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Abstract

Cerebral dopamine neurotrophic factor (CDNF) and mesencephalic astrocyte-derived neurotrophic factor (MANF) display
cytoprotective effects in animal models of neurodegenerative diseases. These endoplasmic reticulum (ER)-resident proteins
belong to the same protein family and function as ER stress regulators. The relationship between CDNF and MANF function,
as well as their capability for functional compensation, is unknown. We aimed to investigate these questions by generating
mice lacking both CDNF and MANF. Results showed that CDNF-deficient Manf~~ mice presented the same phenotypes of
growth defect and diabetes as Manf~~ mice. In the muscle, CDNF deficiency resulted in increased activation of unfolded
protein response (UPR), which was aggravated when MANF was ablated. In the brain, the combined loss of CDNF and
MANTF did not exacerbate UPR activation caused by the loss of MANF alone. Consequently, CDNF and MANF deficiency in
the brain did not cause degeneration of dopamine neurons. In conclusion, CDNF and MANF present functional redundancy

in the muscle, but not in the other tissues examined here. Thus, they regulate the UPR in a tissue-specific manner.
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Introduction

Genetic compensation refers to changes at the gene expres-
sion level that can compensate for the loss of function of
another gene. It has been reported to occur in gene knock-
out (KO) models [1]. For example, proteins with similar
structures or functions can compensate for each other. Cer-
ebral dopamine neurotrophic factor (CDNF) and mesence-
phalic astrocyte-derived neurotrophic factor (MANF) are
homologous proteins with a similar two-domain structure
distinct from other neurotrophic factors [2]. They have a
signal sequence that directs them cotranslationally to the
endoplasmic reticulum (ER) and secretory pathway, and
an ER retention signal that resembles the canonical KDEL
sequence regulating their secretion and retrieval to the ER.
The function of MANF—but not CDNF—is shown to be
mediated by binding to neuroplastin and sulfatide sulfolipids
on the cell surface [3, 4]. CDNF and MANF have cytopro-
tective effects in different animal disease models, such as
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Parkinson’s disease, ischemic stroke, and spinocerebellar
ataxia [5-9].

Despite the similarities between CDNF and MANF,
their respective mouse KO phenotypes differ significantly.
Cdnf~~ mice have functional changes in the midbrain dopa-
mine system and display a reduced number of enteric neu-
rons leading to defects in the gastrointestinal transit [10, 11].
In contrast, Manf~ /~ mice in an ICR strain develop severe
insulin-dependent diabetes and a drastic growth defect [12].
In the brain, loss of MANF delays migration of cortical neu-
rons, however adult mice do not present functional or mor-
phological changes in the cortex or midbrain dopamine sys-
tem [13, 14]. Invertebrates such as Drosophila melanogaster
and Caenorhabditis elegans have only one orthologous
Manf/Cdnf gene, reflecting a possible joint function [3, 15].
The invertebrate homolog is structurally more closely related
to MANF than CDNF, which suggests that MANF provides
the basic function, while CDNF has evolved in vertebrates
to cover other tasks. However, simultaneous loss of CDNF
and MANF has not been previously investigated.

ER stress is a cellular condition in which aggregated and
unfolded proteins accumulate in the ER lumen. This induces
activation of unfolded protein response (UPR), which by
various means relieves the stress. In mammalian cells,
UPR operates through three branches of signaling cascades
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induced by ER transmembrane proteins inositol-requiring
enzyme lo (IREla), PKR-like ER kinase (PERK) and acti-
vating transcription factor 6 (ATF6) [16]. Together these
pathways activate adaptive mechanisms by reducing the
load of newly synthetized proteins, improving protein fold-
ing and by enhancing ER-associated degradation (ERAD).
If the UPR is not able to reduce the ER stress, it switches to
a terminal UPR that eliminates damaged cells [16]. Under
basal conditions, the main ER chaperone, glucose-regulated
protein 78 (GRP78S; alias BiP) is suggested to bind the lumi-
nal domains of all three UPR sensors to prevent their activa-
tion. When misfolded proteins accumulate in the ER upon
ER stress, GRP78 binds to unfolded proteins and releases
the URP sensors leading to IRE1a and PERK dimerization,
oligomerization, and auto-transphosphorylation. ATF6 is
unmasked from the Golgi localization signals, and cleaved in
the Golgi releasing its N-terminal active ATF6 transcription
factor. The endoribonuclease activity of IREla cytoplasmic
domain degrades mRNA and thus, reduces ER protein syn-
thesis load or when chronically activated, leads to inflamma-
some activation and apoptosis. It also splices Xbp! mRNA
producing an active transcription factor, sXBP1, which
induces gene expression of UPR target genes. The oligomer-
ized IREla kinase domain recruits adaptor proteins thereby
increasing inflammatory signaling cascades and apoptosis
when overactivated. Activated PERK phosphorylates elF2a,
which results in global translational arrest. ATF4 is among
proteins that can escape this arrest and mediates expression
of various genes, including Chop, which induces apopto-
sis in unresolved ER stress. CDNF and MANF are able to
downregulate UPR signaling after ER stress induction in dif-
ferent cell types [2, 17]. All three UPR pathways are down-
regulated upon CDNF treatment in SOD1 mice modeling
amyotrophic lateral sclerosis (ALS) [18]. The loss of endog-
enous MANF in mice causes increased expression of UPR
genes in the pancreas, brain, pituitary gland, and liver [12,
13, 19, 20]. MANF interacts with GRP78 [21], and inhib-
its its nucleotide exchange [22]. Yet, it is not understood
whether CDNF and MANF function in a similar manner as
UPR regulators.

Regardless of their similar structure and function related
to the UPR regulation, it is not clear whether CDNF and
MANTEF can functionally compensate for each other. There-
fore, we generated conventional and conditional CDNF/
MANF double KO (dKO) mice. We hypothesized that
removal of both factors would aggravate phenotypes seen
in individual CDNF or MANF KO mice.
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Materials and methods
Experimental animals

Mice were housed in a pathogen-free facility with 12 h light
and 12 h dark cycle. Mice had ab libitum access to food and
water, and stayed either in individually ventilated cages or
group-housed with their littermates when possible.

Generation of conventional Cdnf~”~ and Manf™~~ mice
and their genotyping has been previously described [11, 12].
To generate Cdnf~~::Manf~~ mice, we crossed heterozygote
mice for the Cdnf and Manf alleles. For some experiments,
such as mRNA analysis of embryonic brain samples, one
of the breeding pairs was homozygous for the Cdnf allele.
This was performed to produce an adequate number of
Cdnf™~::Manf~'~ mice and use littermates for the analysis.
Conventional Cdnf~~::Manf~'~ mice were maintained in an
outbred Hsd:ICR background strain.

To generate conditional CDNF/MANF dKO mice, we
used Cdnf*'~ mice and mice with Lox-P sites flanking exon
3 of the Manf gene that have been previously described [12].
These floxed Manf™ mice were crossed with transgenic Nes-
tin-Cre mice, which express Cre recombinase under the Nes-
tin promoter [23]. The conditional CDNF/MANF dKO mice
were produced by crossing Cdnf™'~::Manf"*::Nestin“**
mice with Cdnf™=::Manf" mice or Cdnf~'~::Manf"" mice.
Due to the complex breeding scheme, we decided to use
Cdnf* = mice as controls, as we have not observed differ-
ences between wildtype (WT) and Cdnf'~ mice in our previ-
ous studies [11]. The conditional CDNF/MANF dKO mice
were maintained in a C57BL/6JRccHsd background. As
expected, the breeding schemes resulted in unequal group
sizes. Behavioural tests were performed blinded.

