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Heterozygous missense mutations in the human VCP gene cause inclusion body myopathy associated
with Paget disease of bone and fronto-temporal dementia (IBMPFD) and amyotrophic lateral sclerosis
(ALS). The exact molecular mechanisms by which VCP mutations cause disease manifestation in different
tissues are incompletely understood. In the present study, we report the comprehensive analysis of a
newly generated R155C VCP knock-in mouse model, which expresses the ortholog of the second most
frequently occurring human pathogenic VCP mutation. Heterozygous R155C VCP knock-in mice showed
decreased plasma lactate, serum albumin and total protein concentrations, platelet numbers, and liver to
body weight ratios, and increased oxygen consumption and CD8þ/Ly6C þ T-cell fractions, but none of the
typical human IBMPFD or ALS pathologies. Breeding of heterozygous mice did not yield in the generation
of homozygous R155C VCP knock-in animals. Immunoblotting showed identical total VCP protein levels
in human IBMPFD and murine R155C VCP knock-in tissues as compared to wild-type controls. However,
while in human IBMPFD skeletal muscle tissue 70% of the total VCP mRNA was derived from the mutant
allele, in R155C VCP knock-in mice only 5% and 7% mutant mRNA were detected in skeletal muscle and
brain tissue, respectively. The lack of any obvious IBMPFD or ALS pathology could thus be a consequence
of the very low expression of mutant VCP. We conclude that the increased and decreased fractions of the
R155C mutant VCP mRNA in man and mice, respectively, are due to missense mutation-induced,
divergent alterations in the biological half-life of the human and murine mutant mRNAs. Furthermore,
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our work suggests that therapy approaches lowering the expression of the mutant VCP mRNA below a
critical threshold may ameliorate the intrinsic disease pathology.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Missense mutations in the human VCP gene on chromosome
9p13-p12, which encodes an essential and evolutionarily highly
conserved Triple-A ATPase (ATPase Associated with diverse cellular
Activities) [1,2], cause various autosomal-dominantly inherited
human diseases. Inclusion body myopathy (IBM) associated with
Paget disease of the bone (PDB) and frontotemporal dementia
(FTD), or IBMPFD (OMIM 605382), a late-onset multisystem disorder, was the ﬁrst identiﬁed disease entity [3,4], followed by
amyotrophic lateral sclerosis (ALS14) [5], Parkinson's disease (PD)
[6,7], hereditary spastic paraplegia (HSP) [8,9], and Charcot-MarieTooth disease type 2 (HMSN2) [10]. Since the ﬁrst description of
pathogenic VCP mutations in 2004, over 40 different diseasecausing missense mutations have been described [11].
The Mg2þ-dependent VCP protein exhibits a tripartite structure
composed of an N-terminal CDC48 domain and the D1 and D2
domains that bind and hydrolyse ATP [12,13] (Fig. 1A). VCP monomers assemble into a ring-shaped hexamer with the D-domains
forming a central cylinder surrounded by the CDC48 domains
[14,15]. The multiple functions and the versatile cofactor binding of
the VCP protein are essentially dependent on the energy derived
from ATP hydrolysis [16]. VCP is centrally involved in multiple and
diverse cellular processes such as membrane dynamics, protein
quality control, cell cycle, apoptosis, and DNA damage response
[17,18]. Moreover, recent work reported on mutation-speciﬁc effects on VCP interaction partners leading to alterations in the ratio
of VCP monomers to hexamers [19] as well as functional consequences on endocytosis [20], endoplasmic reticulum associated
degradation (ERAD) of proteins [21], ATPase activity [19], and 20S
proteasome binding [22]. However, the exact molecular mechanisms leading from a VCP point mutation to speciﬁc disease manifestations affecting nervous, bone, and striated muscle tissues are
currently unknown.
In the present study, we generated and characterized a R155C
VCP knock-in mouse model expressing the ortholog of the human
R155C VCP mutation, which has been shown to cause both IBMPFD
[3,4] and ALS [5]. Though the failure to generate mice homozygous
for the R155C VCP missense mutation clearly denotes a toxic effect
not compatible with life, our comprehensive analyses of heterozygous mice resulted in multiple aberrant parameters, but did not
reveal any VCP-typical pathology, as previously described in a
R155H VCP knock-in mouse model [23]. The here presented ﬁndings are discussed in the context of the human and murine codon
155-related VCP pathologies.

