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Neurological Deficits of an Rps19(Arg67del) Model

of Diamond-Blackfan Anaemia
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Abstract. Diamond-Blackfan anaemia is a rare dis-
ease caused by insufficient expression of ribosomal
proteins and is characterized by erythroid hypoplasia
often accompanied by growth retardation, congeni-
tal craniofacial and limb abnormalities. In addition,
Diamond-Blackfan anaemia patients also exhibit a
number of behavioural abnormalities. In this study
we describe the behavioural effects observed in a
new mouse mutant carrying a targeted single amino
acid deletion in the ribosomal protein RPS19. This
mutant, created by the deletion of arginine 67 in
RPS19, exhibits craniofacial, skeletal, and brain ab-
normalities, accompanied by various neurobehav-
ioural malfunctions. A battery of behavioural tests
revealed a moderate cognitive impairment and neu-
romuscular dysfunction resulting in profound gait
abnormalities. This novel Rps/9 mutant shows be-
havioural phenotypes resembling that of the human
Diamond-Blackfan anaemia syndrome, thus creat-
ing the possibility to use this mutant as a unique mu-
rine model for studying the molecular basis of ribo-
somal protein deficiencies.
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Introduction

Altered expression of ribosomal proteins (RP) under-
lies a number of human disorders, most prominent of
which are bone marrow failure disorders such as
Diamond-Blackfan anaemia (DBA). The core symptom
of DBA is severe macrocytic anaemia, resulting from an
intrinsic defect in erythroid progenitors. Additional in-
dications, which affect 30-40 % of DBA patients, in-
clude growth retardation, skeletal deformation, cogni-
tive deficits, and psychomotor retardation (Ball et al.,
1996; Cario et al., 1999; Tentler et al., 2000; Burgess et
al., 2014). Mutations in RP are thought to be the primary
cause of DBA and can be found in 50-70 % of patients
(Gerrard et al., 2013). Affected RPs include RPSI9,
RPS7, RPS10, RPS17, RPS24, RPS26, RPLS, RPLII
and RPL35A4 (Draptchinskaia et al., 1999; Narla and
Ebert, 2010). More than 200 different mutations in
DBA-associated genes have been characterized to date
(Boria et al., 2010). Among them, mutations in RPS/9
are the most frequent, found in approximately 25 % of
DBA patients (Willig et al., 1999; Campagnoli et al.,
2004; Gazda et al., 2004).

When present, behavioural symptoms of DBA can be
prominent and debilitating (Ball et al., 1996; Gustavsson
et al., 1998; Cario et al., 1999; Tentler et al., 2000;
Campagnoli et al., 2004; Quarello et al., 2008; Burgess
et al., 2014) and are still not well addressed in mouse
models of RP deficiency (McGowan and Mason, 2011;
Taylor and Zon, 2011; Terzian and Box, 2013; Watkins-
Chow et al., 2013). Although mice homozygous for the
mutation in Rps/9 were embryonically lethal, heterozy-
gous mice did not present all DBA features. Thus, in
contrast to humans, heterozygous mice seem to com-
pensate for Rps/9 haploinsufficiency (Matsson et al.,
2004, 2006). We overcame the compensatory effect by
the wild-type allele, reported in previous DBA models
(Angelini et al., 2007; Gregory et al., 2007), by intro-
ducing a hypomorphic mutation into the gene: this mu-
tation (deletion of one amino acid (p.67delR) in RPS19
at the flanking site of a-helix 3) was weak enough to al-
low homozygous mice to develop and survive, yet strong
enough to cause a profound phenotype. While heterozy-
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gous (RPS19%67¢R) animals did not express any obvious
phenotypes, homozygous mice (RPS]967dIRO7EIRY e
sented with growth retardation, white belly spots, mac-
roscopic skeletal deformations, and hydrocephalus.

Here, we report a behavioural characterization of
RPS1967¢elR/67deR mice, which revealed behavioural de-
fects that mirror what has been reported in human DBA
case reports (Cario et al., 1999; Tentler et al., 2000;
Burgess et al., 2014). These mice exhibited moderate
cognitive impairment and neuromuscular dysfunction
resulting in profound gait abnormalities. Further sys-
tematic and thorough analyses of our mutant could help
to elucidate the mechanisms underlying the behavioural
phenotype, and could improve understanding of the DBA
disease development.

