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Abstract
Purpose  NOD1 and NOD2 (nucleotide-binding oligomerization domain)—receptors are intracellular receptors and belong 
to the family of pattern recognition receptors being present in both human and murine renal tubular cells. Besides, NOD1 
has been proved to promote apoptosis, upon its overexpression. Hence, we aimed to investigate NOD1 and NOD2 expression 
in human clear cell renal cell carcinoma (ccRCC).
Methods  Tumor and corresponding adjacent healthy tissues from 41 patients with histopathological diagnosis of ccRCC as 
well as primary isolated renal tubular epithelial cells (TECs) and tumor tissue from a murine xenograft model using CAKI-1 
ccRCC cells were analyzed.
Results  NOD1 and NOD2 mRNA was constitutively expressed in both tumor and adjacent healthy renal tissue, with NOD1 
being significantly lower and in contrast NOD2 significantly higher expressed in tumor tissue compared to healthy tissues. 
Immunohistochemically, NOD1 was located not only in the cytoplasm, but also in the nucleus in ccRCC tissue whereas 
NOD2 was solely localized in the cytoplasm in both human ccRCC as well as in the healthy tubular system. Focusing on the 
vasculature, NOD2 displayed broader expression than NOD1. In primary TECs as well as CAKI-1 cells NOD1 and NOD2 
was constitutively expressed and increasable upon LPS stimulation. In the mouse xenograft model, human NOD1 mRNA 
was significantly higher expressed compared to NOD2. In contrast hereto, we observed a shift towards lower mouse NOD1 
compared to NOD2 mRNA expression.
Conclusion  In view of reduced apoptosis-associated NOD1 expression in ccRCC tissue opposed to higher expression of 
NOD2 in tumor vasculature, inducibility of NOD expression in TECs as well as the detected shift of NOD1 and NOD2 
expression in the mouse xenograft model, modulation of NOD receptors might, therefore, provide a molecular therapeutic 
approach in ccRCC.
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Introduction

Renal cell carcinoma (RCC) occurs worldwide with about 
403,262 new cases yearly (Bray et  al. 2018). Hereof, 
clear cell renal cell carcinoma (ccRCC) is the most fre-
quently diagnosed histological entity with about 80% of 
cases (Patard et al. 2005). Since renal cell carcinoma is 
hardly sensitive to chemo- or radio-therapy, both unspe-
cific immune- and targeted-therapy as well as recently 
immune checkpoint inhibitors represent the standard treat-
ment in metastasized RCC (Bamias et al. 2017). In this 
context, great attention is paid to the capacity of immu-
nity to control cancer (Koebel et al. 2007). It is known 
that the immune system affects and shapes tumor growth 
through close communication between immune and malig-
nant cells. With regard to immunotherapy, members of 
the toll-like receptor family (TLRs) of the innate immune 
system have been extensively investigated in oncogenesis 
(Braunstein et al. 2018). Additionally, a second protein 
family has been discovered: The NLR/NOD/Caterpillar 
family, which is equally attributed to the innate immune 
system (Ting and Davis 2005).

NOD (nucleotide-binding oligomerization domain)-like 
receptors are intracellular receptors which belong to the 
family of pattern recognition receptors (PRRs) (Caruso 
et al. 2014). Hereof, NOD1 (Caspase Recruitment Domain 
4; CARD4) and NOD2 (CARD15) were first described 
as intracellular receptors for bacterial lipopolysaccharide 
(LPS) (Inohara et  al. 2001). Moreover, NOD2 reveals 
structural and functional similarity to NOD1 (Ogura et al. 
2001) and both possess binding sites for ligands, a cen-
tral NOD, and a N-terminal caspase recruitment domain 
(CARD) that binds the downstream signaling molecule 
RICK (also called RIP2 or CARDIAK), a protein kinase 
that activates NF-kB (Bertin et al. 1999; Inohara et al. 
2001).

NOD1 is widely expressed in a variety of cell types, 
such as epithelial, mesothelial, and endothelial cells (Ino-
hara et al. 1999; Park et al. 2007). In contrast, NOD2 
expression seems to be limited to leukocytes (Ogura 
et al. 2001) and specified epithelial cell types, like intes-
tinal (Ogura et al. 2003) or renal tubular epithelial cells 
(Shigeoka et al. 2010) as well as vascular endothelial cells 
(Oh et al. 2005; Davey et al. 2006).