Samples for histological analysis collected from embry-
onic day (E) 13.5 animals were post-fixed with 4% para-
formaldehyde (PFA). For immunohistochemical analysis,
adult mice were first deeply anesthetized with Mebunat, and
then transcardially perfused with PBS and 4% PFA. For the
analysis of mRNA and protein levels, tissue samples were
snap frozen in liquid nitrogen immediately after dissection
and stored at —75 °C.

Enzyme-linked immunosorbent assay (ELISA)

To measure CDNF and MANTF protein levels in the
mouse cardiac serum, we used our previously designed
ELISAs [20, 24]. Mouse MANF (mMANF) ELISA rec-
ognized both mouse and human MANF, but it did not
recognize human CDNF or respond to serum or tissue
lysates derived from MANF KO mice. The sensitivity
of mMANF ELISA was 29 pg/ml, and dynamic range
from 31.25 to 1000 pg/ml of recombinant mMANF. For
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mMANF ELISA, serum samples were diluted to 1:40 in
blocking buffer (1% casein in PBS-0.05% Tween 20).
Recombinant mMANF (CYT-827, ProSpec) was used as
a standard. For mouse CDNF (mCDNF) ELISA, serum
samples were diluted 1:5 in 3% BSA in PBS. The sensi-
tivity of mCDNF ELISA was 6 pg/ml, and the dynamic
range 15.6-500 pg/ml of recombinant mCDNF (5187-CD,
R&DSystems). All samples were measured in duplicate.
Hemolysis in the samples was detected using absorbance
values at 414 nm. Only the samples with Abs,; 4, <0.3
indicating low or no hemolysis were used for the analysis
to avoid interference with protein concentration values
[24].

For the measurement of CDNF and MANF protein
in tissue samples, we also used our custom-built ELI-
SAs [20, 24]. Muscle tissues were lysed in a 20 mM
Tris buffer (pH 8.0) containing 137 mM NaCl, 2.5 mM
EDTA, 1% IGEPAL CA-630, 10% glycerol, 0.5 mM
sodium orthovanadate and protease inhibitors (cOm-
plete, 4693159001, Roche). Tissues were mechanically
homogenized in the lysis buffer, incubated on ice, and
centrifuged for 20 min at 12,000 rpm at 4 °C. Superna-
tants were collected. Muscle samples were centrifuged for
another 10 min at 13,000 rpm. Total protein concentra-
tions were measured from the samples by DC™ Protein
Assay kit I (500-0111, Bio-Rad). For mCDNF ELISA,
muscle tissue lysates were diluted 1:2000, pituitary gland
lysates 1:20, and pancreas lysates 1:20 in blocking buffer.
For mMANF ELISA, muscle tissue lysates were diluted
1:1000, pituitary gland lysates 1:20, and pancreas lysates
1:20,000 in blocking buffer and measured as duplicates.
Recombinant human MANF (P-101-100; Icosagen)

Table 1 Primers used in the study

ranging from 62.5 to 1000 pg/ml was used as a standard.
The concentration-response curve of mMANF ELISA
was slightly different for recombinant mouse and human
MANTF proteins, and dilutional linearity of mouse tissue
lysates was acceptable only when compared with recom-
binant human MANF standard [24].

Blood glucose level measurements

Blood glucose levels were measured from a drop of blood
from the tail vein with a glucometer from randomly fed ani-
mals [12].

Analysis of messenger RNA levels

RNA isolation was performed as previously described [13].
Briefly, RNA was first isolated with TRI Reagent (Invit-
rogen, Thermo Fisher Scientific), then RNA concentra-
tions were measured with NanoDrop. Concentrations were
adjusted such that equal amounts of RNA were used for the
synthesis of complementary DNA (cDNA). The reaction
was catalyzed by Maxima H Minus Reverse Transcriptase
(Thermo Fisher Scientific) in the presence of oligo-d(T)
(Metabion international) and 10 mM NTP mix (Fermentas
UAB). For the cDNA reaction, a sample without the reverse
transcriptase was used as a negative control. The mRNA
levels of target genes were measured from cDNA samples by
real-time quantitative polymerase chain reaction (RT-qPCR).
For RT-qPCR, we used SYBR Green master mix (Roche
Diagnostics) and Lightcycler® 480 Real-Time PCR System
(Roche). Primer sequences are listed in Table 1.

Gene Forward primer Reverse primer

Atf4 '~ATG GCC GGC TAT GGA TGA T-3' 5'-CGA AGT CAA ACT CTT TCA GAT CCA TT-3'
Atf6 '~GGA CGA GGT GGT GTC AGA G-3' 5'-GAC AGC TCT TCG CTT TGG AC-3'
Bcl-2 '~AGT ACC TGA ACC GGC ATC TG-3' 5'-GGG GCC ATA TAG TTC CAC AAA-3’
Bcl-XL 5'- TGA CCA CCT AGA GCC TTG GA-3’ 5'-GCT GCA TTG TTC CCG TAG A-3'

Chop '-CCA ACA GAG GTC ACA CGC AC-3' 5'-TGA CTG GAA TCT GGA GAG CGA-3'
Creld?2 5'-CAA CAC GGC CAG GAA GAATTT-3' 5'-CAT GAT CTC CAG AAG CCG GAT-3'
Edeml '~AAG CCC TCT GGA ACT TGC G-3' 5'-AAC CCA ATG GCC TGT CTG G-3'

Erdj4 '“TAA AAG CCC TGA TGC TGA AGC-3' 5'-TCC GAC TAT TGG CAT CCG A-3'

Grp78 '“ACC CTT ACT CGG GCC AAA TT-3' 5'-AGA GCG GAA CAG GTC CAT GT-3'
Grp94 '-CGT GTG GAG TAG CAA GAC AGA G-3' 5'-CAT AAG TTC CCA ATC CCA CAC AG-3'
Pdia6 '“TGC CAC CAT GAA TCA GGT TCT-3' 5'- TCG TCC GAC CAC CAT CAT AGT-3'
sXbpl '~GAG TCC GCA GCA GGT G-3' 5'-GTG TCA GAG TCC ATG GGA-3'

tXbpl '-CAC CTT CTT GCC TGC TGG AC-3’ 5'-GGG AGC CCT CAT ATC CAC AGT-3'
Txnip 5'-TCA AGG GCC CCT GGG AAC ATC-3’ 5'-GAC ACT GGT GCC ATT AAG TCA G-3'
Th '-CCC AAG GGC TTC AGA AGA G-3' 5'-GGG CAT CCT CGA TGA GAC T-3'

Primer sequences used for the analysis of mRNA expression
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Western blotting

Brain tissue samples were mechanically homogenized in
cold lysis 25 mM Tris—HCI buffer (pH 7.5) composed of
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, protease inhibitors (cOmplete, 4693159001, Roche),
and phosphatase inhibitors (PhosStop, 4906837001, Roche).
After incubation on ice for 30 min, samples were centri-
fuged at 13,000 rpm for 20 min at 4 °C. Protein concentra-
tions were measured from the supernatant by a DC™ Pro-
tein Assay kit I (500-0111, Bio-Rad). Samples containing
equal amounts of proteins were mixed with Laemmli buffer
and heated at 95 °C for 5 min. Samples were loaded into
4—15% Mini-Protean TGX Gels (Bio-Rad, 4561083) and
after the run, transferred to the nitrocellulose membrane.
Membranes were blocked with 5% milk powder in Tris-
buffered saline (TBS, pH 7.4)+0.01% Tween 20 (TBS-T)
and incubated with primary antibodies at 4 °C overnight.
After washes with TBS-T, a horseradish peroxidase-
conjugated secondary antibody was applied for one hour,
and signals were detected with enhanced chemilumines-
cence (Pierce™ ECL Western Blotting substrate, 32106,
Pierce, Fisher). Primary antibodies used for Western blot-
ting were the following: anti-GRP78 (1:1000, ab21685,
Abcam, RRID:AB_2119834), anti-CHOP (1:1000, sc-757.
Santa Cruz Biotechnology, RRID:AB_631365), anti-TH
(1:1000, MAB318, Millipore, RRID:AB_2201528), anti-
dopamine transporter (DAT) (1:1000, MAB369, Millipore,
RRID:AB_2190413), and anti-GAPDH (1:3000, MAB374,
Millipore, RRID:AB_2107445). Signal intensities of protein
bands on the films were quantified with ImageJ software
(Fiji Imagel] 1.52).