Material and Methods

Mouse model

Heterozygous (RPS197¢7¢R) mice on C57Bl/6N
background were intercrossed to generate homozygous
animals and wild-type (WT) littermates as a control.
The mice were weaned between three and four weeks of
age and housed in groups of two to six with a 12/12 h
light/dark cycle and access to food and water ad libitum.
RPS1967dR67delR gnd WT female mice were investigated
at 68 weeks of age. Behavioural testing was performed
during the light phase. All animal experimentation was
performed in accordance with European directive
86/609/EEC and was approved by the Czech Central
Commission for Animal Welfare (project No. 40/2015).

Body weight

Animals were weighed at 7" week of age.

Histology

Whole heads from euthanized RPS1967d4cIR67dIR (N = 7))
and WT (N = 7) mice were collected and fixed in 4%
buffered formaldehyde. After 72 h the heads were de-
skinned and placed for one week in Osteosoft® (Merck-
Millipore, Darmstadt, Germany) for decalcification.
The decalcified samples were trimmed longitudinally
and processed in a Leica ASP6025 (Leica Biosystems,
Singapore) tissue processor overnight. Sections with
5 um thickness were obtained from every sample and
stained with haematoxylin and eosin in an automated
stainer (Ventana Symphony, Ventana Medical Systems,
Tucson, AZ). All slides were scanned in an AxioScan.Z1
slide scanner (Carl Zeiss, Goettingen, Germany), viewed
and analysed using ZEN2 software (Carl Zeiss).

Neuromuscular assays

Contact righting. The contact righting experiment
was performed according to IMPC protocols (https://
www.mousephenotype.org/impress/protocol/186/7).
Contact righting is a motor response by which the ani-
mal moves from a supine to prone position, and was

used as a measure of axial coordination. Righting was
assessed in a contact righting tube, wherein the mouse
was placed on its back and its ability to regain footing
was scored as normal (1-5 s) or impaired (> 5 s).

Grip strength measurements. The measurement of
grip strength was performed according to the IMPC pro-
tocol (https://www.mousephenotype.org/impress/proto-
col/186/7). Forelimb and combined forelimb and hind
limb grip strengths were determined using an automated
meter (Bioseb, Vitrolles, France). To assess neuromus-
cular function, the mouse was pulled over a grid; the test
was recorded in three trials. To account for potential ef-
fects of body mass, all grip strength measurements were
normalized against mouse body mass.

Beam-walk. To evaluate fine motor coordination, a
beam-walk test was performed as previously described
(Yu et al., 2012). Coordination and balance were deter-
mined by recording latency to reach an escape box and
the number of foot flips during a walk along a wooden
beam 100 cm long and 2 ¢cm in diameter. Foot flips were
defined as a hind limb slipping from the horizontal sur-
face of the beam. Three trials for each mouse were re-
corded.

Learning and memory

Fear conditioning. A contextual and cued fear condi-
tioning was performed according to the manufacturer
protocol recommendation (Ugo Basile, Gemonio, Italy).
The associative learning took place in a cage enclosed
within a soundproof cabinet (Ugo Basile). The cage was
equipped with a stainless steel rod floor for shock deliv-
ery. The acquisition trial started with a 3 min adaptation
period, after which mice were presented with two pair-
ings of a conditioned stimulus (CS) (20 s of 4 kHz pure
tone at 77 dB) and an unconditioned stimulus (US) (a 1 s,
0.3 mA constant current to the cage floor). The US was
presented immediately after the CS. The intra-trial inter-
val (ITI) was 2 min. Mice remained in the chamber for
1 min after the last shock delivery. Animals were tested
for contextual memory 24 h after the training. They
were reintroduced to the training context and behaviour
was recorded for 3 min with no CS or US presentation.
Total freezing time was scored for the last 2 min. De-
layed cue memory was tested three hours later. Animals
were placed in a novel context, with different cage wall
pattern and a smooth floor texture. The freezing re-
sponse to the CS was monitored for 2 min. Freezing,
defined as the absence of all movement other than respi-
ration, was detected automatically by ANY-maze soft-
ware (Stoelting Co., Wood Dale, IL) and reviewed by a
trained observer.

