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Role of two sequence motifs of mesencephalic
astrocyte-derived neurotrophic factor in its
survival-promoting activity

K Métlik", Li-ying Yu'®, A Eesmaa', M Hellman?, P Lindholm', J Perdnen’, E Galli', J Anttila', M Saarma', P Permi***, M Airavaara' and
U Arumée*'®

Mesencephalic astrocyte-derived neurotrophic factor (MANF) is a prosurvival protein that protects the cells when applied
intracellularly in vitro or extracellularly in vivo. Its protective mechanisms are poorly known. Here we studied the role of two short
sequence motifs within the carboxy-(C) terminal domain of MANF in its neuroprotective activity: the CKGC sequence (a CXXC
motif) that could be involved in redox reactions, and the C-terminal RTDL sequence, an endoplasmic reticulum (ER) retention
signal. We mutated these motifs and analyzed the antiapoptotic effect and intracellular localization of these mutants of MANF when
overexpressed in cultured sympathetic or sensory neurons. As an in vivo model for studying the effect of these mutants after their
extracellular application, we used the rat model of cerebral ischemia. Even though we found no evidence for oxidoreductase
activity of MANF, the mutation of CXXC motif completely abolished its protective effect, showing that this motif is crucial for both
MANF’s intracellular and extracellular activity. The RTDL motif was not needed for the neuroprotective activity of MANF after its
extracellular application in the stroke model in vivo. However, in vitro the deletion of RTDL motif inactivated MANF in the
sympathetic neurons where the mutant protein localized to Golgi, but not in the sensory neurons where the mutant localized to the

ER, showing that intracellular MANF protects these peripheral neurons in vitro only when localized to the ER.
Cell Death and Disease (2015) 6, €2032; doi:10.1038/cddis.2015.371; published online 31 December 2015

The prosurvival proteins that actively keep the cells alive
function as a counterbalance to the prodeath programs of the
cell and are thereby essential players in morphogenesis and
adult tissue homeostasis. Such survival-promoting proteins
are also potential candidates for the treatment of pathological
conditions, especially in the nervous system where the lost
neurons are only rarely replaced by new ones. Some pro-
survival proteins act extracellularly. For example, neurotrophic
factors (NTFs) are secreted proteins that bind the cognate
receptors on the surface of the cells, thereby triggering
prosurvival signaling cascades.'™® Other prosurvival proteins,
such as Akt kinase, antiapoptotic Bcl2 family members,
inhibitor of apoptosis (IAP) proteins and so on are not secreted
and protect the cells intracellularly. A new family of survival-
promoting proteins has recently been described* that can act
in both ways. This family consists of two proteins, mesence-
phalic astrocyte-derived neurotrophic factor (MANF)® and
cerebral dopamine neurotrophic factor (CDNF).® Both factors,
when delivered into the extracellular space of the brain or
applied via viral vectors potently antagonize neurological
damage in the rodent models of Parkinson’s disease. MANF is
also protective against cerebral ischemia®'® and prevents

degeneration of Purkinje cells in spinocerebellar ataxia.'" In
these experiments, MANF and CDNF halted the death of the
neurons and also stimulated regrowth of the dopaminergic
fibers, acting thus as typical NTFs. On the other hand in non-
neuronal cells, MANF was also shown to be a resident protein
of the endoplasmic reticulum (ER) protecting the cells
intracellularly against ER stress.'2~1”

In line with its role in counteracting cell death, MANF
promotes pancreatic B-cell proliferation and survival in vivo,
and lack of MANF leads to chronic unfolded protein response
(UPR) activation in pancreatic islets.'® We have also shown
that microinjected intracellular MANF protects cultured sym-
pathetic neurons of the superior cervical ganglion (SCQG)
against apoptosis-inducing toxins, whereas it does not protect
or bind these neurons when applied to the culture medium.®
Thus, MANF can protect the neurons when applied extra-
cellularly (at least in vivo) and intracellularly. Of note, MANF
also has both intra- and extracellular activities on the
pancreatic § cells.'® However, the mechanisms of intra- and
extracellular action of MANF are currently not well defined.

Structurally MANF consists of amino- (N) terminal saposin-
like domain and carboxy-(C) terminal SAP domain-like domain
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Figure 1

Mutation of cysteine 151 inactivates MANF. (a) NGF-maintained SCG neurons were microinjected with the indicated expression plasmids and treated with 20 ;M

etoposide (n= 3). (b—¢) NGF-maintained DRG neurons were microinjected with the indicated expression plasmids and treated with 500 nM thapsigargin (b) or 20 M etoposide
(¢) (n=4 for both). The number of living injected neurons was counted 72 h later and is expressed as % of the number of original living injected neurons counted 3-4 h after
injection. Fifty to eighty neurons were successfully injected per experimental group in each repeat. Vector denotes the empty plasmid pCR3.1. Shown are the means + S.E.M.
Experimental groups were compared by one-way analysis of variance (ANOVA) and Tukey’s multiple comparison post hoc test. **, *** and **** denote P<0.01, P<0.001 and

P<0.0001, respectively. The null hypothesis was rejected at P<0.05

that are connected by a flexible linker.'®2° From the amino-
acid sequence and structure, two potentially functional motifs
can be distinguished in the carboxy-terminal domain of MANF
(C-MANF)."®2° First, a conserved®'?2 CXXC motif (CKGC)
was found in the loop connecting the helices a7 and a8 where
two cysteines were connected with a disulfide bond. The
CXXC moitif is found in the active center of the enzymes of
thiol-disulfide oxidoreductase superfamily.?®> Second, a con-
served RTDL sequence belonging to the class of KDEL-like
ER retention signal®* is found at the very end of C terminus of
MANF'9-2% and is shown to be required for its retrieval from the
Golgi to ER."®1%2% The role of the RTDL motif in the survival-
promoting activity of MANF has not been studied.

