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Death-associated protein kinase 1 (DAPK1) is a pleiotropic hub of a number of networked distributed intracellular
processes. Among them, DAPK1 is known to interact with the excitotoxicity driver NMDA receptor (NMDAR), and in
sudden pathophysiological conditions of the brain, e.g., stroke, several lines of evidence link DAPK1 with the transduction
of glutamate-induced events that determine neuronal fate. In turn, DAPK1 expression and activity are known to be
affected by the redox status of the cell. To delineate specific and differential neuronal DAPK1 interactors in stroke-like
conditions in vitro, we exposed primary cultures of rat cortical neurons to oxygen/glucose deprivation (OGD), a condition
that increases reactive oxygen species (ROS) and lipid peroxides. OGD or control samples were co-immunoprecipitated
separately, trypsin-digested, and proteins in the interactome identified by high-resolution LC-MS/MS. Data were
processed and curated using bioinformatics tools. OGD increased total DAPK1 protein levels, cleavage into shorter
isoforms, and dephosphorylation to render the active DAPK1 form. The DAPK1 interactome comprises some 600
proteins, mostly involving binding, catalytic and structural molecular functions. OGD up-regulated 190 and down-regulated
192 candidate DAPK1-interacting proteins. Some differentially up-regulated interactors related to NMDAR and specially
the interaction of DAPK1 with the protein leucine-rich repeat of flightless interacting protein 1 (LRRFIP1), that we
observed upregulated during OGD and ferroptosis , were validated by WB.
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| 1. Introduction

Modern biological research reveals that, in order to regulate essential cellular functions in a given condition, the cell sets
its proteome into highly complex assemblies of multiproteins. In this regard, death-associated protein kinase 1 (DAPK1) is
an emerging hub kinase involved in a number of cellular functions, both in physiological and pathophysiological
conditions. While it has been associated to excitotoxic neuronal damage, its role in ischemia is still poorly studied.

A relationship between reactive oxygen species (ROS) and DAPK1 has been observed. Thus, in tumor cell lines, it has
been described that antioxidants increase the expression of DAPK1 [, and that ROS facilitate protein phosphatase 2A
(PP2A)-mediated dephosphorylation of pDAPK1 to render the active, non-phosphorylated, DAPK1 form [, In the brain, it
has been recently reported that ischemia downregulates miR-98-5p, and that experimentally upregulated miR-98-5p in
stroked mice inhibits ROS production, reduces infarction and suppresses DAPK1 signaling [£l.

During ischemia, the excess glutamate released by presynaptic glutamatergic terminals spills over the synaptic cleft to
interact with and signal downstream of the extrasynaptic N-methyl-d-aspartate (NMDA) receptor (NMDAR) and also
increases the presence of ROS-modified lipids in the cell membrane. NMDAR at the neuronal membrane is pivotal for
normal cell activity and neurotransmission, but its overactivation plays a principal role in neurodegeneration through
excitotoxicity. As direct antagonism of NMDAR has been revealed to be poorly tolerated in the clinical arena so far, other
therapeutic strategies have been postulated to prevent the association of the NMDAR with intracellular protein signaling
transducers networking for excitotoxicity. Specifically, the cytoplasmic C-terminal domain (CTD) of the NMDAR 2B subunit
(NR2B), which in neurons is located mostly extrasynaptically, has been proposed as a good therapeutic target for this
purpose, based on the fact that CTD directly senses Ca?* entry through NMDAR. Replacing the CTD of NR2B with that of
2A subunit-containing NMDAR (NR2A) by targeted exon exchange has been shown to reduce vulnerability to
excitotoxicity [4. Additionally, NR2B-containing NMDAR have been identified, and recently retested and confirmed, to be
primary mediators of ischemic stroke damage B8, Therefore, although other intracellular mechanisms are involved in
excitotoxicity, CTD-coupled events are thought to be the first downstream excitotoxicity intracellular signals towards cell
death.

