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Screen for alterations of iron related parameters in N-ethyl-
N-nitrosourea-treated mice identified mutant lines
with increased plasma ferritin levels
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Abstract Iron is essential for numerous cellular
processes. For diagnostic purposes iron-related param-
eters in patients are assessed by clinical chemical
blood analysis including the analysis of ferritin,
transferrin and iron levels. Here, we retrospectively
evaluated the use of these parameters in the pheno-
type-driven Munich N-ethyl-N-nitrosourea mouse
mutagenesis project for the generation of novel animal
models for human diseases. The clinical chemical
blood analysis was carried out on more than 10,700 G1
and G3 offspring of chemically mutagenized inbred
C3H mice to detect dominant and recessive mutations
leading to deviations in the plasma levels of iron-
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related plasma parameters. We identified animals
consistently exhibiting altered plasma ferritin or
transferrin values. Transmission of the phenotypic
deviations to the subsequent generations led to the
successful establishment of three mutant lines with
increased plasma ferritin levels. For two of these lines
the causative mutations were identified in the
Fthigene and the Ireb2 gene, respectively. Thus,
novel mouse models for the functional analysis of iron
homeostasis were established by a phenotype-driven
screen for mutant mice.
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Introduction

Iron with its two oxidation states of Fe*" and Fe’" is
essential for basic cellular processes and necessary for
the function of hemoglobin. The potential of iron to
produce toxic oxygen radicals is precluded by the tight
control of intestinal iron absorption as well as by iron
transport and storage in a nonreactive state involving
ferritin and transferrin. Clinical chemical blood ana-
lysis including ferritin, transferrin and iron as com-
monly used parameters is routinely applied to evaluate
iron homeostasis in patients.

Ferritin is a heteropolymer of 24 subunits of heavy
chain (H) and light chain (L) monomers, thereby
forming a spherical cage-like structure which can hold
more than 4,000 iron atoms. H ferritin is slightly larger
than L ferritin. It is a ubiquitously expressed intracel-
lular protein, which is responsible for the sequestration
of potentially harmful, reactive iron thereby acting as
an antioxidant protein. A small amount is released into
the extracellular fluid. Plasma ferritin is mainly
composed of L-ferritin and relatively iron-poor.
Plasma levels have been shown to be positively
correlated with total body iron stores. This parameter
is therefore widely used to estimate body iron load
(Beutler et al. 2002; Cohen et al. 2010). Ferritin also
serves as a marker in multiple other conditions
including inflammatory, neurodegenerative and
malignant diseases as well as angiogenesis, but many
fundamental aspects of the biology of plasma ferritin
are still unclear. Ferritin production and degradation
are regulated on the transcriptional and posttranscrip-
tional level by different pathways in response to
various stimuli (reviewed in (MacKenzie et al. 2008;
Muckenthaler et al. 2008)). While increased ferritin
levels are an indicator of moderate sensitivity and
specificity for iron status, only two conditions besides
iron deficiency, namely hypothyroidism and ascorbate
deficiency, have been described as being associated
with decreased ferritin values ((Knovich et al. 2009)
and refs. therein, (Wang et al. 2010)).

Transferrin is mostly produced in hepatocytes and
actively secreted into the blood. The mammalian
transferrin is able to bind two iron atoms and delivers
iron to cells bearing specific transferrin receptors.
Serum transferrin levels rise in response to iron
deficiency anemia and transferrin saturation is
decreased in this condition (Andrews 2008; Bermejo
and Garcia-Lopez 2009).
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Humans and mice harbor genes for transferrin (TF,
chr. 3, 133.4 Mb; Trf, chr. 9, 103.2 Mb), H ferritin
(FTHI, chr. 11, 61.7 Mb; Fthl, chr. 19, 10.0 Mb) and
L ferritin (FTL, chr. 19, 49.5 Mb; Ftll, chr. 7,
45.5 Mb) as well as several pseudogenes of H and L
ferritin (http://www.ensembl.org). Specific mutations
of ferritin and transferrin are known to cause human
iron disorders (Andrews 2008). Recently, genome-
wide association studies were carried out using plasma
ferritin, transferrin and iron for the identification of
novel alleles determining iron homeostasis traits in
humans (Benyamin et al. 2009; McLaren et al. 2011,
2012; Tanaka et al. 2010).

Biomedical research using mice as the animal
models of choice includes the search for new alleles
predisposing for or protecting against specific dis-
eases. One strategy applied to identify novel
disease-related alleles is the random chemical
mutagenesis of a large number of animals followed
by systematic screening for clinically relevant
disease phenotypes. The most widely used mutagen
is N-ethyl-N-nitrosourea (ENU) that exerts its
mutagenic action on premeiotic spermatogonial stem
cells. This allows the production of a large number
of randomly mutant offspring from treated males.
ENU predominantly induces point mutations which
results in allelic series for the functional analysis of
genes (Hrabé de Angelis et al. 2007). ENU mouse
mutagenesis projects were established for the sys-
tematic, genome-wide, large-scale production and
analysis of mouse mutants as model systems for
inherited human diseases. They used appropriate
routine procedures allowing the screening of large
numbers of mice for a broad spectrum of parameters
(Cordes 2005; Hrabé de Angelis et al. 2000; Nolan
et al. 2000). Mutant lines were established for
various phenotypic parameters. ENU-induced mice
with the causative mutation already identified are
successfully used in different areas of biomedical
research ((Barbaric et al. 2007; Takahasi et al. 2007)
and refs. therein).

In the Munich ENU mouse mutagenesis project, a
standardized screening profile of clinical chemical
blood parameters was established for the analysis of
offspring of mutagenized inbred C3H mice in order to
detect phenotypic variants with defects of diverse
organ systems and/or changes in metabolic pathways
(Gailus-Durner et al. 2005; Rathkolb et al. 2000). Here
we retrospectively evaluated the generation of mutant
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lines exhibiting deviations from the normal range of
plasma ferritin, transferrin and iron.