In this study, we set up to investigate the importance of
these motifs of MANF for its survival-promoting activity both in
the intracellular in vitro as well as extracellular in vivo para-
digms. We mutated the CXXC and RTDL motifs and tested the
activity of the mutants by microinjecting plasmid DNAs encod-
ing the mutant proteins into apoptotic sympathetic SCG
neurons, our validated model for testing the neuroprotective
bioactivity of MANF,'®?! and sensory dorsal root ganglion
(DRG) neurons. Subcellular localization of the MANF mutants
was also studied in the same neurons. We show that the
CXXC moitif is critically required for the survival-promoting
activity of MANF, as mutation of this motif prevents MANF from
being neuroprotective in both types of neurons in vitroand also
in the in vivo rat model of cerebral ischemia. In addition, we
show, using the same in vivo model, that the RTDL motif is not
required for the neuroprotective activity of extracellularly applied
MANF. However, intracellularly the mutant without RTDL motif
was inactive only when it was not retrieved to the ER.

Results

We mutated the identified motifs on human MANF and studied
the survival-promoting properties of the mutants in compar-
ison with wild-type (wt) MANF on three neuronal models that
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represent the two known modes of action of MANF. The intra-
cellular prosurvival activity and subcellular localization of the
mutants were studied in the models of apoptotic primary SCG
and DRG neurons, the former being currently the best-
characterized model to study neuronal survival.?~28 As MANF
also protects the neurons when injected into the extracellular
space of the brain tissue, for example, on the model of cerebral
ischemia,®'® we studied the prosurvival activity of MANF
mutants on that model as well.

Mutation of CXXC motif inactivates intracellular MANF
but does not change its localization. In its C-terminal
domain, MANF has a conserved sequence '“8CKGC'®'
(amino-acid numbering of the mature protein).’®2° To test
whether this motif is essential for the survival-promoting func-
tion of MANF, we mutated cysteine 151 into serine (CKGC to
CKGS) and overexpressed this construct (MANF-C151S) in
the SCG neurons treated with etoposide, a cytotoxic drug that
causes cell death by inhibition of topoisomerase Il. The
C151S mutation abrogated the survival-promoting activity of
MANF almost completely (Figure 1a). C151S mutation had a
similar inactivating effect on MANF’s antiapoptotic activity in
DRG neurons treated with etoposide (Figure 1c), and also
with thapsigargin, an SERCA (sarco/endoplasmic reticulum
Ca2* ATPase) inhibitor that induces UPR and cell death
(Figure 1b). It must be noted that the importance of CKGC
motif for MANF’s antiapoptotic effect could not be studied in
SCG neurons treated with thapsigargin because thapsigargin
did not kill the SCG neurons, even though it caused ER ca®*
depletion and UPR (Supplementary Figure S1). To study the
subcellular localization of MANF and its mutants, we coim-
munostained the microinjected healthy NGF-maintained SCG
neurons with antibodies to MANF and to either the ER
markers protein disulfide isomerase (PDI) or 78 kDa glucose-
regulated protein (GRP78), or to the Golgi marker GM130,
and examined the neurons using confocal microscopy. In the
cultured SCG neurons, the ER has an unusual localization at



the peripheral submembrane area (Supplementary Figure
S2). As shown in Figure 2, MANF colocalized with both ER
markers and thus localizes mainly to the ER, as reported for
other cells."®'® The level of endogenous MANF in the
cultured sympathetic neurons was below the limit of detec-
tion, as revealed by immunostaining (arrow in Figure 2),
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although MANF mRNA was detected by RT-PCR in the SCG
cultures (data not shown). MANF-C151S was also mainly
located at the ER area, although in some neurons faint
immunoreactivity was detectable in the areas away from ER
(Figure 2). Both MANF and MANF-C151S colocalized with
the ER marker PDI at the peripheral area also in cultured
healthy DRG neurons (Supplementary Figure S3).

We also studied subcellular localization of overexpressed
MANF and MANF-C151S in apoptotic neurons treated with
etoposide for 48h. The extent of death was estimated
microscopically by morphological appearance of the neurons
and the presence of condensed apoptotic chromatin in the
nuclei, as revealed by 4',6-diamidino-2-phenylindole (DAPI)
staining. In the healthy-looking neurons (either being pro-
tected by overexpressed wt MANF or resistant to etoposide at
48 h treatment), as well as in the neurons that were in the early
stages of apoptosis, having condensed chromatin but not yet
the other overt signs of apoptosis (shown in Figure 2), MANF
was always located in the ER, mainly at its distal submem-
brane area (Figure 2). MANF-C151S was also located in the
ER in the etoposide-treated neurons. We did not find any major
relocalization of MANF and MANF-C151S from the ER to the
cytoplasm or other organelles in the etoposide-treated neu-
rons. All neurons in the advanced stages of apoptosis, injected
or non-injected, showed strong general binding of anti-MANF
antibodies that was most probably nonspecific (not shown).

The CXXC moitif is found in the catalytic center of redox
enzymes such as thiol-disulfide oxidoreductases, thioredoxins
and glutaredoxins,®® suggesting that MANF could also
function as a redox enzyme, and this catalytic activity could
participate in its survival-promoting potency. To test whether
purified recombinant MANF protein has any oxidoreductase
activity on protein thiol groups, we used the widely used insulin
reduction assay. As shown in Figure 3, 200 nM MANF did not
catalyze insulin reduction in the presence of either dithiothrei-
tol (DTT) or reduced glutathione, a more natural electron
donor. Furthermore, MANF did not influence the insulin-
reducing activity of PDI. Thus, no oxidoreductase-like activity
of MANF was found in these assays.

In summary, our data suggest that the inactivity of C151S
mutant MANF does not result from its improper localization or
from the loss of its putative enzymatic activity (although
enzymatic activity in other conditions cannot be excluded).
This mutation may lead to subtle conformational changes or/
and loss of interactions with other molecules.

