representative Western blot using an anti-BGN Ab is shown. Staining with 
an anti-actin mAb served as a loading control. D. Reconstitution of BGN expression in SW480 cells.K-RAS-mutated SW480 CRC cells were stably transfected with a vector 
backbone (mock) or a CMV-BGN expression vector, before transfectants were analyzed for their BGN expression by Western blot as described in Methods. 
A representative Western blot is shown using an anti-BGN Ab, staining with an anti-GAPDH mAb served as a loading control.E. Reconstitution of BGN in K-RAS- 
transformed fibroblasts.K-RAS-transformed fibroblasts (BGNlow K-RAS) were stably transfected with a vector backbone (BGNlow/vector K-RAS) or a CMV-BGN expression 
vector (BGNhigh K-RAS) and transfectants were analyzed for their BGN expression by qPCR (left) and Western blot (right) as described in Methods. The qPCR data are 
presented in bar charts relative to parental NIH3T3 cells (set 1) as the mean ± SE from 3 independent experiments. Western blots were stained with an anti-BGN Ab and 
staining with an anti-actin mAb served as loading control.
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CPTAC analysis were performed on bulk specimen, it cannot 
be ruled out whether the differences found in the BGN mRNA 
and protein expression levels with an entire log2 range between 
9.2 to 14 are due to K-RAS-mediated downregulation or to 
a shift in the quantity of normal stromal cells versus malignant 
cells. The impaired BGN expression appear to have clinical 
relevance, since K-RAS transformation and downregulated 
BGN expression were correlated with a reduced disease- 
specific (Figure 1d), progression-free survival (PFS; 
Supplementary Figure 1A) as well as overall survival (OS) of 
CRC patients (Supplementary Figure 1B).

K-RAS-mediated downregulation of BGN expression in 
murine and human in vitro models and its restoration

The in silico data of CRC lesions with known K-RAS status 
were translated into in vitro cell culture systems by analyzing 
the constitutive BGN expression in the human normal colon 
epithelial cell line CoN, in two human CRC cell lines expres
sing high levels of human mut K-RAS (SW480) or wt K-RAS 
(RKO) as well as in a murine model of K-RAS transformation 
of murine NIH3T3 fibroblasts.20 The K-RAS expression in the 
different model systems was determined with a K-RAS-specific 
Ab, for which a specific staining has been recently 

Figure 3. BGN-mediated induction of MHC class I APM component expression in K-RAS model systems and altered NK cell responses. A, B. Increased HLA class 
I expression in BGNhigh vs BGNlow CRC cells. Parental, vector controls as well as BGN-transfected SW480 and RKO cells were analyzed for their expression of HLA class 
I surface antigens by flow cytometry (A) and the expression of major HLA class I APM components (B) by qPCR as described in Methods. The expression data are 
represented as bar charts relative to the non-transfected CRC cell lines (set 1) as the mean ± SE from three independent experiments. In addition, representative flow 
cytometric data are shown as histograms with log fluorescence intensity of HLA class I antigens. C. Reduced NK cell recognition in BGNhigh vs BGNlow CRC cells. CD107a 
degranulation assay was performed as described in Methods by co-culture of NK cells from three different donors with BGNlow vs. BGNhigh K-RAS-transformed SW480 
(left) and RKO (right) cells. Shown are the mean ± SE of the CD107a degranulation of BGNlow vs BGNhigh K-RAS-transformed cells using NK cells representing total NK cell 
activity. D. BGN-mediated upregulation of MHC class I surface antigens in murine K-RAS cells. MHC class I mRNA (left) and surface expression (right) was assessed in 
BGNlow vs. BGNhigh K-RAS-transformed fibroblasts by qPCR and flow cytometry as described in Methods. Data are shown as bar charts relative to NIH3T3 cells (set 1) and 
as representative histogram of MHC class I surface expression (log fluorescence intensity of anti-H-2Ld/q) or displayed as bar diagrams and represent the mean of MHC 
class I surface expression ± SE of three independent experiments. E. BGN-mediated upregulation of MHC class I APM components in BGNhigh K-RAS-transformed 
fibroblasts. Altered mRNA expression levels of major MHC class I APM components in BGNlow vs. BGNhigh K-RAS-transformed cells were determined in BGNlow vs. BGNhigh 