Western blotting for the muscle tissue was performed
from the samples used for the ELISA, therefore the lysis
buffer was different. Otherwise, the protocol was similar
to that described above, except the chemiluminescence
was detected with LAS-3000 Imager (Fujifilm) or iBright
(Thermo Fisher). Intensities of protein bands were quantified
with Image Studio Lite software (Version 5.2).

Open field test

Mice were placed in a corner of 30X 30 cm open field cham-
bers (Med Associates), and their horizontal and vertical
activity was recorded for 30 min as described in [11].

Immunohistochemical staining

After paraffin removal, 5 um thick tissue sections were
boiled in 10 mM citrate buffer (pH 6.0) for antigen retrieval
and washed with TBS. Endogenous peroxidase activity was
inactivated by incubation with 0.6% H,O, in TBS. After
washes with TBS-T, sections were blocked with 1.5%
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goat serum for one hour. Sections were incubated with
primary antibody overnight at 4 °C. The primary anti-
bodies used were anti-insulin (dil 1:1000, A0564, Dako,
RRID:AB_10013624), anti-glucagon (dil. 1:500, Dako,
RRID:AB_10013726), anti-TH (dil. 1:1000, AB152,
Millipore, RRID:AB_390204), anti-GFAP (dil. 1:1000,
MAB360, Millipore, RRID:AB_11212597), and anti-IBA1
(dil. 1:1000, ab178846, Abcam, RRID:AB_2636859). Bioti-
nylated secondary antibodies were applied for one hour and
the signals from sections were detected with Vector diam-
inobenzidine peroxidase substrate kit (SK-4100, Vector
laboratories). Pancreatic sections were counterstained with
hematoxylin after signal detection.

TH-positive cell counting

Counting of dopamine cell numbers in the substantia nigra
was performed by a deep convolutional neural network
method provided by Aiforia™ image processing and man-
agement platform (Fimmic Oy, Helsinki, Finland). The
method has been validated for the purpose of dopamine cell
counting [25]. From each mouse, 5 um thick sections from
substantia nigra were stained with a TH antibody. Slides
were scanned with the 3DHistech Scanner and uploaded to
Aiforia™ image platform. The artificial intelligence model
was first trained with the stained sections to recognize TH-
positive cell somas, and the proper analysis was performed
thereafter. Dopamine cells were counted from five sec-
tions within the interval of ~70 to 75 um. Estimation of
total dopamine cell number in the substantia nigra was per-
formed by assuming that there were three cell layers between
counted sections.

TH-fiber density measurement

From each mouse, six coronal sections of the striatum within
the interval of ~ 100 pm in between were chosen for the
analysis. Images of TH-stained sections were obtained with
3DHistec Scanner (Pannoramic P250 Flash II whole slide
scanner 3DHistech, Budapest, Hungary). Optical densities of
both hemispheres were measured with Image-Pro Analyzer
7.0. Optical density from a cortical region above the corpus
callosum was subtracted as a background signal. Data is
presented as the optical density per hemisphere.

Quantification of IBA1 and GFAP stainings

From each mouse, three coronal sections of the striatum
within the interval of ~200 pm in between were used for the
analysis. IBA1- and GFAP-stained sections were scanned
with 3DHistec Scanner. Images from the striatum were
captured with 10 x magnification from scanned sections.
Stained area (pixel value) were quantified using Fiji Image J.
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Statistical analysis

Statistical comparisons between two groups were performed
with Student’s unpaired #-test when data was normally dis-
tributed and variances were similar. One-way analysis of
variance (ANOVA) was used to compare three or more
groups; significant ANOVA were followed by Tukey’s post
hoc test. When the p value was < 0.05, the difference was
considered as statistically significant. The significance of
unpaired z-test or Tukey’s post hoc test have been informed
in the figures. Statistical analysis was performed with Graph-
Pad Prism 8.0. The data is presented as means; error bars
show standard error of the mean (SEM).

Results

Decreased CDNF serum levels in Manf~'~ mice
and increased MANF serum levels in Cdnf~'~ mice

To investigate whether loss of MANF or CDNF in mice
alters the levels of the remaining growth factor in the sys-
temic circulation, we analyzed the protein levels of CDNF
or MANF in KO mouse sera and compared them to the
levels of wildtype (WT) mice. Protein levels in the serum
were measured with in-house-developed mouse CDNF
and MANF ELISAs from 6—7-week-old mice. Surpris-
ingly, we observed significantly decreased levels of CDNF
in Manf~~ male mice (257.6 +29.3 pg/ml) compared with
WT male mice (533.1+57.9 pg/ml) (Fig. 1a). Similarly,
Manf™~ female mice (243.7 +43.0 pg/ml) had reduced
serum CDNF levels compared with WT female mice
(389.7+27.8 pg/ml) (Fig. 1b). Furthermore, CDNF protein
levels were significantly higher in sera of WT male mice
compared to female mice. In contrast, measurements of

MANF protein levels from sera of WT and Cdnf~~ mice
showed that female Cdnf~”~ mice had higher MANF pro-
tein levels (3.26 +0.2 ng/ml) in their sera when compared
with female WT mice (2.14 +0.3 ng/ml) (Fig. 1c). Pre-
liminary data suggest an increase in MANF levels also in
Cdnf~~ male mice compared to WT male mice (data not
shown).

Removal of CDNF does not change the severity
of the Manf~'~ mouse phenotype

To study the biological role of CDNF and MANTF, as well
as the possible compensation between them, we created KO
mice lacking both factors. The heterozygous Cdnf and Manf
breedings produced viable Cdnf~~::Manf~~ mice. How-
ever, at genotyping on postnatal day 21 (P21), the number
of Manf™~, Cdnf*'"~::Manf~'~ and Cdnf~'"::Manf~’~ mice
according to the Mendelian distribution was reduced due to

Table 2 Genotype ratios at postnatal day 21

Genotype Expected (%) Viable P21
mice (%)
Cdnf**:: Manf*"* 6.25 9.13
Cdnf ¥*:: Manf '~ 12.5 17.83
Cdnf *"*:: Manf =/~ 6.25 2.61
Cdnf*'=:: Manf*"* 12.5 14.78
Cdnf*'~:: Manf*~ 25 29.13
Cdnf*'~:: Manf =/~ 12.5 5.65
Cdnf ~=:: Manf** 6.25 5.65
Cdnf ~:: Manf '~ 12.5 12.61
Cdnf ~~:: Manf =/~ 6.25 2.61

