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Fig. 1 Mice lacking MNK1 or MNK2 have distinct behavioral profiles. (A) Order of behavioral tests and the corresponding analysis methods.
(B-D) Time spent in social interaction (sum of nose to nose, nose to tail, nose to body, B), social proximity (sum of side by side by side and side
by side reverse, C), and wall climbing/sniffing (sum of wall climbing and wall sniffing, D) in the five-trial social habituation/recognition test as
quantified by DeepOF. (E) Time spent sniffing each odor in the social olfaction habituation test. (F-G) Mean object interaction time (F) and
recognition index (G) in the object habituation/recognition test. o1=first object stimulus, 02=second object stimulus. (H-I) Time spent
interacting with the familiar and novel object (H) and novel object discrimination index (I) in the novel object recognition test. (J-K) Distance
traveled (J) and time spent in center (K) per minute in the open field test. (L) LDA of 19 behavioral parameters and (M) the LDA coefficients for
LD1, LD2, and LD3. OF=open field, NOR=novel object recognition, OH=object habituation/recognition. Error bars show s.e.m. P values: *<0.5,
¥¥<0.01, ***<0.001 relative to wild-type. Significance was determined by mixed-effect model followed by Tukey’s post-hoc test for B, C, D, J, K,
two-way RM ANOVA followed by Tukey’s post-hoc test for E, F, and Sidak’s post-hoc test for H, Kruskal-Wallis test followed by Dunn’s multiple
comparison test for G, and one-way ANOVA followed by Tukey’s post-hoc test for I.

mice lacking MNK1, but not MNK2, exhibited a reduced interest in
the novel mouse on the fifth trial compared to wild-type mice
(Supplementary Figure 1B-C). While examining the videos from
the social habituation/recognition test, we noticed differences in
the types of social interactions observed in the MNK1 and MNK2
knockout mice. To quantify this further, we used DeepOF, an
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open-source system for deep social phenotyping of two freely
interacting mice [35]. We first trained DeeplLabCut [49] to
recognize both animals during the two-minute-long videos and
then analyzed all trials using the DeepOF supervised pipeline for
automatic annotation of dyadic and individual behaviors (Fig. 1A).
We found a slight but significantly higher overall social interaction
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in the MNK2"° mice, primarily driven by increased nose-to-body
contact (Fig. 1B, Supplementary Figure 1D). Both MNK1*° and
MNK2"° mice spent significantly more time in close proximity to
the stimulus mice without directly interacting (Fig. 1C, Supple-
mentary Figure 1E), and significantly less time exploring the edges
of the cage (Fig. 1D, Supplementary Figure 1F). There was no
difference in the overall distance travelled (Supplementary
Figure 1F) or in the social behavior of the stimulus animal
(Supplementary Figure 1G-H). MNK1%© mice also showed a
tendency to reduced interest in social odors, but not nonsocial
odors, in a social odor recognition task (Fig. 1E).

We next assessed object interaction and memory in two
separate tests: the five-trial object habituation/recognition task
and the novel object task. MNK1*° mice had significantly reduced
interaction with the first object in the habituation/recognition
task compared to wild-type mice, and significantly reduced
interest in the novel object presented on the 5% trial (Fig. 1F-G).
The reduced object recognition in MNK1%© mice was also seen in
the novel object task (Fig. 1H-I). Interestingly, mice lacking MNK2
showed increased interest in the novel object compared to wild-
type mice in the object habituation/recognition task (Fig. 1F-G). In
the open field test, both MNK1 and MNK2 knockout mice showed
a slight decrease in distance traveled compared to wild-type
mice, which was most pronounced during the first minutes of the
test, but no change in time spent in the center (Fig. 1J-K). To
examine if reduced locomotion could contribute to the observed
phenotypes in the object recognition tests, we tracked the
movement of the mice using DeeplLabCut and analyzed their
speed and distance traveled using DLCAnalyzer [36]. MNK1X°
mice showed reduced distance traveled during the novel object
recognition test, but not during the object habituation/recogni-
tion test (Supplementary Figure 1I-J). There was no change in the
locomotion of MNK2X? mice for either test. Taken together, this
suggests that MNK1%® mice display reduced locomotion in a
novel environment, but not in a home-like cage, and argues
against reduced mobility as a contributing factor to the cognitive
phenotypes. Mice from both sexes were used for all tests, and we
observed no main effect of sex in any test (Supplementary
Figure 2, Supplementary Table 1 for detailed analysis of sex and
genotype interactions).