Y-maze. The experiment was performed as described
in Moran et al. (1995). The Y-maze apparatus consisted
of three identical arms. Animals were tested individual-
ly, always being placed in the centre of the maze. Light
was adjusted to an intensity of 50 lux at the centre of the
maze. Animal behaviour was recorded by a digital video
camera for a period of 5 min. The percentage of alterna-
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tion was calculated automatically by Biobserve software
according to the equation % SA = (TA*100)/(TE-2),
where SA — spontaneous alternations, TA — total alterna-
tions made by the animal, TE — total arm entries.
Rotarod. The protocol was adopted and modified
from Paylor et al. (1999). Motor learning was studied
using a rod with accelerating speed of rotation (4—40
rpm/5 min, RotaRod, TSE Systems, Bad Homburg,
Germany) during five consecutive days. Each day the
average latency to falling was determined from three tri-
als with 15 min ITL The first day analysis served as an
evaluation of general balance and motor coordination.

Gait analysis

Treadmill gait assessment was performed using the
DigiGait imaging apparatus (DigiGate, Mouse Specifics,
Inc., Framingham, MA) as described (Hampton et al.,
2011). Mice were placed on a motorized treadmill with-
in an acrylic glass compartment (~25 cm long and ~5 cm
wide). Digital video images were acquired at a rate 125
frames per second by a camera positioned below the
transparent belt to focus on the ventral view of subjects
walking atop of the belt. The treadmill was set at a fixed
speed of 15 cm/sec, at which all animals were able to
move continuously. The videos were analysed by the
DigiGait software, which automatically identifies the
paw footprints. Manual adjustments of the image con-
trast were made to properly distinguish the footprints
from the background. The images were then automati-
cally processed by the software to calculate values for
multiple gait indices, including stride width, stride length,
paw angle, paw area and stance width variability.

Statistical analysis

D’ Agostino-Pearson omnibus K2 normality test was
used to evaluate the normality of data distribution. The
effects of genotype were analysed by Student ¢-test or
non-parametric Mann-Whitney test, Fisher’s exact test,
two-way ANOVA, two-way ANOVA with repeated
measurements, and Bonferroni multiple comparisons
post-hoc test where appropriate. The a value for all sta-
tistical comparisons was 0.05.

Results

RPS [ 907delR/67delR 3o exhibit anatomical

malformations and hydrocephalus

RPS19674IR67deIR myjce revealed smaller overall size
and decreased body mass (P =0.0421; Fig. 1A). In addi-
tion, deviations in body posture had been seen in terms
of upright tail and head posture (Fig. 1B) and detectable
cervical and lumbar curvature lordosis (Fig. 1B, lower
panel arrows). Concave appearance of the dorsal facial
region was also present (Fig. 1B, lower panel, yellow
dashed line). The whole cranial section revealed en-
larged lateral ventricles and subarachnoidal space in the
mutants, typical features of hydrocephalus (Fig. 2).
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Fig. 1. (A) RPS19¢7¢R67dR mytant mice were smaller than
their wild-type littermates according to body weight com-
parison (Student’s ¢-test, P = 0.0421). (B) Arrows point at
whole body deformations of Rps/9 mutant mouse, yellow
lines show abnormal head curvature.
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Fig. 2. Whole cranial sections of WT (A) and RPS]9¢7dcIR/67dcIR
mutants (B): the mutants exhibit hydrocephalus manifested
by enlarged lateral ventricles (asterisks). Dilated subarach-
noid space (arrowheads) is also a feature of RPS1967dcIR/67deIR
mutants. Haematoxylin and eosin; original magnification:
1.25x%.
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RPS ] 907delR67delR yice exhibit neuromuscular
defects

To assess selected neuromuscular functions, contact
righting, grip strength, and beam-walk tests were em-
ployed. RPS19674IR67¢IR imjce exhibited prolonged con-
tact righting compared to their WT littermates (55.56 %
versus 8.33 %, Fisher’s exact test P = 0.0231; Fig. 3A).

Although no differences between genotypes were ob-
served in forelimb grip strength (5.60 + 0.236 versus
5.84+0.435,P=0.3233; Fig. 3B), RPS1967d4clR67deIR pyjce
demonstrated weaker grip for combined forelimb and
hind limb measurements than their WT littermates (7.99
+(0.583 versus 9.59 + 0.455, P = 0.0418; Fig. 3C).

