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Background: Mutations in TDP-43 are fre- Significance: This TDP-43 allele could be
quently found in ALS patients. valuable in determining genetic or environ-
Results: A315T TDP-43 protein is elevated mental factors that cause full-blown FTD or
from this transgenic knock-in allele due to ALS.

disturbed feedback regulation.
Conclusion: Elevation of A315T TDP-43
was insufficient to cause ALS in this mutant.
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Abstract

The majority of Amyotrophic Lateral
Sklerosis (ALS) cases as well as many pa-
tients suffering from Frontotemporal Lo-
bar Dementia (FTLD) with ubiquitinated
inclusion bodies show TDP-43 pathology,
the protein encoded by the TAR-DNA
binding protein (Zardbp) gene. We used
recombinase-mediated cassette exchange
(RMCE) to introduce an ALS patient
c¢DNA into the mouse Tdp-43 locus. Ex-
pression levels of human A315T TDP-43
protein were 300% elevated in heterozy-
gotes while the endogenous mouse Tdp-43
was decreased to 20% of wildtype levels
as a result of disturbed feedback regula-
tion. Heterozygous TDP-43**""" mutants
lost 10% of their body weight and devel-
oped insoluble TDP-43 protein starting as
early as 3 months after birth, a pathology
that was exacerbated with age. We ana-
lyzed the splicing patterns of known Tdp-
43 target genes, as well as genome-wide
gene expression levels in different tissues
that indicated mitochondrial dysfunction.
In heterozygous mutant animals we ob-
served a relative decrease in expression of
Parkin (Park2) and the fatty acid trans-
porter CD36 along with an increase in
fatty acids, HDL cholesterol and glucose
in the blood. As seen in Transmission
Electron Microscopy, neuronal cells in
motor cortices of TDP-43**"*" apimals
had abnormal neuronal mitochondrial
cristae formation. Motor neurons were
reduced to 90% but only slight motoric
impairment was detected. The observed
phenotype was interpreted as a pre-
disease model which might be valuable
for the identification of further environ-
mental or genetic triggers of neurodegen-
eration.

Introduction

The Tardbp gene codes for TDP-43, a RNA-
binding protein of 43kDa which has been
implicated in a number of neurodegenerative
diseases such as Frontotemporal Lobar De-
mentia (FTLD) and Amyotrophic Lateral

Sclerosis (ALS) but also Chorea Huntington
(HD), Alzheimer's Disease (AD) and Park-
inson's Disease (PD) [1-8]. TDP-43 is a
widely expressed hnRNP with two RNA-
recognition motifs (RRM) and high affinity
to single-stranded nucleic acids [9-14]. Alt-
hough predominantly located in the nucleus,
TDP-43 shuttles between the nucleus and
the cytoplasm under normal conditions [15].
In the nucleus, TDP-43 is involved in mi-
croRNA biogenesis [16] and splicing regula-
tion where it causes exon inclusion or exclu-
sion, depending on number and localization
of its GT-enriched target sequences [17-22].
Upon stress exposure TDP-43 is recruited to
stress granules (SG) in cultured cells which
serve as cytoplasmic storage of RNAs to
become instantly available for translation
without further transcription processes [10,
23-25]. Under pathological conditions, TDP-
43 is ubiquitinated, phosphorylated and
forms neuronal cytoplasmic inclusions
(NCI) in upper and lower motor neurons
[26-27]. The vast majority of ALS mutations
has been observed in the glycine-rich do-
main of TDP-43, a domain which is thought
to function in protein-protein interaction, as
TDP-43 interacts with a large number of
proteins, including itself under physiological
conditions [28-30]. Cellular steady-state lev-
els of TDP-43 are mainly regulated through
a TDP-43 auto-feedback [17, 31-32]. High
levels of TDP-43 are toxic to cells, yet also
low TDP-43 levels are not tolerated [11, 33-
34]. Hence, transgenic overexpressors
downregulated endogenous TDP-43 levels
while heterozygous TDP-43 knockout mice
showed an increased expression of the
wildtype allele. A number of transgenic
mice expressing wildtype or mutant human
TDP-43 have been established, showing ei-
ther early lethality or severe motor dysfunc-
tion shortly after birth [35-37]. No mouse
model so far has shown all the features of
ALS. It is not yet clear, under which condi-
tions TDP-43 pathology develops in vivo
and what the role of the mutations for the
progression of the disease is. In order to in-
vestigate the role of a TDP-43 mutation un-
der physiological conditions, we generated a
mouse line expressing a human TDP-43
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cDNA, carrying an A315T mutation under
the control of the endogenous Tardbp pro-
moter.

Experimental Procedures

Generation of hTDP-43**"5" mice

Animals were generated via RMCE as pre-
viously described [38]. Briefly, the final ex-
change vector was established from pENTR-
Ex containing full-length c¢cDNA TDP-
43(A315T) and pEX-Dest in a Gateway re-
action using clonase and following standard
protocols (Invitrogen). Transfection was
performed using the FIEx conditional GGTC
gene trap clone D045A10. Hygro-resistant
clones were screened for successful ex-
change by PCR using internal oligonucleo-
tides in the splice acceptor of pEX-FLP-
hTDP-43(A315T) and in the 5’-LTR. In vivo
excision of hygromycin by Cre was done
using Rosa26Cre transgenic mice (Taconic;
006467-T-F Heterozygous C57BL/6NTac-

Gt(ROSA)26Sortm16(cre)Arte )

Genotyping
Mice expressing human A315T TDP-43 pro-
tein were identified by PCR using following

primers: D04 5for 5’-
CTGTTGTCGGATTCCTTCCC-3,

D045rev 5-
CTCGTCATTTCTTACCTGGAG-3>  and
LTR for 5-

CAACTGCAAGAGGGTTTATTGG-3’

Quantitative real-time PCR

Levels of mouse and human TDP-43 tran-
scripts were determined using commercial
TagMan® Gene Expression Assays (Ap-
plied Biosystems). Total RNA was extracted
from frozen brain tissue using TRIzol®
(Invitrogen) and RNeasy Mini Kit (Qiagen).
Total RNA was treated with DNase (Qi-
agen) to eliminate genomic DNA. 1 pg of
RNA was used to synthesize cDNA using
the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). Following
gene expression assays were used: hTDP-43
Hs0606522 ml, mTDP-43
Mm00523866 ml and mouse ACTB (en-

dogenous control, 4352933E) (Applied Bio-
systems).