Materials and methods
Mutagenesis and breeding of mice

The experiments were carried out on the inbred
C3HeB/Fe] (C3H) genetic background as described
(Hrabé de Angelis et al. 2000; Mohr et al. 2004). Ten-
week-old male mice (=generation G0) were injected
intraperitoneally with ENU (three doses of 90 mg/kg
in weekly intervals) and used to produce G1 and G3
offspring which were phenotypically analysed.

The screen for dominant mutations was performed
on G1 animals which were derived from the mating of
the mutagenized GO males to wild-type C3H females.
G1 mice exhibiting an abnormal phenotype were again
mated with wild-type C3H mice to analyse the
inheritance of the observed abnormal phenotype in
the G2 generation.

The screen for recessive mutations was carried out on
G3 mice produced in a two-step breeding scheme from
Gl mice. Gl males were mated to wild-type C3H
females for the production of G2 animals. Subsequently,
6-8 G2 females were backcrossed to the G1 male to
produce the G3 mice of the pedigree. The analysis of the
inheritance of an observed abnormal phenotype in G3
mice was done on G5 mice. Therefore, the affected G3
mouse presumably harboring a homozygous recessive
mutation was mated to a wild-type mouse for the
production of the presumably heterozygous mutant G4
mice with an inconspicuous phenotype. Subsequently,
the G5 mice derived from the intercross of G4 mice were
tested for the abnormal phenotype. Alternatively, G5
mice derived from the backcross of a G4 mouse to the
affected G3 animal were examined.

After the identification of the causative mutation,
the provisional names of the established lines will be
replaced according to the official nomenclature.
Mouse husbandry was done in two different mouse
facilities under a continuously controlled specific
pathogen-free (SPF) hygiene standard according to
the FELASA recommendations (Nicklas et al. 2002)
(http://www .felasa.eu). All animal experiments were
carried out under the approval of the responsible ani-
mal welfare authority (Regierung von Oberbayern,
Germany).

Clinical chemical analysis

Ferritin and transferrin as screening parameters were
included in the screening panel during later stages of
the Munich ENU mouse mutagenesis project, while
iron levels were measured only inconstantly in some
animals of the project.

Plasma from three-month-old G1 and G3 mice was
analyzed for ferritin, transferrin and iron. In the cases
where altered values below or above the normal range
appeared, the mice were retested after three weeks.
Blood samples were obtained by puncture of the retro-
orbital sinus under general short-term anesthesia.
Plasma from Li-heparin treated blood was analyzed
using the Olympus AU400 autoanalyzer (Olympus,
Hamburg, Germany) and the reagents for human
samples (Olympus). Calibration and quality control
were performed according to the manufacturer’s
protocols. Due to methodological changes in the
ferritin test kit during the ongoing project, ferritin
values were measured in the first time period with kit
A and in the second time period using kit B (see
Table 1). Measurements of the animals in the first test
were always done on 1:2 diluted samples, resulting in
about 4 % of measured ferritin values and 9 % of
measured transferrin values in diluted samples below
the lower limit of the linear measurement range. The
samples used for the retests and the samples collected
from offspring of test-crosses or maintenance breeding
of mutant lines were measured either undiluted or
diluted appropriately to achieve values within the
linear range.

In addition, the clinical chemical screen of plasma
samples included the measurement of substrates
(cholesterol, creatinine, glucose, total protein, triglyc-
erides, urea, uric acid), electrolytes (calcium, chloride,
inorganic phosphorus, potassium, sodium) and
enzyme activities (alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, o-amylase,
creatine kinase).

Analysis of hematological parameters was done
using an Animal Blood Counter (Scil, Viernheim,
Germany) validated by the manufacturer for the
analysis of mouse blood. In EDTA-treated blood, the
following hematological parameters were directly
measured: red blood cells: hemoglobin (HGB), mean
corpuscular volume (MCV), red blood cell count
(RBC); white blood cells: white blood cell count
(WBC), platelet count (PLT). The parameters

@ Springer


http://www.felasa.eu

296

Biometals (2015) 28:293-306

hematocrit (HCT), mean corpuscular hemoglobin
(MCH) and mean corpuscular hemoglobin concentra-
tion (MCHC) were subsequently calculated using the
parameters described above (Klempt et al. 2006).

Linkage analysis of the causative mutation
and sequence analysis of candidate genes

Two backcross generations were produced using
C57BL/6 mice as the second inbred strain. In mutant
lines harboring a dominant mutation, phenotypic
mutant C3H males were mated to female C57BL/6
mice. The resulting G1 mice were analyzed for
heterozygous phenotypic mutants who were again
bred to C57BL/6 mice. In mutant lines harboring a
recessive mutation, homozygous phenotypic mutant
C3H males were mated to C57BL/6 mice, and the
resulting G1 hybrid mice were intercrossed. In both
cases, the G2 offspring were phenotypically classified
into mice exhibiting normal or altered plasma ferritin
levels. After sacrifice, tissue samples were collected
for subsequent DNA isolation.

Tail clip samples were incubated overnight in a
lysis buffer consisting of 10 mM Tris—HCI (pH 8.0),
1% (w/v) SDS, 50 mM EDTA and 300 pg/ml
Proteinase K (Sigma-Aldrich, Taufkirchen, Ger-
many). Automated DNA extraction from the lysates
was performed using the AGOWA Mag Maxi DNA
Isolation Kit (AGOWA, Berlin, Germany). For link-
age analysis, a genome-wide mapping panel consist-
ing of microsatellite and/or single nucleotide
polymorphism (SNP) markers was applied. The
markers used are available upon request. Analysis of
this panel was performed using MassExtend, a
MALDI-TOF high-throughput genotyping system
supplied by Sequenom (San Diego, CA, USA).
Chromosomal positions of markers and genes are
according to the GRCm38 mouse assembly, January
2014 (http://www.ensembl.org).