2. Materials and methods
2.1. Animals
In the present study, we used heterozygous R155C
(c.463_465delCGG > insTGT) VCP knock-in mice (B6J.B6Vcptm2.1Ccrs) and their wild-type siblings. The mouse model was
generated according to our speciﬁcations (CSC, RS) by genOway,
Lyon, France. Routine genotyping was performed by PCR (primer
pair 51546cre 50 -CAGTTCTCATGCCTCTCTGAAGGATAATGT-30 and
51547cre 50 -TCTACAACTTTGAACTCCACAGCACGC-30 ). In addition,

individual mice were genotyped by Southern blotting, and the
presence of the R155C VCP point mutation was veriﬁed by
sequencing; for details see Fig. 1BeE. Mice were housed in isolated
ventilated cages (IVC) under speciﬁc and opportunistic pathogenfree (SOPF) conditions at a standard environment with free access
to water and food. Health monitoring was done as recommended
by the Federation of European Laboratory Animal Science Associations (FELASA). Mice were handled in accordance with the
German Animal Welfare Act (Tierschutzgesetz) as well as the
German Regulation for the protection of animals used for experimental purposes or other scientiﬁc purposes (Tierschutz-Versuchstierverordnung). All investigations were approved by the
governmental ofﬁce for animal care (Landesamt für Natur, Umwelt
und Verbraucherschutz North Rhine-Westphalia (LANUV NRW),
Recklinghausen,
Germany
(reference
numbers
8.87e50.10.47.09.014 and 84e02.05.40.14.057)).
2.2. Phenotypic analysis in the German Mouse Clinic
Heterozygous R155C VCP knock-in mice and wild-type control
littermates were subjected to a systematic, comprehensive phenotyping screen at the German Mouse Clinic at the Helmholtz
Zentrum München (http://www.mouseclinic.de) as described previously [24e27]. This screen covers a broad range of parameters in
the areas of allergy, behavior, cardiovascular function, clinical
chemistry, dysmorphology, energy metabolism, eye analysis and
vision, hematology, immunology, neurology, and pathology. For
further details see legend to Fig. 3.
2.3. Analysis of skeletal muscle tissue sections
Dissected murine skeletal muscle specimens were immediately
frozen in liquid nitrogen-cooled isopentane. A human tissue sample was derived from a diagnostic skeletal muscle biopsy of a previously reported patient with a heterozygous R155C VCP mutation
[28]. Cryostat sections of 6 mm thickness were placed on microscope slides, air-dried for 30 min, stained using routine histochemistry protocols [29], and images were captured using an
Olympus CX41 light microscope (Olympus, Hamburg, Germany).
Ultrathin sections for transmission electron microscopy were prepared as described in Ref. [30] and examined with a Zeiss LEO 900
electron microscope (Carl Zeiss GmbH, Oberkochen, Germany).
2.4. Analysis of skeletal muscle tissue lysates and antibodies
For SDS-PAGE snap frozen samples of dissected muscles were
ground, solubilized, and homogenized essentially according to
[31e33]. The trypsin-like proteasomal activity of soleus muscles
was determined as described in detail in Ref. [34]. Primary antibodies for immunoblotting were: VCP, mouse monoclonal antibody, 1:2000 in PBS-T with 5% milk powder, #11433, Abcam;
strumpellin, rabbit polyclonal antibody, 1:500 in PBS-T, #sc-87445,
Santa Cruz; sequestosome-1/p62, rabbit polyclonal antibody,
1:3000 in PBS-T, #P0067, Sigma Aldrich; BAG-3, rabbit polyclonal
antibody, 1:3000 in PBS-T, #10599-1-AP, Proteintech; TDP-43 rabbit polyclonal antibody, 1:1000 in PBS-T, #12892-1-AP, Proteintech;
ULK1, rabbit polyclonal antibody, 1:1000 in PBS-T, #ab65056,
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Fig. 1. Domain organization of the VCP protein and VCP gene targeting strategy. A, The murine and human VCP proteins are 100% identical on the amino acid level. The Nterminal region of the VCP protein harbors the CDC48 domain, in which the pathogenic R155C missense mutation is located, followed by the D1 and D2 ATPase domains and the Cterminal extension. B, Scheme of the genomic targeting strategy resulting in the R155C VCP knock-in mouse strain. C, PCR genotyping (green primer pair in (B)) conﬁrms the
presence of a knock-in allele with a 394 bp product containing the remaining single loxP site vs. 319 bp derived from the wild-type allele. D, Southern blot veriﬁcation of the R155C
VCP knock-in mice based on KpnI/SacI double-restriction digestion and hybridization with an external 50 probe leading to the detection of the expected 4.9 kb knock-in and 9.5 kb
wild-type fragments. E, veriﬁcation of the presence of the TGT missense mutation at the mRNA level encoding R155C VCP by sequencing of the indicated 277 bp RT-PCR product
from heterozygous mice (blue primer pair in (B), mVCPki3F 50 -AGCCATGCCCTGATGTAAAG-30 and mVCPki3R 50 -TCCTCATCCTCTCGCTTGAT-30 ). The chromatogram shows the expected double signal for CGG (Arg) and TGT (Cys) from the wild-type and knock-in alleles, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the Web version of this article.)