Focusing on the kidney, human kidney epithelial cells 
in culture constitutively express both NOD1 and NOD2 
being intracellularly localized (Uehara et  al. 2007). 
Besides, NOD1 and NOD2 are equally present in murine 
renal tubular cells and their deficiency provides protec-
tion in renal ischemia reperfusion injury, mainly in terms 
of reduced apoptosis (Shigeoka et al. 2010). Both seem 
to play an important role in the pathogenesis of acute 

ischemic kidney injury, although possibly through differ-
ent mechanisms (Shigeoka et al. 2010). Further investiga-
tions during systemic inflammation in NOD1 and NOD2 
knock-out mice affirmed a significant renal tissue-specific 
signal transduction by NOD1 and NOD2 (Stroo et  al. 
2012). Furthermore, NOD1 mRNA has been investigated 
in embryonic development, and although NOD1 labeling 
exhibited a rather restricted distribution in embryonic tis-
sues, it was also detectable in the cortical region of the 
embryonic kidney (Inohara et al. 1999). Thus, NOD1, and 
potentially also NOD2, seem to be important during both 
development and pathological settings of tissue injury 
of the renal tubular system. This is insofar of interest, as 
ccRCC derives from the renal tubular system (Thoenes 
et al. 1986).

Therefore, in the present study, we investigated the 
expression and immuno-histological localization of NOD1 
and NOD2 in human ccRCC tissue, adjacent healthy renal 
tissue, primary isolated renal tubular epithelial cells (TECs) 
from ccRCC and healthy renal tissue as well as in a mouse 
xenograft tumor model employing CAKI-1 cells.

Materials and methods

Participants

The study protocol and consent documents were approved by 
the local Ethic Committee of the Goethe-University Hospi-
tal Frankfurt am Main (file number 04/09 UGO 03/10) and 
Philipps-University Hospital Marburg (file number 122/14). 
Patients gave their informed consent prior to surgery. Tumor 
and corresponding adjacent healthy tissues were obtained 
from 41 patients with histopathological diagnosis of ccRCC. 
Clinical characteristics of these patients are listed in Table 1. 
Patient exclusion criteria comprised immunodeficiency, 
autoimmune diseases or second malignancy to eliminate fac-
tors interfering with the measurements. All patients under-
went imaging (CT and/or MRI) for preoperative staging and 

Table 1   Characteristics of the 
study population

Parameter

Number of patients 41
Mean age
Median age

64
63

Age x–x 42–84
Female 34%
Male 66%
pT1/2 54%
pT3/4 46%
G1/2 83%
G3/4 17%
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surgery before receiving any other therapy. Specimens of 
the tumor tissue as well as adjacent healthy renal tissues 
were collected from each patient immediately after radical 
nephrectomy. Samples were fresh frozen or have been par-
affin embedded after fixation until further processing. The 
pathological examination was performed according to the 
actual UICC TNM classification of malignant tumors.

Xenograft model and cell culture

Male 3–4 weeks old NMRI-Foxn1nu/Foxn1nu (Janvier, 
France) were kept in the central research facility of the Uni-
versity-Hospital Frankfurt. They were housed with water 
and food ad libitum in rooms with a 12-h light cycle. The 
procedures involving animals were approved by the Animal 
Care and Use Committee of the state of Hesse, Germany 
(V54-19c 20/15-F35/06). Surgery and animal care were per-
formed in accordance with the “Guide for the care and use of 
laboratory animals” (National Institutes of Health, volume 
25, no. 28, revised 1996), EU Directive 86/609 EEC and 
German Protection of Animals Act. The human ccRCC cell 
lines CAKI-1 was cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, 41965) with high glucose, supple-
mented with 10% FCS and 1% penicillin/streptomycin. We 
performed a xenograft model by applying 1.5 × 107 CAKI-1 
(ccRCC cell line) in 100 µl sterile PBS subcutaneously in the 
flank. Animals were scored for tumor formation every sec-
ond day and sacrificed after 14 days. Complete tumors were 
carefully removed, and divided longitudinally into halves. 
One-half was placed in 4% paraformaldehyde overnight, the 
other half was stored at − 80 °C until further processing.