K-RAS-transformed fibroblasts by qPCR as described in Methods are presented as bar charts relative to NIH3T3 cells (set 1). F. Transcriptional upregulation of MHC class 
I APM components by BGN overexpression. The activity of selected APM promoters was determined in BGNlow K-RAS-transformed fibroblasts, vector transfectants and 
two independent BGN transfectants as described in Methods. APM promoters has representatively been shown for TAP1 promoter activity were transiently co- 
transfected with the β-gal vector in the cells 48 h prior to the determination of the luc activity. The data were normalized to β-gal activity. The experiments were 
performed at least three times. The data are represented as the mean of the relative luc activity with NIH3T3 set “1”.
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described.48,58 Both RKO and SW480 cells with high K-RAS 
expression constitutively expressed low to marginal BGN 
mRNA (Figure 2a) and protein levels (Figure 2b), while CoN 
cells expressing low/marginal amounts of K-RAS exhibited 

high BGN expression levels. This inverse expression of 
K-RAS and BGN was also confirmed in murine NIH3T3 fibro
blasts and their K-RAS-transformed counterparts. As shown in 
Figure 2c, a strong downregulation of BGN mRNA expression 

Figure 3. Continued.

Figure 4. Distinct gene expression profiles of BGNlow vs. BGNhigh K-RAS-overexpressing SW480 cells. A. Number of differentially expressed genes (DEG) in BGNhigh versus 
BGNlow (vector control) SW480 cells. RNA sequencing of BGNlow/vector versus BGNhigh mut K-RAS SW480 cells was performed as described in Methods and their gene 
expression pattern was compared using a volcano plot. B. GO enrichment analysis of the annotated DEGs in BGNhigh versus BGNlow/mock SW480 cells. The RNAseq data 
were subjected to GO analysis as described in Methods and data presented as counts of DEG and divided according to molecular function (MF), cellular components (CC) 
as well as biological process (BP).
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was found in K-RAS-expressing murine fibroblasts compared 
to parental NIH3T3 cells, which was accompanied by dimin
ished BGN protein expression levels.

In the next step, BGN expression was reconstituted in 
both BGNlow K-RAS CRC cell lines and in murine BGNlow 

K-RAS-transformed fibroblasts by stable transfection with 
a BGN expression vector, while transfection with a vector 
backbone alone (BGNlow/vector K-RAS cells) served as 
a control. BGN transfectants of CRC cells displayed high 
BGN mRNA and protein expression levels, as evaluated by 
qPCR (Supplementary Figure 2A) and Western blot ana
lysis (Figure 2d). Interestingly, the BGNhigh K-RAS- 
transformed fibroblasts (BGN1, BGN2) expressed BGN 
mRNA and protein levels comparable to that of untrans
formed BGNhigh NIH3T3 cells (Figure 2e). The overex
pression of BGN in BGNlow K-RAS-transformed 
fibroblasts was also associated with an altered morphology 
(data not shown). It is noteworthy that silencing of BGN 
in parental BGNhigh NIH3T3 cells by shBGN significantly 
inhibited BGN expression.17

Effect of BGN reconstitution in BGNlow K-RAS models on 
the expression patterns and immunogenic features

Since BGN expression has been demonstrated to increase 
MHC class I surface expression in HER-2/neu-transformed 
cells,17 it was determined whether BGN overexpression also 
restored the MHC class I surface and APM component expres
sion in K-RAS-overexpressing CRC cells and K-RAS- 
transformed fibroblasts using flow cytometry and qPCR ana
lysis. As shown in Figure 3a, BGN overexpression caused an 
upregulation of HLA class I surface expression on both CRC 
cell lines, which was accompanied by an increased expression 
of major MHC class I APM components including TAP1, 
TAP2, TAPBP, PSMB9 (LMP2), PSMB8 (LMP7), PSMB10 
(LMP10), HLA class I HC and the transcription factor 
NLCR5, as representatively shown for the BGNlow/ BGNhigh 