Western Blotting

For soluble fractions tissues were homoge-
nized in RIPA buffer (50mM Tris-HCI, pH
7.4, 150mM NaCl, 1% Triton X-100, 0.5%
Sodium Deoxycholat, 1% SDS, 3mM EDTA
and protease and phosphatase inhibitor cock-
tail) and sonicated. Following centrifugation
supernatant was assessed by BCA protein
assay kit (Thermo Scientific). The pellet was
twice redissolved in RIPA buffer, sonicated
and centrifuged at 100,000xg at 4°C for 30
min. Finally the pellet was resuspended in
urea buffer (7M urea, 2M thiourea, 4%
CHAPS, 30mM Tris-HCI, pH 8.5), sonicat-
ed and centrifuged at 20,000xg at RT for 30
min. The supernatant was used for the insol-
uble fraction. Equal amounts of protein were
loaded on a Nu-PAGE 4-12% Bis-Tris gel
(Invitrogen) and transferred on a nitrocellu-
lose membrane. Following antibodies were
used: rabbit anti-TDP-43 antibody (Pro-
teinTech, 10782-2-AP; 1:1000), human spe-
cific mouse anti-TDP-43 antibody (Abcam,
ab57105; 1:1000), mouse anti-parkin anti-
body (Santa Cruz Biotechnology,Inc.
1:1000), rat anti-TDP43 phosphorylated
(1D3; E. Kremmer, 1:100) [39], mouse anti-
FUS (Santa Cruz Biotechnology Inc.,
1:1000), mouse anti-Ubiquitin (Millipore,
1:500), rabbit anti-p62 (Santa Cruz, sc-
25575), anti-Opal (BD Biosciences), anti-
CD36 (R&D Systems, 1:500). Detection was
performed using HRP-conjugated secondary
antibodies and ECL Plus Chemiluminescent
Detection System (Amersham Biosciences).
Data were normalized to mouse anti-f-actin
(GeneTex, 1:10000).

Immunohistochemis-
try/Immunofluorescence

Mice were perfused transcardially using 4%
paraformaldehyde in 0.1M phosphate buffer
and paraffin-embedded. Eight-micrometer
sections of brain and spinal cord were cut.
For immunohistochemistry, the tissue was
quenched in 0.2% H,0, in PBS and antigen-
retrieval was done with citrate buffer for 1h.
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After blocking in 10% normal goat serum
for 1h at room temperature, primary antibod-
ies were incubated overnight at 4°C. The
tissue was treated with biotinylated second-
ary antibodies (1:300) for 1h at room tem-
perature, incubated in avidin-biotin complex
(Vector Laboratories) and developed using
DAB (Sigma). Nissl- and hematoxylin/eosin
staining were performed using standard
methods.

Double immunofluorescence was performed
on fixed paraffin-embedded sections of the
brain and spinal cord using the described
primary antibodies and Alexa Fluor 594 or
488-conjugated secondary antibodies.

Transmission Electron microscopy.

Animals were perfused as described in the
immunhistochemistry section. Tissue sam-
ples were fixed in 2.5% electron microscopy
grade glutaraldehyde in 0.1 M sodium caco-
dylate buffer pH 7.4 (Science Services, Mu-
nich, Germany), postfixed in 2% aqueous
osmium tetraoxide, dehydrated in gradual
ethanol (30-100%) steps and propylene ox-
ide, embedded in Epon (Merck, Darmstadt,
Germany) and cured for 24 hours at 60°C.
Semithin sections were cut and stained using
toluidine blue. Ultrathin sections of 50 nm
were collected onto 200 mesh copper grids,
stained using uranyl acetate and lead citrate
prior to transmission electron microscopy
examination (Zeiss Libra 120 Plus, Carl
Zeiss NTS GmbH, Oberkochen, Germany).
Pictures were acquired using a Slow Scan
CCD-camera and iTEM software (Olympus
Soft Imaging Solutions, Miinster, Germany).

ES cell culture

All clones were derived from feeder inde-
pendent E14 Tg2A.4 cells [40] gene trap
lines, with the exception of D045A10 which
was derived from a TBV2 cell line [41] and
was cultured on a mouse embryonic fibro-
blast feeder layer. ES cells lines were grown
under standard culture conditions
(http://www.genetrap.de). For Cre transfec-
tion the exchange clones were transfected
with 50ug of supercoiled Caggs-CRE-IRES-

Puro plasmid. After electroporation, ES cells
were plated on gelatine-coated culture dishes
(1x10°, 100mm) for 3 to 4 days. Selected
colonies were transferred to 96-well plates
and expanded in three replicates to 96-wells.
One plate was used for the isolation of ge-
nomic DNA and genotyping. Positive clones
were expanded on gelatine-coated 100mm
dishes and used for protein analysis.

Behavioural tests

All behavioural tests were carried out as de-
scribed previously [42-43].

Beam Walk. Mice were trained to traverse a
I-m wooden round beam. After the training
period animals were placed on the beam for
five testing trials. Time needed to traverse
the beam, number of foot slips and number
of falls off the beam were measured.

Vertical Pole Test. The animals were placed
head upwards on a 50-cm high, taped pole.
The time needed to turn downwards and to
descend were measured.

Accelerating Rotarod. Mice were placed on
a rod rotating at 4 rpm constant speed. Rota-
tion speed was accelerated from 4 to 40 rpm
in 300 s. Latency and rpm at which each
mouse fell off were recorded. The test phase
consisted of three trials separated by 15 min
inter-trial intervals.

Ladder. Animals were placed on a horizon-
tal ladder on which spacing of the rungs is
variable. After a short training period, mice
needed to traverse the ladder. The number of
front and hind paws slips and time to cross
the ladder were recorded.

Gait analysis. Mice performed three uninter-
rupted runs in a dark room over an elevated
glass walkway. The footprint pattern was
tracked by a camera (Pulnix Camera RM-
765) and analysed using the “Cat Walk”
software Version 7.1.

Y-maze. The Y-maze is an apparatus by the
shape of a Y, encompassing three identical
arms connected with a triangular platform.
The mice were placed at the end of one arm
and allowed to explore the Y-maze for a five
minute interval. Latency to leave the first
arm, total number and sequence of entries
into each arm were counted.
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Object recognition. Two identical objects
were placed in an empty arena and the mice
were allowed to explore them for 5 min.
Each mouse had three sampling trials with
inter-trial intervals of 15 min. At 3 and 24
hours after the third sampling trial, one ob-
ject was replaced by a new, unfamiliar one.
The exploration times were scored for each
trial and analysed.