Candidate genes localized within the determined
chromosomal regions were selected by using the
known phenotypes as selection criteria in the bioin-
formatic analysis (http://omicspace.riken.jp/PosMed/)
and subsequently examined by sequence analysis.

Analysis of gene expression of line FER001

Spleen and liver were collected from five male
phenotypically mutant mice and six male wild-type
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littermates of line FEROO1 at an age of seven months.
Samples were stored in RNA-later at 4 °C for three
days before freezing at —20 °C according manufac-
turer’s protocol (Qiagen). Total RNA was extracted
and gene expression levels of iron metabolism related
genes were analyzed on ‘TronChips’ (Muckenthaler
et al. 2003) by applying pooled samples of total RNA
from liver and spleen of mutant compared to wild-type
mice.

Immunoblot analysis of line FER003

Liver tissue was manually lysed in modified RIPA
buffer (50 mM Tris [pH 7.5], 150 mM NacCl, 1 % NP-
40, 0.5 % sodium deoxycholate, 0.1 % SDS). Cell
debris was removed by centrifugation. Total tissue
protein (50 pg) was diluted in 2 x Laemmli buffer
(0.2 M DTT final), boiled, and subjected to electro-
phoresis through 10 % polyacrylamide gels. The
proteins were transferred onto nitrocellulose mem-
branes, and immunoblot analysis was performed using
mouse anti-IREB2 (1:1,000, Rick Eisenstein, Univ. of
Wisconsin-Madison). Blots were incubated with anti-
rabbit secondary antibody conjugated to horseradish
peroxidase (1:10,000) and then subjected to chemilu-
minescence (Amersham ECL) according to the man-
ufacturer’s protocols.

Statistical analysis

The statistical analysis of the data was carried out
using the software programs Microsoft Excel 2000
(Microsoft, Redmond, WA) and Sigma Stat 3.1.
Values are presented as medians, and 95 % and
90 % ranges unless stated otherwise.

Results and discussion

Normal plasma values of ferritin, transferrin
and iron in C3H mice

In the Munich ENU mouse mutagenesis project, the
plasma parameters ferritin, transferrin and iron were
analyzed during a time period of one (for iron) to three
(for ferritin and transferrin) years of the Munich ENU
mouse mutagenesis project. The baseline values for
clinical chemistry parameters screened were deter-
mined in about 200 male and 200 female three-month-
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Table 1 Retrospective analysis of the normal range of plasma parameters for iron homeostasis in three-month-old C3H mice of the

Munich ENU project

Parameter Unit Olympus kit* Sex n® Median 95 % range 90 % range
Ferritin ng/l OSR6150, Kit A m 3,153 46 17-86 24-77
f 1,748 62 26-118 33-101
OSR6150, Kit B m 3,894 24 10-42 13-38
f 1,944 27 13-46 1642
Transferrin mg/dl OSR6152 m 7,028 175 139-242 144-231
f 3,696 177 138-250 144-239
Iron pg/dl (pmol/l) OSR6186 m 314 155 (28) 104-238 (19-43) 112-211 (20-38)
f 147 174 (31) 105-287 (19-51) 112-249 (20-45)

m/f, Males/females

* Linear measurement ranges for the Olympus AU400 autoanalyzer (Olympus, Hamburg, Germany) and the reagents for human
samples are 8—450 pg/l for ferritin, 75-750 mg/dl for transferrin and 10-1,000 pg/dl (2—179 pmol/l) for iron

® G1 and G3 offspring of ENU-treated mice for the dominant and recessive screen. About 60 % of the analyzed mice were males

old wild-type C3H mice (Klempt et al. 2006) and the
95 % range of the values was defined as the normal
range (Loeb and Quimby 1999). According to the
defined normal range, abnormally low and high values
were determined in the G1 and G3 offspring of ENU-
mutagenized mice. On the one hand, the defined
normal range must allow to phenotypically detecting
animals with heritable defects leading to altered
plasma parameter levels. On the other hand, it must
exclude smaller variations from the mean level which
are not suitable for breeding a mutant line over several
generations according to the phenotypic variations.

As the Munich ENU project was carried out in two
different mouse facilities over a time period of many
years, we re-evaluated the cut-off levels for ferritin,
transferrin and iron in retrospect for the present study.
Plasma values of more than 10,700 male and female
G1 and G3 offspring of ENU-mutagenized mice were
analyzed for ferritin and transferrin over a time period
of three years, whereas a subgroup of only 461 G1 and
G3 offspring were analyzed for plasma iron values
(Table 1). Less than 1 % of the G1 and G3 mice were
expected to be primarily altered by ENU-induced
mutations for a given blood parameter. Thus, the 95 %
range of the values determined in the large resource of
animals should also comply with the successful
detection and breeding of mutant animals with altered
plasma values.

Ferritin values obtained with the test kit A in the
first time period were remarkably different from those

obtained with the test kit B in the second time period.
Therefore kit-specific reference ranges were calcu-
lated for the two time periods (Table 1). Statistical
evaluation showed lower plasma ferritin values in
males compared to females (p < 0.001), while there
was no influence of the facility. For plasma transferrin,
significant effects (p < 0.001) of sex in facility one
and of the mouse facility for both sexes were indicated
by statistical analysis, although the differences were
very small (Fig. 1). The latter effect might be due to
the fact that different diets were fed in the two
facilities. In addition, periodical shifts were observed
in transferrin values, which were independent of
sample source and sex of the animals tested (data not
shown) and therefore most likely due to technical
effects (e.g. different lots of antibodies used in the test
kit). This variation of the values hampered the
identification and confirmation of variants during the
screen.