<

Figure 2 Immunolocalization of overexpressed MANF or MANF-C151S in
healthy or etoposide-treated SCG neurons. NGF-maintained SCG neurons were
microinjected with the expression plasmids for MANF or MANF-C151S and grown in
the presence of NGF for 24 h or in the presence of NGF plus 20 M etoposide for
48 h. The cultures were costained with antibodies to MANF (green) and the ER
markers PDI or GRP78 (red), or the Golgi marker GM130 (red). The nuclei were
labeled with DAPI (blue). Shown are the confocal microscopic images of typical
expression patterns. The MANF and MANF-C151S always colocalized with ER
markers but not with GM130. Note the absence of MANF immunoreactivity in the
uninjected neuron in the middle row of the MANF panel (arrow), showing the absence
of nonspecific background and undetectable levels of endogenous MANF. Note the
apoptotic fragmented nucleus in the etoposide-treated neuron that still has MANF in
the ER. Scale bar, 12 um
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Deletion of C-terminal RTDL can reduce the intracellular
survival-promoting activity of MANF by causing it to
localize to the Golgi complex. MANF has a conserved
76 RTDL'"® sequence in its C terminus, which belongs to the
class of KDEL-like ER retention motifs. 61719202425 o
study the role of the RTDL motif in the survival-promoting
activity of MANF, we deleted it and tested the mutant (MANF-
ARTDL) in the etoposide-treated SCG neurons and DRG
neurons treated with thapsigargin or etoposide. As shown in
Figure 4a, in SCG neurons the survival-promoting activity of
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Figure 3 Inactivity of recombinant MANF in the insulin reduction assay. The
ability of recombinant MANF protein (200 nM) to reduce insulin was tested using the
Proteostat PDI Assay Kit. The activities of MANF and PDI, separately or together,
were tested in the presence of reducing agents DTT or a mixture of reduced and
oxidized glutathione (GSH/GSSG). The intensity of fluorescent signal from PDI-
reduced insulin in the presence of DTT is taken as 100%. PBS was used as a
negative control. Shown are the means of two independent experiments + S.E.M
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MANF-ARTDL was almost completely lost. However, deletion
of the RTDL motif did not abrogate the protective effect of
MANF in DRG neurons against either etoposide or thapsi-
gargin (Figure 4b—c).

We studied the localization of RTDL-deleted proteins first in
the microinjected SCG neurons. Notably, in contrast to MANF,
in healthy SCG neurons the MANF-ARTDL mutant was
prominently localized to the Golgi and only marginally to the
ER (Figure 5a). Lack of RTDL sequence has been shown to
increase the secretion of MANF.">'7:25 We therefore used a
sensitive enzyme-linked immunosorbent assay to test the
levels of MANF and MANF-ARTDL in the culture media of SCG
neurons 24 h after injection with the respective plasmids. We
found that the secretion of MANF-ARTDL was slightly in-
creased compared with wt MANF (Supplementary Figure S4).

We also studied the localization of MANF-ARTDL protein in
healthy DRG neurons. Surprisingly, most of the MANF-ARTDL
protein colocalized with the ER marker PDI, with only very
weak immunoreactivity signal colocalizing with the Golgi
marker GM130 (Figure 5b).

Thus, MANF without the RTDL motif was active when
localized to the ER (in the DRG neurons), whereas in the SCG
neurons most of the MANF-ARTDL cannot be retrieved from
the Golgi to ER, which most probably results in the loss of its
survival-promoting activity. Our results also show that in the
DRG neurons, MANF can reside in the ER independently of
the RTDL motif.

The CXXC motif but not RTDL motif is required for
neuroprotective activity of MANF in the rat model of
stroke. The experiments presented above revealed that both
studied motifs are critical for the intracellular survival-
promoting activity of MANF overexpressed in the SCG
neurons, whereas in DRG neurons only the CXXC proved
to be required for MANF’s activity. MANF (and CDNF) can
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Figure 4 The effect of C-terminal RTDL deletion on the activity of MANF. (a) NGF-maintained SCG neurons were microinjected with the indicated expression plasmids and
treated with 20 M etoposide (n= 4). (b—¢) NGF-maintained DRG neurons were microinjected with the indicated expression plasmids and treated with 500 nM thapsigargin (b)
or 20 uM etoposide (c) (n=4 for both). The number of living injected neurons was counted 72 h later and is expressed as % of the number of original living injected neurons
counted 3—4 h after injection. Fifty to eighty neurons were successfully injected per experimental group in each repeat. Vector denotes the empty plasmid pCR3.1. Shown are the
means + S.E.M. Experimental groups were compared by one-way analysis of variance (ANOVA) and Tukey’s multiple comparison post hoctest. *, **, *** and **** denote P< 0.05,
P<0.01, P<0.001 and P<0.0001, respectively. NS, not significant. The null hypothesis was rejected at P<0.05
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Figure 5 Immunolocalization of overexpressed MANF-ARTDL in SCG and DRG
neurons. NGF-maintained SCG neurons (a) or DRG neurons (b) were microinjected
with the expression plasmid for MANF-ARTDL, and 24 h later, the cultures were
costained with antibodies to MANF (green) and PDI or GM130 (red), markers for ER
and Golgi, respectively. The nuclei were labeled with DAPI (blue). Shown are the
confocal microscopic images of the typical expression patterns. MANF-ARTDL
localizes differently in these two types of neurons. Scale bar, 12 um

also protect the neurons extracellularly when injected into the
brain.>'"2° The mechanism of such extracellular survival-
promoting activity in vivo is not yet clear. Recently, KDEL
receptors that bind the RTDL motif were suggested to act as
MANF receptors in the plasma membrane after thapsigargin
treatment.'® We wished to use our MANF-ARTDL protein to
test whether RTDL removal from MANF affects its neuropro-
tective effect in the rat model of focal cerebral ischemic injury.
The rats were injected intracortically with purified recombi-
nant MANF (n=19) or MANF-ARTDL (n=18) or phosphate-
buffered saline solution (PBS) (n=15) and then underwent a
60-min middle cerebral artery (MCA) occlusion, followed by
reperfusion, as described.”® Neuroprotective effects were
assessed by determining the size of the ischemic lesion by
triphenyltetrazolium chloride (TTC) staining two days after the
surgery. The analysis of infarct area along the rostrocaudal
axis revealed that MANF and MANF-ARTDL decreased the
infarction area significantly as compared with the PBS-
injected animals (Figure 6a, two-way ANOVA, treatment
effect, F(2,363)=8.69, P<0.001). Bonferroni post hoc test

