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Abstract
Renal neuroendocrine tumors (RenNETs) are rare malignancies with largely unknown biology, hormone expression, 
and genetic abnormalities. This study aims to improve our understanding of the RenNETs with emphasis of functional, 
hormonal, and genetic features. Surgically resected RenNETs (N = 13) were retrieved, and immunohistochemistry and 
next-generation sequencing (NGS) were performed in all cases. In addition, all published RenNETs were systematically 
reviewed. Our cohort (4 men and 9 women, mean age 42, mean tumor size 7.6 cm) included 2 patients with Cushing 
syndrome (CS). WHO grade (23% G1, 54% G2, and 23% G3) and tumor progression did not correlate. CS-associated Ren-
NETs (CS-RenNETs) showed a solid and eosinophilic histology and stained for ACTH, while the remaining non-function-
ing tumors had a trabecular pattern and expressed variably hormones somatostatin (91%), pancreatic polypeptide (63%), 
glucagon (54%), and serotonin (18%). The transcription factors ISL1 and SATB2 were expressed in all non-functioning, 
but not in CS-RenNETs. NGS revealed no pathogenic alterations or gene fusions. In the literature review (N = 194), 15 
(8%) of the patients had hormonal syndromes, in which CS being the most frequent (7/15). Large tumor size and presence 
of metastasis were associated with shorter patients’ survival (p < 0.01). RenNETs present as large tumors with metastases. 
CS-RenNETs differ through ACTH production and solid-eosinophilic histology from the non-functioning trabecular Ren-
NETs that produce pancreas-related hormones and express ISL1 and SATB2. MEN1 or DAXX/ARTX abnormalities and 
fusion genes are not detected in RenNETs, indicating a distinct yet unknown molecular pathogenesis.
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Introduction

Well-differentiated neuroendocrine neoplasms (NETs) in 
genitourinary organs including renal NETs (RenNETs) 
are extremely rare compared to NETs occurring in diges-
tive and thoracic organs [26]. About 200 RenNETs have 
been so far reported in the English literature, mostly as 
case reports or rare small series. RenNETs account for 
0.18% (5/2780) of all primary renal neoplasms [37] and 
most arise in a normal kidney, but they may also occur in 
abnormal conditions, such as horseshoe kidney [20] and/
or, rarely, within mature teratoma [30]. Regarding grad-
ing based on Ki67, no systematic evaluation of Ki67 has 
been performed to date in relation to patient outcome and 
metastatic potential in RenNETs [29].

The origin of RenNETs in the kidney is unclear since 
no neuroendocrine cells have so far been identified in 
normal renal tissue [57]. Apart from RenNETs, there 
are also poorly differentiated neuroendocrine neoplasms 
(carcinomas) in the kidney, most of them being small cell 
carcinomas and mixed non-neuroendocrine and endo-
crine neoplasms (MiNENs), mainly arising in the pel-
vis [38]. Few studies including altogether 16 RenNETs 
recorded the expression of hormones such as pancreatic 
polypeptide (PP), somatostatin, glucagon, or serotonin, 
but a systematic study on the hormonal profile in Ren-
NETs is lacking [16, 22, 23, 32, 46, 53]. Transcription 
factors that are typical for the pancreas (islet 1, ISL1) 
[1], the lung (TTF1) [35], or the intestine (CDX2) [7] 
were examined in single case reports [12], while the 
expression of SATB2, a transcription factor characteristic 
for the lower digestive tract [13], has so far not been ana-
lyzed. Data on molecular genetic features of RenNETs 
are scarce and include one study based on NGS [44] and 
two studies focusing on loss of heterozygosity (LOH) on 
3p [15, 34].

The discussion of the foregoing data shows that the 
available information on RenNETs is scarce. In par-
ticular, the prognostic assessment of RenNETs is poor 
compared to what is known in digestive tract NETs. 
Furthermore, it is unclear what biological relationship 
exists with pancreatic NETs (PanNET) and tumors with 
ACTH production. This study therefore focuses on four 
questions: (1) what is the prognostic significance of 
Ki67 index and WHO grade in RenNETs, (2) what is 
the incidence of functional syndromes in RenNETs, (3) 
are there histological and immunohistochemical features 
distinguishing non-functioning from Cushing syndrome 
associated RenNETs, and (4) are there molecular features 
that are unique to RenNETs?