Few data on plasma ferritin, transferrin and iron
have been published from other projects which also
used C3H mice (Champy et al. 2008). They varied
widely thereby indicating that project-specific con-
trols are indispensable.

Subsequently, deviations in plasma ferritin, trans-
ferrin and iron values were defined in our retrospective
analysis for mice showing values below or above the
limits of the 95 % range in two measurements of a
three-week interval. For the retrospective identifica-
tion of mice showing outlier values, separate
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calculation of the normal plasma values was done for
both mouse facilities involved and per every year of
the study for ferritin and iron, and for every time
period showing distinct measurement ranges in case of
transferrin (data not shown).

Screening for ENU-induced phenotypic variants
showing altered plasma values of ferritin,
transferrin or iron

In the Munich ENU mouse mutagenesis project, more
than 10,700 three-month-old G1 and G3 offspring of
ENU-treated mice were screened for deviations in
plasma ferritin and transferrin presumably caused by
dominant or recessive mutations, respectively. The
examined offspring included more than 5,100 G1 mice
and 5,500 G3 mice. Separate calculation of the 95 %
ranges for each of the two ferritin test kits and for each
period with distinct transferrin ranges retrospectively
identified in total 866 mice (8 %) with values above or
below this range in the first measurement, including 26
animals (0.2 % of all mice screened, 3 % of mice
showing deviant values) showing altered values for
both parameters.

However, only a small part (n = 181) of these
animals was retested a second time, leading to the
identification of 53 animals (30 males/23 females;
29 % of mice retested) as phenotypic variants showing
increased or decreased values in two blood samples
taken in a three-week interval: ferritin high in five
males from the dominant screen and 28 animals (12
males/16 females) from the recessive screen; ferritin
low in one male from the dominant screen; transferrin
high in nine mice (5 males/4 females) from the
recessive screen; transferrin low in four animals (2
males/2 females) from the dominant screen and five
mice (4 males/1 female) from the recessive screen; and
one male phenotypic variant from the recessive screen
showing both increased plasma ferritin and transferrin
levels.

In total about half of the abnormal values of the first
measurement were confirmed in the second measure-
ment with the exception of low ferritin values. Retests
of 74 mice with low ferritin values in the first
measurement confirmed this phenotype in only one
animal. This might indicate a poor reliability of low
ferritin values or might be due to secondary effects that
occurred due to the first blood withdrawal challenging
regulatory mechanisms of iron metabolism.
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The 43 G3 phenotypic variants from the recessive
screen were offspring of 17 different G1 males, but 30
of these 43 G3 phenotypic variants were produced
with only four G1 males. Offspring of the same Gl
animal showing deviations in the same phenotypic
parameter were assumed to carry the identical
mutation.

One of these mutant pedigrees carrying a recessive
mutation was preliminary named CCHOO1 and con-
tained phenotypic variants also showing abnormal
values for several plasma enzyme activities (alanine
aminotransferase, aspartate aminotransferase, alkaline
phosphatase, a-amylase) and hematological parame-
ters. The homozygous mutants were phenotypically
defined if at least three of the plasma enzyme activities
were altered (Aigner et al. 2009a, 2011). Re-analysis
of plasma ferritin as secondary parameter in the
phenotypic mutants of this line revealed values above
the cut-off level in 50 % of the animals (n = 22 of 44).

Search for mice with abnormal plasma iron values
in the more than 450 analyzed G1 and G3 offspring
was negative. Use of the less stringent 90 % range as
normal range led to the detection of three phenotypic
variants (one male and two females) showing
increased plasma iron levels which included two
animals with abnormal plasma transferrin levels.
However, these animals were not further analyzed.

Establishment of mutant lines showing increased
plasma ferritin values

Selected phenotypic variants were tested for the
inheritance of the deviations in plasma ferritin or
transferrin values during the ENU project. Therefore
the affected parameter was analyzed on G2 offspring
from the mating of G1 phenotypic variants to wild-
type mice in the screen for dominant mutations, and on
G4 x G3 backcross offspring after breeding G3
phenotypic variants to wild-type mice in the screen
for recessive mutations. Sperm was cryopreserved
from male phenotypic variants which were not mated
to enable later inheritance testing wherever it was
possible. A heritable altered plasma level was diag-
nosed when offspring of the phenotypic variants
showed values below or above the cut-off level in
two measurements of a three-week interval.

In total 18 phenotypic variants with altered plasma
ferritin levels and seven phenotypic variants with
altered plasma transferrin values were mated, but eight
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Fig. 1 Boxplots indicating median, quartiles, and whiskers
with 1.5 x the box length thereby expected to include the 95 %
range of a plasma ferritin values (pg/l) measured with the two
test kits A and B and of b plasma transferrin (mg/dl) in male
(m) and female (f) G1 and G3 animals from facility 1 (facl) and
2 (fac2). The analysis (SPSS Statistics 19, http://www.spss.com)

of these matings (4 for ferritin and 4 for transferrin) did
not produce any offspring.

Phenotypic analysis of the offspring was carried out
for 14 of the retrospectively identified G1/G3 pheno-
typic variants showing deviations for plasma ferritin.
Five phenotypic variants did not give rise to pheno-
typic mutant offspring. Nine G3 phenotypic variants
with increased plasma ferritin levels showed the
inheritance of the altered phenotype to the offspring.
Seven of the nine G3 phenotypic mutants were derived
from the same G1 male and, therefore, were suggested
to harbor the same causative mutation. Thus, we
produced three independent ENU-induced mutant
lines (FERO0O1, FER002, FER0OO03) with increased
plasma ferritin levels (Table 2).

In addition, phenotypic analysis of the offspring
was carried out for three of the retrospectively
identified G1/G3 phenotypic variants showing devia-
tions for plasma transferrin. However, all three
phenotypic variants did not give rise to phenotypic
mutant offspring. The lack of offspring from pheno-
typic variants showing the mutant phenotype likely
indicated the absence of a genetic cause for the altered
phenotype.