CXXC and KDEL motifs in MANF activity
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revealed a significant treatment effect between PBS and
MANF, and PBS and MANF-ARTDL (P=0.001 for both). The
results of Tukey’s multiple comparison test at each brain
section are shown as asterisk and hashtag in Figure 6a. The
neuroprotective effect was confined to caudal portion of the
brain and analysis of infarction volume in the caudal sections
4 to 7 revealed a statistically significant difference between
the treatments (Figure 6b, one-way ANOVA F(2,51)=4.77,
P=0.013). The Tukey’s multiple comparison post hoc test
revealed a significant difference between PBS and MANF
(P<0.05), and between PBS and MANF-ARTDL (P<0.05).
Thus, MANF and MANF-ARTDL showed equal neuroprotec-
tion against ischemic brain injury. It should, however, be
noted that the neuroprotective effect was smaller than
reported previously with MANF,® as the effect was confined
to the caudal portion of the brain and there was no statistically
significant difference in the total infarction volumes. However,
protein-injected rats showed a clear tendency towards
smaller lesion compared with the PBS-injected group
(P=0.10, one-way ANOVA, the average +s.e.m. for PBS:
140.97 +12.02mm?% for MANF: 113.80+9.00 mm?; for
MANF-ARTDL: 114.34 +8.44 mm?®). The smaller effect can
be due to batch differences of recombinant protein production
in Escherichia coli. We also tested the role of CXXC motif of
MANF on the same model. Analysis of the infarct area along
the rostrocaudal axis showed no difference between rats
treated with MANF-C151S (n=11) and PBS-treated animals
(n=9, Figure 6¢c, two-way ANOVA, P=0.244). We conclude
that the C-terminal KDEL-like motif, which is critical for the
intracellular neuroprotection by MANF in SCG neurons, is not
required for its neuroprotective activity when applied extra-
cellularly in vivo, at least in the model of cerebral ischemia,
whereas the intact CXXC moitif is critical in both modes of
action of MANF.

Discussion

In this study, we show that the sequence motif "*®CXXC'®" is
critically important for the intracellular survival-promoting
activity of MANF in cultured peripheral neurons, and it is also
required for the neuroprotective activity of extracellularly
applied MANF in vivo. On the other hand, we show that the
78RTDL'"® motif is not important for the activity of extra-
cellularly applied MANF in vivo, but in cultured peripheral
neurons the motif is required for antiapoptotic activity insofar
as the ER localization of intracellular MANF depends on it.
We found that mutation of the CXXC motif completely
abolishes the survival-promoting activity of MANF, both
in vitro, in the cultured apoptotic SCG and DRG neurons and
in vivo, in the rat model of stroke. The cysteines of this motif
and their position in the loop connecting the helices a7 and a8
are conserved in the MANF sequences of different species
and also in the paralogous protein CDNF. Notably, a
corresponding mutation in the MANF of Drosophila melano-
gaster also completely abrogates its ability to rescue MANF
mutant larvae from death.?' Clearly, the CXXC motif is
critically important for the proteins of MANF/CDNF family.
However, its precise role remains unknown. The majority of
the MANF-C151S protein was located to the ER just as wt
MANF, and this localization did not change in the apoptotic
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Figure 6 The CXXC motif, but not RTDL motif, is required for neuroprotective activity of MANF in the rat model of stroke. (a) Distribution of ischemic lesion along the
rostrocaudal axis. Rats were injected with PBS (n= 15), recombinant MANF (n= 19) or MANF-ARTDL (n=18) and the MCA was occluded for 60 min. Two days later, the brains
were cut into 2-mm-thick sections and stained with TTC. The average size of infarct is shown for each section, from the most rostral to the most caudal. *P< 0.05 for MANF as
compared with PBS, and *P < 0.05 for MANF-ARTDL as compared with PBS in Tukey’s multiple comparison post hoc test following two-way analysis of variance (ANOVA). (b)
The neuroprotective effect was confined to caudal portion of the brain. The infarction volume in brain sections 4 to 7 showed similar neuroprotective activity for both MANF and
MANF-ARTDL. Differences between the treatments were determined by one-way ANOVA and Tukey'’s multiple comparison post hoc test. * and # denote P<0.05 of MANF and
MANF-ARTDL, respectively, as compared with PBS using Tukey’s multiple comparison post hoc test. The null hypothesis was rejected at P< 0.05. (¢) Rats injected with PBS
(n=19) or recombinant MANF-C151S protein (n=11) underwent MCA occlusion for 60 min. Two days later, the brains were cut into 2-mm-thick sections and stained with TTC.
The average size of infarct is shown for each section, from the most rostral to the most caudal. The distribution of ischemic lesion is not different between PBS- and MANF-C151S-

injected groups (analysis by two-way ANOVA)

conditions, although we cannot exclude fine differences in the
localization of MANF and MANF-C151S in the ER. Also, we
did not detect any oxidoreductase activity of MANF when
using the commonly used biochemical assay of insulin
reduction, although we cannot exclude the oxidoreductase
activity of MANF on substrates other than insulin, or the
requirement of some cofactors that are absent in our
biochemical assay. Signaling via free thiol groups of the
cysteines in the CKGC motif*>3! cannot be excluded either,
but as MANF is mainly found in the ER, the oxidizing
environment there should favor the formation of disulfide
bonds. Our preliminary nuclear magnetic resonance data
indicate that the structural integrity of MANF is not disrupted by
the mutation (these data will be published elsewhere).
Therefore, we currently favor the explanation that this motif
is important for achieving a conformation or structural stability
of MANF that in turn could be required for its interactions
underlying the prosurvival effect.