Materials and methods

Tissue sampling and clinicopathological 
information

We identified surgically resected tumors diagnosed as pri-
mary renal neuroendocrine tumor or carcinoid over a period 
of 11 years (from 2011 to 2022) from the in-house surgical 
pathology files at the departments of pathology of the Uni-
versity Hospitals of Technical University Munich, Univer-
sity Hospital Düsseldorf, and University of Erlangen and also 
from the consultation files of two of the authors (AA and GK). 
NETs that had metastasized from other organs to the kidney 
were excluded in all cases by radiological and clinical find-
ings. In all cases, formalin-fixed paraffin-embedded (FFPE) 
tissue blocks were available. The selected cases were reviewed 
and classified according to the WHO standards [48]. Nuclear 
Ki67 labeling was counted in more than 500 tumor cells in 
the area with the highest density (hot spot), and its percentage 
was reported as Ki67 index. Data on age, sex, tumor size and 
site, other renal diseases, hormonal symptoms, and presence 
or absence of metastasis were extracted from the available 
documents (see Table 1). This study was approved by the eth-
ics committee of the Technical University Munich, Germany 
(approval number 2022–396-DFG-SR).

Histopathological and immunohistochemical 
evaluation

Immunohistochemical staining was performed on 2-µm 
sections using an automated system (Benchmark XT; Ven-
tana/Roche, AZ, USA). Details regarding the immunohisto-
chemical stainings are given in Supplementary Table 1. The 
expression was regarded as diffuse when all tumor cells were 
strongly and evenly stained or patchy when the staining of 
the tumor cells alternates between weak and strongly and 
the weakly stained cells dominated. A single cell positivity 
(< 5%) was regarded as negative. Membranous expression of 
the somatostatin receptor 2 (SST2) was evaluated based on 
the previously described method and a score 2 + and score 
3 + were regarded as positive [42].

Molecular genetic studies

DNA and RNA, respectively, were each extracted from 5 
slides with 8-µm sections of FFPE materials that contain 
tumor tissue more than 50% of the section area. After pro-
teinase k digestion, nucleic acids were extracted using a 
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semi-automated extraction system (Maxwell RSC 48, Pro-
mega, Madison, USA). Nucleic acid quantity was fluoro-
metrically measured using the DNA high-sensitivity kit or 
the RNA high-sensitivity kit and the QuBit 4.0 instrument 
(Thermo Fisher Scientific, Waltham, USA). The amount 
of amplifiable DNA (sequencing grade quality) was deter-
mined using a commercially available qPCR assay (TaqMan 
RNAse P detection assay) while RNA quality was deter-
mined by a custom-designed qPCR approach for amplifi-
cation of the RNA of a housekeeping gene (HPRT) on a 
StepOnePlus instrument (Thermo Fisher Scientific). The 
DNA amount as input for library preparation was adjusted 
according to the amplifiability of the DNA and the grade of 
degradation. Hybrid capture and library preparation were 
conducted using the TruSight Oncology 500 assay (Illu-
mina, San Diego, CA, USA), following the manufacturer’s 
protocol. This assay allows targeted-capture sequencing of 
523 cancer-related genes on the DNA level and transloca-
tion detection of 50 driver fusion genes on the RNA level. 
Up to eight DNA/RNA pairs were pooled together and 
sequenced on a NextSeq 550DX (Illumina) system using a 
NextSeq 500/550 High Output Kit v2.5 (300 Cycles). Data 
was processed and analyzed by the TruSight Oncology 500 
Local App version 2.11.3, followed by an in-house pipeline 
using a second variant caller (Mutect2) and ANNOVAR for 
annotation of the alterations [11, 54]. For DNA analysis, 
single nucleotide variants, insertions/deletions, copy number 
variations, total mutation burden (TMB), and microsatellite 
instability (MSI) were calculated. For RNA analysis, puta-
tive gene fusion of around 50 fusion driver genes and RNA 
splice variants from EGFR, AR, or MET (e.g., MET exon 
14 skipping) were explored. TMB was calculated by divid-
ing the total number of somatic single nucleotide variants 
and insertions/deletions by the length of the captured coding 
region (~ 1.24 Mb). MSI quantitative score was calculated 
by interrogating 130 homopolymer MSI marker sites and 
defined as the proportion of MSI unstable sites to the total 
MSI sites. Variants were checked for germline or somatic 
origin using the COSMIC (catalog of somatic mutations 
in cancer) database [17], dbSNP, and the gnomAD data-
base [25]. Interpretation of variants was performed using 
OncoKb, Varsome, and CKB [9, 31, 43].