MN counting

For spinal motor neuron quantification mice
were perfused with 4% paraformaldehyde
and the spinal cord was removed and em-
bedded in paraffin. Serial 8um sections from
the L3-L5 region were cut. Sections were
Nissl stained and every second section was
used for counting motor neurons in the sciat-
ic motor pool. Only cells with a clear, defin-
able nucleolus were scored.

Rapid amplification of c¢DNA ends
(3’RACE)

Total RNA was isolated from adult brain
tissue as described above. Reverse transcrip-
tion and 3’RACE were performed with the
FirstChoice®RLM-RACE Kit (Ambion)
using following gene specific primer: 5’-
ATATTCTGCCATAGGAATAC -3’

Clinical Chemistry

A cohort of 40 mice, 20 mice per sex, and an
equal number of wildtype littermates was
phenotypically analyzed within the German
Mouse Clinic (GMC) in a two-pipeline sys-
tematic primary phenotyping screen using
ten mice per group being utilized for each
test. In the following, only tests resulting in
the detection of significant genotype-related
differences are described in detail: Blood
samples were collected by retrobulbar punc-
ture from isoflurane anesthetized mice into
heparinized tubes in both pipelines. Mice
analyzed in pipeline 1 were fasted overnight
for 16 to 18 hours prior to blood collection.
Blood samples collected from fasted mice
were stored after collection in a rack on wet
ice for not longer than one hour until being
separated by centrifugation and plasma was
immediately frozen at -80°C until analysis.
Samples collected from ad libitum fed mice

in pipeline 2 were stored one to two hours at
room temperature before centrifugation (10
minutes at §°C, 5000 x g, Biofuge fresco,
Hereaus) and plasma was distributed for the
different blood-based screens. Clinical
chemistry analysis of these samples was per-
formed on the day of collection using 1:2
diluted samples. Clinical chemical parame-
ters were determined using an AU400 auto-
analyzer (Olympus, Germany, distributed by
Beckman-Coulter in the meantime) and
adapted reagents from Beckman-Coulter,
Wako and Randox. Plasma samples collect-
ed from overnight fasted mice were ana-
lyzed for concentrations of total cholesterol,
HDL-cholesterol, triglyceride, glucose, non-
esterified fatty acids (NEFA) and glycerol,
while a set of 18 parameters (concentrations
of sodium, chloride, potassium, calcium,
inorg. phosphorus, iron, total protein, albu-
min, urea, creatinine, total cholesterol, tri-
glyceride, and glucose, as well as plasma
activities of ALAT, ASAT, AP, a-amylase
and LDH) was measured in samples collect-
ed in pipeline 2.

Molecular Phenotyping

Brain and muscle were collected from mice
at the age of 17 weeks. Total RNA of the
different organs was isolated from eight (tes-
tis) and fourteen (brain) mice (four/six mu-
tant and four/eight wild type mice) accord-
ing to manufacturer’s protocol using RNeasy
Mini kits (Qiagen). RNA integrity was mon-
itored on a formaldehyde agarose gel and
concentration calculated from ODsgg280
measurement. 500ng of this high quality
total RNA were amplified using the Illumina
TotalPrep RNA Amplification kit (Ambion).
The amplified ¢cRNA was hybridised to
MouseRef-8 v2 Expression BeadChips (II-
lumina, San Diego, CA, USA) and subse-
quent to 16 hours incubation, staining and
scanning were done according to the Illumi-
na expression protocol. Data was normalized
using the GenomeStudioV2011.1 software
and processed using the quantile normalisa-
tion, background subtraction option and in-
troduction of an offset to remove remaining
negative expression values. The identifica-
tion of significant gene regulation was per-
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formed using SAM (Significant Analysis of
Microarrays) included in the TM4 software
package. Genes were ranked according to
their relative difference value d(i), a score
assigned to each gene on basis of changes in
gene expression levels in relation to the
standard deviation. Genes with d(i) values
greater than a threshold were selected as
significantly differentially expressed in an
one class analysis. The percentage of such
genes identified by chance is the false dis-
covery rate (FDR). To estimate the FDR,
nonsense genes were identified by calcula-
tion of 1000 permutations of the measure-
ments. The selection of the top differentially
expressed genes with reproducible up- or
down-regulation includes about 5% false
positives (FDR) in combination with fold
change > 1.4. Array data are available in the
GEO database
(http://www.ncbi.nlm.nih.gov/geo/?roo=md)
under GSE39585.

Bioinformatics Analysis

Support Vector Machines with Recursive
Feature Elimination (SVM-RFE) according
to Zhou et al. (2007) [44] was performed on
normalized microarray data of TDP-43 mu-
tant and wildtype mice. For SVM prediction
the function svm from the e1071 package in
R (http://www.r-project.org/) was used with
default settings except the parameters type =
‘C-classification’, kernel = ‘linear’ and cost
= 0.1. SVM-RFE algorithm grouped the
samples of the microarray dataset (six
wildtype and six mutant animals) into strati-
fied five folds and all combinations of four
folds were used for mSVM-RFE. The group-
ing into folds was done ten times and the
SVM-RFE algorithm was applied 50 times
on different subsets of the original dataset.
Finally, 50 different probeset selections,
each consisting of the best 500 probesets for
classification according to the cost function
of the SVM classifier were obtained. The
frequency of each occurring in all the
probeset selections was computed to identify
the most important (see detailed description
of an application of this algorithm in Augus-
tin et al. 2011[45]).

Differentially expressed genes occurring in
at least 15 selections were functionally in-
vestigated with the Ingenuity Pathway Anal-
ysis  software (IPA  content version:
12710793, Release Date: 2012-05-07) and
explored for enrichment in Gene Ontology
(GO) categories cellular component and bio-
logical process [46] by the program Pathway
Studio 9.0 (Ariadne Genomics). For calcula-
tion of p-values a Fisher’s exact test was
performed with both tools.