It was suggested, based on studies using non-neuronal
cells, that ER is the protective locus operandifor MANF, but it
was not shown that keeping MANF out of the ER renders it
nonprotective.'®'® Our data provide evidence that intracellu-
larly MANF protects the SCG neurons in the ER. Indeed, we
did not observe major redistribution of MANF from ER to other
subcellular locations in the apoptotic conditions where
neurons are rescued from the death by MANF. We cannot
exclude that a small amount of MANF outside the ER can also
be neuroprotective; however, when retrieval of MANF to the
ER was abrogated by deletion of the RTDL motif in SCG
neurons, the protein accumulated to the Golgi and lost its
survival-promoting activity. In the DRG neurons, MANF was
unexpectedly retained in the ER even without the RTDL
sequence. Why deletion of RTDL did not affect the ER
localization of MANF in DRG neurons is currently difficult to
explain and remains to be studied. However, the fact that the
ER-located MANF-ARTDL mutant was neuroprotective in the
DRG neurons strongly strengthens our conclusion that the
RTDL motif contributes to the survival-promoting activity of
MANF by retaining it in the ER. Therefore, although other
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explanations of our data are possible, the most straightforward
one is that MANF can protect the neurons in the ER but not in
the Golgi. Interestingly, the MANF of Drosophila melanoga-
ster, lacking the corresponding C-terminal RSEL sequence,
also partially lost its ability to rescue the lethality of the MANF
mutant flies when expressed in a restricted manner.?'
Although rescue of the whole organism and in vitro apoptotic
neurons are different processes, the ER localization of MANF
seems to be essential in both cases.

The C-terminal RTDL sequence is similar to the classical
ER retention signal KDEL and, as shown recently, is indeed
able to retain MANF in the ER of non-neuronal cells. %62
Our data show that RTDL motif behaves as an ER retention
signal also in the SCG neurons, as in its absence MANF
accumulates to the Golgi. As reported for other cells, "2
the lack of RTDL motif also increases the secretion of MANF in
our SCG model, albeit not massively. However, as our
immunolocalization analysis showed, the role of the RTDL
motif is clearly different in DRG neurons, where MANF is
localized to the ER even in its absence. Whether MANF is
retrieved in DRG through other motifs or does not exit from the
ER is currently unclear. Our data, from experiments with these
two neuronal types, indicate that the mechanisms of MANF
trafficking can be cell-type specific, cautioning not to draw
generalized conclusions when only one cell type is studied.

MANF and CDNF have both the N-terminal signal peptide®
and C-terminal ER retention motif, suggesting that they can be
retained in the ER, and, in some conditions, also secreted like
classical NTFs. Of note, the other NTFs, as well as all classical
growth factors, mitogens, morphogens, peptide hormones,
and so on, which act as secreted extracellular factors, do not
possess such ER retention motif. MANF and CDNF thus differ
considerably from the classical extracellular signaling pro-
teins. It was recently reported that in the cultured cells, KDEL
receptors were important for keeping MANF in the intracellular
compartment and also increased the levels of MANF in the
plasma membrane fractions after ER calcium depletion,
suggesting that they may function as MANF receptors both
at the Golgi and plasma membrane.'®'” Indeed, Henderson



et al.'® indicated that both KDEL receptors and MANF are
trafficking between the surface and the ER. Thus, KDEL
receptors may be involved in the mediation of the neuropro-
tective and neurorestorative effects of MANF in vivo.61029:32
We wished to test this idea using our MANF-ARTDL protein,
which is unable to bind the KDEL receptors. Our data show
that the C-terminal RTDL sequence is not required for MANF
to protect cortical neurons in a model of stroke. How MANF
without RTDL motif still protects the neurons is currently
unknown. It is also possible that MANF protein, applied
extracellularly in vivo, protects the neurons via non-receptor
mechanisms. We would also interpret the in vivo results with
caution in terms of generalizing the phenomenon to all
neuronal stress situations. Acute ischemic injury causes rapid
neuronal damage, whereas in models with chronic stress,
such as models of chronic neurodegeneration disorders, the
effects of RTDL deletion could be different.

As C-MANF is structurally homologous to the SAP domain
of Ku70, reported to bind and inactivate proapoptotic protein
Bax,>*%® we raised the hypothesis that intracellular MANF
could also prevent cell death via blockage of Bax.'® However,
using various experimental techniques, including mutation of
the putative Bax-binding residues, co-immunoprecipitation in
various conditions, surface plasmon resonance, split lucifer-
ase complementation assay and different pull-down ap-
proaches, we did not find any evidence for such interaction
(data not shown). Thus, although the Bax interaction hypoth-
esis cannot be rejected completely, we have not found any
evidence that would support it.

In summary, we conclude that intracellularly MANF protects
peripheral neurons as a resident ER protein, and in SCG
neurons both the CKGC motif and the C-terminal RTDL motif
are required for this activity. Notably, the RTDL motif is not
required for protection in DRG neurons where it apparently
does not contribute to the ER localization of MANF. When
applied into the extracellular space of the cerebral cortex,
MANF requires the CXXC but not RTDL motif to protect the
cortical neurons from ischemic injury. Whether the extracellu-
larly applied MANF acts via cell surface receptors, via ER, or
still in a different manner remains to be studied.

Materials and Methods

Cloning and expression plasmids. Expression plasmid for human MANF
has been described.’® MANF-C151S and MANF-ARTDL were generated by site-
directed inverse PCR mutagenesis using MANF in pCR3.1 vector (Invitrogen,
Eugene, OR, USA) as a template. All constructs in pCR3.1 were verified by
sequencing with T7 primer, and constructs in pCMV2 were verified by sequencing
with T3 primer. All inserts can be excised with BamH| and Xhol. The following
primers were used: MANF-C151S forward — 5'-GCAAAGGCTCTGCAGAAAAGTC
-3 and MANF-C151S reverse — 5'-ATGTCTCCCCCCAGTCATCCAG-3'; MANF-
ARTDL forward — 5’-TAGAAGCCGAATTCTGCAGATATC-3'. All constructs pro-
duced the proteins of correct size, as verified by western blot on the transiently
transfected cells (not shown).