While the mechanisms of CTD-NR2B-mediated excitotoxicity still remain largely unexplained, it is worth highlighting that:
(1) the CTD-postsynaptic density (PSD) 95-neuronal nitric oxide synthase (nNOS) or CTD-DAPK1 hubs are involved in
excitotoxicity, as shown by protection exerted by genetic knockdowns [E: (2) very recently, other authors identified



antagonistic effects of ischemia-regulated endogenous miRNAs (AK038897 and miR-26a-5p) on DAPKZ1 that finally affect
cerebral ischemia/reperfusion injury &: and (3) mice carrying a specific mutation that prevents binding of DAPK1 to NR2B
are protected against stroke damage by inhibiting injurious Ca?* influx through extrasynaptic NMDAR channels without
altering synaptic NMDAR functions &, While the absence of DAPK1 has been shown to protect neurons from a variety of
acute insults, the true requirement of DAPK1 for the excitotoxic signaling to proceed has also been questioned 22,

Some pioneering studies revealed that DAPK1 is the most prevalent protein recruited to the cytoplasmic tail of NR2B
during cerebral ischemia &, with virtually no interaction with NR2A. During cerebral ischemia, DAPK1 is dephosphorylated
and then interacts and phosphorylates the CTD-NR2B to enhance the inflow of Ca2* into the neuron, further exacerbating
excitotoxicity in a vicious circle 1. The fact that this effect of DAPK1 on the increase of CaZ* entry has not been observed
through synaptic, mostly NR2A, NMDAR B2 reinforces the idea that the reciprocal DAPK1 interaction with NR2B is
specific and differential, and implies detrimental, if not dramatic, functional consequences for the neuron.

| 2. Discussion

DAPK1 has been reported to be a main actor in the highly complex intracellular hubs driving neurodegeneration and/or
survival organized around the intracellular NR2B-CTD signaling through CTD-CaMKII 13124 cTD-PSD95-nNOS @, and
CTD-DAPK1 itself 8. The body of knowledge of the last one is still scarce, probably because it was the last to be
introduced, and further complicated by, at least, the following facts: 1/OGD increases DAPK1 levels preceding induction of
neuronal death (Eigure 1A—C), 2/0GD induces DAPK1 activation by dephosphorylation (Figure 1F) BIl13], and 3/proteolytic
processing of DAPK1 by cathepsin around aa sequence 836-947 [11,25] generates 110 and 120 kDa bands, and a
reduction of the full length DAPK1 form (Eigure 1C,D). A previous study reported an OGD-induced increase of the full-
length DAPK band in WB in vitro using a neuroblastoma cell line and longer exposure times to OGD 18, These striking
different conditions might account for the discrepancy. The cathepsin cleavage splits apart the DAPK1 kinase domain,
located at the N-term and required to bind NR2B, from the canonical death domain located at the C-term.

0GD MCAD
c

con OGD con OGD kDa contra ipsi contra ipsi contra ipsi contra ipsi
— v —a - |

4220

— -— e

4120 CraPK1
===="x —.—-_---_--—-‘

4100

o —— o[ -]
440

DAPK1

-
I 100 4
= *h
¥ .
2
a | =
------ o o0

Figure 1. Effects of OGD on neuronal death, and DAPK1 expression, cleavage, and dephosphorylation. (A) Effect of time

of ‘reperfusion’ after OGD on neuronal death; as depicted, experimental samples were taken at 30 min for further
processing (one-way ANOVA plus SNK, n = at least 5 independent primary neuron culture preparations, with at least 3
technical replicates each). (B) Effect of OGD and MCAO on total DAPK1 levels (OGD: t test, n = 3 independent primary
neuron culture preparations, with 3 technical replicates each; MCAO: paired t test, n = 9 rats, comparing ipsilateral (ipsi,
ischemic) brain hemisphere with the contralateral (contra, control) one). (C) WB showing the effect of OGD or MCAO on
DAPK1 bands. (D) Quantification of the effect of OGD or MCAO on DAPK1 cleavage and levels of the resulting bands
(OGD: t test, n = 3 independent primary neuron culture preparations, with 3 technical replicates each; MCAO:
paired t test, n = 9 rats, comparing ipsilateral (ipsi, ischemic) brain hemisphere with the contralateral (contra, control) one).