SW480 model (Figure 3b; Supplementary Figure 2B).
The BGN-mediated upregulation of HLA class I surface 

expression in SW480 and RKO cells affected their interaction 
with immune cells. NK cells from healthy donors displayed 
a reduced capability to degranulate in response to co-culture 

Figure 5. Influence of BGN expression on the growth properties of K-RAS-transformed fibroblasts. A. Reduced cell proliferation of BGNhigh K-RAS transfectants. The 
relative proliferation capacities of BGNlow and BGNhigh K-RAS-transformed fibroblasts and controls were analyzed after 4 days using the XTT assay as described in 
Methods. The proliferation data of BGNlow and BGNhigh K-RAS fibroblasts were correlated to that of parental NIH3T3 cells, which were set to “100” and the data are 
represented as a bar. B. Altered cell cycle in BGNlow vs. BGNhigh K-RAS transfectants. Cell cycle distribution of BGNlow vs. BGNhigh K-RAS-transformed fibroblasts was 
assessed by flow cytometry as described in Methods. The data were presented as the percentage of cells in the G0/G1 phase, S-phase and G2/M phase of the cell cycle 
demonstrating an S-phase arrest of BGNhigh K-RAS-transformed fibroblasts . C. Altered migration capacity of BGNlow vs. BGNhigh K-RAS-transformedfibroblasts. 5 × 104 

cells/cell line were seeded in a trans-well chamber. After 20 h, the amount of migrating BGNlow vs. BGNhigh K-RAS-transformed fibroblasts was determined by ATP-based 
fluorescence as described in the Methods and normalized to the seeding control. The graph represents the % of migrated as mean BGNlow and BGNhigh K-RAS fibroblasts 
as a mean of three independent experiments. D, E. Wound healing assay of BGNlow vs BGNhigh K-RAS-transformed fibroblasts. Confluent cell layers of BGNlow and BGNhigh 

K-RAS-transformed fibroblasts were scratched with a pipette tip. After 24 h, the wound closure capacity of BGNlow vs BGNhigh K-RAS-transformed fibroblasts was 
determined by photographing and measuring the distance between the cell layers. Representative picture (D) and the mean percentage of wound closure (± S.E.) of the 
initial wound distance from three independent experiments (E) are shown.
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with BGNhigh SW480 and RKO cells, respectively (Figure 3c), 
which correlated with their BGN-mediated upregulation of the 
MHC class I surface expression.

Similar results were obtained for BGNlow and BGNhigh 

K-RAS-transformed fibroblasts. BGN overexpression in mur
ine BGNlow K-RAS-transformed fibroblasts caused an upregu
lation of MHC class I surface expression (Figure 3d), which 
was accompanied by an enhanced expression of the major 
MHC class I APM components (Figure 3e; Supplementary 
Figure 2C). To get insights into the mode of the BGN- 
mediated increase of MHC class I APM components, luciferase 
reporter assays using APM promoter luc constructs were per
formed demonstrating an increased promoter activity of 
selected APM components such as TAP1, TAP2, and LMP2 
in BGNhigh vs BGNlow K-RAS-transformed fibroblasts (figure 
3f; Supplementary Figure 2D).