Neuronal culture and microinjections. Embryonic DRG neurons, from
E16 embryos, and neonatal sympathetic SCG neurons were prepared from NMRI
mice. The neurons were cultured on polyornithine-laminin-  (Sigma-Aldrich,
St. Louis, MO, USA) coated dishes or glass coverslips in the Neurobasal medium
containing B27 supplement (Invitrogen) and 30 ng/ml mouse 2.5 S NGF (Promega,
Madison, WI, USA). SCG neuron cultures were maintained with NGF for 5-6 days,
and then microinjected with plasmid DNA and treated with etoposide (Sigma-
Aldrich) at 20 M. DRG neurons were cultured with NGF for 6 days, microinjected
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with plasmid DNA and treated with 500 nM thapsigargin (Tocris, Bristol, UK; no.
1138) or 20 uM etoposide. Microinjection was performed as published.”® On
average, for survival assays 50-80 neurons were successfully injected per
experimental group in each repeat.

Immunocytochemistry. The neurons were cultured on glass coverslips and
microinjected after 7-12 days in vitro with pCR3.1 plasmid encoding for wt human
MANF or its mutants. DNA concentration of 5 ng/ul was used. The cells were fixed
with 4% PFA at ~24 h (or 48 h for etoposide-treated neurons) after microinjection
and stained with the following antibodies (1 : 400 dilution used for all): rabbit anti-
MANF (used in Lindholm et al¥), mouse anti-PDI (Enzo Life Sciences,
Farmingdale, NY, USA; no. ADI-SPA-891-F), mouse anti-GM130 (BD Biosciences,
San Jose, CA, USA; no. 610823), goat anti-GRP78 (Santa Cruz Biotechnology Inc.,
TX, USA; no. sc-1051), Alexa Fluor 488 goat anti-rabbit IgG (H+L) (Invitrogen;
A-11008) and Alexa Fluor 568 goat anti-mouse IgG (H+L) (Invitrogen; A-11004).
The nuclei were stained with DAPI (Sigma-Aldrich; no. D9542). The fluorescent
image stacks were acquired using the confocal microscope TCS SP5 equipped with
LAS AF 1.82 (Leica Microsystems Inc., Buffalo Grove, IL, USA). The objective was
Leica HCX PL APO x63/1.3 GLYC CORR CS (21 °C). The lasers used were DPSS
561 nm/20 mW, OPSL 488 nm/270 mW and diode 405 nm/50 mW, with the beam
splitter QD 405/488/561/635. The images were deconvoluted by AutoQuant Auto-
Deblur 3D Blind Deconvolution software (Media Cybernetics, Rockville, MD, USA).
Deconvoluted images were all processed identically with ImageJ program. For
studying the localization of MANF in stressed/dying cells, sympathetic neurons were
treated with 20 uM etoposide for 48 h before being fixed.

Biochemical assays. The ability of recombinant human MANF protein
(purified from E. coli) to reduce insulin was tested using the Proteostat PDI Assay
Kit (Enzo Life Sciences; no. ENZ-51024-KP002) according to the manufacturer’s
instructions. The insulin-reducing activity of MANF (final concentration 200 nM) and
its ability to modulate the activity of PDI were tested either in the presence of DTT or
a mixture of GSH (800 xM) and GSSG (200 M) (Sigma-Aldrich).

Expression and purification of MANF, MANF-C151S and MANF-
ARTDL proteins. The MANF, MANF-C151S and MANF-ARTDL open reading
frames, excluding the signal peptide, were cloned into a T7lac-based vector
containing an N-terminal His-tag fusion.®®3° Expression was carried out in the
Origami B cells (Novagen, Darmstadt, Germany) in the presence of isopropyl-f3-p-
thiogalactopyranoside for 3 h at 37 °C. The cells were lysed in the L-buffer (20 mM
Tris-HCI, pH 8.0, 0.5% Triton X-100, 0.4 mM phenylmethylsulfonyl fluoride) by
sonication, and then NaCl and imidazole were added to final concentrations of 0.5
and 0.02 M, respectively. The lysate was centrifuged (15 000x g, 15 min at 4 °C),
and the obtained supernatant was passed through a 0.45 um filter. The proteins
were purified by the HisTrap Kit according to the manufacturer's instruction
(GE Healthcare, Buckinghamshire, UK). The buffer of the eluted proteins was
exchanged (20 mM phosphate buffer, pH 8.0, 150 mM NaCl) by a PD-10 column.
The His-tag was cleaved by AcTEV (Invitrogen) in the absence of DTT. The cleaved
products were passed through the HiTrap Chelating column to get rid of the His-tag
and AcTEV, whereas the cleaved proteins were obtained in the flow through. The
final purification of the proteins was carried out by the HiTrap Q column (GE
Healthcare). Buffer exchange and concentration was carried out by using the
Amicon Ultra-4 filter device (Millipore, Bedford, MA, USA), and aliquots were stored
at -80 °C.

Intracerebral injections and MCA ligation. Sprague-Dawley rats were
anesthetized with chloral hydrate (0.4 g/kg, intraperitoneally). In the first experiment,
MANF (n=19) or MANF-ARTDL (n=18) proteins (3 or 6 g in total) or PBS
(n=15) were given intracerebrally into two cortical sites ~20 min before MCA
occlusion.“’ In the second experiment, either MANF-C151S (n=11) or PBS (n=9)
were administered in the same manner. Three microliters of MANF solution
(0.5-1 ug/ul) or PBS was injected at a rate of 0.5 ul/min at each site. The needle
was retained in place for 5 min after injection. Ligation of the right MCA and bilateral
common carotids (CCAs) was performed by using methods described previously.*'
Briefly, the bilateral CCAs were identified and isolated through a ventral midline
cervical incision. Rats were placed in a stereotaxic apparatus, and a craniotomy
was made in the right hemisphere. After the past injection, the right MCA was
ligated with a 10-0 suture and bilateral CCAs were ligated with nontraumatic arterial
clamps for 60 min. After 60 min of ischemia, the suture around the MCA and arterial
clips on CCAs were removed. After recovery from anesthesia, the rats were
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returned to their home cage. The infarction area was measured by TTC staining two
days after MCA occlusion, as described previously.®

Conflict of Interest
MS and MA are inventors in MANF-related patent application that is owned
by Herantis Pharma Ltd. The other authors declare no conflict of interest.

