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Chapter

Clear Cell Renal Cancer, a Tumour
with Neuroendocrine Features
Originating from the
Erythropoietin-Producing Cell
Helge Waldum and Patricia Mjønes

Abstract

The dominating type of kidney cancer is the clear cell renal cell cancer (ccRCC),
hitherto been thought to develop from proximal tubule cells. However, the ability of
tubule cells to proliferate is at best controversial. ccRCCs show many peculiarities like
erythrocytosis due to erythropoietin overproduction and a combination of early
metastases and sometimes apparent dormancy and late recurrence, features in com-
mon with neuroendocrine tumours (NETs). We have shown that most ccRCCs
express erythropoietin and the neuroendocrine marker neuron-specific enolase, and
other neuroendocrine markers in a percentage of the cancers. Missense mutation in
von Hippel–Lindau (VHL) factor is rather specific for ccRCC found in familial and
sporadic forms. The function of VHL factor is together with other proteins to destroy
hypoxia-inducible factors (HIFs), central in adaptation to hypoxia. Lack of function-
ing VHL factor results in continuous overstimulation of the erythropoietin-producing
cell to release erythropoietin and parallelly to proliferate, and in long-term mutations
and malignant transformation. Thus, ccRCC occurs about 30 years later in sporadic
cases compared with familial von Hippel–Lindau syndrome, reflecting the time nec-
essary for two versus one genetic change. Embryologically, there are many arguments
favouring neural crest origin of the erythropoietin-producing cell.

Keywords: classification of kidney cancer, clear cell renal cell cancer, erythropoietin,
erythropoietin-producing cell, neural crest, von Hippel–Lindau syndrome

1. Introduction

The kidney is not among the most common locations for cancer development, but
kidney cancers often affect middle-aged people, and the mortality is high. Clear cell
renal cancer cell (ccRCC) (also called conventional RCC (cRCC)) makes up about
80% of renal malignancies [1] and is accordingly the most important renal cancer.
ccRCC may be accompanied by erythrocytosis which has been presumed to be due to
production of erythropoietin (EPO) by the erythropoietin-producing cell (EPC)
localised in the kidney. Some years ago, we showed that virtually all ccRCC cancer
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tumour cells expressed erythropoietin as well as the neuroendocrine marker neuron-
specific enolase [2], which may suggest that the cell of origin of ccRCC is the EPC [3].
The present review is a follow-up further discussing the cell of origin of ccRCC.

2. Kidney cancers

Kidney cancers are classified according to presumed cell of origin with renal cell
carcinomas making up about 90% [4]. Renal cell cancers consist of subgroups based
on histological classification into ccRCC, papillary and chromophobe subgroups.
ccRCC and papillary renal cell cancers (pRCCs) have been presumed to originate from
proximal tubular cells. However, most cells in the adult kidney do not have the ability
to divide and thus replace damaged or dead specialised cells [5]. Therefore, replace-
ment of damaged nephrons does not occur after birth [6]. Generally, it may be noted
that it seems strange that nephron cells with absent or at best low reproductive
capacity should be the main origin of tumours. Based on gene expressions with
similarities between proximal tubular cells and ccRCCs [7, 8], tubular cells have been
thought to develop into ccRCC. However, discrepant expressions between normal
proximal tubule cells and tumours presumed to originate from proximal tubule cells
like ccRCC and pRCCs have been described [9]. In a review in 2012, it was written
that the cells of origin RCCs “are far from established and only inferred by accumu-
lated weight of marker similarities” [10]. Similarly, the degree of tubule regeneration
and which cell type contributing to this process were discussed in a review in 2016
[11]. Recently, a novel stem cell subtype analysis for ccRCC based on stem cell
markers was reported, but apparently not compared to any mature cells of the neph-
ron [12]. It may, therefore, be concluded that there are uncertainties regarding the cell
of origin of ccRCCs. Considering the classification of kidney tumours in general, the
continuous changes and additions of new types [13, 14] indicate a weakness in the
system and may suggest that the classifications are not rooted in biology. Our finding
of erythropoietin and neuron-specific enolase expression in virtually all ccRCCs may
indicate that the EPC is the cell of origin of ccRCC [2, 3].