Furthermore, RNAseq analysis revealed a distinct expres
sion pattern between BGNlow and BGNhigh K-RAS SW480 cells 
with changes in more than 6500 transcripts using a threshold of 
>2 and <2 fold expression, from which 3687 genes were upre
gulated and 2831 genes were downregulated by BGN over
expression (Figure 4a). These differentially expressed genes 
were annotated to various GO terms regarding their molecular 
function, cellular component and biological process 

(Figure 4b). Furthermore, the most deregulated genes by 
BGN reconstitution were bioinformatically analyzed regarding 
their function. Using this approach, an upregulation of all 
major HLA class I APM components was found in BGNhigh 

compared to BGNlow SW480 cells (Table 1) confirming the 
qPCR and Western blot data from the murine and human 
BGNlow K-RAS vs. BGNhigh K-RAS cell models. Next to the 
genes involved in the MHC class I presentation, BGN over
expression downregulated genes involved in proliferation and 
cell cycle, while upregulated genes were involved in immune 
response and cellular senescence (Supplementary Table 3). The 
deregulated expression of selected genes was validated by qPCR 
in BGNlow vs BGNhigh cell models as representatively shown for 
TUBB, SNRPD3, MAD2L1, CENPF, ZFP36L1, GABRAPL1 
and TNFRSF10B (Supplementary Figure 3).

Impact of BGN reconstitution in murine K-RAS- 
transformed cells on growth properties

To determine whether the restored BGN expression not only 
affects the expression of proliferation-relevant genes, but rather 
influences the growth characteristics, cell proliferation, migra
tion and invasion of murine BGNlow vs. BGNhigh K-RAS- 
transformed fibroblasts and/or human BGNlow vs BGNhigh 

Figure 6. Reduced in vivo tumor growth and enhanced immune cell infiltration of BGNhigh compared to BGNlow K-RAS-transformed fibroblasts in immune competent 
mice. A, B. Altered tumor growth of BGNlow and BGNhigh K-RAS-transformedfibroblasts. 1 × 106 BGNlow and BGNhigh K-RAS-transformed fibroblasts/mouse were 
subcutaneously injected as described in Methods. Tumor growth was monitored over time regarding the volume (A) as represented in (mm3) and the frequency of 
tumor formation (B). C. Increased mRNA expression of immune markers and MHC class I in BGNlow and BGNhigh K-RAS tumors. The mRNA expression of the different 
immune cell markers CD3, CD4, CD8 and the MHC class I HC of BGNlow and BGNhigh K-RAS tumors was determined by qPCR as described in Methods and the results 
presented as relative mRNA levels of BGNlow vs. BGNhigh K-RAS lesions setting the expression levels of BGNlow K-RAS tumors as “1”. D. Analysis of the frequency of T cells 
in peripheral blood of tumor-bearing mice. The frequency of CD4+ and CD8+ T cells were determined in the peripheral blood of BGNlow vs. BGNhigh K-RAS tumor-bearing 
mice using flow cytometry as described in Methods. The results are presented as bar charts in % of CD4+ and CD8+ T cells. E. Increased CD3+ immune cell infiltration of 
tumors. The number of CD3+ immune cells was determined upon staining of the tumor lesions with an anti-CD3 mAb at 400 x magnification (HPF), considering areas 
with higher intra-tumoral immune cell density. The results are presented as the mean of tumor infiltrating CD3 immune cells.
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CRC cell lines were compared (Figure 5). As expected, BGNlow 

K-RAS-transformed fibroblasts showed an increased prolifera
tive capacity accompanied by a decreased doubling time when 
compared to the vector control and parental BGNhigh NIH3T3 
cells, while BGNhigh K-RAS-transformed fibroblasts had 
a reduced cell growth and an increased doubling time 
(Figure 5a). In order to explore how BGN inhibits cell prolif
eration, the cell cycle distribution of BGNlow vs BGNhigh 

K-RAS-transformed fibroblasts was assessed. Compared to 
BGNlow K-RAS-transformed fibroblasts, the BGNhigh K-RAS 
transfectants showed a decreased G0/G1 and an increased 
S phase of the cell cycle (Figure 5b) suggesting that the reduced 
proliferative capacity of BGNhigh K-RAS transfectants was due 
to a S phase cell cycle arrest. These data are in line with serum 
starvation experiments demonstrating a more pronounced 
growth inhibition in the BGN transfectants (data not shown). 
Comparable results were also shown for BGNlow vs BGNhigh 