To measure balance and coordination, the beam-walk
test was performed. Both mutant and WT mice reached
an escape box within a similar time period (9.04 £ 0.715
versus 7.81 £ 0.431, P = 0. 187; Fig. 3D); however, the
RPS19¢74IR67deIR mjce displayed a considerable increase
of foot flips comparing to WT mice (4.04 + 1.004 versus

0.47 £ 0.119, P = 0.0006; Fig. 3E). The results of all
three assays indicate a neuromuscular impairment of
homozygous mice.

Learning and memory deficits in RPS]9574/R/67deIR
mice

In the fear conditioning, both wild-type and mutant
mice froze significantly more during the probe trials
compared to their baseline recordings from the training
day, indicating successful learning in both genotypes
(F,,,= 24.54, P < 0.0001; Fig. 4). However, homozy-
gous RPS1967¢IR67eR mijce froze consistently less than
WT animals (genotype effect F = 6.8, P = 0.019),
showing that RPS19¢74IR67dIR mjce exhibit a deficit in
associative learning. The experiment in Y-maze did not
reveal any differences either in percent of spontaneous
alternation or total track length, suggesting no alterna-
tions in working memory and general activity, respec-
tively (P=10.7218 and P = 0.1886; Fig. 5A,B).
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Fig. 3. (A) Contingency analysis of normal and prolonged contact righting distribution (Fisher’s exact test, P = 0.0231)
reveals a defect in righting reflex in Rps19 mutant mice. (B, C) Grip strength was normalized against body weight. (B):
comparison of forelimb strength (Mann-Whitney test, P = 0.3028), (C): comparison of combined forelimb and hind limb
strength (Student’s ¢-test, P=0.0302). (D, E) Sensorimotor evaluation on beam walk. (D): latency to reach an escape box
(Mann-Whitney test, P = 0.187), (E): number of foot flips (Student’s ¢-test, P = 0.0006). Data are presented as mean with

SEM.
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Fig. 4. Contextual and delayed cued fear conditioning. To-
tal freezing time measured in the last 2 min of adaptation
period in acquisition trial, last 2 min of contextual test, and
2 min after cue tone presentation in delayed cue test. Data
was analysed by two-way ANOVA with repeated measure-
ments (trial effect: F,,, = 24.54, P < 0.0001; genotype ef-
fect: F| (=6.8,P=0.019). Data are presented as mean with
SEM.

The performance on rotarod was comparable between
mutants and their WT littermates (F1,19: 0.9,P=0.3552;
Fig. 6A). Also, motor learning on the rotarod did not
show significant differences between WT and mutant
mice (F, , ,=3.06, P=0.0963; Fig. 6B).

1,19
Altered gait dynamics in RPS19%R674R mjce

Gait analysis revealed differences in temporal and
spatial indices (Table 1) correlating with body size. As
the RPS19¢74IR67deIR mjce were smaller than their WT lit-
termates (Fig. 1A, B), they had to adjust their movement
to the belt speed. As a result, the smaller RPS1967delR/67delR
mice had shorter swing, propulsion, stance, and stride
duration; shorter stride length and higher stride frequen-
cy. Figure 7 displays additional abnormalities observed
in RPS1967delR67deR mjce in gait parameters whose origin
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Fig. 5. Working memory tested as spontaneous alternation
behaviour in Y-maze and general activity evaluated by to-
tal distance travelled during a test. (A) There were no sig-
nificant genotype differences in % of spontaneous alterna-
tions (Student’s #-test, P = 0.7218) (B) neither in total dis-
tance travelled (Student’s -test, P = 0.1886).