For the establishment of ENU-induced mutant lines
with deviations in plasma cholesterol, glucose and
urea as well as plasma enzyme activities in the Munich

includes data from 5,638 males and 2,321 females of facility 1
and 1,428 males and 1,379 females of facility 2. Dots: values
outside the range of 1.5 x the box length; stars: values outside
the range of 3 x the box length. 7 test of the groups for plasma
ferritin: sex: p < 0.001. #-test of the groups for plasma trans-
ferrin: sex in facility 1: p < 0.001; mouse facility: p < 0.001

ENU mutagenesis project we obtained similar results.
For these parameters breeding of more than five
phenotypic variants was necessary to establish one
mutant line with increased plasma levels, whereas
transmission of decreased levels from the phenotypic
variants to the offspring was observed in more than
every third mating [(Aigner et al. 2009a) and refs.
therein].

Re-evaluation of the three G1 animals which were
used to produce the G3 phenotypic variants leading to
the mutant lines FER001, FER002 and FER003 with
increased plasma ferritin levels revealed that they
were analyzed in the clinical chemical screen before
the novel plasma parameters ferritin, transferrin and
iron were used. Thus, there were no data for these
parameters in these three G1 animals.

To retrospectively determine, if the causative
mutation in the three G1 animals is dominant or
recessive, we re-checked the phenotypic data of their
G3 offspring including animals which were measured
only once. In the breeding scheme used for the
generation of the G3 generation, 50-75 % G3 pheno-
typic variants are expected to occur in the case of a
dominant mutation, and 0-25 % G3 phenotypic vari-
ants in the case of a recessive mutation. The Gl
ancestor of mutant line FEROO1 gave rise to 80 %
(n = 12 of 15) G3 phenotypic variants, the G1 animal
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leading to mutant line FER002 gave rise to 70 %
(n = 14 of 20) G3 phenotypic variants, and the G1
animal leading to mutant line FER003 gave rise to
21 % (n = 4 of 19) G3 phenotypic variants. There-
fore, the causative mutations in lines FER0O1 and
FER002 were suggested to be dominant, and the
causative mutation in line FER003 was suggested to
be recessive. This also explained the high numbers of
G3 phenotypic variants derived from the two G1 mice
leading to the lines FEROO1 and FERO0O02.

Breeding of the mutant lines over several genera-
tions with matings of homozygous mutant, heterozy-
gous mutant and wild-type animals confirmed the
occurrence of a dominant mutation in lines FER001
and FER002 with viable and fertile homozygous
mutant offspring, and of a recessive mutation in line
FERO003 according to the Mendelian ratio (Table 2).
The lines were bred for at least four generations
without losing the altered phenotype which indicated
the monogenic cause of the abnormal phenotype. The
appearance of differences in the plasma ferritin
phenotypes between homozygous mutant and hetero-
zygous mutant animals in lines FER0OO1 and FER(002
was not investigated. The phenotypic mutants of all
three lines FER0O1, FER002 and FERO003 showed no
correlation to deviations in plasma transferrin or iron
outside the defined 95 % range (not shown).

Further hematological and morphological analysis
of the mutant lines established

For the evaluation of the hematological parameters in
the phenotypic mutants, the physiologic range of the
values was also analyzed in retrospect including the
data of more than 15,000 animals. The 95 % range of
the parameters was as follows: HGB (g/dl): 12.9-17.0
for males and 12.6—-17.1 for females; RBC (x 106/u1):
7.8-10.6 and 7.5-10.4; MCV (fl): 47-52 and 47-53;
HCT (%): 38.4-52.9 and 37.5-52.2; MCH (pg):
14.7-18.4 and 14.9-18.9; MCHC (g/dl): 29.5-37.7
and 29.5-38.3; WBC (x 10%/ul): 1.5-7.8 and 1.6-7.8;
PLT (x10%/ul): 346-844 and 313-824 (Aigner et al.
2011).

Analysis of the hematological parameters HGB,
RBC, MCV, HCT, MCH, MCHC, WBC and PLT in
the phenotypic mutants with increased plasma ferritin
levels compared to the phenotypic wild-type litter-
mates in the lines FER0OO1 and FER002 observed no
hematological values outside the defined 95 % range
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which were correlated to the increased plasma ferritin.
However, the lack of abnormal hematological values
in phenotypic mutants does not exclude the existence
of significant differences in these parameters between
mutant and wild-type mice. This has to be analyzed
after the detection of the causative mutation. In line
FERO003, the G3 phenotypic mutant as founder of this
line showed decreased levels of HGB, MCV, MCH
and MCHC. Phenotypic mutant offspring also showed
the deviations of one or more of these parameters (not
shown).

General morphological analysis of the mutant lines
revealed that increased plasma ferritin levels in the
phenotypically mutant mice of line FER0O1 were
associated with a lighter colour of the upper incisors
(Fig. 2). This was not seen in lines FER002 and
FERO0O03.

Analysis of expression of iron metabolism related
genes in line FER001

Gene response patterns of iron-related genes were
analysed in the liver and spleen of heterozygous
FER0O1 mutant mice compared to wild-type litter-
mates. A large number of gene expression changes
could be detected that in average ranged between 1.5
and 3.3-fold (Fig. 3). Hepatic mRNA expression of
toll-like receptor 8 and tyrosinase showed a more than
7-fold change in mutant mice compared to controls.
Fifteen differentially regulated genes showed similar
expression changes in the liver and spleen. Although
the only detectable phenotype in the FEROO1 mouse
line was the colour change of the teeth that was
associated with high ferritin levels, the causative
mutation seems to have effects on the expression of
several genes related to iron metabolism.