3. Erythropoietin (EPO) and the erythropoietin-producing cell (EPC)

In the late part of nineteenth century, French scientists described the association
between atmospheric pressure and the concentration of red blood cells [15]. Thus, the
concentration of red blood cells increased in members of an expedition to the Andes
mountains [16]. A factor in serum was suspected to mediate this effect, and this was
shown to be true when serum from anaemic rabbits had erythropoietic activity in
normal rabbits [17]. Finnish authors named the postulated substance erythropoietin
[18], and the dominating role of the kidneys in the production of EPO was shown by
reduced stimulation of erythropoiesis in nephrectomised animals [19]. However,
some EPO production also occurs in the liver [15]. Subsequently, EPO was identified
as a glycohormone [20]. It stimulates erythropoiesis by interaction with a receptor
(REPO) localised on progenitor cells in the red cell line like erythroblasts. The EPC in
the kidney was long disputed. However, it seems now that peritubular interstitial cells
are established as the EPC [21]. Interestingly, these cells had a neuron-like morphol-
ogy and expressed neuron genes [21]. In the liver, EPO production was also found in
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cells surrounding the central vein in the liver [21], possibly stellate cells which have
been shown to express EPO [22]. EPO has also been described in the brain [23].

The main stimulatory mechanism for EPO production and release is by the
hypoxia-inducible factors (HIFs). There exist three O2 sensing HIF-α types (HIF-1α,
HIF2α, and HIF-3α). HIF-1α and also HIF-2α affect many other processes than stimu-
lation of EPO release including angiogenesis and other functions related to adaptation
to hypoxia [15, 24]. HIF-2 seems to be the main regulator of EPO [25]. HIF-1α is
ubiquitously expressed, while HIF-2αwas initially reported in endothelial cells but has
later been shown to be expressed in many other cell types [26].

EPO production in renal cancers, then named hypernephromas [27], was
suspected based on erythrocytosis in some of the patients. A case report in 1977
described EPO production in a patient with ccRCC based on a biological mouse assay
[28], and there is a report describing EPO production in a cell culture from a renal cell
carcinoma [29]. EPO gene expression in ccRCC was reported to be much more com-
mon than the occurrence of erythrocytosis [30]. There are also studies evaluating the
prognostic significance of EPO expression in renal cell cancers where one study did
not find any effect [31], and the other reported reduced survival [32]. We cannot find
that anybody had reflected on the EPC as the cell of origin in ccRCC before our paper
in 2017 [2], where we found that most ccRCC expressed EPO in contrast to the other
renal cell carcinomas which all were negative (Figure 1).

Before discussing cell of origin further, we will focus on clinical aspects of ccRCC,
which also give strong indications of the central role of EPC in ccRCC carcinogenesis.

4. Clinical aspects of ccRCC

In the past, the classic symptom triad of RCC was haematuria, pain in the kidney
area and a palpable tumour. However, nearly half of the patients do not have any
symptoms suggesting renal illness [33], and in about half of the cases renal cancers are
detected by ultrasonography or other imaging modalities done due to vague symp-
toms. Paraneoplastic syndromes are also an initial gateway to correct diagnosis.
Among these syndromes, hypercalcemia, hypertension, polycythaemia, and Stauffer’s
syndrome (non-metastatic hepatic dysfunction [34]) are the most prevalent [35].
Hypercalcemia is due to parathyroid-related hormone (PTHrP), polycythaemia due to
EPO, hypertension possibly due to renin, whereas the mechanism for Stauffer’s

Figure 1.
Clear cell renal cell carcinoma examined by haematoxylin and eosin (a), by immunohistochemistry for
erythropoietin (b) and neuron-specific enolase (NSE)(c). From (2) APMIS 2017; 125: 213–222. The figure is
reused under the terms of the creative commons public domains declaration and with permission from the
publisher.
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syndrome is unknown. PTHrP elevation has been attributed to vascular endothelial
growth factor (VEGF) expression in ccRCC [36].