Gene expression analysis by real‑time quantitative 
reverse transcription‑PCR

Total RNA from human tissue samples was isolated using 
tri-reagent (Sigma-Aldrich) and integrity was assessed on 
a denaturing agarose gel stained with ethidium bromide 
(Supp Fig. 1B). Intact RNA was transcribed using random 
hexameric primers and reverse transcriptase (Applied Bio-
systems). The following TaqMan sondes were employed: 
RPL-PO: Hs99999902_m1, NOD1: Hs00196075_m1, 
NOD2: Hs00223394_m1 (LifeTechnologies). Taq Man Fast 
Advanced Master Mix (Applied Biosystems) was used as 
Assay Mix. Realtime-PCR was performed on AbiPrism 7500 
Fast Sequence Detector (Applied Biosystems). Calculation 
of threshold cycles (Ct values) and data analyses were per-
formed by the sequence detector software. Total RNA from 
murine tumors was isolated from homogenized tissue (n = 6) 
using tri reagent (Sigma-Aldrich) according to the manu-
facturer’s protocol. cDNA was synthesized using an iScript 
cDNA Synthesis kit (Bio-Rad laboratories, Hercules, USA). 
Gene expression profiles from all samples were assessed 

in duplicates by Realtime-PCR using a StepOne Plus Real-
time-PCR device (Applied Biosystems, USA), applying the 
following primer sequences: m/h18s forw: GTA​ACC​CGT​
TGA​ACC​CCA​TT and rev: CCA​TCC​AAT​CGG​TAG​TAG​
CG, mNOD1 forw: ACC​CCA​TTG​GGT​TGT​CAC​TC and 
rev: TTC​GGC​TGA​GAA​GTA​GCC​ATT, mNOD2 forw: TGG​
ACA​CAG​TCT​GGA​ACA​AGG and rev: CAG​GAC​CAT​ACA​
GTT​CAA​AGG, hNOD1 forw: AGT​GAA​AAG​CAA​TCG​
GGA​ACTT and rev: CAC​ACA​CAT​CTC​CGC​ATT​, hNOD2 
forw: ATG​GGC​TTT​GAT​GGG​GGA​AG and rev: AGC​ACA​
TTT​CAC​AAG​CCG​GA. Relative changes in mRNA expres-
sion were calculated by normalizing the values to their cor-
responding RPL-PO or 18 s expression, respectively, using 
the 2−dCt method (Livak and Schmittgen 2001).

Protein isolation and western blot analysis

For detection of intracellular proteins, a lysis buffer supple-
mented with protease inhibitor was added to human tissue 
samples. The extracts were clarified by centrifugation and 
stored at − 80 °C until use. Total protein concentrations of 
tissue homogenates were determined by the method accord-
ing to Bradford. For western blotting, 50 µg of total protein 
were used per lane. Membranes were incubated with NOD1 
antibody (MBS9210162, MyBioSource, dilution 1:500), 
NOD2 antibody (NB100-524, Novus Biologicals; dilution 
1:500), and β-actin (#sc-47778, Santa Cruz, dilution 1:1000) 
followed by incubation with the corresponding IRDye®800 
secondary antibody (926-32213 or 926-32212, LI-COR, 
dilution 1:10,000). Relative protein expression of NOD1 
(110 kDa) and NOD2 (110 kDa) was calculated by normal-
izing the values to their corresponding β-actin (43 kDa) 
expression. Western Blots were visualized using an Odys-
sey™ Infrared Imaging System and protein densitometry 
was determined using ImageJ.

Flow cytometric analysis of NOD1 and NOD2

Patient tissue was dissociated using the human Tumor Dis-
sociation Kit (Miltenyi, 130-095-929) and the GentleMACS 
system (Miltenyi). Sample acquisition was done on a LSRII/
Fortessa flow cytometer (BD) expressed as mean fluores-
cence intensity (MFI). Both antibodies and secondary rea-
gents were titrated to determine optimal concentrations. 
CompBeads (BD) were used for single color compensation 
to create multi-color compensation matrices. For gating, flu-
orescence minus one (FMO) controls were used. Cytometer 
setup and tracking beads (BD) were used for daily control 
of instrument calibration. NOD1 (MBS9210162, MyBio-
Source, dilution 1:100) and NOD2 (Novus Biologicals, 
NB 100-524, dilution 1:100) was stained intracellularly in 
combination with an AF546-labeled secondary antibody, 
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respectively (Life technologies, A-11035), after fixation 
and permeabilization with Cytofix/Cytoperm (BD, 554714).