cannot be ascribed only to the animal size. RPS19¢7dcIR/67deIR
mice had more open forepaw angle (pronation) but
showed tendency for less open hind paw placement an-
gle (Fig. 7A, interaction effect: F . =15.26, P=0.0002).
Step-to-step variability in stance width of RPS [ 9¢7d¢IR/67delR
mice was considerably increased compared to WT ani-
mals (Fig. 7B, genotype effect: F ,=13.88,P=0.0006).
In mice, higher variability in stance width is associated
with falls (Lin et al., 2001; Amende et al., 2005). A
measure of stride-to-stride variability is expressed in the
coefficient of variation (CV), and this was significantly
higher in forepaws of RPS1967d¢R67deR mjce (Fig. 7C,
genotype effect: F, ;.= 13.71, P = 0.0007). The CV of
forepaw stance width of RPS19¢7¢IR67deR mice was
36.12 %, with the normal CV range ranging between
~15-20 % (Amende et al., 2005). A significant interac-
tion effect of paw area at the peak stance (F = 12.54,
P = 0.0007) indicates that RPS19674IR67IR mjce had a
smaller hind paw area with preserved forepaw area (Fig.
7D), which could suggest a shifted centre of gravity.
These findings are supported by the anatomical spinal
aberration observed in RPS1967dIR67deR mjce (Fig. 1B).
Both maximum and minimum rate of hind paw area
change during contact with the belt was attenuated in
RPS19674IR67¢IR ‘mice (Fig. 7E, F, genotype effect for
max dA/dt: F 5= 4.53, P = 0.0364, and for min dA/dt
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Fig. 6. (A) Balance and movement coordination on ro-
tarod, three trials with ITI 15 min. Latency to falling from
accelerating rod (4-40 rpm/5 min) was measured. No dif-
ferences between mutants and normal mice were detected.
Data was analysed by two-way ANOVA with repeated
measurements (trial effect: F, , = 0.78, P = 0.464; genotype
effect: F, ;= 0.9, P=0.3552). (B) Motor learning analysed
on rotarod on 5 consecutive days. Latency to falling from
accelerating rod (4—40 rpm/5 min) was measured. No sig-
nificant difference was reported between mutant and nor-
mal mice. Data was analysed by two-way ANOVA with
repeated measurements (day effect: F, = 13.53, P <
0.0001; genotype effect: F, ,=3.06, P =0.0963).
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Table 1. Reported significant differences in listed gait parameters are due to the reduced size of RPS19574%R674 IR mytant

mice.
RPS19* RPS19¢7dcIR/67delR P value
mean + SE mean = SE
swing duration forelimbs 0.1250 ms + 0.0054 0.0990 ms + 0.0947 <0.0001
hind limbs 0.1140 ms + 0.0044 0.0950 ms + 0.0063
propulsion duration forelimbs 0.1710 ms + 0.0060 0.1480 ms + 0.0066 <0.0001
hind limbs 0.1820 ms + 0.0065 0.1490 ms + 0.0065
stance duration forelimbs 0.2190 ms + 0.0059 0.1990 ms + 0.0037 <0.0001
hind limbs 0.2330 ms + 0.0067 0.1990 ms + 0.0048
stride duration forelimbs 0.3450 ms + 0.0093 0.2990 ms + 0.0069 <0.0001
hind limbs 0.3470 ms + 0.0098 0.2930 ms + 0.0087
stride length forelimbs 520 cm+0.14 4.50 cm + 0.11 <0.0001
hind limbs 520cm+0.15 440cm=+0.13
stride frequency forelimbs 2.970+0.078 3.400 + 0.081 <0.0001
hind limbs 2.970 +0.087 3.510 £ 0.108
midline distance forelimbs 2.970 cm + 0.085 2.520cm £ 0.117 <0.0001
hind limbs 1.290 cm + 0.075 0.970 cm + 0.136
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Fig. 7. Analysis of gait dynamics. (A) Paw angle measurement, (B) stance width variability and (C) stance width variabil-
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F = 1241, P = 0.0007). These parameters describe
how quickly an animal loads and unloads its limbs dur-
ing the initial and later period of stance (Bartley et al.,
2016). The obtained results suggest weaker muscle
strength of the hind limbs and are consistent with the

grip strength measurement results described earlier.

Discussion

In this study, we investigated the impact of RPS19
single amino residue mutation on behavioural pheno-
types, associated with anatomical and morphological
changes. Our mutant mice exhibit compromised cogni-
tive abilities and neuromuscular defects that affect the
postural reflex (contact righting), fine motor coordina-
tion, and muscular strength. Impairment in contact
righting may indicate malfunction of proprioceptive-
tactile responses or vestibular system (Pellis et al., 1989;
Pellis and Pellis, 1994), although higher brain struc-
tures, like the cerebellum and thalamus, as well as axial
musculature are also involved in postural reflexes
(Martens et al., 1996). RPS19 mutant mice have a visi-
ble skull bump often reported in mice with hydrocepha-
lus (Zhang et al., 2006; Lee et al., 2012). Skull deforma-
tion could affect normal brain development and later on,
its function. Indeed, preliminary histopathological ex-
amination revealed expansion of ventricular and suba-
rachnoid spaces with contracted brain. Similarly, en-
larged ventricles and thinner cortex were reported in
RPS7 mutants (Watkins-Chow et al., 2013).