CRC cell lines (Supplementary Figure 4A, 4B).
By employing trans-well assays (Figure 5c) and wound 

healing (Figure 5d, 5e), a decreased directional migration was 
found in BGNhigh vs. BGNlow K-RAS transformed fibroblasts 
(Supplementary Figure 4C). Furthermore, the inhibition of 
growth properties of BGNlow K-RAS cells upon BGN over
expression might be due to changes in the TGF-β signaling as 
demonstrated by an altered expression of TGF-β receptors 
such as TGFBR2, TGFBR3, ACVRL1, BMPR1A and BMPR1B 
as well as the TGF-β regulator TBRG4 (Supplementary 
Figure 5). These data suggest that BGN overexpression in 
K-RAS-transformed cells could revert the oncogenic properties 
of the transformed phenotype without affecting K-RAS expres
sion, which appear to be linked to the TGF-β pathway.

Reduced in vivo tumorigenicity and enhanced 
immunogenicity of BGNhigh K-RAS-transformed cells

Since BGN overexpression altered the in vitro growth properties of 
BGNlow K-RAS-transformed fibroblasts, the in vivo effects of BGN 
overexpression were determined by s.c. injection of murine 
BGNlow and BGNhigh K-RAS-transformed fibroblasts in immune- 
competent mice. As demonstrated in Figure 6a and 6b, BGNhigh 

K-RAS transfectants had a delayed tumor onset, decreased tumor 
volume as well as a reduced frequency of tumor formation com
pared to BGNlow K-RAS-transformed cells despite high levels of 
K-RAS expression. Thus, BGN overexpression inhibits both the 
in vitro and the in vivo growth characteristics of K-RAS- 
transformed cells.

To determine whether the increased immunogenicity of 
BGNhigh K-RAS-transformed fibroblasts in vitro is also retained 
in vivo and affects the TME, mRNA expression levels of the 
immune cell markers CD3, CD4, CD8 and of the MHC class 
I HC were determined by qPCR in BGNhigh vs. BGNlow K-RAS 
tumors. As shown in Figure 6c, the mRNA expression levels of the 
three T cell markers and of the MHC class I HC were higher in 
BGNhigh in comparison to BGNlow K-RAS tumor lesions. These 
data were confirmed by IHC demonstrating an increased CD3+ 

T cell infiltration in BGNhigh K-RAS tumors (Figure 6d). In this 
context, it is noteworthy that an increased frequency of CD4+ and 
CD8+ T cells was also found in the peripheral blood of mice 
bearing BGNhigh vs. BGNlow K-RAS tumors (Figure 6e).

Discussion

K-RAS alterations occur in 30–50% of CRC due to activating 
mutations in the K-RAS codon 12, 13 and 61 or overexpression 
of wt K-RAS59 causing an increased cell proliferation, inhibition 
of apoptosis, loss of contact inhibition as well as an enhanced 
contact-independent growth, invasion and migration.60–63

Since RAS proteins control signaling pathways representing 
key regulators of malignant transformation, different strategies 
targeting K-RAS have been recently implemented. So far, inhi
bition of mutant K-RAS by implementing allele-specific inhi
bitors provides the most efficient therapeutic option.64 

However, an alternative approach targeting RAS-modulated 
pathways to enhance the immunogenicity of K-RAS transfor
mants might be promising. Furthermore, the key to persona
lized medicine in CRC relies on an integrated understanding of 
genomic, transcriptomic and proteomic data. This might lead 
to the identification of a biomarker panel with sufficient sensi
tivity and specificity to guide clinical decision making or even 
represent novel therapeutic targets.