Literature review and data collection

For a systematic review of RenNETs, we screened 204 articles 
written in English, Japanese, or German (14 articles in other 
languages reporting 18 cases were excluded) using the PubMed 
Keywords (renal[Title] AND (neuroendocrine tumor[Title])) 
OR (kidney[Title] AND (neuroendocrine tumor[Title])) OR 
(kidney[Title] AND (carcinoid[Title])) OR (renal[Title] AND 
(carcinoid[Title])). 61/204 articles dealing with non-renal NETs 
and 4 review articles were excluded. The remaining 139 articles 

included 122 case reports and 17 series-based articles with a 
total of 227 cases. Data on sex, age, site, location, other renal 
disease, hormonal syndromes, outcome, Ki67 index, WHO 
grade, and immunohistochemical and genetic features were 
extracted. Outcome data such as progression-free survival 
(PFS) were defined as duration between the initial diagnosis 
and the first tumor progression, tumor-related death, or last 
observation. Outcome data were available in 120 cases with a 
mean follow-up duration of 33 months.

Statistical analyses

JMP Pro version 16.0.0 software (SAS Institute, Inc., Cary, 
NC, USA) was used for all statistical analyses. A correlation 
coefficient was calculated by Spearman’s method. For the 
comparison among clinicopathological data extracted from 
the previously published patients’ data, the sample num-
ber among multiple groups was compared using Pearson’s 
chi-squared test or Fischer’s exact test. The Wilcoxon test 
was applied for the comparisons of continuous values or 
scores between multiple groups found to be non-normally 
distributed by the Shapiro–Wilk test. The probability of dif-
ferences in PFS was determined using the Kaplan–Meier 
method, with a log-rank test to test for significance. A p 
value of < 0.05 was considered statistically significant.

Results

Patient characteristics and clinical features

Thirteen RenNETs were identified (5 in-house, 8 consulta-
tions). Table 1 summarizes the most important clinical data. 
The mean age of the patients was 42 years (range 27–63). 
Metastasis was detected in 67% (8/12, data missing in 1 case) 
of the patients at the time of the first diagnosis. 62% (8/13) 
of the tumors were found in the right kidney, 38% in the left. 
None of the tumors was associated with horseshoe kidney. 
Two patients (17%) presented with Cushing syndrome; the 
other 11 patients (83%) had no hormone-related syndromes. 
No patients have multiple endocrine neoplasm type 1 (MEN1) 
or other hereditary/genetic tumor syndromes. The non-func-
tioning tumors were significantly larger in size than the Cush-
ing syndrome-associated tumors (mean 8 cm vs. 4 cm).

WHO classification of RenNETs and its clinical 
correlation

Three NETs were graded as a G1 (23%), 7 as G2 (54%), and 
3 as G3 (23%). The mean Ki67 index of the tumors was 9% 
(range 2 to 33). The WHO grade was not associated with 
sex, age, size, hormone-related symptoms, metastases, or 
patients’ outcome (Table 1).
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Macroscopic, histological, 
and immunohistochemical features

Grossly, 54% (7/13) of RenNETs were solid with a red-
brown to yellow–brown cut surface (Fig. 1A) and the 
remaining tumors (46%) were partly cystic (Fig.  1B). 
Histologically, all non-functioning RenNETs had a dis-
tinct reticulated trabecular pattern (Fig.  2A, Table  1) 
with cubic cells slightly diastase-resistant PAS positive 
(Fig. 2B), while all the Cushing syndrome-associated Ren-
NETs showed a solid growth pattern with relatively large 
eosinophilic and granular cells (Fig. 2C). The nuclei of 
these cells shaped irregular and displayed round macronu-
cleolus and occasionally cytoplasmic eosinophilic inclu-
sion bodies (Fig. 2D).