Genotypes of offspring at P21 from crossing Cdnf*'~::Manf*'~ mice.
Table represents the expected Mendelian ratios and observed ratios.
Values have been counted from 20 litters
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Fig. 1 Manf~~ mice have reduced CDNF serum levels and Cdnf™~
mice have increased MANF levels. a CDNF protein levels deter-
mined from cardiac serum of 6-7-week-old Manf** and Manf~'" lit-
termate male mice by ELISA (n=5-6/genotype). b Serum CDNF
levels from Manf** and Manf~~ female mice (n=6-7/genotype). ¢

MANF protein levels measured in the sera of 6-7-week-old Cdnf""*
and Cdnf™" littermate female mice (n=6/genotype). The values are
reported as mean+SEM. Unpaired r-test was used for the statistical
analysis. *Indicates p <0.5 and **p <0.01
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«Fig. 2 CDNF-deficient Manf™~ mice have reduced body weights and
hyperglycemia similar to Manf”~ mice. a Weights measured from
one-day-old mice with indicated genotypes (n=23-8/genotype). b
Weights of male mice (n=>5-8/genotype) and ¢ female mice (n=5-8/
genotype) with indicated genotypes at the age of 6 weeks, measured
between postnatal days (P) 41 to 45. d Glucose levels of blood with-
drawn from the same male mice (n=>5-8/genotype) and e female
mice (n=>5-8/genotype) at the age of P41-45. f Pictures of insulin-
and glucagon-stained pancreatic islets. Scale bar is 50 pm. g MANF
protein levels in the pituitary gland of 6-week-old wildtype (WT)
and Cdnf~~ male mice (n=4/genotype) and h female mice (n=4/
genotype). i MANF expression in the pancreas of WT and Cdnf™~
mice (n=7-11/genotype). j CDNF protein levels in the pituitary
gland of 6-week-old WT and Manf™~ male mice (n=3-6/genotype)
and k female mice (n=4-5/genotype). 1 CDNF protein levels in
the pancreas of 6-week-old WT and Manf™ /= male and female mice
(n=>5-12/genotype).The values are presented as mean+SEM. One-
way ANOVA followed by Tukey’s post hoc test and unpaired #-test
were used for statistical analysis. *p <0.5, **p <0.01, ***p <0.001

an increased perinatal lethality of Manf~~ mice (Table 2).
This supports our previous findings that a significant per-
centage of Manf~~ mice in the ICR background die peri-
natally, although the mechanism behind this has not been
studied. However, CDNF deficiency did not increase peri-
natal lethality in Cdnf*'~::Manf~~ or Cdnf™~::Manf™’~ mice
compared to Manf~~ mice. Actual genotype ratios were
measured together from twenty litters, and the distribution
of males and females were 47.7% and 52.3%, respectively.

We have previously shown that Manf~~ mice display a
severe growth defect already detectable at birth [12]. One of
the explaining factors behind the growth defect is a reduced
number of growth hormone-producing cells in the pituitary
gland and consequently, decreased growth hormone levels
[20]. Moreover, MANF ablation has been shown to cause
defects in chondrocyte proliferation and bone growth [26].
In contrast, Cdnf~~ mice develop normally and do not show
differences in weight compared to their WT littermates [11].
Since growth defect is one of the most dramatic phenotypes
of Manf~~ mice, and CDNF is expressed in the pituitary
gland [20], we measured the weights of mice devoid of
both CDNF and MANF. Already at P1, MANF-deficient
Cdnf*'"~ and Cdnf™~ mice had reduced body weights com-
pared to WT mice and mice with CDNF deficiency (Fig. 2a).
As Manf~~ mice have a shorter life span due to progres-
sive overt diabetes and do not survive after two months of
age [12], weights were measured at around six week of age,
between P41 and P45, when mice were still in visibly good
condition. Weights of male (Fig. 2b) and female (Fig. 2c)
Manf™~, Cdnf*'~::Manf~~ and Cdnf”"::Manf~’~ mice
were reduced compared with WT, Cdnf”_, Cdnf/‘ and
Cdnf~~::Manf*'~ mice. Thus, the additional CDNF defi-
ciency in Manf~~ mice does not affect their body weight.
Except for the small body size, there were no visible changes
observed in CDNF-deficient Manf™~ mice.

Due to the loss of beta cells in the pancreatic islets,
Manf~’~ mice develop insulin-dependent diabetes by
the age of P56 [12]. Beta cell death is caused by the pro-
longed ER stress in the pancreatic islets [12, 27]. Diabe-
tes is the most dominating phenotype of Manf~~ mice,
therefore we investigated the severity of this phenotype
in Cdn /_::Manf/_ mice, as CDNF is also expressed
in the pancreas [20]. We measured blood glucose lev-
els from random-fed mice of different genotypes and
observed that CDNF-deficient Manf™~ male mice had
similarly elevated blood glucose levels as Manf~~ male
mice at P41 — P45 (Fig. 2d). Furthermore, blood glucose
levels were higher in all MANF-deficient female mice
compared with controls (Fig. 2e). However, there were
no differences in the glucose levels between Manf~~ and
Cdnf~~::Manf~"~ mice. At the time of measurement, blood
glucose levels were already high, i.e. on average 30.8 mmol/l
in Manf~~ male mice, 28.9 mmol/l in Cdnf~~::Manf~'~ male
mice, 27.6 mmol/l Manf/‘ female mice, and 23.1 mmol/l
in Cdnf™~::Manf~'~ female mice. To visualize islet mor-
phology in diabetic mice, we stained pancreases from dia-
betic and control mice with insulin and glucagon antibod-
ies at P41-42. Whereas insulin showed high reactivity in
the islets of WT and Cdnf~~ mice, the intensity of insulin
staining and number of beta cells were clearly reduced in
Cdnf*'=::Manf~'~ and Cdnf™~::Manf~'~ mice (Fig. 2f). Thus,
the beta cell population in CDNF-deficient Manf~~ mice
was similarly decreased compared to Cdnf™'~::Manf~'~ mice.
The immunostaining with a glucagon antibody revealed
intact islets with alpha cells located in the periphery of
islets in WT and Cdnf/_ mice, but infiltrated islets with
alpha cells revealed disturbed islet morphology in the
Cdnf*'~::Manf~~ and Cdnf~'~::Manf~'~ mice (Fig. 2f).Thus,
the severity of beta cell loss and diabetes in Manf~~ mice
was not affected by CDNF deficiency. Due to the develop-
ing severe hyperglycemia in Manf~~ animals, mice were
terminated by the age of 7 weeks and the life span of CDNF-
deficient Manf~"~ mice could not be investigated.