Acknowledgements. This study was financed from the Academy of Finland
program 11186236 (Finnish Center of Excellence Program 2008-2013), European
Union through the European Social Fund (Mobilitas Grant MTT84) and Estonian
Research Council Grant PUT110. MA and JA were supported by the Academy of
Finland grant number 250275, 256398 and in vivo experiments conducted by MA, JA
and KM were supported by Sigrid Jusélius foundation. MH and PP were supported by
the Academy of Finland grant number 259447. PL was supported by the Academy of
Finland grant number 139910. KM was supported by the Finnish Graduate School of
Neuroscience and the Ella and Georg Ehrnrooth Foundation. AE was supported by
the Intergrative Life Science doctoral program. We thank Eija Jokitalo for the electron
microscopy figure and Katrina Albert, Mark Henderson and Brandon Harvey for
reading and commenting the manuscript. We are also grateful to Brandon Harvey for
providing the viral vector for SERCaMP reporter delivery.

. Bibel M, Barde YA. Neurotrophins: key regulators of cell fate and cell shape in the vertebrate
nervous system. Genes Dev 2000; 14: 2919-2937.

. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annu
Rev Neurosci 2001; 24: 677-736.

. Airaksinen MS, Saarma M. The GDNF family: signalling, biological functions and
therapeutic value. Nat Rev Neurosci 2002; 3: 383-394.

. Lindholm P, Saarma M. Novel CDNF/MANF family of neurotrophic factors. Dev Neurobiol
2010; 70: 360-371.

. Petrova P, Raibekas A, Pevsner J, Vigo N, Anafi M, Moore MK et al. MANF: a new
mesencephalic, astrocyte-derived neurotrophic factor with selectivity for dopaminergic
neurons. J Mol Neurosci 2003; 20: 173-188.

. Lindholm P, Voutilainen MH, Lauren J, Peranen J, Leppanen VM, Andressoo JO et al. Novel
neurotrophic factor CONF protects and rescues midbrain dopamine neurons in vivo. Nature
2007; 448: 73-77.

. Voutilainen MH, Back S, Porsti E, Toppinen L, Lindgren L, Lindholm P et al. Mesencephalic
astrocyte-derived neurotrophic factor is neurorestorative in rat model of Parkinson's disease.
J Neurosci 2009; 29: 9651-9659.

. Voutilainen MH, Back S, Peranen J, Lindholm P, Raasmaja A, Mannisto PT et al. Chronic
infusion of CDNF prevents 6-OHDA-induced deficits in a rat model of Parkinson's disease.
Exp Neurol 2011; 228: 99-108.

. Airavaara M, Shen H, Kuo CC, Peranen J, Saarma M, Hoffer B et al. Mesencephalic
astrocyte-derived neurotrophic factor reduces ischemic brain injury and promotes behavioral
recovery in rats. J Comp Neurol 2009; 515: 116-124.

10. Airavaara M, Chiocco MJ, Howard DB, Zuchowski KL, Peranen J, Liu C et al. Widespread
cortical expression of MANF by AAV serotype 7: localization and protection against ischemic
brain injury. Exp Neurol 2010; 225: 104-113.

11. Yang S, Huang S, Gaertig MA, Li XJ, Li S. Age-dependent decrease in chaperone activity
impairs MANF expression, leading to Purkinje cell degeneration in inducible SCA17 mice.
Neuron 2014; 81: 349-365.

12. Mizobuchi N, Hoseki J, Kubota H, Toyokuni S, Nozaki J, Naitoh M et al. ARMET is a soluble
ER protein induced by the unfolded protein response via ERSE-Il element. Cell Struct Funct
2007; 32: 41-50.

13. Apostolou A, Shen Y, Liang Y, Luo J, Fang S. Armet, a UPR-upregulated protein, inhibits cell
proliferation and ER stress-induced cell death. Exp Cell Res 2008; 314: 2454-2467.

14. Tadimalla A, Belmont PJ, Thuerauf DJ, Glassy MS, Martindale JJ, Gude N et al.
Mesencephalic astrocyte-derived neurotrophic factor is an ischemia-inducible secreted
endoplasmic reticulum stress response protein in the heart. Circ Res 2008; 103: 1249-1258.

15. Glembotski CC, Thuerauf DJ, Huang C, Vekich JA, Gottlieb RA, Doroudgar S.
Mesencephalic astrocyte-derived neurotrophic factor protects the heart from ischemic
damage and is selectively secreted upon sarco/endoplasmic reticulum calcium depletion.
J Biol Chem 2012; 287: 25893-25904.

16. Henderson MJ, Richie CT, Airavaara M, Wang Y, Harvey BK. Mesencephalic astrocyte-
derived neurotrophic factor (MANF) secretion and cell surface binding are modulated by
KDEL receptors. J Biol Chem 2013; 288: 4209-4225.

17. Henderson MJ, Wires ES, Trychta KA, Richie CT, Harvey BK. SERCaMP: a carboxyterminal

protein modification that enables monitoring of ER calcium homeostasis. Mol Biol Cell 2014;

25: 2828-2839.

n

w

o~

o

[=2]

-

oo

©

18. Lindahl M, Danilova T, Palm E, Lindholm P, Voikar V, Hakonen E et al. MANF is
indispensable for the proliferation and survival of pancreatic beta cells. Cell Rep 2014; 7:
366-375.

19. Hellman M, Arumae U, Yu LY, Lindholm P, Peranen J, Saarma M et al. Mesencephalic
astrocyte-derived neurotrophic factor (MANF) has a unique mechanism to rescue apoptotic
neurons. J Biol Chem 2011; 286: 2675-2680.

20. Parkash V, Lindholm P, Peranen J, Kalkkinen N, Oksanen E, Saarma M et al. The structure

of the conserved neurotrophic factors MANF and CDNF explains why they are bifunctional.

Protein Eng Des Sel 2009; 22: 233-241.

Lindstrom R, Lindholm P, Kallijarvi J, Yu LY, Piepponen TP, Arumae U et al. Characterization

of the structural and functional determinants of MANF/CDNF in Drosophila In Vivo Model.

PLoS One 2013; 8: e73928.