Results

Increased TDP-43 levels in mice express-
ing hTDP-43*"%"

To study the pathological functions of
A315T TDP-43 protein, we generated mice
expressing human TDP-43 cDNA with the
A315T mutation under control of the endog-
enous Tardbp promoter [38]. The hTDP-
43857 4/ mice were viable and fertile.
hTDP-43"*""T +/- mice were intercrossed to
generate homozygous mutants. However, no
homozygous hTDP-43**""T mice were iden-
tified among 200 pups genotyped at weaning
age. To determine the stage of lethality, 20
embryos were genotyped at embryonic day
E7.5 after het x het matings. Again no ho-
mozygous mutant embryos were found indi-
cating lethality of homozoygotes before or
around gastrulation (E6.5 — E7.5; Fig. 1A).
Therefore, this entire study was done using
heterozygotes. Expression levels of TDP-43
were found to be elevated in the adult brain
and yet in a variety of other tissues of the
mutants, too (Fig. 1B,C). We detected two
tissue specific TDP-43 isoforms in Western
blots. Due to the presence of a smaller TDP-
43 isoform in the kidney (35kDa), which
was detectable with an antibody recognizing
the N-terminus of human TDP-43 protein,
and the fact that a human cDNA was ex-
pressed, we concluded that the 35kDa form
was not a result of alternative splicing but
rather represents a C-terminal post-
translational truncation. The second tissue-
specific isoform was a 60kDa band which
was detectable only in the brains of wildtype
and heterozygous animals. To date, the na-
ture of this band is still unclear (Fig. 1B). To
investigate the onset of TDP-43 overexpres-
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sion we analyzed brain lysates from 1, 6 and
12 months old mutants. Elevated TDP-43
protein amounts, which were estimated to
2.5x of wild-type levels from Western blots,
were already present in one month old het-
erozygotes (Fig. 1C). Next, we examined the
relative levels of the mouse and the mutant
human TDP-43 transcripts. Using species-
specific quantitative real-time PCR we
found that in one year old mutant mice en-
dogenous mouse TDP-43 messenger RNA
transcripts were decreased to as low as 20%
compared to controls. In contrast, the human
TDP-43 isoform carrying the A315T muta-
tion was 3-fold upregulated (Fig. 1D). In
summary, the ratio of hTDP-43*"T to
mTDP-43 was calculated to be 15:1 as based
on transcript levels.

The 3’UTR is essential to control endoge-
nous TDP-43 levels in vivo

TDP-43 regulates itself through a negative
feedback loop by binding to its own 3’UTR
sequence [17, 31]. This discovery led us to
investigate if the missing 3’UTR in our con-
struct was accountable for the hTDP-43 up-
regulation. We created four ES cell lines
expressing either the human wildtype or mu-
tant TDP-43 cDNA along with a bGH polyA
sequence or 800bp of the mouse 3’UTR.
Protein lysates of these clones were generat-
ed and analyzed. TDP-43 protein amounts of
clones expressing either wildtype or mutant
hTDP-43 together with the 3’UTR were
comparable to the levels of the control.
While the clones expressing the wildtype or
mutant cDNA with the bGH polyA showed
approximately 2.5-fold increase of TDP-43
protein (Fig. 2A). These experiments sug-
gested that the elevated expression of human
TDP-43 in the mutants was solely due to the
absence of the 3’ UTR. In addition, 800bp of
the mouse 3’UTR were sufficient for the
negative TDP-43 auto-loop. While perform-
ing a 3’RACE of mouse brain samples we
detected two splice variants of the TDP-43
3’UTR of 828bp and 247bp (Fig. 2B). The
spliced region contains a putative binding
site for TDP-43 (red; Fig. 2C).

Insoluble TDP-43 inclusions in hTDP-
435" mice

A pathological hallmark of amyotrophic lat-
eral sclerosis (ALS) and frontotemporal lo-
bar degeneration (FTLD-TDP) is the for-
mation of neuronal insoluble TDP-43 inclu-
sions [47, 48]. We detected insoluble TDP-
43 in brain lysates of hTDP-43"*"*T +/- mice
(Fig. 3A). The amount of insoluble TDP-43
protein increased with age: While three
months old mice showed only small
amounts of insoluble TDP-43, it became
highly detectable in one year old mutants yet
not in controls. This observation was made
using an antibody detecting only the human
TDP-43 (anti-hTDP-43) as well as using an
antibody detecting both, human and mouse
isoforms (anti-total TDP-43). Despite ele-
vated expression of human TDP-43 being
detected in all tissues tested, insoluble TDP-
43 was only found in the brain yet not in the
spleen, kidney or liver (Fig. 3B). Using im-
munhistochemistry we detected the presence
of cytoplasmic TDP-43 aggregates in sec-
tions of brain and spinal cord of one year old
hTDP-43*"" +/- mice with both, anti-
hTDP-43 or anti-total TDP-43 antibodies
(Fig. 3C). Neuronal cytoplasmic inclusions
(NCIs) were present in the cortex and, to
some extent, in hippocampal neurons. Fur-
thermore, neurons in the anterior horn of the
spinal cord exhibited TDP-43 aggregates
and nuclear clearance. These findings sup-
port the view, that a mechanism leading to
the formation of TDP-43 aggregates is only
active in neurons.

TDP-43 aggregates in brain and spinal
cord of hTDP-43**""T mice

A characteristic feature of neurodegenera-
tive diseases is the ubiquitination of protein
aggregates in the cytoplasm and/or nucleus
of neurons [49]. Neumann et al. (2006) [47]
were able to show that TDP-43 is the ubiqui-
tinated protein in ALS and FTLD-TDP cas-
es. To investigate possible ubiquitination of
TDP-43 we performed double immunofluo-
rescence labeling with antibodies recogniz-
ing both TDP-43 isoforms and poly-
ubiquitin (Fig. 4A-D). TDP-43 (green) was
shown to localize to the nucleus of neurons
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of the brain and spinal cord in the control
mice. The ubiquitin staining of the control
sections (Fig. 4A,C) displayed a rather weak
signal in comparison to sections from mu-
tant mice (Fig. 4B.,D). In the brain, the cor-
tex and anterior horn of the spinal cord of
mutants we detected TDP-43 inclusions in
the cytoplasm of neurons that co-localized
with ubiquitin (Fig. 4B,D). Another previ-
ously described pathological feature of TDP-
43 in ALS and FTLD-TDP is hyperphos-
phorylation of the protein at several serine
residues as well as the presence of a C-
terminal 25kDa fragment [47]. To examine
the phosphorylation status of TDP-43, we
performed western blot analyses using solu-
ble and insoluble brain protein fractions of
20 months old control and mutant mice. As
positive control for a phospho-specific TDP-
43 antibody we carried out in vitro phos-
phorylation of brain lysates using casein ki-
nase 1 [50]. However, we were unable to de-
tect hyperphosphorylation of TDP-43 in
hTDP-43**"T animals. Also, disease-related
C-terminal fragments of TDP-43 were not
detected (not shown).