We next examined the behavioral phenotypes of mice lacking
both MNK1 and MNK2 (MNK1/2°%° mice) to assess possible
redundancies of each kinase. Previous studies have shown deficits
in spatial memory, long-term memory, and activity in MNK1/2°¢°
mice, but no change in social behavior [15, 16, 50]. We found no
differences in the social or short-term memory tests compared to
wild-type mice (Supplementary Figure 3A-G, J-N), but a significant
reduction in distance traveled in the open field and the object
habituation/recognition test (Supplementary Figure 3H, O-P).
There was no difference in time spent in the center in the open
field test (Supplementary Figure 3l). To better understand the
functional relationship between each genotype, we performed a
linear discriminant analysis (LDA) using a total of 19 behavioral
measures: 9 from classical assays, 8 test-mouse parameters from
DeepOF, and 2 from DLCAnalyzer (Fig. 1L, all parameters listed in
Supplementary Table 2). The first linear discriminant (LD1), which
accounted for 45.30% of the total variance, primarily separated
MNK2"° mice from the other genotypes and was predominantly
related to exploration during the social habituation test and
passive social interaction (Fig. 1L-M). The second axis (LD2,
accounting for 37.09% of the total variance) was strongly
associated with performance in the cognitive tests and separated
MNK1%® mice from all other genotypes (Fig. 1L-M). MNK1/2°%©
mice overlapped with wild-type mice on LD1 and LD2 but showed
distinct characteristics for LD3, which was mainly related to the
distance travelled in the open field. Together, these results
suggest that MNK1 and MNK2 have distinct contributions to social
and cognitive behaviors, but have overlapping functions in
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regulating activity, which results in exaggerated hypoactivity in
the MNK1/2°© mice.

MNK1 and MNK2 are expressed in overlapping neuronal cell
types in cortex and hippocampus

A possible explanation for the different behavioral phenotypes in
the MNK1X° and MNK2X® mice is that the MNKs are expressed in
distinct neuronal populations. Transcriptomic studies suggest that
MNK1 and MNK2 are expressed throughout the brain in mice,
humans, and pigs [12, 33, 51], with ribosome-bound Mknk1 and
Mknk2 mRNA also detected in synaptic neuropil [34]. To further
characterize their expression, we took advantage of published
RNA-sequencing data from ribosome-bound mRNAs (RiboTRAP)
from multiple neuronal cell types in the cortex and hippocampus
[52]. Mknk1 and Mknk2 mRNAs were broadly expressed through-
out all examined cell types, with slightly higher expression of
Mknk2 (Fig. 2A-B) [52]. Published single-cell sequencing data also
suggest overlapping mRNA expression of Mknk1 and Mknk2 in
multiple cell types in the amygdala [51]. To further assess MNK
brain expression, we performed fluorescent in situ hybridization
(FiSH) using probes against Mknkl and Mknk2 in cortex,
hippocampus, and the ventral tegmental area (VTA). In the cortex,
we found that Mknk1 and Mknk2 were expressed in almost all
neurons, with most excitatory (vGlutl positive) and inhibitory
(Gad1 positive) neurons expressing both Mknkl and Mknk2
(Fig. 2C-D). A similar expression pattern was found in hippocam-
pus (Fig. 2E-F) and in dopaminergic neurons in the VTA (Fig. 2G-H).
Taken together, these results suggest that MNK1 and MNK2 are
expressed in largely overlapping neuronal populations in several
brain regions in mice.

Proteomic analysis of MNK1 and MNK2 knockout mice show
different effects on the synaptic proteome