To address this challenge, the effect of BGN on the expres
sion of immune modulatory genes, with a particular focus on 
HLA class I APM components, was determined by RNA 
sequencing of BGNhigh vs BGNlow K-RAS CRC cell lines. 
Furthermore, the intra-tumoral T cell infiltration and its cor
relation with the survival, prognosis and/or progression of 
CRC patients in the presence and absence of K-RAS over
expression/mutation was evaluated to identify BGN- 
dependent vulnerabilities for the survival of K-RAS-driven 
malignancies.

Although a dual role of BGN with either oncogenic or 
tumor-suppressive function has been described in various 
cancers types,5 limited information exists about the role of 
BGN in CRC. This study identified BGN as a novel factor 
inhibiting tumor growth and enhancing tumor immunogeni
city by upregulation of MHC class I antigens in both in vitro 
models of murine and human K-RAS-overexpressing cell 
lines and in human K-RAS-associated CRC lesions. 
Bioinformatics analysis of available datasets demonstrated 
a dramatic reduction in the protein expression of BGN in 
CRC, which is associated with a reduced patients’ survival. In 
contrast, high levels of BGN expression detected in other 
cancers are often involved in tumor growth and 
progression65–67 suggesting a tumor type-dependent anti- 
tumorigenic or pro-tumorigenic function of BGN. 
Furthermore, BGN is often secreted by tumor endothelial 
cells,11,68 but the role of BGN in the tumor stroma has still 
to be analyzed in detail. Recent data from a breast cancer 
model demonstrated that the inhibition of BGN expression 
promoted the normalization of the TME and improved the 
delivery and efficacy of chemotherapeutics.68 Concerning its 
effect on tumor immunogenicity, BGN was identified as 
a central regulator of MHC class I surface expression by 
transcriptional upregulation of major MHC class I APM com
ponents in both human and murine BGNhigh K-RAS- 
transformed derivatives. This was accompanied by 
a suppression of tumor formation and growth in vivo, an 
enhanced T cell infiltration and MHC class I expression as 
well as an increased frequency of circulating T cells in tumor- 
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bearing mice as shown for BGNhigh vs BGNlow K-RAS- 
transformed fibroblasts. Furthermore, these results are in 
line with our in vitro data demonstrating that overexpression 
of BGN increased MHC class I expression and significantly 
impaired the growth and migration of K-RAS cells. Thus, the 
modulation of BGN might be employed as a novel therapeutic 
strategy for K-RAS-overexpressing tumor cells. Similar data 
were obtained upon HER-2/neu transformation of murine 
and human cells leading to growth inhibiton and a more 
immunogenic phenotype.17,21

Despite the BGN-induced immunogenicity inhibits migration 
and invasiveness of K-RAS-transformed CRC cells, the under
lying molecular mechanisms leading the loss or marginal expres
sion of BGN have not yet been identified. Since mutations and 
deletions of BGN only occur at a low frequency, the impaired 
BGN expression appears to occur at the level of regulation rather 
than due to structural alterations.5 This is strengthened by recent 
data demonstrating that HER-2/neu transformation is associated 
with miR-21 overexpression, which is associated with an inhibi
tion of BGN and MHC class I antigens and altered by changes in 
the TGF-β pathway.69 Similar data are in line with an altered 
expression of components of the TGF-β pathway upon BGN 
overexpression in K-RAShigh cells.

The link between the activating mutations of the K-RAS 
gene and BGN function may enable promising therapeutic 
approaches for the treatment of cancers with K-RAS genetic 
alterations,70,71 such as lung adenocarcinoma, mucinous ade
noma, ductal pancreatic carcinoma and CRC as well as 
leukemias.72–77,78–91

The ability of K-RAS to negatively regulate the expression of 
immune response-relevant molecules, tumor suppressor genes 
as well as the ECM component BGN highlights their role as 
putative targets. It is postulated that the K-RAS-transformed 
phenotype can be modulated by BGN or BGN-regulated genes 
to revert the immune escape, which might offer a novel and 
promising opportunity for immunological therapies of K-RAS- 
mutated and K-RAS-overexpressing tumors.
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