Then, we measured MANF and CDNF levels in the pan-
creases and pituitaries of CDNF- and MANF-deficient mice,
respectively. MANF protein levels were analyzed in the pitui-
tary glands of 6-week-old Cdnf~~ mice by ELISA. Measure-
ments showed that MANF protein expression was not altered
in the pituitary glands between WT (230.6 + 10.7 ng/mg of
total protein) and Cdnf™~ (215.7 +22.8 ng/mg of total pro-
tein) male mice (Fig. 2g). Similar to male mice, MANF lev-
els were not changed between female WT (322.8 +19.6 ng/
mg of total protein) and Cdnf~~ (303.9 + 18.8 ng/mg of total)
mice (Fig. 2h). Interestingly, female WT mice had signifi-
cantly higher MANTF levels in the pituitary glands than male
WT mice. Furthermore, MANF levels in the pancreases were
measured from random-fed female and male mice and data
indicated that values were not significantly different between
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WT (394.5 +68.9 ng/mg of total protein) and Cdnf~~ mice
(366.5 +87.7 ng/mg of total protein) (Fig. 2i), although vari-
ation was high between samples. Next, CDNF levels were
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measured from pituitaries of 6-week-old Manf~~ mice
with ELISA. In male Manf™~ pituitaries, CDNF concen-
trations were increased (1.49+0.15 ng/mg of total protein)
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«Fig.3 Combined loss of CDNF and MANF aggravates activation of
the unfolded protein response in the skeletal muscle. a The messen-
ger RNA (mRNA) levels of unfolded protein response (UPR) mark-
ers in the quadriceps muscles in 6-week-old male mice (n=4/geno-
type). b Representative images and quantification of Western blots for
GRP78 expression and ¢ CHOP expression in the quadriceps muscles
of female mice (n=3-5/genotype). d MANF protein levels in the
quadriceps muscle of wildtype (WT), Cdnf™~ and Cdnf~~::Manf*'"~
female mice (n=4-5/genotype). € CDNF protein levels in the WT,
Manf~~ and Cdnf*'~::Manf”’~ quadriceps female muscle (n=23-5/
genotype) measured by ELISA. f The mRNA levels of Bc/-2 and Bcl-
XL in the quadriceps muscles of 6-week-old male mice (n=4/geno-
type). g Immunostaining for phosphorylated H2A.X in the quadriceps
muscles of 6-week old mice and h the pancreas of a Cdnf" = :Manf"~
mouse. Scale bar 50 um. Data are presented as mean+ SEM. One-
way ANOVA followed by Tukey’s post hoc test was used for statisti-
cal analysis. ¥p <0.5, ¥**p <0.1, and ***p <0.001

compared to pituitaries in WT mice (1.14 +0.03 ng/mg of
total protein) (Fig. 2j). CDNF levels were higher in the pitui-
tary glands of female WT mice compared to male WT mice
and therefore, groups were not combined. Similar to male
mice, CDNF protein expression was higher in the pituitary
glands of female Manf~~ mice (2.16 +0.13 ng/mg of total
protein) compared to female WT mice (1.46 +0.13 ng/mg of
total protein) (Fig. 2k). Finally, we measured CDNF protein
levels in the pancreases of WT and Manf~~ male and female
mice. Interestingly, CDNF levels were significantly higher in
Manf™~ mice (0.49 +0.03 ng/mg of total protein) compared
to WT mice (0.21 +0.02 ng/mg of total protein) (Fig. 21).

GRP78 expression and IRE1a pathway activation
are increased in the muscle devoid of CDNF,
and the increase is aggravated by MANF ablation

Compared to other tissues, CDNF expression is high in the
skeletal muscle while MANF expression is relatively low
compared to its expression in other tissues, suggesting that
the CDNF has an important role particularly in the skeletal
muscle [5, 20, 28]. Therefore, we decided to study UPR
activation in the skeletal muscle. The mRNA levels of UPR
markers were investigated by RT-qPCR in quadriceps femo-
ris muscles collected from 6-week-old mice.

The activated IREla ribonuclease domain splices Xbp1
mRNA to produce a transcription factor (sXBP1), which
induces expression of pro-survival genes such as chap-
erons, genes for lipid synthesis and ERAD components
including Edem1 and Erdj4 [29, 30]. Interestingly, Grp78
and IREla target genes sXbpl, tXbpl, Erdj4, and Edeml
were upregulated in the muscles of Cdnf™"::Manf~~ male
mice compared with muscles from WT mice (Fig. 3a).
Levels of Grp78, sXbpl, and Erdj4 were also increased
in Cdnf~~::Manf" and Manf~~ mice compared with WT
mice, but the increase was not statistically significant. The
expression of IRE1a target gene Txnip was not increased in

Cdnf~~::Manf~'~ mice, which suggests that the pro-apop-
totic arm of the IRE1a pathway was not activated. The levels
of Pdia6—the binding partner of MANF and regulator of
IREla [17, 26, 31]—were significantly increased in muscles
of Cdnf~""::Manf"'~, Manf~~ and Cdn /'::Manf/' mice
compared with WT mice. Furthermore, the mRNA levels of
Grp94 were increased in Cdnf™~::Manf™~ mice compared
with WT and Cdnf~~::Manf*'~ mice.

In contrast, our results showed that mRNA levels of Atf4
or pro-apoptotic Chop were not increased, indicating that
the PERK pathway was unaffected in the muscles devoid
of CDNF, MANTF or both (Fig. 3a). Similarly, the mRNA
levels of Atf6 and its target gene Creld2 were not increased
(Fig. 3a).

Analyses of the GRP78 protein expression levels
from the skeletal muscle with Western blot revealed that
the expression was increased in muscles of Cdnf~”~ and
Cdnf~~::Manf*'~ female mice compared to WT female
mice, and that the expression was further increased in mice
with the homozygote Manf deletion (Fig. 3b). Interestingly,
the GRP78 expression levels were similar between WT
and Manf~~ mice. Thus, loss of CDNF leads to increased
UPR activation in the muscle, which is further accelerated
when MANF is ablated. In addition, we analyzed CHOP
protein expression with Western blot from the same samples.
Quantification of signal intensities demonstrated that CHOP
protein levels were not different between the genotypes ana-
lyzed (Fig. 3c). This is in agreement with the data on Chop
mRNA levels (Fig. 3a).

Since UPR activation was increased in the dKO mus-
cle compared to single KO muscles, we next investigated
whether there is possible compensation between CDNF and
MANEF levels in single KO mouse muscles. First, we meas-
ured MANF protein levels in the muscle of Cdnf~~ female
mice by ELISA. Interestingly, MANF levels were increased
in Cdnf~~ muscle (19.3+0.7 ng/mg of total protein) com-
pared with WT muscles (14.3 +0.6 ng/mg of total protein),
suggesting that the increase in MANF is compensating for
the loss of CDNF (Fig. 3d). Accordingly, the muscle samples
from Cdnf™~::Manf*'~ mice showed only a 17% reduction
in MANF expression compared with WT muscle samples.
Next, we measured CDNF protein levels in Manf~~ quadri-
ceps muscle by ELISA. Results showed similar CDNF lev-
els in the muscle of WT mice (38.8 + 3.8 ng/mg of total
protein) and Manf~~ mice (38.8 +4.3 ng/mg of total pro-
tein) (Fig. 3e). Muscle samples from Cdnf*'~::Manf~~ had
exactly half the amount of CDNF expressed in the WT
muscle (Fig. 3e). The increase in MANF levels in CDNF-
deficient muscle represents a possible compensatory effect
of MANF in the CDNF-deficient muscle. On the other
hand, loss of MANF in the muscle does not affect the levels
of CDNF, suggesting that CDNF is not compensating for
MANF function in the muscle.
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«Fig. 4 CDNF deficiency does not aggravate activation of the unfolded
protein response in the brain of Manf™~ mice. a The messenger RNA
(mRNA) levels of the unfolded protein response (UPR) markers in
the developing E13.5 mouse brains with indicated genotypes meas-
ured by quantitative PCR (n=3-6/genotype). b UPR markers in the
striatal samples of 6-week-old male mice (n=3/genotype). ¢ Repre-
sentative image and quantification of GRP78 expression on Western
blots in postnatal day 1 mouse brains (n=3-5/genotype). d Repre-
sentative Western blot image and quantification of band intensities
of GRP78 protein in the striatal samples of 6-week-old male mice
(n=4-6/genotype). The values are reported as mean+SEM. One-
way ANOVA followed by Tukey’s post hoc test was used for statisti-
cal analysis. ¥p <0.5, ¥*p <0.1, and ***p <0.001

Finally, we wanted to examine whether there are signs
of increased apoptosis in the muscle devoid of CDNF and
MANF. We measured mRNA levels of two anti-apoptotic
genes, Bcl-2 and Bcl-XL, in the quadriceps muscle of
6-week-old mice but data implicated that there were no
changes in the expression of these genes in CDNF-deficient
Manf~~ mice compared with controls (Fig. 3f). In addition,
we stained muscle sections for phosphorylated histone vari-
ant H2A X to examine possible chromatin fragmentation and
cell death. Stainings did not reveal any cell death in the mus-
cle sections of Cdnf™~::Manf~"~ mice (Fig. 3g) as compared
to the pancreas of Cdnf"'~::Manf~~ mice (Fig. 3h).