Elevated erythrocyte sedimentation rate has for long been recognised to be a
feature of renal cancer, formerly called hypernephroma, now ccRCC. Rising erythro-
cyte sedimentation may be an early marker for renal cell cancer [37] and also an
independent prognostic factor [38]. C-reactive protein is also a predictive factor for
metastasis in patients after potentially curative surgery [39].

Macroscopically, ccRCCs often are yellowish and small tumours often with an
apparent capsule. ccRCCs metastasize at an early stage, and metastases are often
present at diagnosis [40]. RCCs may metastasize to uncommon places as a finger [41],
the pituitary gland [42], and skeletal muscle [43]. Moreover, first metastasis may
manifest itself many years after apparent curative surgery as shown in a case report
where a brain metastasis developed 15 years after surgery [44]. Late metastasis has
been explained by early dissemination and tumour cell dormancy [45, 46]. Another
possibility may be that the cell of origin due to inherent qualities like low expression of
factors contributing to cell adhesion may cause metastasis spread at an early phase of
malignant development when the proliferation still is rather low. Such a phenomenon
may explain the so-called dormancy [47]. As we see it, the possibility that some cancer
cells go to sleep and awake after many years does not seem very plausible, although
until now it has been the prevailing theory [45]. Production of substances affecting
the vascular bed-like dilatation reducing blood flow rate as well as increasing the
vascular permeability could also be involved. We have previously described that the
enterochromaffin-like (ECL) cell in the oxyntic mucosa of the stomach lacks E-
cadherin [48] and also releases histamine which has profound effect on the vascula-
ture [49]. The ECL cell has a very slow proliferation, which made some conclude that
this cell did not have the ability to divide [50] which is not correct [51]. There may be
an apparent mismatch between the fact that tumours prone to early metastasis are
among those with tendency to occurrence of late metastasis many years after other
manifestations of malignancy. This is typically found in tumours developed from cells
with the capacity to metastasize at an early phase of the malignant process when the
proliferation is still slow. Neuroendocrine tumours (NETs) [52–55] and melanomas
[56, 57] developed from melanocytes which also are of neural crest origin [58] like the
ccRCCs (see later) are among the cancers where late metastasis occur [44]. The
dormancy accordingly most probably reflects tumours originating from cells with low
proliferation but the ability to metastasize after only minor genetic changes.

Another peculiarity with ccRCCs is the anecdotal spontaneous regression of
metastases after surgical removal of the primary tumour, a phenomenon perhaps
related to the abscopal phenomenon (regress of tumour metastases outside the area of
irradiation of other metastases) [59, 60].

5. Aetiology/pathogenesis

ccRCC is the dominating kidney cancer and is also the most aggressive form. The
incidence of ccRCC is nearly the double in men compared with women [4, 61]. An
explanation of this sex difference in occurrence is not known. Otherwise, cigarette
smoking, obesity, and hypertension have been all associated with a slight increased
risk of ccRCC [62], but the exact mechanisms have not been clarified. In Japan, heavy
smoking was found to increase the risk [63], but the mechanism for the slight carci-
nogenic effect on the kidneys have not been clarified. In inhalation studies on rats, we
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examined the effect of nicotine added to the air in concentrations giving nicotine in
blood exceeding that found in heavy smokers during greater part of 24 h for
24 months [64], or CO in a concentration giving about 15% carboxy-haemoglobin for
most of 24 h for 18 months [65]. Although none of these studies were primarily done
to explore possible mechanisms for tobacco smoking kidney carcinogenesis, the kid-
neys were examined macroscopically in both studies without finding any tumours.
Thus, the mechanism for the effect of tobacco smoking on renal carcinogenesis is still
unknown.