(E) Effect of OGD on DAPK1 levels as measured by immunocytochemistry; insets in the upper pictures are shown
magnified in the bottom pictures (t test, n = 3 independent primary neuron culture preparations, with 5 technical replicates
each). (F) WB and quantification of the effect of OGD on pDAPKZ1 levels (t test, n = 3 independent primary neuron culture
preparations, with 3 technical replicates each). Results are shown as the mean and SEM. * p < 0.05, ** p < 0.01, *** p <
0.005 vs. respective control in all graphs. Scale bar: 30 um. Note that in (B), total DAPK1 levels represent protein
expression.

To gain knowledge of new NR2B-CTD-related DAPK1 targets suitable to reduce excitotoxicity/ischemic-like damage, we
used an affinity purification-mass spectrometry identification strategy. We used a specific and immunoprecipitation-
qualified anti-DAPK1 antibody recognizing epitopes at the N-term, in the vicinity of the hotspot amino acid residues nearby
the DAPK1 kinase domain 17: as previously mentioned, this antibody demonstrated specific when tested in DAPK1
knock-out samples [&l. We found that our IP strategy resulted in full-length and truncated DAPK1 molecules. This was, in
fact, observed by the OGD-induced increase in the relative levels of the DAPK1 100 kDa WB band, as compared with the
full length DAPK1 molecule (160 kDa) pulled down in control samples (Eigure 2B), as previously reported 1. Truncated
DAPK1 lacked a large fragment containing part of the cytoskeleton-binding region plus a phosphatase-binding site and
the death domain.
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Figure 2. Main effects of OGD on the neuronal DAPK1 interactome. (A) WB shows that DAPK1 immunoprecipitates using
a specific anti-DAPK1 antibody (IP: DAPK1, left lane), but it does not when using a non-specific antibody (IP: NS IgG,
right lane). (B) WB showing the effect of OGD on the DAPK1 bands obtained by immunoprecipitation. (C) Graph showing
the amount of DAPK1 obtained after immunoprecipitation of control and OGD samples (t test, n = 3 independent primary
neuron culture preparations, with 3 technical replicates each). Note that, in this graph, differently than in WB in Figure 1B,
DAPK1 data represent protein co-immunoprecipitated from neurons. (D) Drawing depicting some of the DAPK1
interactors found in the present study and those present in the IPA database; color codes of proteins are self-explained in
the legend within the drawing. Results are shown as the mean and SEM.

We identified a total of 596 proteins interacting with the pulled down DAPK1 complex in control neurons (Table S1; some
of these proteins are depicted in Figure 2D). A previous report, using IP with anti-NR2B antibodies on previously
fractioned synaptic and extrasynaptic pools and then analyzed using proteomics, obtained similar figures (700 proteins)
(18] | c-MS differential proteomics allowed us to screen and identify proteins in the DAPK1 interactome that consistently
appeared, disappeared, or showed >1.4-fold change in OGD-exposed as compared to control neurons (190 were found
overrepresented and 192 underrepresented; see Tables S3 and S4, respectively). Figure 3 shows a detailed Panther™
classification of all DAPK1 protein interactors in control neurons and the increased interactors in OGD-exposed neurons.