Neurodegeneration in mice expressing
human A315T TDP-43

As ALS has been described as progressive
neurodegenerative disease affecting upper
and lower motor neurons, we analyzed the
motor system of hTDP-43**"*T +/- mice. In
order to asses the number of motor neurons
in the ventral horn of the spinal cord we per-
formed Nissl staining of the lumbar spinal
cord region in serial sections (Fig. 5A-B).
Counting of neurons in the sciatic motor
pool revealed that there was a 10% reduction
of motor neurons compared to controls in 3
and 18 month old animals expressing the
human A315T mutation (Fig. 5C), indicating
a developmental phenotype. To test for a
correlation between a decreased number of
motor neurons and performance of the ani-
mals, several motor tests on a cohort of ani-
mals were done after 5 and 15 months. No
abnormalities were seen in 5 months old
animals (not shown). In the CatWalk analy-
sis of the mutant animals an increase in gait
abnormalities was determined, which was

subtle yet significant as compared to control
animals. Not only did hTDP-43*"T +/-
mice spend more time standing on four paws
compared to controls (Fig. 5D), the time at
which the largest part of a paw contacted the
glass plate was significantly altered for the
left hind paws (Fig. 5E) and the temporal
relationship of the diagonal inter-paw coor-
dination was displaced in mutants (Fig. 5F).
Other motor tests (ladder, accelerating
rotarod, beam walk, grip strength and pole
test) revealed no significant differences (Fig.
6). Patients suffering from ALS occasionally
develop a form of dementia [51]. To this
purpose we analyzed several memory tasks
in one cohort of mice. The Y-maze, which is
a test for working memory, showed a trend
in female mutants towards unusually in-
creased same arm returns (SARSs) in compar-
ison to aged-matched controls. Other
memory tests including object recognition
and IntelliCage no abnormalities could be
detected in mutant mice (not shown).
Summed up, these results suggest that the
approx. 10% reduction of motor neurons
observed is responsible for slight motoric
problems.

Changes in the metabolism of hTDP-
435" mice

Compared to both age and sex-matched con-
trols, hTDP-43*"T +/. mice showed de-
creased body weight of 10% at an age of 15
months (Fig. 7A). In order to investigate this
phenotype, we performed blood plasma
sample analysis of six month old ad libitum
fed and overnight fasted mice. While no sig-
nificant genotype-related differences were
observed for triglyceride levels of the ad
libitum fed mice, glucose concentrations
were slightly increased in both, male and
female mutants of this group (Fig. 7B). Sig-
nificant genotype-related differences were
detected in blood lipid and glucose concen-
trations of overnight fasted mice, for which
we determined decreased plasma cholesterol
and triglyceride values (Fig. 7B). Ad libitum
fed females showed increased ratio of HDL-
cholesterol to total cholesterol, indicating a
reduction of non-HDL cholesterol (Fig. 7C).
In the intestine, triglycerides are broken
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down to non-esterified fatty acids (NEFA),
being the molecular species absorbed by
enterocytes [52]. Ad libitum fed females
showed increased NEFA concentrations in
mutants (Fig. 7D) and plasma cholesterol
levels were significantly increased in male
mutants over male controls. Taken together,
we observed a number of gender-specific
changes in lipid content and a significant,
loss of bodyweight of 10% in both sexes.

TDP-43 regulates the expression of the
PD related protein PARKIN and its tar-
get CD-36 negatively

Mutations in the genes encoding Progranu-
lin (GRN) and Fus/Tls are involved in spo-
radic and/or familiar forms of ALS or
FTLD-TDP [53-56]. To examine the expres-
sion of these proteins we performed western
blot analysis with brain lysates of 3 and 15
months old control and mutant animals. The
expression levels of neither GRN nor FUS
were affected by elevated hTDP-43**"*T pro-
tein levels (not shown). Interestingly, the
expression levels of the PD related protein
Parkin were robustly reduced to approxi-
mately 30% of wildtype controls (Fig. 8A)
at all ages, tested by real time PCR and
western blotting. Parkin has previously been
shown to be a potential TDP-43 target gene
in iCLIP analysis [17]. Parkin also became
connected to the process of mitophagy [57].
Hence, reduction of Parkin levels may be in
agreement with accumulation of impaired
mitochondria. For this reason, we analyzed
protein levels of Optic atrophy 1 (OPA1l), a
protein controlling both mitochondrial fu-
sion and cristae morphology [58]. We found
an increase of OPAl in young mutant ani-
mals indicating increased mitochondrial fu-
sion. On the other hand, there was a shift
towards more fragmentation of mitochondria
in old mutants (Fig. 8B). Furthermore, Par-
kin has been brought in relation to the fat
metabolism by regulating CD36 [59]. We
therefore analyzed liver protein lysates of
old and young hTDP-43**"T animals for
CD36 protein levels. Interestingly, a signifi-
cant reduction of CD36 levels of approxi-
mately 50% was determined in 15 month old
mutants compared to controls (Fig. 8C).

Collectively, these data suggest that elevated
protein levels of hTDP-43**"*T do not affect
protein levels of FUS and GRN, while a
clear negative effect in older animals on the
PD related protein Parkin, the mitochondrial
dynamin-related protein OPA1 and the fat
metabolism associated protein CD36 is ob-
served.