Abcam; Beclin-1, rabbit monoclonal antibody, 1:500 in PBS-T,
#3495, Cell Signaling.

2.5. VCP mRNA analysis
Complementary DNA derived from skeletal muscle of the
above IBMPFD patient as well as skeletal muscle and brain tissue
of heterozygous R155C VCP knock-in mice was used for PCR
(human primer pair, hVCPki1F 50 -AATAACCTTCGTGTACGCCT-30 ,
hVCPki3R 50 -TCCTCATCCTCTCGTTTGAT-30 , product size 317 bp;
murine primer pair, mVCPki3F 50 -AGCCATGCCCTGATGTAAAG-30 ,
mVCPki3R 50 -TCCTCATCCTCTCGCTTGAT-30 , product size 277 bp).
To analyze the ratio of wild-type and mutant VCP mRNA, PCR

products were directly subjected to restriction digestion as well as
cloned into pGEM-Teasy (Promega Corporation, Madison, WI,
USA) and transformed into E. coli. Single colonies were picked,
used for a second PCR, and the obtained PCR products also were
subjected to restriction digestion. The presence of TGT encoding
the R155C VCP point mutation destroys an endogenous BtgI and a
NciI restriction site in the human and murine VCP sequence,
respectively, thus enabling the differentiation between wild-type
and mutant mRNA species.
2.6. Data analysis and ﬁgure preparation
Data analysis was performed using Excel 2016 (Microsoft);
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Fig. 2. Human R155C VCP related brain and skeletal muscle pathology. Cranial MRI and muscle pathology pictures are derived from a previously published IBMPFD patient with
€ mo
€ ri trichrome stained
a heterozygous R155C VCP mutation [28]. A, T1-weighted cranial MRI illustrating the marked frontotemporal brain atrophy (white arrowheads). B, Go
skeletal muscle tissue specimen. Black arrowheads denote the presence of multiple rimmed vacuoles. White arrows indicate the presence of sarcoplasmic protein aggregates. C,
Ultrastructural analysis of the same muscle specimen illustrating myoﬁbrillar degeneration (black asterisk), autophagic vacuoles (white arrowheads), and sarcoplasmic protein
aggregates (white asterisks). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