We observed that several cytoskeleton proteins change their degree of interaction in the DAPK1 interactome after OGD.
In general terms, some microtubule- and actin-related molecules, and also phosphatases, are underrepresented or
lacking, whereas other cytoskeleton proteins such as tubulins, myosins, tropomyosins and molecules related to



intermediate filaments tend to be increased. These changes are consistent with the fact that DAPK1 cleavage truncates
the molecule into two halves of similar length, each half retaining half of the cytoskeleton-binding region. In this regard,
the DAPK1 N-term half pulled down by IP lacks the phosphatase-binding site and the death domain. It is also noteworthy
mentioning that, as far as we are aware, ours is the first study reporting a protein-protein interaction between DAPK1 and
several histones, and that these physical interactions weaken after OGD. This is interesting since it has been described
that histones may play a role in orchestrating the neuronal transcriptional response to experimental stroke by MCAO,
OGD 1929121]  and other challenges to cell survival such as excitotoxicity or ferroptosis 221231241 Notably, we have also
found that peroxiredoxin (PRDX) 1, PRDX2 and PRDX3, members of a family of antioxidant enzymes of crucial
physiological importance, interact with DAPK1 and that this degree of association decreases after OGD.
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Figure 3. Classes and categorization of proteins in the DAPK1 interactome. Panther™ v15.0 (pantherdb.org) was used to
classify proteins of the DAPK1 interactome in control neurons and those interactors found increased in OGD-exposed
neurons (they are shown in a pie chart on the left). Four main classes are defined, each encompassing a number of
different categories encoded by colors and explained on the right side of each class.

As expected by the reported increased association of DAPK1 to NR2B during ischemia [, our IP plus LC results show
that OGD increased NR2B in the neuronal DAPK1 interactome (Eigure 2D) and confirmed by IP plus WB (Figure 4A,B).
Additionally, levels of other known CTD-NR2B-interacting molecules increased after OGD, including 1/PSD95, a.k.a.
discs, large homolog 4 (DLG4) 4, 2/dedicator of cytokinesis protein 3 (DOCK3) 22, 3/protein kinase C 28], 4/CaMKiII
(confirmed by IP plus WB, Figure 4A,B) (131 and 5/NR2B-specific binding molecule GIPC (confirmed by IP plus WB,
Eigure 4A,B), this being a PDZ scaffolding protein reported to preferentially stabilize NR2B-rich NMDA receptors 2. We

observed these changes in the DAPK1 interactome despite 30% of NR2B molecules undergo ischemia-induced truncation
to give rise to a 115 kDa WB band (Eigure 4C,D), in agreement with previous reports [28129]301 | fact, most of the NR2B
pulled down in the multiprotein complex in OGD-exposed samples is the truncated 115 kDa NR2B form, previously

reported to lack a portion of the C-term intracellular tail due to calpain proteolytic activity boosted by ischemia or
glutamate B9I311(32]
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Figure 4. Several DAPK1 interactors are CTD-NR2B binding partners. (A) WB and (B) quantification of the effect of OGD
on the co-immunoprecipitation of DAPK1 with the well-known DAPK1 interactors NR2B, CAMKII and GIPC (t test, n = 4-5
co-immunoprecipitations from independent primary neuron culture preparations). (C) WB showing the effect of MCAO on
the NR2B band levels. (D) Effect of MCAO on 170 kDa, 115 kDa and total NR2B levels (paired t test, n = 9 rats,
comparing ipsilateral (ipsi, ischemic) brain hemisphere with the contralateral (contra, control) one). The results are shown
as the mean and SEM. * p < 0.05, *** p < 0.005 vs. respective control in all graphs.

The role of DAPK1 in ischemic excitotoxic damage has been so far associated to postsynaptic mechanisms of
neurodegeneration. Nonetheless, very recent data suggest that DAPK1 might serve different roles at different locations of
the neuron, since the DAPKL1 interactor caytaxin, which we have also identified in the proteome of our DAPK1 Co-IP
strategy (Table S1), has been reported to inhibit the catalytic activity of DAPK1 at presynaptic sites and to exert
neuroprotective effects in stroke 231,

