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Von Hippel-Lindau disease (VHL) is characterized by mutations in the VHL gene,
which encodes a protein (pVHL) that is involved in cellular oxygen homeostasis.
When pVHL fails to recognize and degrade the hypoxia-inducible factor (HIF)
transcription factor under normoxic conditions, inappropriate expression of HIF
target genes facilitates tumorigenesis in the kidneys, retina, cerebellar blood
vessels, and other organs. Importantly, pVHL-HIF binding requires hydroxylation
of HIF, and this reaction depends on iron as a cofactor. It was therefore
hypothesized that iron deficiency can affect the course of VHL. Low ferritin levels
are in fact observed in some VHL patients, but the clinical relevance of this iron
deficiency is unclear. This investigation focused on the impact of iron deficiency
on growth and HIF target gene expression of 786-0 pVHL-deficient renal cell
carcinoma (RCC) cells. Iron deficiency decreased growth and increased the
expression of HIF target genes, indicating a potentially tumorigenic effect on RCC
cells.

Von Hippel-Lindau disease (VHL) is an autosomal hereditary cancer syndrome with a birth
incidence of 1 in 36 000 [1]. It is associated with clear-cell renal cell carcinomas (RCC), blood
vessel tumours (haemangioblastomas) of the retina, cerebellum and spinal cord, neuroendocrine
tumours of the adrenal medulla (phaeochromocytomas), and other types of tumours or visceral
cysts. These symptoms typically develop during the second to fourth decades of life (see review
[2]). Life expectancy is significantly reduced in VHL compared to the general population[3],
with RCC and haemangioblastomas being the main causes of mortality [2]. Although regular
clinical monitoring of VHL patients is intended to increase their life expectancies, many of the
VHL lesions have no cure except surgery. A VHL-related disorder, Chuvash polycythaemia, is
endemic in the autonomic republic Chuvashia (Russian Federation) and characterized by
haematocrit levels above 55% and inappropriately high erythropoietin (EPO) levels relative to
haemoglobin levels [4]. Both VHL and Chuvash poly cythaemia are caused by mutations in the
Von Hippel-Lindau gene (VHL) [5], encoding a 30 kDa protein (pVHL) that consists of 213
amino acids and is part of a ubiquitination complex. One missense mutation that causes an
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Arg200Trp substitution in pVHL underlies conventional Chuvash polycythaemia [4], whereas
hundreds of VHL gene mutations are associated with VHL [6].
The molecular pathogenesis of VHL involves dysregulation of the hypoxia-inducible factor
isotypes HIFFexpressed, but the stability of HIFoxygen levels [9] (see review [10]). In the presence of oxygen, HIFbinds pVHL [11]. This results in ubiquitination and subsequent proteasomal degradation of HIF[12]. In the absence of oxygen, however, hydroxylation is prevented, resulting in dimerization
of stable HIF-isotype and
cell type specific [2, 13, 14]. HIF[15]. Its target genes
include HIF prolyl hydroxylases [16], EPO[7], the angiogenesis promoting vascular endothelial
growth factor (VEGF), cell proliferation and apoptosis mediators cyclin D1 (CCND1) and BNip3
(BNIP3) [14], carbonic anhydrases IX and XII (CAIX and CAXII) and other metabolic enzymes
[13, 17], vasomotor regulator endothelin 1 (EDN1) [18], and E-cadherin (E-CAD) [17], among
many others. They regulate important cellular processes that are adaptive to the cell during
hypoxia, such as altered cell growth, glycolytic energy metabolism, pH balance and angiogenic
signalling. However, inappropriate expression (i.e. gene transcription not regulated by oxygen, but
as a result of impaired HIF regulation) results in the clinical symptoms of VHL and Chuvash
polycythaemia [2].
Interestingly, the hydroxylases that regulate HIF in an oxygen-dependent manner use a Fe2+
cofactor to catalyse the reaction [10]. Accordingly, the presence of an iron chelator,
desferrioxamine (DFO), was found to inhibit binding of HIFthe catalytic rate of HIF hydroxylases [19, 20] and is used to inhibit these hydroxylases in many
VHL-related studies [14, 17, 21]. Iron deficiency thus potentially inhibits HIF-lation,
resulting in increased HIF activity. In line with this theory, low ferritin in Chuvash patients
increases the expression of some HIF target genes in mononuclear blood cells [22, 23]. However,
expression of other target genes was found to be decreased [22, 23]. Primarily HIF-2 target genes
seem downregulated by iron deficiency [23], perhaps because iron deficiency downregulates HIF[24]. Gene expression studies thus support contrasting effects of iron levels on the
expression of HIF target genes in Chuvash blood cells. The physiological effects of iron deficiency
on RCC cells in VHL, however, remain unclear. Gene expression studies with RCC cells have
used high doses of DFO as control experiments to block HIF regulation and do not inform about
physiologically relevant decreases in iron [13, 14, 17]. Also, no study has taken into account HIFindependent effects of iron deficiency.