Isolation and culture of primary human tubular 
epithelial cells (TECs) from tumor tissue 
and adjacent healthy renal tissue

Human primary tubular epithelial cells (TECs) were isolated 
from ccRCC and corresponding healthy renal tissue from 
two patients undergoing tumor nephrectomies as previously 
described (Baer et al. 1997). The procurement procedure 
was approved by the ethics committee of the Goethe-Uni-
versity Frankfurt, Germany, file number UGO 03/10–4/09 
and by the ethics committee of the Philipps-University, Mar-
burg, Germany, file number: AZ 122714. For TEC isolation, 
the tissue was minced and digested with collagenase and 
dispase. The digested fragments were passed through a 125-
µm mesh and incubated with collagenase IV, DNAse and 
MgCl2. After Percoll density gradient centrifugation cells 
were grown in medium 199 (# 4530, Sigma-Aldrich) sup-
plemented with 10% FCS and 1% penicillin/streptomycin 
at 37 °C and 5% CO2 in a humidified atmosphere. TECs 
used for the experiments were in passage 3–5 and seeded in 
chamber slides for immunohistochemical staining.

Immunohistochemical and immunofluorescence 
staining

After deparaffinization 5-µm sections, slides from ccRCC 
specimens, healthy adjacent renal tissue, heterotopic mouse 
tumor, human and murine ileum were incubated with heated 
10 nM sodium citrate buffer (pH 6.0). TECs and CAKI-1 
cells cultivated in chamber slides were fixed in ice-cold Ace-
ton/Methanol. For immunohistochemistry, specimens were 
washed with peroxide buffer (3% in phosphate buffer) and 
afterwards blocked with goat serum. Polyclonal rabbit anti-
human NOD1 (MBS9210162, MyBioSource, dilution 1:50), 
rabbit anti-human NOD2 (sc-30199, Santa Cruz, dilution 
1:100), and monoclonal mouse anti-human CD13 (301702, 
Biolegend, dilution 1:100) were used for incubation of tis-
sue sections overnight at 4 °C. A polyclonal goat anti rab-
bit–horse radish peroxidase coupled antibody (ZRH1158, 
Linaris, dilution 1:200), DAB substrate (11718096001, 
Roche) and Mayer’s haemalum were used for immunohis-
tochemical staining procedure and goat anti rabbit-Cy3 (11-
165-003, Dianova, dilution 1:200), goat and mouse-Alexa 
488 (ab150113, abcam, dilution 1:200) as well as DAPI 
(D9542, Sigma, 1 µg/ml) were used for immunofluorescence 
staining. Negative controls were conducted with PBS instead 
of primary antibody. Slides were assessed with either Zeiss 
AxioImager M2 microscope or confocal microscopy (Nikon, 
Eclipse Ti).

Nuclear localization sequences

To predict the possible existence of nuclear localization 
sequences, the cNLS Mapper open software (http://nls-
mappe​r.iab.keio.ac.jp/cgi-bin/NLS_Mappe​r_form.cgi) was 
applied. This program is based on Kosugi et al. (Kosugi 
et al. 2009).

Statistical analyses

Statistical analyses were performed applying GraphPad 
Prism® 5.02 software (GraphPad Software, Inc). The distri-
bution of variables was tested for normality using the Kol-
mogorov–Smirnov test. Accordingly, statistical significance 
was calculated using the Wilcoxon matched pairs test for 
paired analysis of tumor and adjacent healthy tissue. The 
Mann Whitney test was used for unpaired analysis in sex dif-
ferences. The t test was used for unpaired analysis of mouse 
xenograft data. Significance of correlations was determined 
by Spearman’s test including all investigated groups. p val-
ues ≤ 0.05 were assumed as statistically significant. In Fig. 1, 
horizontal lines within the boxes represent medians; boxes 
represent the interquartile range (25–75%). Whiskers above 
and below the box indicate the 90th and 10th percentiles. 
The individual points that are plotted beyond the whiskers 
represent outliers, which were included in the statistical 
analyses. In Fig. 6, horizontal lines within the boxes repre-
sent means and SEM.