Transcriptome analysis of brain and
muscle

Transcriptome analysis was performed for
brain and muscle using 17 week old male
mice, analyzing 4 to 6 biological replicates
of each genotype group (in total 20 hybridi-
zations). Statistical analysis of transcriptome
profiles of the brain identified 50 differen-
tially regulated genes in Tardbp mutant and
control mice (Fig. 9). Ingenuity Pathways
Analysis (IPA) based on 382 differentially
expressed probes of microarray data from
hTDP-43*"T mutants showed two signifi-
cantly overrepresented biological functions:
a. cell death (p-value=2.4x10"; including the
regulated transcripts ATP6AP2, BCL2AI,
BECNI1, BMPRIB, CASP9, CD300LD,
CDKN2C, EIF2AK4, EMD, ENO1, GPX4,
IAPP, INSR, IRF1, MDM2, MSH2,
RECQL, SF3B14, TGM2, TNFRSF25,
UBE2K) as well as b. energy production /
lipid metabolism (p-value=4.0x107; incor-
porating AADAC, ECHS1, ESRRA, IAPP,
INSR, LIPE, PPARGCI1B, VDR; Fig. 10).
In addition, a specific search for enriched
GO categories with the same input data re-
vealed the significantly overrepresented
functions respiratory electron transport chain
(p-value=6.8x107;  including ~ ATP5FI,
COXS5A, NDUFA6, NDUFAS, NDUFS4,
NDUFS7, SDHB) and mitochondria (p-
value=3.2x107; with regulated transcripts
ACOTI13, ATP5SF1, AZ12, C6orf57, CASPY,
COXS5A, CYP11B2, DNAJC19, ECHSI,
GCET2, GPX4, GTPBP8, HEMKI,
HSH2D, IDH3B, IDH3G IVD,
LOC100046650, MDHI1, MLXIP,
MPV17L, MRPL18, MRPL27, MRPLA46,
MRPL52, NDUFA6, NDUFAS8, NDUFS4,
NDUFS7, NLRX1, PPA2, RAB8B, SDHB,
SIRT3, SLC25A16, SLC25A21, SRP19,
TGM2, TIMM10, TIMMSB, WARS?2).
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Based on the results of the microarrays, we
performed Transmission Electron Microsco-
py (TEM) of the motor cortex and hippo-
campus using 18 month old animals. Neu-
ronal cells were identified by their surround-
ing myelin sheath. We showed that neurons
of heterozygous hTDP-43**""T animals fre-
quently displayed a mitochondrial dysmor-
phology with highly reduced cristae for-
mation, which was not seen in wildtype lit-
termates (Fig. 11). Abnormal cristae mor-
phology was not observed in spinal cords
(data not shown).

Discussion

An animal model of TDP-43 pathology with
close resemblance to human disease could
accelerate the development of drugs poten-
tially slowing down disease progression.
Mouse models expressing TDP-43 muta-
tions in trans have often turned out unsatis-
factory in this respect [1, 60]. Neither loss
nor gain of function mutants could simulta-
neously recapitulate all the pathologic signs
reported from ALS patients [47-48], such as
progressive upper or lower motor neuron
loss, skeletal muscle atrophy and paralysis,
respiratory muscle failure, the presence of
ubiquitinated and phosphorylated TDP-43
and C-terminal fragments [11-12, 35, 61-
65]. The mutant forms of TDP-43 were not
particularly aggregation-prone and the target
spectrum of wildtype and mutant TDP-43
was apparently identical [66]. When overex-
pressed, the wildtype form of TDP-43
caused an even more severe phenotype than
the mutant protein or C-terminal fragment
[67-72]. ALS-like phenotypes observed in
transgenic animals, had manifested already
in younger mutants and, unlike the human
condition, often resulted in early death [60,
73].

The RMCE mouse model of TDP-43 de-
scribed in the present study for the first time
provides in vivo evidence for mitochondrial
dysmorphology and dysfunction as well as
altered lipid metabolism, which may support
an interpretation as a pre-disease model for a
neurodegenerative disease. We show that the
already suspected negative feedback loop of
TDP-43 on its own transcription [17, 31] has
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significant in vivo relevance and we provide
a minimal 3' RACE fragment of 800bp
which was sufficient to exert negative regu-
lation of TARDBP transcription (Fig. 2).
When coupled to a bovine growth hormone
polyA sequence, TDP-43 mRNA and pro-
tein levels were elevated up to 3-fold in to-
tal, although transcription of the non-
affected allele was regulated down to only
20% of wildtype levels simultaneously (Fig.
1D). Hence, it is important to stress that this
mouse is an overexpression model with
more than 90% of all TDP-43 protein being
the human A315T form. Downregulation of
the wildtype allele indicated that the TDP-43
protein with the A315T point mutation was
entirely functional with respect to its self-
regulating ability. The mechanism of the
negative auto-feedback of TDP-43 has been
recently determined as self-splicing of the
proximal polyA signal, which results in nu-
clear retention of the spliced transcript [74].

It has been well described that elevated
TDP-43 protein levels can assert toxic ef-
fects on cells [33, 75]. A number of studies
have reported elevated expression of TDP-
43 in FTLD patients [76-79]. A strong ar-
gument in favour of the importance of the
3'UTR in humans was the discovery by
Gitcho et al. (2009) [80] of an FTLD-MND
patient, carrying a 3'UTR point mutation.
TDP-43 levels were increased twofold in
this case and the age of 66 years at disease-
onset was earlier than in a patient carrying
the A315T point mutation (83 years). We
propose a model, in which the negative
feedback loop of TDP-43 is critical for de-
velopment of TDP-43 pathology: Once the
TDP-43 protein is located in the cytoplasm,
as a result of either TDP-43 protein modifi-
cation, modified interaction partners or yet
unidentified cellular stressors, the feedback
loop in the nucleus will instantly cause an
overshooting of TDP-43 protein levels. An
excess of TDP-43 protein should be re-
moved by ubiquitination with subsequent
proteasomal activity. However, with contin-
uous stress, the cellular proteasome is out-
numbered by protein production which then
results in cytoplasmic inclusions of ubiqui-
tinated TDP-43. As we show, elevated levels
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of TDP-43 (A315T) do not necessarily lead
to the formation of insoluble protein. Alt-
hough TDP-43 protein levels were high in
all tissues tested, we were unable to detect
insoluble protein in tissues other than the
brain and spinal cord (Fig. 2). This indicates,
that a yet unidentified mechanism exists,
which promotes insolubility of TDP-43 in
neuronal tissues. The pathway analysis of
microarray data from hTDP-43**"" trans-
genic knock-in animals showed that clusters
of regulated transcripts are either involved in
cell death, energy production, respiratory
electron chain, mitochondrial function or
lipid metabolism (Fig. 10). On a hTDP-
4381 gyerexpressing background, genes
were mostly negatively regulated, with the
exception of LIM homeobox protein 1
(Lhx1), Mannan-binding lectin serine pepti-
dase 2 (Masp2) and Enolase 1 (Enol; Fig.
9). Lim-1 has a developmental role in head
formation [82], Masp2 is involved in the
complement cascade [83] while Enol en-
codes for alpha enolase, which is a glyco-
lytic enzyme, and for the myc-binding pro-
tein (Mbp1) [83].