Iron deficiency is relevant in clinical practice. Low ferritin levels are observed in about 15%
of the VHL patients monitored by the author (KD). Knock-out studies have also shown that
deletion of VHL in murine hepatocytes results in low serum ferritin, probably via upregulation of
haematopoiesis, providing a possible mechanism for VHL-induced iron deficiency [25]. There
might therefore even exist a positive feedback loop between iron deficiency and VHL symptoms,
although the results of this mice study should be interpreted with caution in the context of the
clinic. Chuvash patients in particular risk iron deficiency due to the practice of phlebotomy to
reduce pain and symptoms of the disease [26]. Phlebotomy was found to increase blood EPO levels
[27]. It is also associated with higher tricuspid regurgitation velocity, which is independently
predicted by iron deficiency [26]. So, induced iron deficiency may cause HIF-dependent
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abnormalities in Chuvash patients. In contrast, the clinical consequences of low iron levels in VHL
patients remain unknown.
Here, we used DFO to mimic the effects of iron deficiency on cell growth and HIF-induced
gene expression of patient-derived pVHL-deficient RCC cells. We found that iron deficiency,
induced by DFO in the medium of the cell culture, interfered with proliferation of the cells. The
same effect was observed with cells re-expressing wild type (WT) VHL, although the differences
in cell counts were most profound in the pVHL-deficient cells in a dose-response experiment. DFO
treatment also increased the expression of HIF target genes both in the presence and absence of
pVHL. These results indicate that iron deficiency has a potentially harmful impact on both HIFdependent and HIF-independent cellular processes in RCC cells. Future in vivo studies are
required to assess the phenotypical relevance of these findings.
Cell culture. 786-0 (pVHL-deficient) and 786-0/VHL (re-expressing VHL) cell lines were a
generous gift from Rachel Giles (University Medical Centre Utrecht and Regenerative Medical
Centre Utrecht). Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, Canada) with 10% Fetal
Bovine Serum (Sigma-Aldrich, Germany), 2 mM L-glutamine, 100 units/ml penicillin and

DFO treatment. For the growth assays, cells were seeded in 12-well plates at a concentration
of 3.5 x 104 cells/mL for at least 24 hours prior to incubation with DFO mesylate (Sigma-Aldrich).
The seeded cells were rinsed with PBS and medium containing DFO or medium without DFO was
added to the cells for the indicated duration of time. DFO was dissolved in water (1 g / 20 mL) and
filtered before it was added to the medium. Experiments were carried out in triplicate. Cell counts
were carried out immediately after incubation.
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Cell count. After trypsinization, cell samples were
analysed by a TC 20 Automated Cell Counter (Biorad, Hercules, CA, USA). Manual counts were
performed on the same counting frames using light microscopy at 100x magnification. The average
count of two random slides was taken. A haemocytometer was used for the manual counts in the
dose-response experiment.
RNA isolation. The Qiagen RNeasy Mini Kit (Qiagen, Venlo, The Netherlands) was used for
ethanol and transferred to spin columns. The columns were centrifuged for 15 seconds at >8000 x
g (all centrifugation steps) and flow-through was discarded. Then a washing buffer was added and
centrifugation repeated as above. The column membrane was incubated with DNase for 15 minutes
at room temperature and again centrifuged with washing buffer. Two other washing steps held
water was added to the spin column and RNA was eluted by centrifugation for 1 minute into a new
collection tube. Total RNA of each sample was measured with DS-11 Spectro-photometer
(DeNovix, Wilmington, USA).
Reverse transcriptase qPCR. The iScript cDNA Kit (BioRad) was used for cDNA synthesis,
ng random primers were used. qPCR was performed with CFX Connect Real-Time System
. E-CAD, VEGF, PHD3,
-actin) primers were used (IDT, Leuven,
alues were exported from CFX Manager
(BioRad) for analysis. Gene-specific mRNA expression was normalized against ACTB
expression, see Statistical analyses.
