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Abstract

Background: The epidermal growth factor (EGF) system plays an important role in the
development and function of the kidneys. Studies have suggested this system to protect
against acute renal injury and to prevent the progression of chronic kidney disease. We have
demonstrated that cobalamin (Cbl) modulates the expression of the EGF system in mouse
spinal cord. Here, we explore the effects of Cbl treatment on the mouse kidney expression of
members of the EGF system comparing these with the expression in the submaxillary gland
and liver. Methods: Following four weeks of administrating different doses of Cbl, we
analysed kidney, submaxillary gland, and liver mRNA levels of the four EGF system
receptors and the activating ligands EGF and heparin-binding EGF-like growth factor using
quantitative reverse transcription-PCR. In addition, we analysed mRNA expression of the
renal tubular injury markers, kidney injury molecule-1 and neutrophil gelatinase-associated
lipocalin. Results: In controls, kidney expression of EGF system receptors and ligands was
similar to or more than twice the levels in the submaxillary gland. A relatively high
expression of the EGF receptor was observed in liver tissue, but only low or no expression of
other EGF related molecules. Treatment with Cbl decreased expression of the EGF system in
the kidneys in a dose-dependent manner, while no or little change was observed in other
organs. No alterations were observed in the markers of kidney tubular injury after Cbl
administration. Conclusions: Our results show modulation of the renal EGF system
expression in mice following long term Cbl administration. This may have implications for
prevention of progressive kidney disease. In addition, differences in the expression of the
EGF receptors and ligands in liver, submaxillary gland and kidney were demonstrated.
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Introduction

The epidermal growth factor (EGF) system
consists of four receptor tyrosine kinases
(EGF receptor (EGFR), HER1, HER2, HER3
and HER4) and more than ten ligands
including EGF and heparin-binding EGF-
like growth factor (HB-EGF) [Melenhorst et
al, 2008]. EGF binds only EGFR, whereas
HB-EGF binds both EGFR and HER4. Many
members of the EGF system are expressed
in the kidney both during development and
in adulthood [Melenhorst et al., 2008; Zeng
et al,, 2009]. In addition to playing a role in
kidney development, EGF, HB-EGF, and
EGFR  appear to regulate renal
hemodynamics, glomerular filtration rate,
and renal sodium and magnesium
reabsorption [Zeng et al., 2009], although
the exact mechanisms and functional
implications have not been fully
expounded. Recent studies have shown
that the EGF system may be an important
modulator, both in the recovery from acute
kidney injury and in the progression of
chronic kidney disease. Thus, targeting the
EGF pathway may benefit patients with
kidney dysfunction [Tang et al., 2013].

We previously showed that cobalamin
(Cbl) loading induces an altered expression
pattern of the EGF system in the spinal cord
of rodents [Mutti et al., 2013]. As a result of
tubular reabsorption, high levels of Cbl are
accumulated in the rodent kidney [Hygum
et al,, 2011; Lildballe et al., 2012]. Based on
these observations, we hypothesize that
Cbl may exert physiological effects
modulating the EGF system in the kidney.
Liver and submaxillary gland were also
analysed for comparison purposes. They
both play a primary role in the Cbl
metabolism even if the accumulation after
microinfusion treatment is not pronounced
[Lildballe et al., 2012; Mutti et al., 2013].

We investigated the effect of four weeks
administration of high and very high doses
of Cbl on the expression of the four EGF
receptors and two ligands (EGF and HB-
EGF) in mouse kidney, liver, and
submacxillary gland. We further evaluated
the effect of Cbl on the renal expression of
the injury markers, kidney injury molecule-

1 (KIM-1) and neutrophil gelatinase-
associated lipocalin (NGAL).

Methods

Study design

Organ samples were retrieved from two
previous studies [Lildballe et al., 2012;
Mutti et al, 2013a]. In the first study
[Lildballe et al.,, 2012], mice were treated
for four weeks using osmotic minipumps
filled with either 0.9 % NaCl (control mice
very high dose (n=7)) or 40 nmol/day
cyanocobalamin (CNCbl) (Cbl-very high
dose mice (n=7)). The study design for the
second study [Mutti et al, 2013a] was
similar to the first one, except that mice
were treated with 3.5 nmol/day CNCbl
(Cbl-high dose mice (n=7)). In accordance
with the first study, the controls were
treated with 0.9 % NaCl (control mice-high
dose, n=5). All animal experiments were
carried out in accordance with provisions
for the animal care license provided and
approved by the Danish National Animal
Experiments Inspectorate (provision no
2010/561-1855).