Immunohistochemically, all tumors were diffusely posi-
tive for CK18 and synaptophysin, while chromogranin A was 
diffusely expressed in both Cushing syndrome-associated 
RenNETs and in 3/11 non-functioning RenNETs (Fig. 3A, 
B). INSM1 was diffusely positive in all cases including those 
with a patchy chromogranin A staining. All non-functioning 
RenNETs expressed at least one of the pancreatic hormones 
(6 monohormonal, 5 multihormonal) with somatostatin in 
91% (Fig. 3C), followed by PP in 63% and glucagon in 54% 
of the cases. Insulin and ACTH were negative in all non-
functioning tumors. Both Cushing syndrome-associated 
RenNETs expressed diffusely ACTH (Fig. 3D), while all 
other hormones were negative except for a patchy somato-
statin expression in one case. All non-functioning RenNETs 
expressed ISL1 (Fig. 3E), while Cushing-associated tumors 

Fig. 1  Gross findings of two renal neuroendocrine tumors. A A 
nephrectomy specimen with a 7.5 cm large tumor extending from the 
middle part to upper pole of the kidney. The tumor is well demarcated 
and partly lobulated in shape, showing a red-brown to yellow–brown 

cut surface with partly septal fibrosis. B A partial nephrectomy speci-
men with a 6.2  cm large multilobulated tumor. A part of the tumor 
shows a cystic change. The cut surface is gray-whitish and focally 
yellowish in color

Fig. 2  Histological features of a 
non-functioning renal neuroen-
docrine tumor (A, B) and a 
Cushing syndrome-associated 
renal neuroendocrine tumor 
(C, D). A Cylinder-shaped 
tumor cells arrange in a single 
layer trabecula that branch and 
anastomose each other (hema-
toxylin and eosin staining) B 
and focally cytoplasmic PAS 
(periodic acid-Schiff) positiv-
ity in a non-functioning tumor. 
C Polygonal tumor cells with 
a wide eosinophilic cytoplasm 
grow in solid nests in a Cushing 
syndrome-associated tumor. D 
Tumor cells showing promi-
nent nucleoli and occasionally 
intracytoplasmic eosinophilic 
inclusions (arrows)
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were negative (Fig. 3F). SATB2 was diffusely positive in 
all non-functioning tumors and negative in Cushing syn-
drome cases. CDX2, TTF1, and PAX8 were consistently 
negative. Membranous SST2 labeling was found in 49% 
of non-functioning RenNETs but in none of the Cushing 
syndrome-associated RenNETs (Table 1).

Genetic features

NGS was successfully performed in all tumors. The known 
NET-related gene alterations such as ATRX, DAXX, MEN1, 

or TSC1/2 or NEC-related genes such as TP53, RB1, or 
PIK3CA-related genes were not detected in any of the cases. 
No gene with a pathogenic variant (class 5) was identified. 
Gene alterations with probably pathogenic variations (class 
4) were found in three non-functioning tumors (23%) affect-
ing SDHA (case 2), ARID1B (case 6), and ASXL1 (case 9).

Gene alterations of class 3–T4 (variant of unclear signifi-
cance with probably pathogenic tendency) were found in four 
non-functioning tumors affecting PMS2 (case 11), NUP93 
(case 4), TOP2A (case 2), and SNCAIP (case 3). Other gene 
changes with unclear pathogenic significance (class 3) are 

Table 2  Clinical features of 
reported renal neuroendocrine 
tumors (1966 to 2023)

PFS progression-free survival
*21 cases (12%) in isthmus of horseshoe kidney
**8 cases combined with teratoma, 2 cases combined with cystadenoma
***Renal cell carcinoma in 2 cases, polycystic kidney in 1 case

Clinical features Number of avail-
able patients

Case number %

227 100

Sex Female:male 218 125:93 57:43
Age Median (range) 225 51 (10–87)
Size (cm) Median (range) 215 6.4 (1.2–25)
Morphology Solid:cystic 72 35:37 48:52
Site Right:left* 173 101:72 58:42
WHO grade G1:G2:G3 58 31:26:1 53:45:2
Ki67 index (%) Mean (range) 41 4.8 (1–18)
Location 111