Primers. The forward and reverse primers used were as follows:
E-CAD
-GACAAC AAGCCCGAATT-GGAAACTCTCTCGGTCCA- ;
VEGF
-TGCCAAGTGG TCCCAG-GTGAGGTTTGATCCGC-3';
PHD3
-GATGCTGAAGAAAGGGC -CTGGCAAAGAGAGTATCTG- ;
CCND1
-GGAGGAGAACAAACAGATCA-GTAGGACAGGAAGTTGTTGG- ;
BNIP3
-TTCTGAAAGTTTTCCTTCCA-TGTTGCAAGCTCAGAAGTAA- ;
CAIX -GATCTGCCCAGTGAAGAGGA-TGTGGGCATTATTCTGGGGT- ;
CAXII -AGTACAAAGGCCAGGAAGCA-CTTGCACTTGGGAGAAGGAG- ;
EDN1 -TCTCTCTGCTGTTTGTGGCT-CCAGGTGGCAGAAGTAGACA- ;
ACTB
-AGAGGCGTACAGGGATAGCA-

Gel electrophoresis and Western blotting. To test primer function (supplementary figure
1), PCR products of 786-0/VHL cDNA were loaded on a 2% agarose gel for electrophoresis. The
gel was stained with midori green nucleic acid staining solution (Nippon Genetics, Düren,
Germany). A 1 kb reference ladder (BioRad) was used. For Western blotting, total lysates of equal
amounts of 786-0 and 786-0/VHL cells in Laemmli sample buffer containing bromophenol blue,
and a broad range marker (BioRad), were loaded on a 12,5% polyacryl gel with 0,1% SDS for
electrophoresis (SDS-PAGE). Proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane, which was subsequently blocked by milk proteins and washed in Tris-buffered saline
with Tween 20 (TBS-T) buffer. Enhanced chemiluminescence (ECL) was used for detection of
pVHL. Incubation with monoclonal mouse anti-pVHL (#556347 BD Bioscience, New Jersey,
USA), secondary anti-mouse antibody conjugated to horseradish peroxidase (#1706516 BioRad)
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and treatment with ECL substrate (PerkinElmer, Groningen, The Netherlands) enabled
visualization.
Statistical analyses. Growth assay data were plotted and analysed in IBM SPSS Statistics
23.0 (Armonk, USA) with independent-samples t tests (two-tailed), univariate ANOVA and partial
correlation analysis. For analysis of the RT-qPCR data, Cq values were exported to Excel for linear
regression on the calibration samples to determine gene expression values for all samples. Mean
(M), standard deviation (SD) and standard error of
the mean (SEM) of relative gene expression (mRNA/ACTB) and fold increases upon DFO
exposure were calculated. Subsequent two-sample t tests for summary values were performed in
EpiTools [29]. Significance level was determined 0.05 for all analyses.
The 786-0 VHL-defective RCC cell line [13, 14, 17] and a 786-0 cell line stably transfected with
WT VHL (786-0/VHL) were used in all experiments. First, the effect of severe iron deficiency on
cell proliferation and vitality were examined by a growth assay. DFO was used to induce iron
deficiency. Therefore 786-0 and 786-0/VHL
medium or control medium for 42 hours. Cell counts were performed afterwards (figure 2A-D).
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The addition of DFO to the medium led to significantly lower numbers of cells in both manually
counted 786-0 (t(6)=4.05, p=0.015) and automated or manually counted 786-0/VHL cell plates
gnificant for all
comparisons, so equality of variances could be assumed). Furthermore, manual cell count
significantly differed between 786-0 and 786-0/VHL cells while controlled for DFO concentration
(F(12)=17.04, p=0.003; partial correlation of WT VHL
that the 786-0/VHL cells generally grow better than the pVHL-deficient 786-0 cells, but that severe
iron deficiency de-creases cell growth of both cell lines.
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Secondly, the effect of moderate iron deficiency was measured in a DFO dose-response
growth was determined from control cells in medium without DFO. After 19 hours of incubation,
cell counts of effectively all DFO concentrations of both cell lines were below baseline levels
(supplementary figure 2). After 42 hours, all 786decreased growth compared to the control in a concentration-dependent manner. A similar pattern
was observed with 786-0/VHL cells, although the minimum concentration to reduce growth
-0 cells incubated in DFO up to
caused severe
-0/VHL cells on the other hand survived
the vitality of VHL-deficient RCC cells, whereas the same cells
expressing normal VHL can resist moderate iron deficiency better.