Analysis of gene transcription level
RNA extraction and cDNA synthesis

Aliquots (20-30 mg) of frozen tissue were
used for extraction of RNA. Total RNA was
purified using QIAamp RNA Blood Kkit®
(Qiagen, Merck Eurolab A/S, Albertslund,
Denmark), and the fully automated
QIAcube (Qiagen) was used according to
the instructions given by the manufacturer.
All samples were treated with DNase using
the RNase-Free DNase Set® (Qiagen). After
purification, RNA concentration was
determined by optical density at
wavelengths of 260 nm by use of a
GeneQuant II® (Pharmacia Biotech,
Cambridge, England).

0.1 pg of RNA (1 pL) was mixed with 5 pL
MgCl,25 mM, 2 pL10 x PCR buffer II, 1
puL Oligo d(T)is 50 pM, 8 uL 10
mMdNTPmix
(dATP/dTTP/dCTP/dGTP), 1 uL MuLV
(Moloney murine Leukaemia Virus)
reverse transcriptase (50 U/mL), 1 uL
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RNase inhibitor (20 U/mL), and 1 pL
water in a total volume of 20 pL (all
reagents from Applied Biosystems,
Carlsbad, CA). cDNA was synthesised
by incubation at 42°C for 30 minutes,
and the process was stopped by 99°C
for 5 minutes. cDNA was either
analysed immediately or stored at
-20°C.

Quantitative reverse transcription-PCR

Quantitative reverse transcription-PCR was
performed as described previously [Mutti
et al, 2013], however, this time not
including the markers of kidney injury
(KIM1 and NGAL). For KIM1 and NGAL, 1
uL cDNA synthesised, as described above,
was mixed with 5 pL. SYBR Green (Light
Cycler 480 SYBR Green 1 Master, Roche,
Indianapolis, USA), 1 uL. 5 pmol/uL forward
and reverse primers, and RNase free H,0 to
a volume of 10 pL. The PCR programme
was conducted as follows: preincubation
for 10 minutes at 95 °C followed by 40
cycles of: 10 sat 95 °C, 20 s at 60 °C, and 30
s at 72 °C. Calibration, positive and
negative samples were included in each
run. RNA extracted from a pool of liver
samples from control mice was used as a
calibrator control for mouse EGFR and
HER3, whereas RNA extracted from a pool
of kidney samples from control mice was
used as a calibrator for all the other genes.
The calibration curves for each of the
mRNAs examined were constructed from
serial dilutions of RNA from the different
sources. The primer sequences of genes
involved in the mouse EGF system have
previously been published [Mutti et al.,
2013].The primer sequences used for KIM-
1 and NGAL were 5'-
AAACCAGAGATTCCCACACG-3"  (forward
primer), 5-TGTCACAGTGCCATTCCAGT-3’
(reverse primer) for KIM-1 and 5°-
CCAGTTCGCCATGGTATTTT-3"  (forward
primer), 5-GGTGGGGACAGAGAAGATGA-3’
(reverse primer) for NGAL.

The mRNA levels were quantified using
LightCycler 480 (Roche A/S, Hvidovre,

Denmark) software version 3.3 with the
second derivative maximum method of
quantification.

mRNA was expressed relative to the
expression of B-actin. In order to compare
the levels obtained from different organs in
control mice, the mRNA level was
expressed relative to the mean value of the
kidney. To explore the changes induced by
treatment with Cbl, all mRNA values were
expressed relative to the mean obtained for
the same organ in controls. Since the
results showed little or no deviations
between the two doses of Cbl for liver and
submaxillary gland, data from the two
experiments were pooled, while data for
the kidney was treated independently for
each of the groups treated with different
doses of Cbl.

Statistical analysis

Non-parametric Wilcoxon tests were used
to compare data from quantitative reverse
transcription-PCR [Yuan et al.,, 2006]. The
calculations were performed using
Microsoft Office Excel 2003 and Graph Pad
Prism 4. An o-level of 0.05 or less was
considered the limit of statistical
significance in all of the tests.

Results

We analysed the expression of the EGF
system in Cbl-accumulating organs of mice
after four weeks of infusion with sodium
chloride (controls), 3.5 (high) or 40 (very
high) nmol Cbl per day.