CDNF deficiency does not aggravate the intensity
of the UPR activation in the brain of Manf~'~ mice

We have previously reported that Manf~~ mice display
clearly increased UPR activation in the brain [13]. In that
study, we showed that the increase in UPR gene expression
was similar in different brain regions of Manf~~ mice includ-
ing the cortex, striatum, hippocampus, substantia nigra, and
cerebellum. In contrast to Manf™ /~ mice, UPR activation is
not upregulated in the striatum of adult Cdnf”~ mouse brain
[11]. Here, we wanted to investigate whether the magnitude
of UPR activation in the brain is altered in the absence of
both MANF and CDNF.

First, we analyzed the UPR activation in the embryonic
brain at E13.5 by RT-qPCR since the expression of Cdnf
mRNA and MANF protein have previously been detected
in the mouse brain at this time point [5, 28] and further-
more, Manf~~ embryos have increased UPR activation
already then [13]. We observed that the mRNA levels of
sXbp1 and total XbpI (tXbpl) were upregulated in the devel-
oping brains of Cdnf*~::Manf~~ and Cdnf™~::Manf™~ at
E13.5 (Fig. 4a). The mRNA levels of sXbpI-induced genes
Edeml and Erdj4 were upregulated in Cdnf*'~::Manf~~ and
Cdnf~~::Manf~~ mice. The mRNA levels of Pdia6 were also
elevated in Cdnf~~::Manf~~ mice. The PERK downstream
components A#f4 and Chop were similarly upregulated, and
levels of A#f6 increased. ATF6 further induces the expres-
sion of ER chaperones Grp78 and Grp94 [32], which were

increased in the developing brains of Cdnf™'~::Manf™~ and
Cdnf~~::Manf~~ mice (Fig. 4a). However, there were no
differences in UPR regulation between Cdnf™~::Manf~~ and
Cdnf~~::Manf~'~ mice, indicating that deletion of CDNF
does not aggravate UPR activation induced by the lack of
MANTF in the developing mouse brain.

Next, the mRNA expression levels of the UPR genes were
investigated in the brain of the same 6-week-old mice as
used for muscle analyses. Striatal samples were dissected
from the brains and analyzed by RT-qPCR (Fig. 4b). Results
showed that the mRNA levels of Grp78, sXbpl and Pdia6
were upregulated in the striata of Manf~~ mice similarly
independent of CDNF deficiency. UPR gene expression in
the brain of Cdnf™~ mice was similar to WT mice. In the
PERK pathway, only A#f4 mRNA levels were increased in
Manf~~ and CDNF-deficient Manf~~ mice. The mRNA
levels of Atf6 or Edeml did not differ in the brain of differ-
ent genotypes at this age. Furthermore, the mRNA levels
of Erdj4, tXbpl, and Grp94 were significantly upregulated
in Manf™ /= striata, and there was a clear trend for similar
upregulation in Cdnf™~::Manf~~ mice. These results are in
agreement with our previous data on striata in 5-week-old
Manf~~ mice [13].

We have previously shown that Grp78 mRNA lev-
els are increased in Manf~~ brains at P1 [13]. As Grp78
mRNA levels were changed, we analyzed GRP78 expres-
sion at the protein level in the brains of P1 mice by West-
ern blot. Quantification of band intensities revealed a
similar increase in GRP78 protein levels in Manf~~ and
Cdnf~"::Manf~" brains (Fig. 4c) as seen for Grp78 mRNA
levels measured with RT-qPCR (Fig. 4b). GRP78 pro-
tein expression levels were also examined from striatal
samples of 6-week-old mice. Western blot analysis indi-
cated that GRP78 expression levels were increased in
Manf~~ and CDNF-deficient Manf~~ mice compared to WT
and Cdnf™ ~ mice (Fig. 4d). However, there were no differ-
ences in GRP78 levels between Manf~~ and CDNF-deficient
Manf~~ mice. Thus, the severity of increased cerebral UPR
activation during embryonic development and young adult-
hood in Manf~~ mice is not affected by CDNF deficiency.

Expression of TH and DAT not significantly changed
in CDNF-deficient Manf~'~ mice

As both proteins protect dopamine neurons and are expressed
in the midbrain, we investigated the effect of the combined
loss of CDNF and MANF in the brain dopaminergic system
by analyzing the expression of tyrosine hydroxylase (TH)—
the key enzyme catalyzing dopamine synthesis—during
brain development and maturation. Neurogenesis of mouse
midbrain dopamine neurons takes place between E8.5 and
E13.5 [33]. TH expression can be detected at this stage in
the developing brain. We measured the mRNA levels of Th
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Fig.5 Expression of tyrosine hydroxylase and dopamine trans-
porter is not altered in CDNF-deficient Manf~~ mice. a The mes-
senger RNA levels of tyrosine hydroxylase (7h) in the brain of
embryonic day 13.5 (E13.5) mice with indicated genotypes (n=3-6/
genotype). b Images of TH-stained brain midfloor plates in E13.5
Cdnf*'~::Manf*"* and Cdnf~::Manf~~ mice. Scale bar is 200 um. ¢
Representative images of Western blot membranes and quantification
of TH protein in the brain of postnatal day 1 (P1) mice with indicated

in the developing brains of Cdnf~~::Manf™~ and control
mice at E13.5. The RT-qPCR analysis did not show statisti-
cal differences between the genotypes (Fig. 5a). In addition,
immunostaining for TH protein showed similar staining pat-
tern in the Cdnf™'~::Manf*"* and Cdnf™~::Manf~~ midbrain
floor (Fig. 5b).

Maturation of midbrain dopamine neurons involves two
main phases of programmed cell death—at P2 and P14
[34]. Accordingly, we analyzed the TH levels of P1 brains
with Western blotting. Protein levels of TH were not altered
between Cdnf~~::Manf~~ mice and control mice (Fig. 5c).
We then analyzed the brain of Cdnf™~::Manf~'~ mice at the
age of 6 weeks. Expression levels of different proteins were
measured in striatal samples with Western blotting. Our
data indicated similar protein levels of TH in the striatum
of CDNF-deficient Manf~~ mice compared to WT, Cdnf™'~,
and Manf~~ mice (Fig. 5d). Additionally, DAT protein levels
were similar between the mice investigated (Fig. Se).