Obesity is an accepted and established role as a risk factor for ccRCC [62], but it is
also associated with other types of cancers in other organs [66]. There exists a so-
called obesity paradox between ccRCC and obesity, since obesity increases the occur-
rence and at the same time seems to improve the prognosis of the cancer [67].
Anyhow, a plausible mechanism for the carcinogenic effect of obesity is still not
found. Likewise, on the background of the important role by the kidneys in regulation
of blood pressure, it is not surprising that hypertension may be elevated in ccRCCs.
However, again the mechanism for such a connection is not yet elucidated, although a
role of the renin-angiotensin system has been examined.

On the other hand, a central role of the von Hippel–Lindau (VHL) tumour sup-
pressor in pathogenesis of ccRCC is well established causing virtually all familial
ccRCCs [68], but also the sporadic ones [69]. The average age at diagnosis of ccRCC as
part of VHL syndrome is 37 years compared with 61 years of the sporadic form
[40, 70]. Inactivation of VHL gene is only found in ccRCC of kidney cancers [40], and
loss of functioning of both alleles of VHL gene may be common to all ccRCCs [40, 71].
VHL gene product (pVHL) binds to elongins making a complex which binds to the
hypoxic-inducible factors, HIF-1 and HIF-2, which targets them to ubiquitin-
mediated proteolysis [72]. Pathological elongins can also be a factor contributing to
lack of proteolysis of HIFs. HIFs are released during hypoxia, and HIF-2 is being the
main stimulator of erythropoietin release [25]. Our experience is that it is a close
correlation between regulation of function and growth [73], which in this case will
indicate that HIF-2 will not only stimulate erythropoietin release but also proliferation
of EPC. Lack of proteolysis of HIFs will accordingly lead to chronic overstimulation of
proliferation explaining the carcinogenic effect.

6. Neural crest origin of erythropoietin-producing cell

Most ccRCCs express erythropoietin as well as neuron-specific enolase [2]. Based
on our study, it seems that both clinically (overproduction of EPO in a proportion of
the patients), the central and universal role of HIF in the carcinogenesis of familial as
well as sporadic ccRCCs and the universal and specific expression of EPO in most
ccRCCs, these tumours are of EPC origin. A case report from 1989 also describes EPC
expressing cell as the cell of origin of a ccRCC [74]. Moreover, clinically ccRCCs have
as outlined above, many similarities to neuroendocrine tumours in general. Further-
more, polycythaemia due to EPO production has been reported together with
somatostatinoma, paraganglioma, and phaeochromocytoma [75, 76]. We found not
only EPO but also NSE expression in virtually all ccRCCs, but both markers, were
mostly negative in the other types of renal cell carcinomas [2]. NSE has had a poor
reputation concerning specificity, but when we did a separate study on NSE specific-
ity comparing NSE with many other neuroendocrine markers and applying histo-
chemistry with the highest sensitivity available, we found that NSE was expressed in
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all tumours which expressed another neuroendocrine marker [77]. Thus, NSE has
unjustly been thought to be nonspecific due to its high sensitivity. Moreover, we
detected synaptophysin expression in 6% and CD56, both neuroendocrine markers, in
some ccRCCs [2]. It has to be underscored that during the process of malignant
transformation, expression of markers from the cell of origin is gradually lost.
Therefore, even expression in only a few percent of the tumour cells is of importance.

Interestingly, EPO production in neural and neural crest cells occurs in foetal life
[78, 79]. In fact, EPO has been reported to play a role in the brain development [80].
Neural crest-derived cells have typically multipotential properties and play probably
a very important role in carcinogenesis not only in the kidney but also for
melanomas [81].

7. Conclusion

Evidence suggests that ccRCC is derived from the EPC, which upon hypersti-
mulation by HIF not only increases its EPO production but also is stimulated to
proliferate. Genetic changes in VHL, either familial or sporadic, leading to loss of
proteolysis result in increased concentrations of HIF. The EPC expresses markers
compatible with neuroendocrine origin. A change in the nomenclature of ccRCC
should be considered.
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