The results of the combined groups of
control mice are shown in Figure 1. EGFR is
highly expressed in the liver when
compared to kidney and submaxillary
gland, while an almost equal expression of
HER3in the three organs is observed.
HER2, HER4, EGF and HB-EGF show the
highest expression in the kidney, followed
by the submaxillary gland. The liver shows
a low expression of HER2 and HB-EGF,
while no HER4 and EGF could be detected.
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Figure 1: Transcript levels of EGF system genes in control mice.

The columns show mean (+SEM) mRNA
levels determined by quantitative reverse-
transcriptase -PCR and expressed relative
to mean Kkidney expression of the
appropriate controls. The results from the
two control groups, (high (n=5) and very
high (n=7) Cbl dose), are depicted together
for each organ. Non-parametric Wilcoxon
tests were employed to calculate significant
differences; *p<0.05, **p<0.01, ***p< 0.001
refer to the differences of expression in the
kidney, $p<0.001refers to the difference
between expression in the liver and the
submaxillary gland. EGFR, epidermal
growth factor receptor; HER2, HER3 and
HER4: epidermal growth factor receptor 2-
4, EGF: epidermal growth factor, HB-EGF,
heparin-binding EGF-like growth factor,
submax, submaxillary gland

Treatment with Cbl led to changes in the
expression of the EGF system in the

kidneys, while only minor changes were
observed in the other two organs.
Consequently, the results using the two
different doses of Cbl are combined for
submacxillary gland and liver (Figure 2). In
the kidneys, all analysed components of the
EGF system showed a dose-dependent
decline in the mRNA expression profiles;
and for HER2, HB-EGF, and EGF, the decline
was significantly greater in animals treated
with very high- doses compared to high
doses of Cbl. To explore whether the
altered kidney expression of the EGF
system induced kidney tubular damage, we
examined the expression of KIM-1 and
NGAL. No significant changes were
observed in the transcription levels of the
two markers following treatment with Cbl
(Figure 3)
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Figure 2: Changes in transcript levels of the EGF system genes after
treatment of mice with Cbl.

Kidney, liver and submaxillary gland were
removed from mice treated for 28 days
with a high dose of Cbl (3.5 nmol/day, N=7)
or saline (controls N=5) and in mice
treated with a very high dose of Cbl (40
nmol/day, N=7) or saline (controls
N=7).The columns in front show mean
(+SEM) mRNA levels determined by
quantitative reverse-transcriptase-PCR and
expressed relative to mean expression in
the respective organs of the appropriate
controls. The grey background columns
show the mean (+SEM) for the controls.
The data from the two types of Cbl
treatment, (high (h) and very high (vh)
dose), in the submaxillary gland and liver

were pooled, since the results did not differ
significantly between the two groups. Non-
parametric Wilcoxon tests were employed
to calculate significant differences; *p<0.05,
**p <0.01, **p < 0.001 refer to the
differences compared to control
animals;$¥p<0.005 refers to the difference
compared to the high dose.

EGFR, epidermal growth factor receptor;
HER2, HER3 and HER4: epidermal growth
factor receptor 2-4, EGF: epidermal growth
factor, HB-EGF, heparin-binding EGF-like
growth factor, Kid h, kidney Cbl high dose;
Kid vh, kidney Cbl very high dose; submax,
submaxillary gland.
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Figure 3: Changes in transcript levels of the two markers of renal tubular injury(NGAL
and KIM1) after treatment with Cbl.

Kidney was removed from mice treated for
28 days with a high dose of Cbl (3.5
nmol/day, N=7) or saline (controls N=5)
and mice treated with a very high dose of
Cbl (40 nmol/day, N=7) or saline (controls
N=7). The columns in front show mean
(+SEM) mRNA levels determined by
quantitative reverse-transcriptase-PCR and
expressed relative to mean expression in
the appropriate controls. The grey
background columns show the mean
(+SEM) for the controls. Non-parametric
Wilcoxon tests revealed no significant
difference between controls and treated
groups. Kid h, kidney Cbl high dose; Kid vh,
kidney Cbl very high dose.

Discussion

We show differential expression of the EGF
system in mice kidney, submaxillary glands
and liver, and that in the kidney, the mRNA
levels of this system can be significantly
decreased upon four weeks of treatment
with very high or high doses of Cbl. We
have previously demonstrated that

treatment with very high or high doses of
Cbl induces respectively a 4-fold and a3.5-
fold increase in the Cbl content of the
kidney [Lildballe et al., 2012; Mutti et al,,
2013al].