Next, we wondered whether iron deficiency affects the expression of HIF target genes. Eight
HIF target genes that have previously been described as pVHL/HIF regulated genes in RCC cell
lines [13, 14, 17, 30] were selected, and VEGF, PHD3, EDN1, CCND1, CAIX, CAXII and BNIP3
were
or control medium for 24 hours and subsequently lysed for analysis. Western blotting confirmed
the presence of pVHL in 786-0/VHL but not in 786-0 (figure 3A; note that VHL has two in-frame
start codons, which facilitate translation of 19 kDa and 30 kDa pVHL, respectively). Total RNA
content reflected the differences in cell vitality as observed in the growth assays (see
supplementary figure 3). RNA concentrations were standardized and mRNA expression of the
selected HIF target genes relative to ACTB mRNA was quantified by RT-qPCR. Iron deficiency
increased the expression of nearly all target genes in both 786-0 and 786-0/VHL cells (figure 3B,
supplementary table 1). Remarkably, only cyclin D1 (CCND1) expression decreased in 786-0 cells
upon DFO exposure. Downregulation of cyclin D1 prevents progression through the cell cycle G1
phase, which could explain the decrease in cell proliferation as observed in the growth assays.
Expression patterns should be interpreted as integrated effects of iron deficiency on HIF-dependent
and alternative mRNA regulation. The overall pattern in figure 3B suggests an increase in HIF
activity upon iron deficiency in both 786-0 and 786-0/VHL.
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In order to understand the effects of iron deficiency on the pVHL/HIF pathway, the fold
increases in gene expression upon DFO exposure were compared between 786-0 and 786-0/VHL.
The WT pVHL expressed in 786-0/VHL cells should be able to downregulate HIF- nder normal
circumstances, but iron deficiency will decrease hydroxylation and thus prevent recognition of
HIFpVHL/HIF model. On the other hand, VHL-defective 786-0 cells presumably fail to regulate HIF
via the pVHL/HIF pathway regardless of iron levels. The impact of iron deficiency on HIF target
gene expression was therefore predicted to be relatively larger for 786-0/VHL cells compared with
786-0 controls. Table 1 shows the relative difference in mRNA fold increase between the cell types
upon DFO exposure. The fold increase in gene expression is indeed persistently larger in 7860/VHL cells compared with 786-0, and shows significant differences for some of the genes (Table
1). It is therefore likely that the pVHL/HIF pathways explains part of the aberrant gene expression
induced by severe iron deficiency.
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Iron deficiency is observed in some VHL patients, but its clinical relevance is unclear. We have
used RCC cells to study the effects of iron deficiency on cell vitality and expression of HIF target
genes, because these are believed to underlie the pathogenesis of VHL. Our results show that iron
deficiency affects cell proliferation and increases the aberrant expression of HIF target genes in a
VHL cell line model. This means that iron deficiency can reinforce these pathogenic molecular
mechanisms of VHL in vitro.
The effects on HIF target genes in our experiments are contributed to both pVHL-dependent
and pVHL-independent alterations in HIF activity, as the large increases in mRNA expression of
target genes were observed in both VHL-defective and WT VHL transfected cells. Nevertheless,
the cells re-expressing WT VHL showed a relatively higher increase in target gene expression.
This indicates that iron deficiency affects the pVHL/HIF pathway as hypothesized according to
the molecular mechanisms of HIF regulation. However, we also observed an apparent increase in
HIF activity that could not be explained by the pVHL/HIF pathway, which may point towards
alternative mechanisms of iron-dependent HIF regulation that we do not completely understand.
pVHL-independent mechanisms of HIF regulation related to cell growth and calcium balance have
been proposed (see review [31]). With regard to regulation by iron, Sanchez and colleagues have
suggested that the presence of iron facilitates HIF-responsive
-gion24. This would imply that iron deficiency
downregulates the activity of HIFwhich seems contradictory. We still contribute the increased gene expression to an increase in HIF
activity, although we did not measure HIF levels in our experiments. It remains likely that HIFor HIFexample.