Results

Inverse regulation of NOD1 and NOD2 
mRNA in human ccRCC tissue compared 
to adjacent healthy renal tissue

Messenger RNA expression of NOD1 and NOD2 normal-
ized to its RPL-PO content was detectable in both tumor 
and adjacent healthy tissue. NOD1 mRNA expression was 
significantly lower expressed in human tumor tissue com-
pared to adjacent healthy tissue (n = 41, p < 0.001) (Fig. 1a). 
In contrast, NOD2 mRNA expression was significantly 
enhanced in tumor tissue as compared to adjacent healthy 
tissue (n = 41, p < 0.01) (Fig. 1a). Interestingly, individual 
NOD1 mRNA expression in tumor tissue correlated with its 
expression in healthy tissue (n = 41, Spearman r = 0.4568; 
p < 0.01) (Fig.  1b) as well as individual NOD2 mRNA 
of these patients (n = 41, Spearman r = 0.3622; p < 0.5) 
(Fig. 1b). Female subjects displayed a significantly higher 
NOD1 mRNA level in healthy renal tissue compared to male 
subjects (p < 0.05), but not in tumor tissue (ns) (Fig. 1d) 
while NOD2 mRNA did not display differences (figure not 
shown). However, NOD1 and NOD2 protein levels remained 

http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
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unaltered in tumor and healthy tissue (n = 23; ns) (Fig. 1c). 
The same applied for flow cytometric analysis of intracel-
lular NOD1 and NOD2 (n = 6) (Fig. 1e).

Distinct localization of NOD1 and NOD2 
in human renal cell carcinoma tissue compared 
to adjacent healthy renal tissue and its respective 
vasculature

We further analyzed the localization of NOD1 and NOD2 
in human ccRCC as well as in adjacent healthy renal 
tissue by immunohistochemistry (Fig. 2) and immuno-
fluorescence (Fig. 3). The latter to co-localize NOD1 or 
NOD2 with CD13 as a marker for the proximal tubule. 
Additionally, mucosa of human and murine ileum was 
used as a positive control with generally known high 
expression of NOD1 and NOD2 (Hisamatsu et al. 2003; 
Ogura et al. 2003; Parlato and Yeretssian 2014). Interest-
ingly, NOD1 was located in the cytoplasm as well as in 
the nucleus in both ccRCC and healthy renal tissue. In 

contrast, NOD2 was solely localized in the cytoplasm in 
both human ccRCC as well as in the tubular system of 
adjacent healthy renal tissue. Immunofluorescence stain-
ing confirmed higher NOD1 expression in healthy renal 
tissue, especially in the proximal tubule, distal tubule, 
and collecting duct compared to ccRCC tissue. As NOD1 
and NOD2 are known to be expressed in human endothe-
lial cells (Oh et al. 2005; Opitz et al. 2005; Davey et al. 
2006) we further examined the vasculature within tumor 
and healthy renal tissues. Within the vasculature NOD1 
or NOD2 were localized in endothelial cells of the tunica 
intima and smooth muscle cells of the tunica media. 
Hereof, NOD2 displayed higher and broader expression 
within the vasculature than NOD1 (Fig. 4).

Analysis of the sequences of NOD1 and NOD2 applying 
the publically available cNLS Mapper software, substanti-
ated the above explained observation of NOD1 and NOD2 
localization. Only NOD1 showed the nuclear localization 
sequence “LRRKRKALW” with a very high score of 9. 
However, no predicted nuclear localization sequence was 

Fig. 1   mRNA and protein expression in ccRCC and healthy human 
kidney tissue. a NOD1 and NOD2 mRNA expression normalized 
to its RPL-PO content in tumor and adjacent healthy renal tissue 
(n = 33) b and their correlation (n = 33) (Spearman’s rank correlation 
test). d NOD1 mRNA in female and male subjects. c Protein expres-
sion of NOD1 (110  kDa), NOD2 (110  kDa) and β-actin (43  kDa) 

(n = 23) with representative western blots. e Mean fluorescence inten-
sity in flow cytometric analysis of intracellular NOD1 and NOD2 
(n = 6). NOD mRNA and protein expression are represented in box 
blots to depict the distributions of the relative expression values. 
*p < 0.5, **p < 0.01, ***p < 0.001
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found in the NOD2 sequence (Supp Fig. 1A) thus corrobo-
rating our data.