22. Selles B, Jacquot JP, Rouhier N. Comparative genomic study of protein disulfide isomerases
from photosynthetic organisms. Genomics 2011; 97: 37-50.

23. Berndt C, Lillig CH, Holmgren A. Thioredoxins and glutaredoxins as facilitators of protein
folding. Biochim Biophys Acta 2008; 1783: 641-650.

24. Raykhel |, Alanen H, Salo K, Jurvansuu J, Nguyen VD, Latva-Ranta M et al. A molecular
specificity code for the three mammalian KDEL receptors. J Cell Biol 2007; 179: 1193-1204.

25. Oh-Hashi K, Tanaka K, Koga H, Hirata Y, Kiuchi K. Intracellular trafficking and secretion of
mouse mesencephalic astrocyte-derived neurotrophic factor. Mol Cell Biochem 2012; 363:
35-41.

26. Chang LK, Putcha GV, Deshmukh M, Johnson EM Jr. Mitochondrial involvement in the point
of no return in neuronal apoptosis. Biochimie 2002; 84: 223-231.

27. Putcha GV, Johnson EM Jr. Men are but worms: neuronal cell death in C elegans and
vertebrates. Cell Death Differ 2004; 11: 38—48.

28. Kristiansen M, Ham J. Programmed cell death during neuronal development: the
sympathetic neuron model. Cell Death Differ 2014; 21: 1025-1035.

29. Airavaara M, Harvey BK, Voutilainen MH, Shen H, Chou J, Lindholm P et al. CDNF protects
the nigrostriatal dopamine system and promotes recovery after MPTP treatment in mice. Cell
Transplant 2012; 21: 1213-1223.

30. Wouters MA, Fan SW, Haworth NL. Disulfides as redox switches: from molecular
mechanisms to functional significance. Antioxid Redox Signal 2010; 12: 53-91.

31. Lindahl M, Mata-Cabana A, Kieselbach T. The disulfide proteome and other reactive
cysteine proteomes: analysis and functional significance. Antioxid Redox Signal 2011; 14:
2581-2642.

32. Yang W, Shen Y, Chen Y, Chen L, Wang L, Wang H et al. Mesencephalic astrocyte-derived
neurotrophic factor prevents neuron loss via inhibiting ischemia-induced apoptosis. J Neurol
Sci 2014; 344: 129-138.

33. Sawada M, Sun W, Hayes P, Leskov K, Boothman DA, Matsuyama S. Ku70 suppresses the
apoptotic translocation of Bax to mitochondria. Nat Cell Biol 2003; 5: 320-329.

34, Sawada M, Hayes P, Matsuyama S. Cytoprotective membrane-permeable peptides
designed from the Bax-binding domain of Ku70. Nat Cell Biol 2003; 5: 352-357.

35. Yoshida T, Tomioka |, Nagahara T, Holyst T, Sawada M, Hayes P et al. Bax-inhibiting peptide
derived from mouse and rat Ku70. Biochem Biophys Res Commun 2004; 321: 961-966.

36. Vishnudas VK, Miller JB. Ku70 regulates Bax-mediated pathogenesis in laminin-alpha2-
deficient human muscle cells and mouse models of congenital muscular dystrophy. Hum Mol
Genet 2009; 18: 4467-4477.

37. Lindholm P, Peranen J, Andressoo JO, Kalkkinen N, Kokaia Z, Lindvall O et al. MANF is
widely expressed in mammalian tissues and differently regulated after ischemic and epileptic
insults in rodent brain. Mol Cell Neurosci 2008; 39: 356-371.

38. Peranen J, Rikkonen M, Hyvonen M, Kaariainen L. T7 vectors with modified T7 lac promoter
for expression of proteins in Escherichia coli. Anal Biochem 1996; 236: 371-373.

39. Peranen J, Furuhjelm J. Expression, purification, and properties of Rab8 function in actin
cortical skeleton organization and polarized transport. Methods Enzymol 2001; 329:
188-196.

40. Chiang YH, Lin SZ, Borlongan CV, Hoffer BJ, Morales M, Wang Y. Transplantation of fetal
kidney tissue reduces cerebral infarction induced by middle cerebral artery ligation. J Cereb
Blood Flow Metab 1999; 19: 1329-1335.

41. Chen ST, Hsu CY, Hogan EL, Maricq H, Balentine JD. A model of focal ischemic stroke in the
rat: reproducible extensive cortical infarction. Stroke 1986; 17: 738-743.

Cell Death and Disease is an open-access journal

published by Nature Publishing Group. This work is
licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

21.

=

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Cell Death and Disease


http://creativecommons.org/licenses/by/4.0/

	title_link
	Results
	Mutation of CXXC motif inactivates intracellular MANF but does not change its localization

	Figure 1 Mutation of cysteine 151 inactivates MANF.
	Figure 2 Immunolocalization of overexpressed MANF or MANF-C151S in healthy or etoposide-treated SCG neurons.
	Deletion of C-�terminal RTDL can reduce the intracellular survival-promoting activity of MANF by causing it to localize to the Golgi complex
	The CXXC motif but not RTDL motif is required for neuroprotective activity of MANF in the rat model of stroke

	Figure 3 Inactivity of recombinant MANF in the insulin reduction assay.
	Figure 4 The effect of C-�terminal RTDL deletion on the activity of MANF.
	Discussion
	Figure 5 Immunolocalization of overexpressed MANF-&#x00394;RTDL in SCG and DRG neurons.
	Figure 6 The CXXC motif, but not RTDL motif, is required for neuroprotective activity of MANF in the rat model of stroke.
	Materials and Methods
	Cloning and expression plasmids
	Neuronal culture and microinjections
	Immunocytochemistry
	Biochemical assays
	Expression and purification of MANF, MANF-C151S and MANF-&#x00394;RTDL proteins
	Intracerebral injections and MCA ligation
	This study was financed from the Academy of Finland program 11186236 (Finnish Center of Excellence Program 2008&#x02013;2013), European Union through the European Social Fund (Mobilitas Grant MTT84) and Estonian Research Council Grant PUT110. MA and JA we

	ACKNOWLEDGEMENTS