@ Springer

2.0
kDa
50 — [N T 5 1.5
o
< 1.04 oo o
ol 88
37 — Smememe® CAPDH T ° ;'z oo
F 0.5
cdnf +/- /- +/- /-

Manf +/+ +/+ -/- -/- 0.0-——7F—""+"++
canf +/- -/- +/- -/-

Manf +/+ +/+ -/- -/-
& 2.0,
kDa ~— g
so_ IRERERER| oA %15' .
— ° o
S 10{ P %
37— smememe® GAPDH < N B 5 ;
G 0.5 °
Canf +/+ /- +/+ /-
Manf +/+ +/+ /- -/- 0.0—F———
cdnf +/+ - ++ /-

Manf +/+ +/+ -/- -/-

genotypes (n=3-5/genotype). d Images and quantification of TH
protein band intensities of Western blot membranes in samples from
striata of 6-week-old male mice with indicated genotypes (n=4-6/
genotype). e Dopamine transporter (DAT) protein expression levels
in the striatal samples of 6-week-old male mice (n=4-6/genotype).
Data presented as mean +SEM. One-way ANOVA was used for sta-
tistical analysis

CDNF deficiency does not aggravate the midbrain
phenotype in aged conditional MANF knockout
mice

In mice, MANF and CDNF are expressed in the substantia
nigra, where MANF—but not CDNF—has been found to
co-localize in TH-positive neurons [5, 20, 28]. We gener-
ated conditional neuron-specific CDNF/MANF dKO mice
to examine survival and maintenance of neurons during
aging. In conditional Cdnf~~::Manf""::Nestin®** mice,
CDNF expression was lost from all cells, whereas MANF
was specifically removed from neurons and astrocytes. We
aged the mice until they were one year old. Measurement
of body weights indicated differences in body size between
the genotypes. CDNFE-deficient Manf™"::Nestin®“* mice
and Manf""::Nestin"* mice were smaller compared to
control mice that were heterozygote or homozygote for
Cdnf and without the Nestin-Cre transgene (Fig. 6a).
This agrees with our previously published data from
Manf™::Nestin®* mice [13].

Using the conditional CDNF/MANF dKO mice, we
addressed the question of whether simultaneous lack of
CDNF and MANF in the midbrain would result in the
degeneration and death of dopamine neurons. Since
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locomotor activity is associated with striatal dopamine
levels, we first assessed spontaneous locomotor activ-
ity of Cdnf~~::Manf™"::Nestin®"* mice. We have pre-
viously shown that the horizontal activity in the open
field arena is not impaired in middle-aged Cdnf™~ or
Manf™::Nestin®** mice [11, 13]. In agreement with these
earlier findings, we showed here that 11-month-old CDNF-
deficient Manf™"::Nestin®"* mice had similar behavior in
the open field when compared to the three control groups.
There were no changes in distance travelled (Fig. 6b) or in
the number of vertical counts (Fig. 6¢), which both reflect
locomotive function. These results imply that the concur-
rent deficiency of cerebral CDNF and MANF does not
reduce locomotor activity in a novel environment.

Next, we analyzed the total amounts of dopamine neurons
in the substantia nigra pars compacta (SNpc) and innerva-
tion of these neurons to the dorsal striatum. The dopamine
neuron number in the SNpc was analyzed on TH-stained sec-
tions by a deep-learning algorithm [25]. Results showed no
difference in the number of dopamine neurons in the SNpc
between CDNF-deficient Manf"'"::Nestin®"** mice and con-
trol mice (Fig. 6d,f). The innervation of striatal dopamine
neuron fibers was investigated by measuring optical density
of the TH-stained neurons (Fig. 6€). Quantification of the
density of striatal fibers did not show significant differences
between the genotypes (Fig. 6g). There was a trend towards
lower TH-fiber density in Cdnf"'~::Manf™"::Nestin“"**
mice, but it was not significant (Fig. 6g). The trend was not
observed in CDNF-deficient Manf”ﬂ: :Nestin®®* mice, indi-
cating that combined deficiency of CDNF and MANF does
not cause degeneration of dopamine neurons in 1-year-old
mice.

We have previously reported that Manf™::Nestin<"*/*
mice show increased UPR gene expression in various brain
regions, including the cortex, hippocampus, midbrain, and
cerebellum [13]. As the IREla/sXBP1 pathway is involved
in inflammatory responses [35], and we have shown that
activation of this pathway continues during aging in the sub-
stantia nigra of Manf™":Nestin®"* brains [13], we stained
the CDNF-deficient Manf™"::Nestin“"“* brains to examine
astrocytic and microglial activation. Striatal sections were
stained for the astrocyte marker GFAP, and the microglia
marker IBA1 (Fig. 6h). Quantification of GFAP-stained
sections indicated that GFAP immunoreactivity was sig-
nificantly increased in Manf""::Nestin“* mice compared
to control mice (Fig. 61). However, lack of CDNF did not
increase this activation. The analysis of IBA1 stainings,
instead, showed that there were not differences in the num-
ber of activated microglia between mice analyzed (Fig. 6j).

Discussion

We present here, for the first time, findings from mice
lacking both CDNF and MANF. Our results imply that in
general, the phenotype of Cdnf™~::Manf~ mice is highly
similar to Manf~'~ mice. We show that global MANF abla-
tion decreases body weight and growth, which is in agree-
ment with previous reports [11, 13]. Our study suggests that
CDNF cannot functionally compensate for MANF defi-
ciency in the pituitary gland, as Cdnf™~::Manf~"~ mice have
a similar growth defect as Manf~~ mice. Measurement of
CDNF levels in the pituitary gland of Manf”~ mice revealed
an increase in male and female mice. We may conclude that
CDNF cannot functionally compensate for MANF action in
the pancreatic beta cells, since at the time of the measure-
ment, blood glucose levels and islet architecture were similar
between Manf~'~ mice and CDNF-deficient Manf™~ mice.
Protein levels of CDNF are increased in the pancreas of
Manf™ /= mice, but it does not rescue manifestation of dia-
betes. Given that the CDNF levels in the pancreas are about
1000 times lower than that of MANTF, this is not particularly
surprising. MANF concentration in the pituitary gland is
almost 200 times higher than CDNF concentration, support-
ing the importance of MANF for the survival of anterior
pituitary cells.

The lack of MANF in mice results in a difference in the
severity of phenotypes depending on their genetic back-
ground. Hearing impairment due to outer hair cell loss was
observed in Manf™~ mice in the ICR background and in the
inner ear-specific MANF KO mice in the C57BL/6JRccHsd
background, but not in Manf~~ mice in the CBA strain
[36]. Global Manf~~ mice in the C57BL/6 background are
embryonic lethal [26, 37], whereas about 55-60% of the
MANF-deficient mice in the ICR background are perina-
tal lethal (Table 2). A recent study showed that loss of one
Manf allele in the C57BL/6 background caused an inflam-
matory and hepatic phenotype in middle-aged mice [38].
We have not detected increased blood sugar levels in aged
Manf*'~ mice in the ICR background (Lindahl, unpublished
observations), demonstrating that one Manf allele is enough
to prevent diabetes manifestation [12]. Interestingly, loss of
MANF in humans results in diabetes due to increased ER
stress in the pancreatic beta cells analyzed in human stem
cell-derived differentiated beta-like cells with a homozygous
MANF mutation [39]. In addition to diabetes, patients with
loss of function mutations in the MANF gene showed growth
retardation, microcephaly and hearing loss [39, 40]. Our
Manf~~ mice present similar phenotypes to humans, includ-
ing diabetes, hearing loss and growth defects, indicating that
our MANF mouse models are biologically relevant when
examining the biological function of MANF in mammals.
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«Fig. 6 Conditional Cdnf™~::Manf""::Nestin®“* mice show no mid-
brain dopamine neurodegeneration. a Weights of 12-month-old male
mice with indicated genotypes (n=4-8/genotype). b Open field activ-
ity of male mice presented as distance travelled and ¢ vertical counts
(n=4-8/genotype) during 30 min. d Representative images of tyros-
ine hydroxylase (TH)-stained striatal sections and e nigral sections
of 12-month-old male mice. Scale bars are 2000 um (d upper row)
and 1000 um (e lower row). f Total numbers of dopamine neurons
in the substantia nigra pars compacta (SNpc) (n=4/genotype). g
Optical density of TH staining in the dorsal striatum of male mice
(n=4-5/genotype). h Images of striatal sections immunostained for
glial fibrillary acidic protein (GFAP) to detect astrocytes, and ionized
calcium binding adaptor protein 1 (IBA1) to detect microglia. Scale
bar is 100 pm. i Quantification of GFAP-positive area and j IBA1-
positive area in the striatum of 1-year-old male mice (n=4-5/geno-
type). The values are presented as mean+SEM. One-way ANOVA
and Tukey’s post hoc test were used for statistical analysis. *p <0.05,
**p <0.01, ¥**¥p <0.001