Constitutive and inducible NOD1 and NOD2 
expression in primary isolated tubular epithelial 
cells of human ccRCC and healthy tissue as well 
as in CAKI‑1 cells

NOD1 and NOD2 was expressed in primary isolated ccRCC 
cells and tubular epithelial cells (TECs) of healthy renal tis-
sue and displayed higher expression upon incubation with 
LPS (10 µg/ml) for 4 h. Interestingly, we observed a cluster 
formation of NOD1 expression upon LPS challenge, which 
implies, that NOD1 and NOD2 is gradable in human ccRCC 
and renal tubular epithelial cells. Besides, NOD1 and NOD2 
was also constitutively expressed in the human ccRCC cell 
line CAKI-1.

Shift of NOD1 and NOD2 mRNA expression 
in a heterotopic tumor model in the mouse

5 × 107 human CAKI-1 cells were injected into nude mice 
and analyses were performed on tumor homogenates. Mes-
senger RNA expression of both human and mouse NOD1 
and NOD2 normalized to the 18 s content were detectable 
in the tumor tissue, whereby human NOD1 mRNA was 
significantly higher expressed compared to human NOD2 
(n = 6, p < 0.05) (Fig. 5b), alike in human tumor samples 
(Fig. 1a). In contrast mouse NOD2 mRNA expression was 
significantly higher expressed compared to mouse NOD1 
(n = 6, p < 0.05) (Fig. 5b) implying altered human and mouse 
NOD1 and NOD2 expressions during tumor growth in a 
heterotopic tumor model. Furthermore, NOD1 and NOD2 
receptor expression in CAKI-1 cells was confirmed, display-
ing also stronger expression of NOD1 than NOD2 (Fig. 6b). 
In line with higher NOD1 mRNA expression, NOD1 protein 

Fig. 2   Immunohistochemical staining for NOD1 and NOD2 receptors 
in ccRCC and healthy human kidney tissue. a Localization of NOD1 
in the cytoplasm (arrows) and nucleus (*) of ccRCC cells. b Arrows 
indicate localization of NOD1 receptor in the cytoplasm and nucleus 
(*) of the tubular system, podocytes and vascular cells in healthy 
kidney. Arrowhead indicates a tubule. c High expression of NOD1 
receptor in the lamina epithelialis (arrows). Nuclear and perinuclear 
staining of cells of the lamina propria (*) in the mucosa of human 
ileum as positive control. d NOD2 localization in the cytoplasm 

(arrows) of ccRCC cells. e NOD2 is located in cytoplasm primarily 
in the tubules (arrows and arrowheads). f NOD2 localization (arrows) 
in the mucosa of human ileum as a positive control. g Negative stain-
ing control of ccRCC and healthy tissue has been performed in the 
absence of the primary antibodies. h Negative staining control of 
ccRCC and healthy tissue has been performed in the absence of the 
primary antibodies. i Negative staining control of human ileum has 
been performed in the absence of the primary antibodies. (200 fold 
magnification)
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expression was equally higher in immunohistochemically 
analyzed tumor tissue than NOD2 expression (Fig. 6c).

Discussion

In the present study, we focused on the expression of NOD1 
and NOD2 in ccRCC as potential regulator in tumorigenesis. 
Foremost, according to previous observations from Shigeoka 
et al. (2010) mRNA expression of NOD1 and NOD2 was 
detected in healthy renal tissue of all patients. Yet, interest-
ingly, both NOD1 and NOD2 were also detectable in ccRCC 
tissue. Still, NOD2 mRNA expression was generally mark-
edly lower than NOD1. This fact was previously observed 
in the mouse prostate tumor model TRAMP (transgenic 
adenocarcinoma of the mouse prostate) (Kang et al. 2012). 
Here, NOD1 and NOD2 expressions were detected in the 
cytoplasm of prostate epithelia, but the intensity of NOD1 
was much stronger than that of NOD2 (Kang et al. 2012), 
which is in line with the observations of the present study. 
Comparing tumor and healthy renal tissue, the following 
apportionment stands out: NOD1 mRNA was significantly 
lower expressed in human tumor tissue compared to adja-
cent healthy tissue. Inversely, NOD2 mRNA expression was 
significant higher in human tumor tissue compared to adja-
cent healthy tissue. These findings are in line with previous 
in vitro investigations on the human breast cancer epithelial 
cell line MCF-7 (da Silva Correia et al. 2006), discovering 
that the absence of NOD1 in human breast cancer cell lines 
positively correlated with tumor growth due to the absence 
of NOD1-dependent apoptosis. Conversely, overexpression 
of NOD1 in MCF-7 cells resulted in inhibition of tumor 
growth in vitro as well as in a xenograft model of tumor 
growth in vivo (da Silva Correia et al. 2006). In contrast, 
NOD2 activation did not induce apoptosis in MCF-7 cells. 
The statements in this publication correspond to our results 
regarding the observed lower NOD1 expression in ccRCC 
tissue. Thus, it is tempting to speculate that the absence of 
NOD1 in ccRCC could contribute to tumor growth due to 
the lack of NOD1-dependent apoptosis. This hypothesis is 
further supported by previous studies showing that NOD1 
promoted apoptosis, when overexpressed (Bertin et  al. 
1999; Inohara et al. 1999). Mechanistically, NOD1 induces 
the NF-κB pathway via its N-terminal caspase recruitment 
domain (CARD), a centrally located nucleotide-binding 
domain (NBD), and a C-terminal regulatory domain (Ber-
tin et al. 1999; Inohara et al. 1999). Confirming results have 
been achieved by Tukhvatulin et al. (2011) in an comparative 
in vitro and in vivo study, addressing the ability of NOD1 
ligands to activate the transcription factor NF-kB (Tukhvatu-
lin et al. 2011). Upon addition of synthetic NOD1-ligands, a 
reliable increase in NF-κB could be achieved in vitro. Under 
in vivo conditions, NOD1-ligand administration resulted in 