The specific behavioral phenotypes of MNK1 and MNK2 knockout
mice suggest that the MNKs may regulate distinct aspects of
neuronal translation. To start investigating how MNK1 and MNK2
affect protein expression, we performed tandem mass tag (TMT)-
based mass spectrometry on the whole homogenate and isolated
synaptoneurosomes from cortex of MNK1X°, MNK2X°, and MNK1/
2°%0 mice compared to wild-type mice (Fig. 3A). In the whole
homogenate from cortex, we found that loss of either MNK1,
MNK?2, or both kinases had a similar effect on the proteome, with a
significant correlation in protein log fold change (logFC) relative to
wild-type between all genotypes (Fig. 3B). Consistent with the
proteomic profile of mice treated with an MNK inhibitor [14], few
significantly differentially expressed proteins were identified in the
cortical proteome for any genotype (adjusted p-value <0.05,
Supplementary Table 3). We used gene set enrichment analysis
(GSEA) to identify molecular pathways with altered expression
between genotypes (FDR < 0.25, Supplementary Table 3). Overall,
loss of MNK1 or MNK2 affected both overlapping and distinct
pathways in cortex (Fig. 3C-D, Supplementary Table 3). Hierarch-
ical clustering identified two main clusters, with cluster 1 enriched
in pathways related to translation and cluster 2 enriched in
pathways associated with the extracellular matrix (Fig. 3D,
Supplementary Table 3), consistent with previous studies using
MNK1/2°° mice [15].

Synaptic dysfunction is a hallmark of many neurodevelopmen-
tal conditions. Synaptic activity can induce elF4E phosphorylation,
and MNK1 has previously been implicated in synaptic translation
[15, 17, 18]. Therefore, we next examined how knockout of the
MNKs affected the synaptic proteome. We isolated synaptoneuro-
somes using a protocol that enriches both the pre-and
postsynaptic compartments [5, 53], and confirmed enrichment
by comparing the proteome of cortical homogenate to the
synaptoneurosome fraction in wild-type animals (Supplementary
Figure 4) [47, 54]. In stark contrast to the cortical proteome,
comparing the protein LFC relative to wild-type in the
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Fig. 2 MNK1 and MNK2 have overlapping expression patterns in cortex and hippocampus. (A-B) Heatmap (A) and boxplot (B) of Mknk1
and Mknk2 across different neuronal populations in cortex and hippocampus. Eif4e and Eif4g isoforms are shown for comparison in the
heatmap. The mRNA expression was measured using Ribo-TRAP sequencing from Furlanis et al. (2019). (C, E) Representative fluorescent in situ
hybridization (FiSH) images in cortex (C) and hippocampus (E) using probes for vGlut1 (green), Gadl (green), Mknk1 (magenta), and Mknk2
(cyan). DAPI is in blue. (D, F) Pie-chart showing the distribution of Mknk1 and Mknk2 in vGlut1 (left) and Gad1 (right) positive neurons in cortex
(D) and (F) hippocampus. (G) Representative images of Mknk1 (magenta) and Mknk2 (cyan) expression in neurons expressing the dopamine
transporter (DAT) (green) in the ventral tegmental area (VTA). (H) Pie chart showing the distribution of Mknk1 and Mknk2 in DAT-positive
neurons in the VTA. The total number of neurons is listed under each pie chart. The percentage of each neuronal population is an average of
three mice. Camk2=calcium/calmodulin-dependent protein kinase Il positive neurons, PV=Parvalbumin-positive interneurons, Scnn1a=so-
dium channel, nonvoltage-gated 1a positive spiny stellate and star pyramid layer 4 (L4) neurons, SST=somatostatin-positive interneurons,
VIP=vasointestinal peptide-positive interneurons, Grik4d=glutamate receptor, ionotropic, kainate 4-positive interneurons, HC=hippocampus.

SPRINGER NATURE Molecular Psychiatry



A B

forebrain dissection

R.O. Proce et al.

l—» cortical lysate

TMT-proteomic

MNK2K/WT logFC
o

r=0.557

-
S o
MNK1/2PK0/WT logFC
L= ]

.oyl

%
%00 ©
4 °
L s L]
)

°
°
.

r=0.519 r=0477
T T T

B hosphoproteomic
fg q) phosphop 5
) Bioinformatic
bl analysi -10
ysis
synaptoneurosome -10
isolation