We discovered here that CDNF deficiency results in
increased expression of UPR genes in the mouse skele-
tal muscle. This is the first time that loss of endogenous
CDNF has been demonstrated to cause ER stress in vivo in
mammalian tissue. We observed that CDNF protein levels
in the muscle are higher than MANF levels, although gen-
erally CDNF protein levels in tissues are about 100 times
lower than MANF levels [20]. Simultaneous loss of CDNF
and MANTF led to even higher expression of UPR genes in
the muscle than what was seen in WT and single KO mice,
indicating further increased UPR activation in the dKO
mice. This indicates that both CDNF and MANF function
as ER stress regulators in the skeletal muscle. Given that
the IREla pathway activation and GRP78 expression are
significantly increased, we conclude that adaptive UPR
is activated in the muscles devoid of CDNF and MANF.
There were no increase in proapoptotic CHOP levels or in
the mRNA levels of Txnip, Bcl-2 or Bcl-XL. Thus, terminal
UPR is not activated at the time of 6 weeks of age. With
only the IREla pathway activated, Manf~~ muscles do
not show similar severe ER stress compared to the pan-
creas and pituitary gland of Manf~~ mice, where all three
conserved UPR pathways are chronically upregulated [12,
20]. Compared to the pancreas, MANF expression in the
muscle is much lower, which could partly explain this
difference.

Skeletal muscles have a specialized ER called sarcoplas-
mic reticulum, which has high calcium concentrations, as
muscle contraction is based on the release and reuptake of
calcium [41]. Recently, exogenous CDNF was demonstrated
to restore calcium transients after the treatment with a sar-
coendoplasmic calcium ATPase inhibitor, thapsigargin, in
human induced pluripotent stem cells differentiated into
cardiomyocytes [42]. In the same study, CDNF reduced
thapsigargin-induced GRP78 expression in cardiomyocytes.
Expression of CDNF is similarly high in the heart as in the
skeletal muscle [20]. Both cardiac and skeletal muscles are

striated muscles composed of sarcomeres, and their func-
tion is dependent on calcium. Therefore, the role of CDNF
could be to maintain UPR homeostasis in the calcium-rich
environment of skeletal and cardiac muscles.

Compared to muscle, the expression level of CDNF in the
brain is modest [20]. We show here that in the developing
brain, loss of CDNF does not cause increased expression of
UPR genes compared to WT mice. Moreover, loss of CDNF
in addition to MANF ablation does not enhance UPR activa-
tion that is already present in the MANF-deficient brains.
Our data suggests that the role of CDNF in regulating UPR
in the brain is less prominent compared to the role of MANF,
and that CDNF is not functionally compensating for the loss
of MANF in the MANF-deficient brain. The unchanged
Cdnf mRNA levels in the MANF-deficient brain also sup-
ports this suggestion [13].

In rodent Parkinson’s disease models, CDNF and MANF
have been shown to promote the survival of dopamine neu-
rons [5, 6, 43—-49]. Furthermore, it has been demonstrated
that MANF-deficient fruit flies and zebrafish, as well as
CDNF-ablated zebrafish have a dopaminergic phenotype
[15, 50, 51]. Therefore, CDNF and MANF have been
hypothesized to be survival factors for dopamine neurons,
which degenerate in Parkinson’s disease and hence lead
to the characteristic motor symptoms. However, our pre-
vious studies in MANF and CDNF KO mice have shown
that endogenous CDNF and MANF are dispensable for
dopamine neuron survival [11, 13]. Here, we demonstrate
that embryonic removal of both CDNF and MANF in the
brain does not result in a degeneration or loss of dopamine
neurons in the substantia nigra of aged mice. Due to the
small number of mice, we were not able to analyze stri-
atal dopamine levels, which would have complemented the
immunohistochemical analysis. However, motor behavior
was not altered, which indicates similar dopamine levels in
CDNF-deficient Manf"::Nestin®** and control mice. We
also examined here the early maturation of the midbrain
dopamine neurons in mice lacking CDNF, MANF, or both,
but did not observe any significant alterations.

As mentioned above, exogenous CDNF and MANF
function as survival factors for dopamine neurons in neu-
rotoxin-induced insult models. However, without an insult,
exogenous CDNF and MANF are actually not affecting
nigrostriatal dopamine neurons in vivo [43, 47]. Similarly,
the lack of endogenous CDNF or MANF is not affecting sur-
vival or morphology of dopamine neurons in mice [11, 13].
Thus, the survival-promoting function of neuronal CDNF
and MANF in vivo is connected to stress conditions. Sup-
porting this idea, Manf""::Nestin®** mice were discovered
to be more vulnerable to stroke [52], as well as ethanol- and
tunicamycin-induced toxicity [53]. Moreover, MANF was
shown not to affect naive dopamine neurons in vitro, but to
display an anti-apoptotic activity for ER-stressed neurons,
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strengthening the idea that additional stress induces MANF
to exert its neuroprotective activity [17]. We observed signs
of increased GFAP activation in the striata of 1-year-old
Manfq/ﬂ::NestinC”/ * mice, which could indicate for a predis-
posed vulnerability in case of injury.

Our results suggest that there is an interaction between Cdnf
and Manf genes, as we can see increased MANF serum levels
in CDNF-deficient mice and vice versa—decreased CDNF
serum levels in MANF-deficient mice. The source of MANF
and CDNF in the serum is unknown. The finding of clearly
reduced CDNF protein levels in Manf~~ serum can also be
a consequence of hyperglycemia and diabetes, although this
has not been reported before. The finding of CDNF deficiency
affecting MANF serum levels could indicate possible com-
pensation, as a similar increase in MANF expression is also
seen in the Cdnf~ /= muscle. On the other hand, sXBP1 has
been shown to induce Manf mRNA expression [30], and as
sXbpl mRNA levels are upregulated in the Cdnf~’~ muscle,
MANF expression could be a consequence of this. In the brain
of Cdnf~~ mice, neither sXbp1 levels nor Manf mRNA levels
are increased [11]. The molecular mechanism behind this com-
pensation requires investigation in future studies.

To summarize, we present here novel findings about con-
ventional and conditional CDNF/MANF dKO mice, and pro-
vide new information about the function of endogenous CDNF
and MANF. Based on our results, we conclude that CDNF and
MANTEF present redundancy in some—but not all—mouse tis-
sues. Importantly, they both are indispensable for proper UPR
regulation, and have specific, different target tissues where
they exert their function as ER stress regulators.
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