Only a mild downregulation of ferritin heavy chain
1 (Fthl)mRNA was detectable in the spleen of mutant
mice but not in liver. In addition, ferritin light chain
(Ftll) mRNA was not differentially expressed in the
liver and the spleen. Therefore, high plasma ferritin
levels in mutant FEROO1 mice are not a consequence
of altered mRNA-expression of the ferritin genes.

Analysis of the causative mutations in the mutant
lines FER001, FER002 and FER003

Mouse breeding for the linkage analysis to identify the
chromosomal site of the causative mutation was
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Table 2 Mutant lines showing increased plasma ferritin values derived from the Munich ENU mouse mutagenesis project

Line Mode of Mating Offspring: Altered plasma values: total (m/f) Generations

inheritance n (m/f) — established

N % Range/median®
(ng/M
FERO001 Dominant het x wt 98 (47/51) 48 (19/29) 49 166-370/301 6
FER002 Dominasnt hom x hom/het 44 (26/18) 44 (26/18) 100 210 to >450/346 4
FERO003 Recessive hom x het 10 (5/5) 5(3/2) 50 104 to >450/> 450 4
het x het 34 (16/18) 8 (6/2) 24 156-426/307

The plasma ferritin levels of the mating “hom x het” of line FER003 were measured with test kit A; all other measurements were

carried out using test kit B
m/f, Males/females

Hom Homozygous mutant, het heterozygous mutant, wr wild-type

# According to the linear measurement range for ferritin (8—450 ug/l), values >450 pg/l were not exactly indicated

carried out in the lines FER0O01 and FER002, harbor-
ing dominant mutations, and FEROO03 carrying a
recessive mutation. In the Munich ENU project,
wild-type C57BL/6 mice were normally used as the
second inbred strain. Although comparative analysis
of plasma ferritin levels in a small number of animals
of various inbred strains detected increased mean
levels both in male and female C57BL/6 mice
compared to C3H mice used in this study (Aigner
et al. 2009b), detection of phenotypic mutant F1
hybrid mice as well as the classification of the N2 mice
in phenotypic mutants and wild-type littermates were
possible in both approaches.

Using genome-wide polymorphic DNA markers,
the chromosomal position of the causative mutations
in both lines FER0OO1 and FER002 was mapped to the
proximal region of chromosome 19 (3.6-14.7 Mb in
line FEROO1, and 0-25.1 Mb in line FER002), while
the causative mutation in line FER003 was mapped to
chromosome 9 (32.7-64.5 Mb) (according to the
GRCm38 mouse assembly, January 2014, http://
www.ensembl.org) (Fig. 4). The probability of the
existence of confounding non segregating mutations in
the mapped chromosomal regions (see above) is
p = 0.064 for line FEROO1, p = 0.092 for line
FERO002, and p = 0.087 for line FER003 (Keays et al.
2007). The loci identified in genome-wide association
studies for iron homeostasis traits in humans (Beny-
amin et al. 2009; McLaren et al. 2011, 2012; Tanaka
et al. 2010) did not match to the mapped chromosomal
regions.

For the lines FER0OO1 and FER002, bioinformatic
analysis (http://omicspace.riken.jp/PosMed/) of the

determined chromosomal regions identified 429 and
521 Ensembl genes, respectively. Search for candidate
genes in these regions by using bioinformatic tools
(http://omicspace.riken.jp/PosMed/) identified ferritin
heavy chain 1 (Fthi) at 10.0 Mb. Fthl homozygous
knockout mice have been described to show complete
prenatal lethality, whereas Fthl heterozygous knock-
out mice are described with an increased L- to
H-subunit ratio and highly increased plasma L ferritin
levels together with unchanged plasma iron levels
(Ferreira et al. 2001). In humans, several point muta-
tions in the regulatory region of the ferritin light chain
gene (FTL) led to a high constitutive, poorly regulated
L ferritin synthesis resulting in hyperferritinemia
(Beaumont et al. 1995; Girelli et al. 1995) (http://
www.ncbi.nlm.nih.gov/omim). Ferritin light chain
deficiency in contrast, has been found to be associated
with undetectable plasma ferritin levels and H homo-
polymer ferritin formation associated with seizures
and atypical restless leg syndrome in a human patient
(Cozzi et al. 2013). In addition, altered ferritin
expression in papillary layer cells of Nfe2I2 homozy-
gous knockout mice is associated with decolourization
of teeth as it is observed in mutant mice of line
FEROO1, due to reduced iron deposition in the enamel
layer (Yanagawa et al. 2004).

In line FEROO1, compared to the sequence of wild-
type C3H controls, sequence analysis of the promoter
region, the coding sequences, the 5 UTR including the
iron response element (IRE) sequence, the 3’ UTR and
the exon—intron-boundaries of Fthl (182 aa) in
phenotypically heterozygous mutant mice revealed a
T to C point mutation at nt 94 of the coding sequence
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Heterozygous mutant

Wild-type control

Fig. 2 Phenotypically heterozygous mutant mice with increased plasma ferritin levels of line FER001 showed a lighter colour of the