additional information is provided in the ﬁgure legends. Data of
the phenotypic screen were analyzed by Student's t-test or linear
model, as appropriate. Final assembly and preparation of all
ﬁgures for publication was done using Corel Draw Graphics Suite
X7.
3. Results
3.1. R155C VCP knock-in mice: a genetic model for human VCPrelated diseases
To generate a R155C VCP knock-in mouse model, we used a
gene targeting strategy that replaced the triplet “CGG” (human
“CGT”) encoding arginine by “TGT” (human “TGT”) encoding
cysteine in exon 5. As previously reported, our ﬁrst approach did
not lead to the generation of R155C VCP knock-in mice, but
resulted in a mouse strain that was haploinsufﬁcient for wildtype VCP (B6J.129S2-Vcptm1.1Ccrs, http://www.informatics.jax.
org/allele/MGI:6189547; synonym: B6J.129S2-Vcptm1(ko)Cscl&Rfsr,
supplementary ﬁgure 1 in Ref. [35]). Our second, modiﬁed gene
targeting approach, in which we changed the position of the
single remaining loxP site after Cre recombination to a more
upstream location within intron 4 (Fig. 1B), ﬁnally led to the
generation of the intended R155C VCP knock-in mice (B6J.B6Vcptm2.1Ccrs, http://www.informatics.jax.org/allele/MGI:6189550).
The correct targeting event was conﬁrmed by PCR genotyping in
conjunction with sequencing as well as Southern blotting (Fig. 1C
and D). The presence of the mutant mRNA species coding for
R155C VCP in ear tissue from the very ﬁrst mice of this newly
generated mouse strain was conﬁrmed by RT-PCR and
sequencing of the PCR products (Fig. 1E). Breeding of heterozygous R155C VCP knock-in mice did not yield in the generation of
viable mice homozygous for the R155C VCP mutation. Notably,
homozygosity could only be detected in tissue specimens from
body parts of dead newborn mice. The latter ﬁnding indicates
that the sole expression of R155C point mutant VCP exerts a
deleterious effect not compatible with life.

3.2. From human IBMPFD pathology to comprehensive phenotyping
of R155C VCP knock-in mice
The typical morphological correlate of a clinically manifest
fronto-temporal dementia in humans is the prominent brain atrophy in the corresponding regions (Fig. 2A), whereas the typical
myopathological picture of diseased skeletal muscle tissue comprises myopathic alterations in conjunction with an abundancy of
rimmed vacuoles, sarcoplasmic protein aggregates, and degenerating myoﬁbrils (Fig. 2B and C). The primary question of this study
was whether our newly generated heterozygous R155C VCP knockin mouse strain may serve as an animal model that truly mirrors the
human VCP-related pathology. However, our ﬁrst phenotypical and
histopathological analyses of skeletal muscle tissue from heterozygous R155C VCP knock-in mice did not provide any evidence of
pathology. In order to look for a late-onset VCP-related pathology,
we further performed a detailed myopathological analysis of aged,
16-month-old heterozygous R155C VCP knock-in mice which again
showed no signiﬁcant pathology. Moreover, our immunoblot analyses addressing the protein expression levels of the direct VCP
interaction partner strumpellin (WASH complex subunit 5), key
markers of autophagy (sequestosome-1/p62, BAG-3, Serine/threonine-protein kinase ULK1, Beclin-1), and TDP-43 as well as our
proteasome activity measurements in skeletal muscle tissue of
heterozygous R155C VCP knock-in mice displayed levels which
were in the same range as in wild-type siblings (Fig. 3, “biochemistry” part). Subsequently we performed a very detailed and
comprehensive phenotyping analysis in collaboration with the
German Mouse Clinic. These analyses comprised a broad range of
parameters including such related to neurology, behavior, dysmorphology, cardiovascular system, and general organ pathology.
Again, this comprehensive screening did not reveal any pathology
related to the human phenotypes of IBMPFD, ALS, or HSP. Notably,
statistically signiﬁcant alterations were observed in several tests
related to clinical chemistry (decreased concentrations of plasma
lactate, serum albumin and total protein), energy metabolism
(increased oxygen consumption), hematology (decreased number
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Fig. 3. Comprehensive phenotypic analysis of heterozygous R155C VCP knock-in mice. A cohort of 6 female and 13 male heterozygous R155C VCP knock-in mice and 10 female
and 11 male wild-type siblings were subjected to a comprehensive phenotyping at the German Mouse Clinic. Investigation started with mice aged 11 weeks and ended with age of
23 weeks. The conducted analyses and results of this standardized workﬂow are summarized in this simpliﬁed overview. Parameters that are signiﬁcantly increased or decreased in
heterozygous R155C VCP knock-in mice as compared to the wild-type controls are highlighted in green or orange, respectively, and the mean values with data of both sexes pooled
are given. Statistical signiﬁcance was calculated by Student's t-test or linear model, as appropriate. Further biochemical analyses addressing protein expression levels and proteasome function are given in a separate section (yellow). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

C.S. Clemen et al. / Biochemical and Biophysical Research Communications 503 (2018) 2770e2777