Upper pole 23 14
Middle, hilus 36 22
Lower pole 44 27
Entire 8 5

Other renal disease/condition 211
None 164 78
Horseshoe kidney 36 16
Combined tumor** 10 9
Others*** 3 0.1

Hormonal symptoms 194
None 166 86
Cushing syndrome 7 4
Carcinoid syndrome 5 3
Insulinoma 1 1
Glucagonoma-like 1 1
Carcinoid syndrome-like 1 1

Metastasis 117
Absence 75 42
Presence 102 58

Follow-up (months) Mean (range) 120 33 (1–205)
PFS rate

2 years 72%
5 years 44%
10 years 11%
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listed in Supplementary Table 2. Fusion genes were not 
detected. The median value of TMB was 0.8 (range 0–5.5). 
The median MSI quantitative score was 1.72% (range 0–5.88). 
None of the cases showed a high MSI score (> 10). The tumor 
with the highest MSI score (5.88 in case 11) showed retained 
immunohistochemical staining for mismatch repair proteins 
(MLH1, PMS2, MSH2, MSH6). Loss of SDHB expression 
was not observed in two cases (case 9 and case 13) with class 
2 SDHD mutations (Supplementary Table 2).

Literature review

The clinical data of 227 RenNETs extracted from pub-
lished articles is summarized in Table 2. Of the 194 cases in 
which hormonal status was documented, 15 (8%) had hor-
monal symptoms, of which Cushing syndrome was being 
the most frequent (7/15), followed by carcinoid syndrome 
(5/15). The remaining three RenNETs with hormonal syn-
drome included an insulin-secreting tumor with a hypogly-
cemic syndrome [45], a glucagon-producing tumor with a 

glucagonoma-like syndrome [18], and a tumor with a car-
cinoid-like syndrome [24]. Follow-up data were available 
in 120 cases (mean 33 months). Large tumor size (6 cm or 
larger, p = 0.01) and presence of metastasis at the time of 
diagnosis (p < 0.001) were significantly associated with poor 
patient outcome based on PFS, while age, sex, hormone-
related syndrome, and horseshoe kidney were not. Data on 
WHO grade, available in only 58 cases, and Ki67 index, 
available in 41 cases, were not associated with outcome. 
Pancreatic hormone expression was reported to be positive 
in 60% (6/10) for glucagon, in 50% (7/14) for somatostatin, 
in 25% (3/12) for PP, and in 59% (7/12) for serotonin. The 
transcription factor ISL1 was examined in one case and was 
positive [12], while TTF1 and PAX8 were negative in all 
examined cases (30 and 27 cases, respectively). Molecular 
analysis was performed in four studies [15, 34, 44, 53]. Loss 
of heterozygosity (LOH) on 3p21 was reported in 5 of 11 
cases [15, 34, 44]. NGS analysis was performed in 9 Ren-
NETs and revealed variable mutation profiles [44]. The gene 
abnormalities which were most frequently found included 

Fig. 3  Immunohistochemical 
features of non-functioning (A, 
C, E) and Cushing syndrome-
associated (B, D, F) renal neu-
roendocrine tumors. A Patchy 
expression of chromogranin 
A in a non-functioning renal 
NET and B diffuse and strong 
expression of chromogranin A 
in a Cushing-associated renal 
NET. C Diffuse somatostatin 
expression with heterogenous 
intensity in a non-functioning 
tumor. D Diffuse and strong 
ACTH expression in a Cushing 
syndrome-associated tumor. 
E Diffuse and strong nuclear 
expression of ISL1 in non-
functioning tumor and F no 
expression of ISL1 in a Cushing 
syndrome-associated tumor
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mutations of CDH1 and TET2, with three mutations in two 
cases. Next in frequency were LOH 3p and mutations in 
AKT3, ROS1, PIK3P2, BCR, and MYC [44].

Discussion

Our study revealed that RenNETs constitute an entity of its 
own among the various NETs of the body. These usually 
large tumors have a size-dependent prognosis and a hormo-
nal profile which is pancreas-like, including a high rate of 
ectopic Cushing syndrome.