Although initial performance of RPS1967¢IR67¢IR ipjce
on rotarod and their overall activity, evaluated in the
Y-maze test, did not differ from their WT littermates, the
mutant mice made considerable more foot flips in the
beam-walk test. An increased number of foot flips is
consistent with higher stance width variability, as the
stance width variability associates with fall counts (Lin
et al., 2001; Amende et al., 2005). This behaviour was
also observed in animal models of Parkinson’s (PD) and
Huntington’s (HD) diseases, where motor control deficit
is a major symptom (Borlongan et al., 1997; Amende et
al., 2005). Even though the pathology of PD and HD
involves different parts of the basal ganglia, postural in-
stability is a common feature to both diseases. Strong
brain deformation may be a reason of insufficient con-
trol of movement by higher brain structures. An increase
in the frequency of foot flips and higher stance width
variability may also be related to the attenuated hind
limb muscle strength observed in RPS1967d4IR67dIR mjce,

Weaker hind limbs can also result in altered dynamics
of paw rise and placement during the stance period
(Vinsant et al., 2013a, b; Bartley et al., 2016). General
activity and gross motor skills were not affected, al-
though a fine movement coordination defect was reflect-
ed in gait deviations such as altered paw placement an-
gle and larger hind paw area. A larger contact area of
hind paw with sustained area of forepaws suggests a
potential shift in the centre of gravity, and together with
altered paw placement positioning, reflects changes in

the support base. These changes may be compensatory
to muscular and vestibular defects and may act to help
maintain posture and balance (Vinsant et al., 2013a, b;
Liu et al., 2015; Rinalduzzi et al., 2015). It is likely that
in addition to an abnormally developed brain and weaker
hind limbs, the skeletal deformations in RPS1967¢cIR/67deIR
mice also contribute to the defects in mouse gait. Normal
performance on rotarod suggests proper cerebellum
function in the RPS19 mutants. However, dysfunctions
in other areas such as the motor cortex, striatum, or ni-
grostriatal pathway may be responsible for abnormali-
ties in precise motor coordination described in the pre-
vious paragraph. Further investigation will be necessary
to elucidate the precise neuronal basis of the observed
behavioural phenotype.

Motor delay and intellectual disability are the most
often described behavioural symptoms in DBA patients
(Gustavsson et al., 1998; Tentler et al., 2000; Campagnoli
et al., 2004; Quarello et al., 2008). The RPS1967dcIR/67delR
mice show moderate impairment of associative memo-
ry. Memory deficit is profound in contextual testing, in-
dicating hippocampal dysfunction. It appears to be lim-
ited to long-term memory, as working memory, tested in
the Y-maze, was intact. These results suggest that com-
plex forms of associative learning and memory may be
impaired in RPS19 mutant mice. We also observed an
obvious tendency towards poorer learning on rotarod
tested during five consecutive days. In general, the re-
sults of associative memory and motor learning tests
may suggest a general deficit in learning processes.

In conclusion, one amino acid deletion in Rps/9 pro-
duced a profound behavioural phenotype related to neu-
romuscular and cognitive functions. Neuromuscular
defects accompanied by additional body and brain al-
terations can be direct causes of altered gait in mutant
mice. Cognitive impairment in mutants could be a con-
sequence of observed brain deformation, although more
detailed analysis will be needed to explain the neuronal
basis of the deficit. Similar behavioural and anatomical
alterations have also been described for DBA patients
with reported depletions or alterations of RPS19, in-
cluding motor delay, intellectual disability, hypotonia,
macrocephaly, psychomotor retardation, skeletal mal-
formations, and craniofacial abnormalities (Gustavsson
et al., 1998; Tentler et al., 2000; Campagnoli et al., 2004;
Quarello et al., 2008). Up-to-date, only one murine
model of DBA-associated genes (Rps7 mutation) de-
scribed a behavioural phenotype in the face of severe
neuroanatomical and histological changes of the mu-
tant’s central nervous system (Watkins-Chow et al.,
2013). RPS19674IR67dIR mytant mice appear to be a use-
ful model recapitulating traits found in DBA patients
and could be further employed to reveal the role of
RPS19 in the context of DBA development.
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