2775

of platelets), immune system (increased percentage of Ly6C
expressing CD8 T-cells), and organ pathology (decreased liver to
body weight ratio) (Fig. 3). All results of the phenotypic screen are
in detail available online in the German Mouse Clinic phenomap
(www.mouseclinic.de).
3.3. VCP mRNA and protein expression in mice and men
Though our wide-range phenotypic analyses depicted several
statistically signiﬁcant abnormalities in our R155C VCP knock-in
mice, none of them showed a direct or indirect relationship to
the previously reported mutant VCP-related phenotypes in
humans. This prompted us to study the VCP mRNA and protein
levels in skeletal muscle in more detail. On the protein level, we
detected no obvious differences in the total amount of VCP in
normal and IBMPFD-derived human skeletal muscle carrying the
R155C mutation as well as in skeletal muscle and brain tissue
derived from wild-type and heterozygous R155C VCP knock-in
mice (Fig. 4G). In a next step we determined the ratio of wildtype and mutant VCP mRNAs in the human skeletal muscle tissue
by performing RT-PCRs in conjunction with BtgI restriction digestion (Fig. 4A). Further analysis and quantitation showed that 70% of
total VCP mRNA is derived from the mutant allele (Fig. 4B). Notably,
analogous experiments using skeletal muscle and brain tissue
specimens from heterozygous R155C VCP knock-in mice only
revealed the presence of 7% and 5% mutant VCP mRNA, respectively
(Fig. 4CeF). To ascertain that this rather puzzling result is not
inﬂuenced by sequence alterations affecting the NciI restriction
digestion, we further sequenced and veriﬁed 12 colony PCR products derived from skeletal muscle and brain tissue from wild-type
and heterozygous R155C VCP knock-in mice.
4. Discussion
The vital role of wild-type VCP protein is highlighted by several
studies showing that the targeted ablation of VCP in Trypanosoma
brucei [36], Saccromyces cerevisiae [37], Drosophila melanogaster
[38], and mouse [39] is lethal in all these organisms. In order to
study the pathological consequences of mutant VCP expression, we
here generated a R155C VCP knock-in mouse strain as a genetic
model for the human IBMPFD disease. The codon 155 is a VCP
mutation hot spot, and several different IBMPFD-causing missense
mutations resulting in an amino acid substitution from arginine to
cysteine (p.R155C [3,40]), to histidine (p.R155H [3]), to leucine
(p.R155L [41]), to proline (p.R155P [3]), to serine (p.R155S [42]), and
to glutamine (R155Q [43]) have been described. While our gene
targeting approach yielded in the generation of the intended heterozygous R155C VCP knock-in mice, the failure to generate homozygous offspring clearly denotes a deleterious effect of the
homozygous R155C mutation, which is not compatible with life.
Our extensive analyses of the heterozygous R155C VCP knock-in
mice revealed several statistically signiﬁcant aberrations
comprising decreased concentrations of plasma lactate, albumin,
total protein, a decreased number of platelets, decreased liver to
body weight ratio, an increased percentage of Ly6C expressing CD8
T-cells, and increased oxygen consumption. However, none of these
wide-spread aberrations have previously been reported in the
context of human VCP-related diseases. On the other hand, our
R155C VCP knock-in mice did not show any clinical or morphological evidence suggesting the manifestation of IBMPFD, ALS, PD,
HSP, or HMSN2.
Our ﬁndings in the R155C VCP knock-in mouse strain are in clear
contrast to the previously published R155H VCP knock-in mouse
strain. Heterozygous mice of this line were reported to display
IBMPFD-related skeletal muscle, bone, and brain pathology [23] as