All RenNETs in our study, the two Cushing syndrome cases 
excluded, presented as large tumors with a mean of 8 cm, set-
ting them apart from most of the other NETs of the body such 
as the digestive (mean 2.6 cm for pancreas) [47] and pulmonary 
tract (mean 2.4 cm for the lung) [27] and larynx (mean 1.8 cm) 
[6] and making them comparable to thymus NETs that are 
usually also large with a similar mean size of 7 cm compared 
to RenNETs [50]. The reason for the remarkable large size of 
renal and thymic NETs is probably the location of both organs 
which allows a silent, symptomless growth for a long time. 
This unnoticed growth may also explain in RenNET the high 
rate of metastasis of 73% at diagnosis and in thymic NET the 
high rate of invasion into adjacent organs or metastasis, which 
is 60% [50]. Because our RenNET cohort is too small to allow 
any outcome evaluation, we therefore took the available data 
from our literature review and found that the 5-year PFS rate 
of RenNETs is 65% for tumors smaller than 6 cm compared to 
31% for tumors 6 cm or larger.

Apart from size, our literature review also revealed that 
the presence of metastasis at the time of diagnosis has also 
a prognostic significance with a 5-year PFS rate of 26% vs. 
84%in RenNETs without metastases. Surprisingly, we found 
that the WHO grade, as it is presented in Table 2, was not 
related to patients’ outcome. However, this finding has to 
be interpreted with caution since the extracted data from 
literature are limited and probably too small to allow yet 
any far-reaching conclusions. The reason is that the Ki67-
based WHO grading system was only introduced in 2022 to 
the NETs of the urogenital organ systems [48]. Kim’s study 
from 2019 is the first which applied the Ki67 grading to 
RenNETs and showed in 6 cases that RenNETs with a Ki67 
index above 3% are significantly more often associated with 
metastasis than those with a Ki67 of less than 3% [29]. Since 
the Ki67 values of RenNETs of our cohort are generally 
higher than those in Kim’s report, the Ki67 findings in our 
series of RenNETs, which did not correlate with presence 
of metastasis, are difficult to compare with those of Kim’s 
study. A study with a higher number of RenNET cases is 
therefore needed to clarify the prognostic role of the Ki67-
based grading in this NET entity.

Two of our RenNETs presented with an ectopic Cushing 
syndrome. Hormonal syndromes were reported in 14 of 194 
cases, of which data on functional activity were available. 
RenNETs with Cushing syndrome accounted for 50% of all 
syndromic cases or for 4% of all RenNETs. The second most 
common syndrome is the carcinoid syndrome, which has been 
reported in 36% of syndromic cases, but was absent in our 
cohort. Very rare are insulinoma and glucagonoma with one 
case each [18, 45]. The high frequency of 15% Cushing syn-
drome cases among our RenNETs reflects the selection bias that 
is always associated with a referral case series. However, even if 
the relative percentage of our Cushing RenNETs is too high, it 
indicates that an ectopic Cushing syndrome is a feature of this 
NET entity, which in terms of its frequency has not yet been 
properly appreciated. The relative frequency of 4% of a Cush-
ing syndrome in RenNETs is comparable with its frequency in 
pulmonary NETs, in which an ectopic Cushing syndrome is 
thought to be most frequent in the body, accounting for 4.3% of 
all pulmonary NETs [36]. It thus seems that RenNETs belong 
to those NET entities that are most associated with an ectopic 
Cushing syndrome, which may apart from the pulmonary 
tumors also include pancreatic and thymic NETs [3, 14].

Regarding the prognosis of RenNETs associated with a 
Cushing syndrome, our literature search suggests that they 
share the same prognosis with the non-Cushing syndrome 
cases, although they present as small tumors with a mean 
size of 4 cm, probably because of the clinical symptoms that 
may lead to early detection of the tumors. The two Cushing 
tumors of our series were classified as G1 and G3, and both 
patients have no metastasis in the course. In the literature, 
the Cushing RenNETs had metastasis in half of the cases 
(3/6). Poorly differentiated NENs of the kidney, usually of 
the small cell type, have so far not been reported in associa-
tion with an ectopic Cushing syndrome.