Finally, HIF-independent mechanisms cannot be ruled out. The observations in the growth
assay may be mediated by other pathways affected with iron status, which is supported by the
unexpected decrease in cyclin D1 expression. Although this deviation of the pattern was only
observed in 786-0 cells, it is reasonable to assume that similar mechanisms of downregulation took
place in the 786-0/VHL transfected cells (based on the observations that both cells show decreased
growth upon DFO exposure) and that HIF-mediated gene transcription overrode the effect here.
Similar HIF-independent effects may have contributed to the varied outcomes in relative mRNA
expression of other genes. The fold increase upon DFO exposure is therefore not necessarily
representative of the magnitude of effect of iron deficiency on HIF. Increased HIF activity is likely
to be the major cause of enhanced target gene expression, but other factors are probably involved
as well.
Regardless of the mechanistic explanations, the outcomes of this study provide insight in the
potential risks of iron deficiency in the context of VHL. Impaired pVHL functionality makes cells
susceptible to pathological gene expression alterations and possibly cell death when iron levels are
low. The residual function of pVHL depends on the type of mutation that is present in the patient,
and many prevalent point mutations are also known to leave HIF recognition partially intact [32,
33, 34]. In such cases, the cells may resist iron deficiency slightly better. However, the risk of
aberrant HIF target gene expression is relatively increased, because the residual function of the
pVHL/HIF pathway requires iron. These preliminary conclusions should be drawn with caution,
because other physiological roles of pVHL were disregarded in our experiments and might have
played a role. Transfection of RCC cells with mutated VHL-constructs in addition to the control
with WT VHL cDNA would provide more insight.
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The experimental design of this study has several limitations. First, the WT VHL transfected
cells could have developed independently from the original cell lineage, as suggested by the
differences in baseline level gene expression profile. It is unknown to what extent these differences
and the differences in growth reflect the effect of pVHL, and to what extent they reflect
idiosyncrasies of the cell lines. The transfected cell line may be transformed during previous
passages, so that direct as well as long-term effects of the VHL-construct on the cell are involved.
Rescue experiments of the 786-0 cells with WT VHL, empty vector and loss-of-function VHL
mutations would enable strengthening of our observations. It can also be concluded from these
observations that the model cell line is crucial in gene expression experiments. It would therefore
be appropriate to repeat the experiments in one or more different patient-derived VHL-deficient
cell lines, such as RCC10 [30] or RCC4 [33].
Next, we simulated iron deficiency indirectly via exposure of the medium to DFO. Although
we found concentration dependent effects of DFO on cell growth, gene expression analyses after
lower concentrations of DFO exposure are lacking. It therefore remains unclear how HIF target
genes are affected by more moderate changes in iron concentration, and how the relative
contribution of pVHL-dependent pathways may change. Furthermore, it cannot be directly
determined how these findings translate to the relevance of physiological alterations in ferritin
levels.
Lastly, it is important to emphasize the multifactorial aspects of iron deficiency in vivo, which
makes predictions about phenotypical consequences complicated. For example, the differences in
HIF target gene expression in mononuclear blood cells of Chuvash patients between patients with
normal ferritin and patients with low ferritin were quite inconsistent: some genes were upregulated
(among which BNIP3 and carbonic anhydrases), but others were downregulated (such as VEGF)
[22, 23]. The differences with our results might be explained partially by differences in model
systems, the use of relatively high doses of iron chelator in our experiment or idiosyncratic factors
in the clinical studies. However, the most likely explanation is that long-term low ferritin levels in
vivo induce other alterations in various tissues and the extracellular environment to which cells are
exposed. These types of secondary effects that are observed in clinic cannot be investigated in
isolated systems. Iron homeostasis and oxygen homeostasis mutually interact: we observed pVHLindependent effects of iron on HIF target genes, and multiple components of iron homeostasis are
in turn regulated by HIF [25]. It is clear that this in vitro study provides limited information about
integrated effects. To gain a better understanding of the effects of iron deficiency on pathological
changes in phenotype associated with VHL, we suggest future studies using in vivo model systems.
Such VHL models have been established previously, for example in zebrafish [36].
To our knowledge, no literature has addressed the potential risks of iron deficiency in VHL
patients. The findings of this study are an important first indication that low iron levels can induce
growth and gene expression effects in VHL-defective renal cell carcinoma cells. Future in vivo
studies could provide more insight in the clinical relevance of our observations for VHL patients.
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