increased NF-κB activation in kidney organ homogenates, 
albeit to a lesser extent than in other mouse organs. Hence, 
the observed lower NOD1 mRNA in ccRCC tissue in the 
present study might be connected to tumor growth due to 
reduced apoptosis.

However, as individual NOD1 mRNA in tumor tissue 
correlated strongly with its respective expression in healthy 
tissue, an inter-individual differing basal expression level of 
NOD1 may be assumed. This is further supported by the fact 
that female subjects displayed significantly higher NOD1 
mRNA levels in healthy renal tissue compared to male sub-
jects, which equally points to inter-individual differing basal 
expression levels of NOD1. Nevertheless, opposed to the 
mRNA expression, NOD1 and NOD2 protein levels in west-
ern blot analyses as well as mean fluorescence intensity in 
flow cytometric analysis of intracellular NOD1 and NOD2 
did not significantly alter in tumor tissue nor healthy tissue. 
This might be explained by post-transcriptional regulation 
that affects protein translation in ccRCC as this has not been 
described before with regard to expression of NOD.

Regarding the histomorphological distribution, we noted 
NOD1 location in the cytoplasm as well as in the nucleus 
in both ccRCC and healthy tissue. In contrast hereto, NOD2 
was solely localized in the cytoplasm. These findings could 
be validated proving that only NOD1 displays a nuclear 
localization sequence (NLS) but not the NOD2 sequence. 
So far, the relevance of NOD1 in both localizations, the 
nucleus as well as in the cytoplasm, and why it has an NLS 
still seems unclear.

Given that NOD1 and NOD2 are present in TECs in both 
mouse and human kidneys (Shigeoka et al. 2010) we first 
confirmed constitutive NOD1 and NOD2 expression in pri-
mary isolated and cultivated TECs of healthy renal tissue, 
but newly detected also expression in TECs from ccRCC 
tissue. Interestingly, NOD expression was increasable upon 
incubation with LPS, applying that both, TECs from tumor 
or healthy tissue are able to modulate their NOD receptor 
status upon challenge.

NOD receptors are also known to be constitutively 
expressed in the human ccRCC cell line CAKI-1 (Uehara 
et al. 2007). Therefore, we further examined, whether the 
intracellular sensors NOD1 and NOD2 play also a role in 
tumor growth in a heterotopic xenograft model in the mouse. 
Alike to human tumor samples within our patient collec-
tive, human NOD1 mRNA was significant higher expressed 
compared to human NOD2. Though inversely, mouse NOD1 
mRNA expression was significantly lower compared to 
mouse NOD2 mRNA. This applied also for the immuno-
histochemical detection of NOD1 and NOD2 proteins. As 
only human CAKI-1 cells have been injected into the mice, 
mouse mRNA presumably derives from tumor-supporting 
vascular endothelial cells, which are needed for the onset 
of tumor-supporting neo-vascularization (Folkman et al. 
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1989). Referring to this, expression of NOD1 and NOD2 in 
human (Oh et al. 2005; Opitz et al. 2005; Davey et al. 2006) 
and murine (Scurrell et al. 2009) endothelial cells has been 
shown previously. Hence, we had a closer look at the vas-
culature within our human tissue samples and we detected 
markedly more pronounced NOD2 than NOD1 expression 
within vascular endothelial cells especially in renal tumor 
tissue showing vivid angiogenesis. Although no altered 