Fig. 4. Expression levels of wild-type and mutant VCP mRNA and protein in human
and murine skeletal muscle as well as murine brain tissue. A, Wild-type and TGT,
encoding R155C VCP mRNA expression analysis in human skeletal muscle tissue derived
from a control (WT) and an IBMPFD patient (HET) by RT-PCR in conjunction with cloning
of the PCR product, colony PCRs, and BtgI restriction digestion. Since the presence of the
R155C mutation destroys an endogenous BtgI restriction digestion site, the 317 bp RTPCR product derived from the mutant mRNA cannot be digested into the 195 and 122
bp fragments as seen in the normal control. B, Quantitation of the levels of wild-type
(R155) and mutant (C155) VCP mRNA. BtgI restriction digestion of the PCR products
from 124 single colonies identiﬁed 37 wild-type and 87 mutant VCP clones. The stacked
column denotes the relative amounts in percent of the of wild-type and mutant VCP
mRNA species in the heterozygous R155C VCP patient. C-F, Analogous experiments were
performed with skeletal muscle (107 single colonies; 99 wild-type and 8 mutant VCP
clones) and brain (113 single colonies; 107 wild-type and 6 mutant VCP clones) tissue
derived from R155C VCP knock-in mice. Here, the presence of the R155C mutation destroys an NciI restriction site. Note that the relative amounts of the mutant VCP mRNA
species in skeletal muscle and brain tissue from heterozygous mice are far below the
range observed in the human IBMPFD skeletal muscle tissue. G, Upper panel, VCP
immunoblotting using total protein extracts from human and murine skeletal muscle as
well as murine brain tissue. Note, that there is no signiﬁcant difference in the VCP protein
levels between the respective wild-type and heterozygous R155C VCP tissue samples.
Lower panel, Coomassie brilliant blue stained SDS-PAGE gel as loading control.
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well as ALS resembling spinal cord alterations with age-dependent
degeneration of ventral horn motoneurons [44]. Though the R155H
mutant VCP already evoked human IBMPFD-related pathologies in
heterozygous mice, their mating also resulted in the successful
generation of homozygous R155H VCP knock-in mice, which were
reported to display an accelerated disease phenotype inevitably
leading to premature death in the ﬁrst three weeks after birth [45].
The ﬁndings in the R155H VCP knock-in mouse strain are further
mirrored in two transgenic mouse strains overexpressing either the
R155H or the A232E VCP mutant, which both display the aforementioned signs of IBMPFD pathology [46].
To address the striking clinical and pathomorphological differences between the R155H and our newly generated R155C VCP
knock-in mouse strains, we performed analyses focusing on the
VCP protein and mRNA levels in human IBMPFD and murine R155C
VCP knock-in mice tissues specimens. In keeping with our previous
immunoblot studies on human R155C, R155H, and R93C IMBPFD
skeletal muscle specimens [28], our current analysis showed
identical VCP protein levels in human IBMPFD tissue as compared
to normal controls. This ﬁnding is also mirrored in skeletal muscle
and brain tissue VCP immunoblots in both our R155C (Fig. 4G) and
the R155H [23] VCP knock-in mouse strains. Thus, these results
clearly show that different VCP missense mutations do not change
the total endogenous VCP protein level. However, our experiments
revealed a different picture at the mRNA level. Here, we found that
in human R155C VCP IBMPFD skeletal muscle tissue a fraction of
70% of the total VCP mRNA is derived from the mutant allele. In
contrast, in skeletal muscle and brain tissue derived from our
R155C VCP knock-in mice we detected only 7 and 5%, respectively,
of the R155C mutant VCP mRNA. Hence, the lack of an obvious
IBMPFD/ALS phenotype in our heterozygous R155C VCP knock-in
mice is likely due to this low level of mutant VCP mRNA. The
concept of a critical threshold of mutant VCP for disease pathology
is further substantiated by a previous study applying a tamoxifeninduced, Cre-mediated excision approach of the R155H VCP mutation in heterozygous knock-in mice. Here, a marked amelioration
of the skeletal muscle pathology was reported as a consequence of a
highly efﬁcient (90%), Cre-mediated deletion of the exon 4 and the
missense mutation-harboring exon 5 [47]. Thus, the aforementioned data in conjunction with our results support the notion that
targeted therapeutic approaches that lower the level of mutant VCP
mRNA can ameliorate the VCP-inﬂicted disease pathology.
The reason for the very low expression of the R155C VCP mutant
mRNA in skeletal muscle and brain tissue of our knock-in mouse
strain is currently unclear. We hypothesize that the presence of the
missense mutation itself alters the biological half-life of the mutant
VCP mRNA. In this line, the human R155C VCP mRNA would exhibit
a much more prolonged half-life than its murine counterpart. As an
alternative explanation one has to consider the possibility that the
remaining single loxP site in intron 4 hampers the transcription
rate, splicing machinery, or nuclear export. However, since the gene
targeting approach for generation of the R155C as well as the
R155H VCP knock-in mice strains both resulted in a loxP positioning in intron 4, the latter explanation seems to be rather
unlikely.
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