upper incisors compared to wild-type C3H controls

A liver spleen
B
Liver both Spleen

AFC | Gene name AFC Gene name AFC Genename | AFC | Gene name AFC | Gene name AFC Gene name AFC
-1.85 Acas2 -2.32 Alas1 -1.61 Psap -3.12 Urod -1.90 Fena -1.52 Fnbp3 1.85
-1.75  Hspala(short) | -1.91 Enol 2218 Ltf -2.99 Cenf -1.87 Trapped -1.50 Kira6 1.85
-1.56  Akrib8(bad) | -1.65 Gapd -1.80 App 2.74 Acol -1.86 Sfxni -1.50 BC021442 1.88
-1.55 Psmc4 -1.54 Hspa8 -1.56 Actb -2.60 | 1110012005Rik  -1.82 MTB-Snrpb2 1.50 Hnrpdl 1.91
-1.53 Argl -1.59 Hspa5 -1.54 Gsn -2.55 Cotl1 -1.82 | 4833418A01Rik 1.52 Clock 1.94
1.61 Tir3 1951 Tird (short) 1.95 Stmn1 -2.54 Prnp -1.80 | Trpc2(form 2) 1353 Tfre 1.95
1.63 1I9r (long) 1.64 Tird 2.43 App (short)  -2.50 Hmbs (bad) -1.76 Bcl2 1.54 Tcebl 1.96
1.65  €d160 (long) 1.69 Cdc14a 1.60 Calr -2.40 Hspa9a -1.67 | Abcb7 (short) 1.55 Pnpt1 2.00
1.65 Sfxn5 4559 Rpl32 1.71 Pah -2.39 Bcl2l1 -1.67 | 2610312B22Rik 4855] Ddx5 2.01
1.66 Vamp3 1.74 Gls 2.50 Cct7 -2.38 Txn2 -1.61 Hspca 1.56 Trpm7 2.03;
1.80 SIc30A3 1.80 Csnb 1.81 Trf -2.32 Hmbs -1.60 Ireb2 1.58 Bnip3l 2.06
1.83 Cd160 1.91 Cel11 1.67 Hba-al -2.31 Idh3g -1.59 Rbm8a 1.58 Capza2 2.12
1.90 Figf 2.04 Slc30a4 1.93 Mpo -2.14 Prkaca -1.59 Seppl 1159 Tmsb4dx 2.16
1.92 SIc39A2 3.25 Hfe (long 1) 1.56 Ctsd Shik) Ldh1 -1.58 Sec61g 1.60 Dnajal 218
1.99 Mmp3 7.46 Tyr 1.61 Got2 -1.99 Sle11a2 -1.57 Trpcl 1.68 Acox3 2:57,
215 Sfxn3 Aplp2 -1.99 Fthl -1.56 Selp 1.70 Cox7b 2.67
2.49 Prkr Len2 =1299 Hmox1 1155, Acox2 LT

2575 Tir9 (long) Akrlad -1.97 Ran -1.55 | cul3long form gkl

7.02 TIr8 Kif20a -1.94 Slc7a7 -1.54 | 5730454B08Rik  1.76

Txnrd2 -1.93 Batla -1.53 Abcel 1%79)

Fig. 3 Number (a) and list (b) of genes differentially expressed in liver and spleen of phenotypically heterozygous mutant and wild-
type FEROO1 mice, with an average fold change (AFC) of more than 1.5

(exon 1) leading to the amino acid exchange from
serine (TCC) to proline (CCC) at position 32
(Fth1%3%"). The results of the sequence analysis were
confirmed by establishing a PCR-RFLP for the
mutation (Fig. 5a).
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Decolourization of teeth has not been described for the
already published Fthl heterozygous knockout mice
which may be due to the lacking analysis of this
phenotypic parameter, to differences in the level of
reduction of iron deposition in the teeth, or to differences
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Fig. 4 Linkage analysis of the causative mutation on chromo-
some 19 (61 Mb) in the mutant lines FER0O1 (a) and FER002
(b), and on chromosome 9 (125 Mb) in the mutant line FER003
(c). Position of the polymorphic DNA markers according to the
GRCm38 mouse assembly, January 2014 (http://www.ensembl.
org). Squares show the genotype for the respective marker:
black: C3H/C3H; black and grey: C3H/C57BL/6; grey: C5TBL/
6/C57BL/6. Numbers below the columns of squares indicate the
numbers of N2 animals phenotyped. The N2 animals were

in the ferritin expression in the teeth compared to Nfe2i2
knockout mice. In addition, Fthl heterozygous knockout
mice have been described to mimic the protein profile for
iron management in the adult brain as seen in human
neurodegenerative disorders leading to oxidative stress
(Thompson et al. 2003). Thus, further analyses in our
novel established Fh75**" mutant mice should include
the characterization of homozygous mutants as well as
further organ analysis including the brain. Furthermore
our results indicate, that specific Frhl mutations like
certain mutations in the ferritin light chain could be a
cause of familial hyperferretinemia (Kannengiesser et al.
2009).

In line FER002, sequence analysis of the same
sequences of Fthl as analyzed in line FEROO1 (see
above) in phenotypically heterozygous or homozy-
gous mutant mice revealed no difference compared to

g LIOI0]

N2 phenotypic mutants

] A{mi

LI
LIL]
1

o M

N2 phenotypic mutants
(heterozygous)

ELLD [0 I
ELN0 [(DD.
L0 Ope

N2 phenotypic wildtypes

N2 phenotypic homozygous mutants

IIEDEI:I
[]
[

| [ n{m] o
Y O] n{i
Jopgo
] il i

produced by breeding phenotypically heterozygous mutants
twice to C57BL/6 mice for line FER001 harbouring a dominant
mutation. For line FER002 harbouring a dominant mutation and
for line FEROO3 harbouring a recessive mutation, phenotypic
C3H mutants were mated to C57BL/6 mice, and the resulting G1
hybrid mice were intercrossed. The N2 phenotypic mutants for
line FER002 were attempted to classify in heterozygous mutants
and homozygous mutants according to the increased plasma
ferritin level

the sequence of wild-type C3H controls. In addition,
no difference was found in the sequence analysis of the
complete intron 1, thereby completing the sequence
analysis of all Frhl intronic sequences.