We demonstrate that elevated levels of TDP-
43 A315T protein resulted in an increase in
glucose and cholesterol concentrations in the
plasma of ad libitum fed animals, as well as
increased non esterified fatty acid (NEFA)
and decreased cholesterol and triglyceride
levels in plasma of overnight fasted mice
(Fig. 7). However, all cells are capable to
metabolize NEFA by esterification to glyc-
erol and in the blood, the major proportion
of fatty acids is transported as lipoprotein-
associated triglycerides. Fatty acids are re-
leased from triglycerides by lipolytic activity
occurring as intra-vascular lipoprotein-
lipolysis and intracellular lipolysis [84]. Alt-
hough 80-90% of infused lipoprotein-
associated triglycerides are usually turned
into NEFA within 15 minutes, plasma
NEFA levels increase only moderately due
to a high turnover of free fatty acids [85].
Prolonged fasting of mice elevates lipolytic
activity resulting in an almost two-fold in-
crease of free fatty acids and glycerol in the
plasma of overnight fasted mice [86].
Weight loss is a well-known phenomenon
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among ALS patients [87]. A high lipid con-
tent in the blood has been correlated with
survival and a high lipid diet has been sug-
gested as beneficial for many ALS cases
[88].

hTDP-43**"T overexpressing mice were
approximately 10% underweight in compar-
ison to littermates at all ages (Fig. 7A).
Measurements of bone density, lean mass
and fat mass from each ten wild-type or mu-
tant males and females indicated that this
loss of body mass was not due to skeletal
muscle atrophy, but partially due to reduced
bone mineral density in females and mainly
a result of reduced fat tissue. In average,
mutant females showed a slightly elevated
fat mass reduction from 5.4g in wild-type
littermates to 2.0g (37%) while mutant
males showed a reduction in fat mass from
7.82g to 6.56g (84%).

A rapid loss of fat mass, leading to death 9-
18 days after induction was previously re-
ported from conditional TDP-43 mutant
mice after crossbreeding with a widely ex-
pressed, tamoxifen-inducible Cre deleter
strain [89]. The authors demonstrated a de-
crease in the expression of Tbc1ldl in mutant
ES cells. Tbcldl is required for Glut4 trans-
location to the membrane of skeletal muscle
cells and Glucose uptake [90] and is in-
volved in human obesity [91-92]. We there-
fore examined Tbcldl protein levels in
hTDP-43**""T mutants but did not detect any
abnormalities in skeletal muscle or other
tissues (not shown). The uptake of free fatty
acids can be mediated in a large number of
cells by the fatty acid transporter (FAT),
also referred to as CD36. CD36 has been
previously associated with insulin resistance
[93] and atherosclerotic cardiovascular dis-
cases [94]. We therefore analyzed the ex-
pression level of CD36 in hTDP-43**""T mu-
tants and found a significant decrease of
CD36 protein expression (Fig. 8C). A re-
duction of CD36 and thus a correlation with
fat metabolism, has been recently reported
from Parkin mutant animals [59]. Whether
the relative reduction of Parkin detectable in
hTDP-43**"T animals (Fig. 8A) was caus-
ing a decrease in CD36 is unclear. Parkin
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was first identified as potential TDP-43 tar-
get gene by Polymenidou et al (2011) [17].
Parkin expression is usually induced in re-
sponse to starvation and is elevated upon
inhibition of mTOR signalling through ra-
pamycin [95].

Motoric tests revealed normal grip strength
of the mutants and only slight impairment of
motor control (ladder, catwalk, rotarod, see
Fig. 5D-F), which may also hint to yet un-
discovered cerebellar dysfunction. However,
when motor neurons of a 15 month old co-
hort of 5 mutants and 5 wildtypes were
counted in a double-blinded fashion, a re-
duction of 10% was evident in the mutants
(Fig. 5C). We questioned, whether this was
a developmental defect or a progressive
phenotype and counted motor neurons also
in 3 month old animals. As it turned out, the
10% reduction of motor neurons could be
already observed in younger animals, indi-
cating a developmental phenotype which did
not worsen with age (Fig. 5C). These results
likely illustrate the vulnerability of motor
neurons to high TDP-43 expression levels
and may be unrelated to the A315T muta-
tion. However, a similar construct with a
hTDP-43 wild-type cDNA was not transmit-
ted through the germline and direct compari-
sons were therefore not possible.
Transcriptome analysis followed by IPA and
TEM revealed mitochondrial dysfunction in
the brain (IPA) and frequent mitochondrial
dysmorphology in the motor cortex (TEM)
of hTDP-43**"T transgenic knock-in ani-
mals (Figs. 9 and 10). Mitochondrial abnor-
malities were also reported from a mouse
model, that overexpressed human wild-type
TDP-43 in the developing forebrain condi-
tonally. They were however not observed
after delayed overexpression in adult ani-
mals and were therefore considered devel-
opmental abnormalities [96]. Whether mito-
chondrial abnormality could explain the ob-
served metabolic changes and altered body
weight composition of hTDP-43*"T ani-
mals will be subject of future studies.

Summary and outlook
With respect to the fact that patients carrying
A315T mutations develop either ALS or

12

MND [80, 97] and a patient carrying a
3'UTR mutation of TDP-43 leading to over-
expression of the protein developed FTLD,
the mouse model presented here is interpret-
ed as a pre-disease model for FTLD-MND.
In agreement with this interpretation,
TARDBP*"™"T animals showed slight gait
and cognitive abnormalities along with a
decrease in number of motor neurons but did
not show primary motor phenotypes or mus-
cular atrophy. We therefore believe that the
animals could be invaluable in identifying
environmental or genetic triggers that finally
lead to full-blown FTLD or ALS.
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Figure legends

Fig. 1

TDP-43 expression in heterozygous hTDP43A315T mice. (A) Homozygous animals expressing
human A315T TDP-43 were embryonic lethal at weaning age. Agarose gel: At stage E7.5 no ho-
mozygous embryo was found. (B) Western blots of various tissue lysates from a 6 months old
mutant mouse compared to control probed for total TDP-43 or human TDP-43 revealed tissue-
specific pattern as well as increased TDP-43 levels for all organs. (C) Western blots of brain ly-
sates from 1,6, and 12 months old mutants (+/-) and controls (wt) using antibodies against total
TDP-43 and human TDP-43. (D) Quantification of mouse and human TDP-43 isoforms via quan-
titative real-time PCR. Down-regulation of endogenous mouse TDP-43 to about 20% as well as a
3 to 4 fold up-regulation of human TDP-43 in mutants compared to controls.

Fig. 2

The 3’UTR is essential to control endogenous TDP-43 levels. (A) Western blot of ES cells ex-
pressing either human wildtype TDP-43 with Bgh polyA, human A315T TDP-43 with Bgh pol-
yA, human wildtpye and human A315T TDP-43 with 3°’UTR under control of the endogenous
TDP-43 promoter. Cells expressing human wildtype TDP-43 with bgh polyA showed 3-fold in-
creased TDP-43 levels compared to untransfected control. Cells expressing human wildtype or
mutant TDP-43 with 3’UTR display similar levels as control. (B) 3’RACE of the TDP-43 3°’'UTR
revealed different splicing variants. (C) Spliced sequence within the 3°’UTR.