As one of the aims of the study was to find novel DAPK1 protein interactors differentially increased in the neuronal DAPK1
interactome after OGD, we focused on leucine-rich repeat of flightless I-interacting protein 1 (LRRFIP1), a.k.a. GC-binding
factor 2 (GCF2), for further study due to several reasons. First, other proteins, previously identified as binding partners of
LRRFIP1 in other reports, e.g., the molecules LRRFIP2 and flightless | homologue (FLII) B4E3l are also enriched in the
OGD-DAPK1 interactome in our study. Second, and most important, LRRFIP1 has been previously observed upregulated
in ischemia models, either in vivo or in cultured astrocytes B8IB7] |n the rat, five transcripts have been identified so far that
show upregulation in ischemia models B8IE7. These transcripts give rise to protein isoforms with predicted molecular
masses of 83, 71, 48.9, 46.1 and 44.9, the last three isoforms displayed as a unique WB band of around 50 kDa.
Furthermore, it has been reported that a prevalent polymorphism in the promoter of the glutamate transporter EAAT2
gene creates a new consensus binding site for LRRFIP1, which impairs glutamate uptake in astrocytes and increases the
frequency of early neurological worsening in stroke B4, Our findings in the DAPK1 interactome were further confirmed by
the LRRFIP1/DAPK1 Co-IP ratio, which showed an increase of more than 50% (Figure 5A). Moreover, WB showed that
OGD increased the expression of the major 83 and 50 kDa LRRFIP1 bands in neurons (Figure 5B,C). As far as we are
aware, this is the first study reporting a direct LRRFIP1 interaction with DAPK1. In fact, several cross-IP assays (IP with

antibodies against DAPK1 or LRRFIP1) revealed an association and coexistence of the 2 proteins after ischemia in adult
rat brain or after OGD or NMDA treatment in primary culture neurons (Eigure 6). Our results further suggest that LRRFIP1
might be playing an important role in ischemic brain damage and in OGD-treated neurons exposed to high oxidative
stress conditions. In this regard, the potent natural antioxidant/inhibitor of oxidative stress resveratrol has been reported to
increase LRRFIP1 levels in human peripheral blood mononuclear cells [E8139,
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Figure 5. Effect of OGD on the new DAPKZ1-interacting candidate protein LRRFIP1. (A) Effect of OGD on the
LRRFIP1/DAPK1 co-immunoprecipitation ratio (t test, n = 6 co-immunoprecipitations from independent primary neuron
culture preparations). (B) WB showing the effect of OGD on the expression of different LRRFIP1 transcripts, and (C)
graphs showing the quantification of this effect (83 and 50 kDa graphs: t test, and 71 kDa graph: Mann-Whitney U
test, n = 3 independent primary neuron culture preparations, with 3 technical replicates each). Results in A (left panel) are
shown as individual co-immunoprecipitation values, and in A (right panel) and C as the mean and SEM. * p < 0.05, * p <

0.01 vs. respective control in all graphs.
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Figure 6. Direct and reverse co-immunoprecipitation of LRRFIP1 during ischemia in vivo and excitotoxicity in vitro. (A,B)
WB showing the effect of OGD or NMDA on direct and reverse co-immunoprecipitation of LRRFIP1 and DAPK1 from rat
cultured neurons. (C) WB showing direct and reverse co-immunoprecipitation of DAPK1 and LRRFIP1 from ischemic rat
brain homogenates.

Beyond the increase in the expression of LRRFIP during OGD, inspection by confocal microscopy revealed that LRRFIP1
and NR2B colocalize at neurites, and also cell bodies, in control neurons, whereas both molecules are mostly evident at
the soma after a brief NMDAR overactivation period (30 min) (Eigure 7A) preceding excitotoxicity, a similar relocation
effect that has also been observed for NR2B in previous reports BY4041] Associated with this relocation of LRRFIP1, we

also observed colocalization of LRRFIP1 with DAPK1 in the cell body of neurons undergoing nuclear pyknosis or
fragmentation, but not in neurons shortly exposed to NMDA and showing normal morphology or in control neurons (Eigure
7B). Our results might indicate a rearrangement within the neuron of LRRFIP1 molecules associated to NR2B or DAPK1

preceding excitotoxic neuronal death.
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Figure 7. Representative ICC images showing the colocalization pattern of NR2B and DAPK1 with LRRFIP1. (A) Images
showing the main cellular location of LRRFIP1 and NR2B in control and NMDA-treated neurons in vitro; scale bar: 30 pm.
(B) Images showing the colocalization pattern of LRRFIP1 and DAPKL1 in control neurons (upper panel, con), and in
neurons with normal (arrows) or pyknotic (arrowheads) nucleus shortly after NMDA treatment (lower panels, NMDA);
scale bars: 10 pm.