RenNETs with ACTH production and Cushing syndrome 
are distinct tumors because they not only produce ACTH but 
also exhibit a special histology. They have a solid histologi-
cal pattern and an eosinophilic (oncocytic) cytology, which 
delineate these tumors from the non-functioning RenNETs, 
that are characterized by cuboidal cells forming a reticulated 
trabecular pattern. This solid-eosinophilic pattern was also 
found in the RenNETs with Cushing syndrome reported in 
the literature, in which exact histological descriptions and/
or illustrations were available [10, 19].

ACTH expression in RenNETs was restricted to the 
patients with Cushing syndrome. ACTH was neither found 
in any of the trabecular tumors in our series nor in any 
other non-functioning RenNET reported in the literature. 
Since the number of our RenNETs which were screened for 
ACTH is small, it is possible that future studies in larger 
case series may find ACTH in non-functioning RenNETs, as 
it has been shown in pulmonary NETs that were systemati-
cally screened for ACTH [36].
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Another finding that distinguishes the RenNETs with 
Cushing syndrome from the remaining RenNETs is the 
differential expression of transcription factors. ISL1 that 
plays a crucial role in embryogenesis and differentiation 
of pancreatic beta cells and is frequently expressed in Pan-
NETs [1] but also in duodenal NETs (83%), rectal NETs 
(75%) [58], and middle ear NETs (100%) [2] was found to 
be expressed in all non-functioning RenNETs, but not in 
the Cushing syndrome cases. Similarly, SATB2 that labels 
the lower gastrointestinal epithelium, and the NETs of the 
rectum (81%) [58] and middle ear NETs (100%) [5], was 
only found in non-functioning RenNETs and not in Cushing 
syndrome-related RenNETs. In contrast, PAX8, TTF1, and 
CDX2, markers for renal carcinomas, pulmonary and thyroid 
neoplasms, and small intestine or the appendix, respectively, 
were constantly negative in all RenNETs of our series and in 
the cases of the literature [4, 21, 51, 55, 56].

The hormone production in non-functioning RenNETs 
has so far only been investigated in 14 cases, identifying 
either PP [23, 46, 53], serotonin [8, 28, 39, 41], or multi-
ple hormones including somatostatin and glucagon [16, 32, 
33, 46, 52]. In our series, all the non-functioning tumors 
expressed at least one of the pancreas hormones (exclud-
ing insulin) or serotonin. Although we had two tumors with 
serotonin expression, none of our RenNETs had a carcinoid 
syndrome that has been described in 5 of the previously 
reported cases [40].

Due to the characteristic trabecular morphology, ISL1, 
and pancreatic hormonal expression, we anticipated a 
possible genetic similarity between RenNETs and Pan-
NETs. However, none of the investigated tumors showed 
MEN1, ATRX/DAXX gene alterations that are detected in 
approx. 40% of PanNETs [49]. Instead, variable genes were 
affected in single cases without a definitive pathogenicity. 
Our results, together with a previous study, indicate that 
the tumorigenesis of RenNETs is, despite histological and 
immunohistochemical commonalities with PanNETs, dis-
tinct from that of PanNETs. This molecular distinction also 
argues against an origin of RenNETs from heterotopic pan-
creatic tissue in the kidney. Moreover, we were unable to 
find any report on heterotopic pancreatic tissue in the kidney.

In conclusion, RenNETs represent a small but distinct 
group of NETs. They manifest usually as large tumors with 
a size above 6 cm, a size that is of prognostic significance. 
Most RenNETs have a characteristic reticulated trabecu-
lar morphology, consistently coexpress ISL1 and SATB2, 
and are non-functioning, although they express a variety 
of entero-pancreatic hormones. Biologically and structur-
ally distinct from these RenNETs are the ACTH-positive 
RenNETs associated with an ectopic Cushing syndrome 
and displaying a typical solid-eosinophilic morphology in 
the absence of ISL1 or SATB2 expression. Our literature 
review reveals that these ACTH-positive tumors belong to 

the group of NETs that are most frequently associated with 
an ectopic Cushing syndrome, such as bronchial, pancreatic, 
and thymic NETs. The genomic profile completely distin-
guishes RenNETs from pancreatic NETs including those 
with a Cushing syndrome.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00428- 023- 03596-5.
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