For the line FER003, bioinformatic analysis (http://
omicspace.riken.jp/PosMed/) of the determined chro-
mosomal region of chromosome 9 (32.7-64.5 Mb)
identified 549 Ensembl genes. The iron responsive
element binding protein 2 (Ireb2) gene on chromo-
some 9 (54.9 Mb) was chosen as a candidate for
sequence analysis. IREB2 deficient mice have been
shown to exhibit comparable phenotypes as seen in
mutants of line FER003 (Cooperman et al. 2005; Galy
et al. 2005). Sequence analysis of Ireb2 (963 aa)
revealed a truncating nonsense mutation due to a point
mutation c. 2,467 C > T, thereby leading to the
mutation Ireb2 Q823X (Fig. 5b).
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TATGCCTCCTACG
Wild-type (C3H)

TATGCCYCCTACG
FEROQO1:

Heterozygous mutant | | "\
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Wild-type (C3H)

T GGG ACARAMATLCG G TA

N

FEROO3 mutant N MA

TTCGGG6G ATARAATC G G T A

TTG6GG6GG6 AV

Heterozygous mutant
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Fig. 5 Analysis of the causative mutations in the lines FER001
(a) and FEROO3 (b). a Sequence analysis of Fthl in line
FEROO1. Left: Heterozygous mutant mice show a T to C point
mutation at nt 94 of the coding sequence leading to the amino
acid exchange FthIS**® (bold). Right: PCR-RFLP for the
mutation. Unrestricted PCR products (PCR; fw primer: 5'-
gcaagtgecgccagaactace-3', rv primer: 5'-caagtggccctgaggagge-
3") show a length of 153 bp. Mnll restriction leads to a 68 bp

Mutant lines with deviations of plasma ferritin,
transferrin or iron derived from other phenotype-
driven ENU projects

Major centers performing phenotype-driven ENU
mutagenesis-based projects used clinical chemical
screens for the generation of novel mutant mouse
models (Cordes 2005). Search for defined phenotypes
in published chemically induced (ENU) mutants (as of
29.01.2014) of the “phenotypes and alleles” database
in the Mouse Genome Informatics website (http://
www.informatics.jax.org/searches/allele_form.shtml)
revealed 2,963 alleles and 2,326 genes/markers.
Among them, 793 alleles and 635 genes/markers were
described with phenotypes influencing “hematopoi-
etic” and/or “homeostasis/metabolism” and/or “liver/
biliary” pathways.

However, plasma parameters associated with iron
homeostasis were rarely used in the primary clinical
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M PCR PCR het het wt het wt

- 153 bp
-109 bp

- 68 bp
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150 kDa —
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signal and smaller bands (not visible) in homozygous wild-type
mice (wt), whereas an additional 109 bp signal is seen in
heterozygous mutants (het). b Sequence analysis of Ireb2 in line
FERO0O03. Left: Homozygous mutant mice show a C to T point
mutation at nt 2,467 of the coding sequence leading to the amino
acid exchange Ireb2?****. Right: Tmmunoblot analysis of
IREB2 in wild type and homozygous mutant whole liver
lysates. Asterisk denotes non-specific band

chemical screens. Detection of altered plasma iron
levels in a G3 mouse led to the production of a mutant
line with a recessive mutation where the homozygous
mutants showed increased plasma iron levels and
increased plasma ferritin levels. A point mutation in
the transferrin receptor 2 (7fr2) gene was observed as
the causative mutation (http://www.informatics.jax.
org; http://mutagenetix.scripps.edu).

Primary screens for other parameters like dysmor-
phology and/or hematology/anemia resulted in the
generation of ENU-induced mutant lines where devi-
ations in iron homeostasis were found as essential
phenotype in the subsequent clinical chemical analy-
ses of the lines, e.g. increased serum ferritin levels and
hypoferremia in a dominant negative mutation of the
iron exporter ferroportin (Slc40al) gene (Zohn et al.
2007), hypoferremia in three recessive mutant alleles
of Tmprss6 (Du et al. 2008) (http://www.informatics.
jax.org; http://mutagenetix.scripps.edu) and in Atp4a


http://www.informatics.jax.org/searches/allele_form.shtml
http://www.informatics.jax.org/searches/allele_form.shtml
http://www.informatics.jax.org
http://www.informatics.jax.org
http://mutagenetix.scripps.edu
http://www.informatics.jax.org
http://www.informatics.jax.org
http://mutagenetix.scripps.edu

Biometals (2015) 28:293-306

305

mutants (Krieg et al. 2011), decreased plasma iron
levels combined with increased liver iron levels in Cp
mutants  (http://www.informatics.jax.org;  http://
mutagenetix.scripps.edu), increased plasma iron lev-
els in a recessive mutation of Spral (Robledo et al.
2010) and in Trpc3 mutants (http://www.informatics.
jax.org), normal serum iron levels but increased total
iron binding capacity in a recessive mutation of Steap3
(Lambe et al. 2009), as well as increased kidney, liver
and/or spleen iron levels in mutations of Ank/ (Greth
et al. 2012; Huang et al. 2013; Rank et al. 2009; Yuki
et al. 2013) and KIfI™*" (Heruth et al. 2010; Siatecka
et al. 2010).

Conclusions

In this study, we retrospectively evaluated the use of
plasma ferritin, transferrin and iron in the clinical
chemical blood analysis of the Munich ENU mouse
mutagenesis project to detect dominant and recessive
mutations leading to deviations in iron homeostasis.
Analysis of more than 10,500 G1 and G3 mice derived
from ENU-mutagenized GO males revealed more than
50 phenotypic variants showing abnormally high or low
values for one or more of these parameters in two
consecutive tests. To date, three mutant lines with
increased plasma ferritin levels were established. Suc-
cessful linkage analysis was carried out for these lines,
and the causative mutation was identified in line
FERO0O1 in the gene Fthl and in line FER0OO3 in the
gene Ireb2, while the causative mutation in line FER002
remains to be discovered. The use of plasma ferritin,
transferrin or iron as primary diagnostic parameters for
iron homeostasis was only rarely described in other
ENU mutagenesis projects. In summary, we success-
fully established three novel mouse models for the
functional analysis of iron metabolism by the means of a
phenotype-driven mutagenesis screen.
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