To further extend these results in order to know whether LRRFIP1 might be involved in other ROS-promoting neuronal
slower death-inducing paradigms such as ferroptosis, we tested the ferroptosis inducer erastin in neuronal primary
cultures. We observed that erastin (at concentrations that increase membrane lipid peroxides, not shown) increased
levels of LRRFIP1 83 and 71 kDa bands, as measured by WB (Eigure 8B,C), preceding neuronal death (Eigure 8A); ICC
showed increased total immunoreactive LRRFIP1 at 24 h at a higher erastin concentration (Eigure 8D). Erastin acts
mainly by inhibiting the cystine/glutamate antiporter system Xc- (composed of SLC7A11 and SLC3A2) 4243l |eading to

cysteine starvation, glutathione depletion and deleterious excesses of cellular ROS. We observed that a 24-h exposure to
the high 20 pM erastin concentration was enough to induce a significant increase of ferroptotic neuronal death, whereas
longer exposure (72 h) was required to produce significant cell death at a lower erastin concentration (10 puM) (Eigure 8A).
We observed this increase in LRRFIP1 in mature neuron cultures at 24 h after 10-20 uM erastin with no change in levels
of GPX4. A recent study reports erastin-induced reduction of cell viability associated to reduced levels of GPX4 44, put
the authors use very different conditions: immature 5 DIV neurons, exposed to higher erastin concentration (50 uM) and
for 48 h. As impaired Xc- activity results in depletion of intracellular glutathione, an essential cofactor of GPX4, erastin
would be expected to impair the enzymatic activity of GPX4, with a concomitant increase in ROS accumulation, even with
no changes in protein GPX4 levels, as we have found (Figure 8B,C).
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Figure 8. The ferroptosis inducer erastin increases neuronal LRRFIP1 levels. (A) Time-course effect of erastin on
neuronal viability in vitro (one-way ANOVAs plus SNK, n = 3 independent primary neuron culture preparations, with 3
technical replicates each). (B) WB showing the effect of erastin on LRRFIP1 and GXP4 levels at 24 h, and (C) graphs
depicting the quantification of this effect (one-way ANOVA plus SNK, n = 3 independent primary neuron culture
preparations, with 3 technical replicates each). (D) Representative ICC images showing LRRFIP1 expression in neurons
exposed to vehicle (veh) or erastin for 24 h, and a graph showing the quantification of this effect. Ten uM erastin: filled
grey circles/bars or E10; 20 uM erastin: filled black circles/bars or E20. Results are shown as the mean and SEM. * p <
0.05, ** p < 0.01, *** p < 0.001 vs. vehicle in all graphs. Scale bar: 20 um.

| 3. Conclusions

We have identified proteins up and down-regulated in the neuronal DAPK1-interactome by OGD, some of them related to
NMDAR and validated by WB. We have identified for the first time LRRFIP1 as a DAPK1 partner, which we found up-
regulated by OGD in the neuronal DAPK1 interactome, this being in line with the previously reported involvement of
LRFFIP1 in ischemia. LRRFIP1 levels increased in neurons exposed to pro-oxidant conditions such as purely ferroptotic-
induced cell death by exposure to erastin or to OGD-induced cell death, in which an excitotoxic and a ferroptotic-induced
cell death component can converge. Therefore, the present study identifies LRRFIP1 as a novel partner of DAPK1,
suitable as a target for neuroprotection following ischemic challenges.
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