The correlation between EGF and Cbl
status was originally suggested by
Scalabrino and co-workers showing a
decrease in the expression of EGF and
EGFR in the central nervous system of Cbl-
deficient rats [Scalabrino et al., 1999; Mutti
et al,, 2011]. Recently, we expanded these
studies also showing alterations in the
expression of HER3 and some EGF-ligands
in the spinal cord of mice treated with Cbl
for several weeks [Mutti et al., 2013].

In this study we identify, for the first time, a
dose-dependent decline in mouse Kkidney
expression of receptors and ligands of the
EGF system upon four weeks treatment
with Cbl. The wunderlying molecular
mechanisms are unknown; however, one
may speculate that it is related to
accumulation of Cbl in the kidney [Mutti et
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al, 2013; Lildballe et al, 2012]. It is
unlikely that down-regulation of the EGF
system in Cbl-loaded mice is due to an
increase in DNA methylation as a result of
an increased activity of methionine
synthase [Scalabrino et al, 2008; Bird,
2002] since we observed a significant
increase in plasma homocysteine levels in
the group of mice treated with very high
doses of Cbl [Lildballe et al., 2012]. As an in
vitro study demonstrated that EGF
positively regulates the level of its own
receptor [Thompson and Rosner, 1989], we
could hypothesize that the EGFR decrease
is a consequence of the down-regulation of
EGF observed in mice loaded with very
high doses of Cbl.

In acute kidney injury, members of the EGF
system have been suggested as important
mediators of renal repair [Humes et al,
1989; Sakai et al., 1997; Hirschberg and
Ding, 1998]. In chronic kidney disease,
however, the EGF-system has been
implicated in the progressive loss of renal
function by promoting interstitial fibrosis,
tubular atrophy and glomerular injury
[Terzi et al. 2000; Chen et al., 2012; Liu et
al, 2012; Tang et al, 2013]. So far, no
studies have demonstrated a beneficial or
detrimental effect of Cbl in kidney disease.
In a study evaluating the effect of vitamin B
supplementation, including vitamin Biz, on
diabetic kidney disease, a greater decline in
renal function was observed in patients
treated with vitamin B compared to
placebo, in particular in patients with a
baseline GFR<50 ml/min/1.73 m2 [House
et al,, 2010; Spence, 2013]. Whether this is
related to Cbl supplementation or Cbl-
induced changes in the EGF-system is
unknown, but our data suggest that this
should be further explored. Our finding of
no change in the renal expression of KIM-1
and NGAL suggests that even very high
doses of Cbl are not nephrotoxic in mice.

EGF and its receptors were the first
components of the EGF system to be
discovered. Originally, EGF was isolated
from the submaxillary glands [Cohen,
1960], and, subsequently, observed in the
urine of both man and mice [Starkey et al.,
1975; Lakshmanan et al, 1990]. For a
number of years, the origin of urinary EGF

was debated, but it was finally concluded
that it derives from the kidney [Jgrgensen
et al,, 1990]. Our data support this view.
We found mRNA encoding EGF to be far
more abundant in the kidney than the
submacxillary gland. This is supported by
another study revealing more modest
differences in the expression of the EGF
system [Gubits et al, 1986]. Except for
EGFR, the kidney expressed the highest
level of all receptors and ligands examined
even in the adult mice suggesting an
important physiological role. This is
interesting in the light of the documented
importance of the EGF system for
nephrogenesis and renal maintenance.
EGFR knockout mice reveal impaired renal
epithelial development, and the EGF
system is crucially involved in renal
hemodynamics and electrolyte
homeostasis [Melenhorst et al., 2008, Zeng
etal, 2009].

The EGFR was initially identified in cell
cultures [Haigler et al, 1978], but,
subsequently, it was shown to be abundant
in both placenta and liver [Sahyoun et al.,
1978; Hock et al., 1979]. Our data show the
highest amount of mRNA coding for EGFR
is in the liver with relatively low levels
ofHER2 and no HER4 or EGF mRNA. The
presence of EGFR and its abundance in the
liver is consistent with the previous reports
[Carver et al., 2002; Mutti et al., 2011] and
with its role as a critical regulator of
hepatocyte proliferation mediating efficient
G1-S transition during regeneration [Skov
Olsen et al.,, 1988; Natarajan et al.,, 2007].

In conclusion, our study demonstrates
tissue-dependent expression of the EGF
system in mice. In addition, our results
suggest that Cbl treatment modulates the
kidney expression of the EGF system. This
may have implications for the prevention of
renal diseases.
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