vascular permeability has been observed in NOD1/2 defi-
cient mice during renal ischemia reperfusion injury (Stroo 
et al. 2012), the possibility of other regulatory pathways, like 
activation of pro-angiogenic factors (Schirbel et al. 2013) 
resulting in endothelial growth is conceivable.

Particularly, considering that therapeutic targeting of 
VEGF in RCC, and herewith vasculature, has a strong 
biologic rationale (Rini 2005), one could hypothesize that 
NOD receptors also exert a relevant effect. Succinctly, lower 
apoptosis-associated NOD1 expression in ccRCC tissue with 
opposed hereto high expression of NOD2 in tumor vascu-
lature, inducibility of NOD expression in TECs as well as 
the observed shift of NOD1 and NOD2 expression in the 
mouse xenograft model might point to their different path 
of influencing carcinogenesis as also suggested previously 
(da Silva Correia et al. 2006).

The present study contributes to a better understanding 
of the complex relationship between ccRCC, its vasculature 
and NOD1 as well as NOD2 of the innate immunity. Since 
targeted- and immuno-therapy plays a central role in the 

Fig. 3   Immunofluorescence staining of NOD1 and NOD2 receptor 
in ccRCC and healthy tissue. Immunofluorescence staining of NOD1 
and NOD2 receptor in red (Cy3) and proximal tubule specific CD13 
in green (Alexa 488) in ccRCC and healthy renal tissue. Co-localiza-
tion appear as merge in yellow. Nuclear staining was performed using 
DAPI. Assessment with confocal microscopy (right pictures). Nuclear 
(white*) and cytoplasmic (white arrows and arrowheads) localization 
of NOD1 and NOD2 receptor. Higher expression of NOD1 receptor 
in healthy kidney, especially in proximal (white arrows), distal (white 
arrowheads) and collecting duct. Co-localization of NOD1 with 
CD13 in the proximal tubuli (white arrows). High NOD2 expression 
occurs in tumor tissue (left pictures in 200-fold and right pictures in 
600-fold magnification)

◂

Fig. 4   Immunohistochemical 
staining for NOD1 and NOD2 
receptors in ccRCC and healthy 
tissue vasculature. Localization 
of NOD1 or NOD2 in endothe-
lial cells (arrows) and tunica 
media (arrowhead). Negative 
staining control of ccRCC 
and healthy tissue has been 
performed in the absence of the 
primary antibodies. (200 fold 
magnification)
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Fig. 5   Immunofluorescence staining of NOD1 and NOD2 receptor in 
primary isolated ccRCC cells and corresponding renal tubular epithe-
lial cells (TECs). NOD1 and NOD2 expression in red (Cy3) in pri-
mary isolated tumor cells and renal tubular epithelial cells (TECs) of 

healthy tissue. TECs were untreated or incubated with LPS (10  µg/
ml) for 4  h. Nuclear DAPI staining. Negative staining control was 
performed without the use of primary antibody. (200-fold magnifica-
tion)

Fig. 6   NOD1 and NOD2 expression in a heterotopic tumor model 
in the mouse. a Human NOD1 and NOD2 mRNA as well as mouse 
NOD1 and NOD2 mRNA expression normalized to its 18 s content in 
a heterotopic tumor model in the mouse (n = 6) presented in box blots 
to depict the distributions of the relative expression values. *p < 0.5. 
b Immunofluorescence staining of NOD1 and NOD2 receptor in 
CAKI-1 cells. NOD1 and NOD2 expression in red (Cy3) in untreated 

CAKI-1 cells. Nuclear DAPI staining. Negative staining control was 
performed without the use of primary antibody (200-fold magnifica-
tion). c Immunohistochemical staining of NOD1 and NOD2 receptor 
in tumor areas of the xenograft model and mouse ileum as positive 
control. Negative staining control was performed without the use of 
primary antibody (200-fold magnification)
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therapy of advanced renal cell carcinoma, this study may 
contribute to new therapeutic approaches.
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