Fig. 3

Insoluble TDP-43 in mutant mice. (A) Western blots of brain lysates from control (ctrl) and het-
erozygous (+/-) mutant mice using total TDP-43 and human specific TDP-43 antibodies at 3 and
12 months showed that mutant mice developed insoluble TDP-43 that increase with age. (B)
Western blots of various tissues display insoluble TDP-43 in brain lysates but not in other tissues.
(C) Immunohistochemistry of brain and spinal cord sections using human TDP-43 and total TDP-
43 antibody revealed cytoplasmic TDP-43 inclusions (arrows) in the cortex and the ventral horn
of the spinal cord at 12 months. Normal nuclear staining (arrowheads) of neurons was also de-
tectable.

Fig. 4

Ubiquitin pathology in brains and spinal cords of one year old mutant mice. (A-D) Co-labeling of
ubiquitin aggregates with total TDP-43 antibody revealing co-aggregation of ubiquitin and TDP-
43 in the cytoplasm of brain (B) and spinal cord (D) (white arrows). Co-aggregation was not seen
in brain (A) and spinal cord (C) sections of control mice.

Fig. 5

Nissl staining of the lumbar spinal cord region in serial sections (A,B). Counting of neurons in the
sciatic motor pool (C). (D-F) Gait analysis. Mutant mice spent more time standing on four paws
(D). Time at which the largest part of a paw contacted the glass plate was significantly altered for
the left hind paws of mutants (E). The temporal relationship of the diagonal inter-paw coordina-
tion was displaced in mutants (F).

Fig.6

Behavioral analysis of mutant mice. There were few significant differences in the motor tests of 5
and 15 months old mutant mice compared to age matched controls. Only 5 months old females
had more slips on the ladder and both 5 and 15 months old animals showed slight abnormalities
in the gait analysis (CatWalk). 15 months old female mutants displayed longer turning duration
on top of the pole, which was not yet significant. In all memory tests mutants behaved compara-
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ble to controls. Again females showed a trend for same arm returns (SARs) in the Y-maze (trend
= t-test, 0.1 > P < 0.05; significant = t-test, P < 0.05).

Fig.7

Reduced body weight and changes in metabolism parameters in mutants. (A) Body weight chang-
es were compared in male and female mutants. Both sexes show significantly reduced body
weight as compared to controls. (B) Overnight fasted mutant mice displayed decreased cholester-
ol and triglycerides levels. No signifcant changes in glucose levels of overnight fasted and ad libi-
tum fed mice. (C) The proportion of HDL-cholesterol on total cholesterol was increased in these
mice. (D) Slightly increased NEFA concentrations in female mutant mice (* = t-test, P < 0.05; **
= t-test, P <0.01; *** = t-test, P < 0.001).

Fig.8

Downstream targets of TDP-43. Western blot analysis of brain lysates from 3 and 15 months old
mutants compared to controls showing decreased protein level for the Parkinson disease related
protein Parkin (A) of about 70%. The autophagic marker Opa-1 was found to be elevated in 3
months old and decreased in 15 months old mutants (B). CD-36 protein was significantly reduced
in old mutants as compared to controls (C).

Fig.9

Heat map of brain from gene expression profiling experiments Tardbp mutants versus control
animals. The expression differences are represented by the fold changes = mutant/mean controls.
The scale bar encodes the ratio of the fold induction. Blue/yellow color corresponds to transcrip-
tional repression/induction in the mutant mice. The color intensity reflects the magnitude of the
change gene expression levels on average.

Fig.10

IPA network Energy Production / Lipid Metabolism of regulated genes in brain of Tardbp mutant
mice. Nodes with red colour represent upregulated whereas those with green colour downregulat-
ed transcripts from microarray data.

Fig. 11

Transmission electron micrographs of mitochondria of hippocampus and motor cortex. Mito-
chondria of myelinated neurons were compared between wt and heterozygotes. Hippocampus:
Mitochondria of the hippocampus of heterozygous mice did not show any alterations in compari-
son to wt litermates (scale bar = 200 nm). Cortex: In the cortex of heterozygous mice, mitochon-
dria appeared with a reduced number of cristae in comparison to wt litermates (scale bar = 200
nm).
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GTGGGTGTTCCATTTTTATCCGCTACTCTTTATTTCATGGAGT
CGTATCAACGCTATGAACGCAAGGCTGTGATATGGAACCAGA
AGGCTGTTTGAACTTTTGAAACCTTGTGTGGGATTGATGGTG
GTGCCGAGGCATGAAAGGCTAGTATGAGCGAGAAAAGGAGA
GCGCGTGCAGAGACTTGGTGGTGGAAAATGGATATTTTTTAA
CTTGGAGAGATGTGTCACTCAATCCTGTGGCTTTGGTGAGA
GAGTGTGCAGAGAGCAATGATAGCAAATAACGTACGAATGTT
TTACATCAAAGGACATCCACATCAGTTGGAAGACTTTGAGTTT
TGTTCTTAGGAAACCCACTTTAGTTGAATGTGTTAAGTGAAAT
ACTTGTACTTCCCTCCCCCTCTGTCAACTGCTGTGAATGCTG
TATGGTGTGTGTTCTCCTCTGTTACTGATCTGGAAGTGTGGG
AACGTGAACTGAAGCTGATGGGCTGCGAACATGGACTGAGC
TTGTGGTGTGCTTTGCAGGAGAACTTGGAAGCAGAGTTCAC
CAGTGAGCTCAGGTGTCTCAAAGAAGGGTGGAAGTTCTCAT
GTCTGTTAGCTATTCATAAGAATGCTGTTTGCTGCAGTTCTGT
GTCCTGTGCTTGGATGCTTTTTTATAAGAGTTGTCATTGTTGG
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hom ox Ch
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myoglobin
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caspase 9

transcription factor 20
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paternally expressed 10
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phosphatidylinositol 3 kinase, requlatory subunit4, p150
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h npatibility 2. T region locus 23

ATPase type 13A5
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solute carrier organic anion transporter family. member 3al

transcription factor 20

protein phosphatase 1

BPI fold containing family 8. member &

pyrophasphatase 2

ventnicular zone expressed PH domain homalag 1

BPI fold containing family 8. member 4

G protein-coupled recept

phosphodiesterase 6D_cGMP-specific, rod, delta
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