5
MNK1K/WT logFC

1 T T
0 5 10 10-10 -5 0 5 10

MNK2K/WT logFC

40 5 0 5
MNK1*/WT logFC

C ) o D Eukaryotic translation
: Elul:agyc;_tlc trafn;ls;x\on initiation initiation
etabolism or RN, Rpl12 Extracellular matrix organization
| Extracellular matrix Rpl2211
B Elfflte1 — | Col1a1
eukaryotic translation initiation- @ ® \Es Eg? | E&'ﬁﬁ,}
formation of a pool of free 40s subunits - (] ( ] E‘éﬂ"} EbT118 1
cytoplasmic ribosomal proteins - o Y l 2 Eg%?a gn a
nonsense mediated decay independent of the exon junction complex- [ ] (] 1 E§§ﬁ7 gg‘a“rﬁs
nonsense mediated decay- [ ) 0 | Eif3i Col1a2
. 5 S Eif3j1 | Coléat
biological oxidations - ( ] 1 Eif2s2 Col6a2
translation- () ® . QSES } g°#633
activation of the mRNA upon b dinﬁ of the cap bind_mgv complex - Y ® . Eif2b3 Gola
nd elFs and subsequent binding to 43s -log™(P.ajust) Rps15a Col4a2
metabolism of steroids - e ® 1 E}gg } Fiir
i = Rpl32 Itgas
RHO GTPases activate PA.Ks e @O o> | Rgsm Itga1
smooth muscle contraction- ® . — | Ep?ﬁ | Col12a1
focal adhesion- [ ) [ & Ef3e || '\P"a.‘k;‘
worganizaton-|| @ @ | @<t v :
extracellular matrix organization — Rps3 an
ECM proteoglycans- [ I ) 4 . 51;35%12 Itgt)r:11
assembly of collagen fibrils and other multimeric structures - [ B ) §gi§|39 | h?éqa4
integrin cell surface interactions - o . Rpl4 Fbn2
X Eif4a2 Eln
collagen degradation- e O Rpsdx Ij Fbins
collagen formation- ® . | g 352117 Ltbp4
collagen biosynthesis and modifying enzymes- e @ %‘;%’553 A §
TGF beta receptor signaling activates SMADs - o gggga %0§$*_0$§ ©
signaling by PDGF - [ ] ;pigll 1 4;\ 43' \\"ﬁ
NCAM signaling for neurite out-growth- ( ] ‘ Q&ze @e @e é’r
non-integrin membrane ECM interactions - @ 35}9 @
i Rps23
MET promotes cell motility o Eifiax 0 (VRS —
complement cascade- @ Rpl24
; RpI35 -2 0 2
potassium channels- [ ] ] Rpl29
el ° Rpl37a
non-homologous end joining Rps6 1
i i o o e Rps20 =
Rho GTPases activate NADPH oxidases I , : Rps29  |ogFC
S RN
o@ OV © N N ©
N g ¢ K@ &
S\ S\
AR\ & AR\ &

Fig. 3 Proteomic analysis of MNK1 and MNK2 knockout mice. (A) Schematic of the experimental procedure. Cortex was dissected and
synaptoneurosomes were isolated using the filter method. The whole homogenate was used as input for the cortical proteome. (B) Pearson
correlation of the cortical proteome Log fold change (LogFC, relative to wild-type) in MNK1%?, MNK2X®, and MNK1/2°%°, (C) Dot plot of

selected significantly enriched (FDR < 0.25) canonical pathways of Gene set enrichment analysis (GSEA) comparing MNK15°, MNK2

O and

MNK1/2°XC cortical proteome relative to wild-type. Only significant pathways are shown per genotype. (D) Heatmap showing logFC of the
core enrichment proteins in the eukaryotic translation initiation (left) and extracellular matrix organization (right) signaling pathways.

WT=wild-type, NES=normalized enrichment score.

synaptoneurosome fractions between the different genotypes
showed a very low correlation between MNK1¥° and MNK2X°
mice (Fig. 4A, Supplementary Figure 5A). The protein expression of
MNK1/2°%© mice was highly correlated with mice lacking MNK2
but not MNK1, suggesting that the majority of altered protein
expression in synaptoneurosomes from MNK1/2°%° mice is driven
by the loss of MNK2. Of note, the low correlation between MNK1%©
and MNK2"® mice synaptoneurosomes appears to be driven by
MNK2 deletion differentially affecting the cortical and synapto-
neurosome proteome, whereas deletion of MNK1 causes similar
proteomic changes in both fractions (Supplementary Figure 5A).

GSEA identified three major clusters of pathways with altered
abundance (Fig. 4B). The first cluster consisted of pathways related
to mRNA translation and RNA metabolism. These were highly
enriched in MNK1¥° mice synaptoneurosomes, whereas synapse
and RNA metabolism pathwags in the second and third clusters
were de-enriched in MNK2"® mice (Fig. 4B-C, Supplementary
Table 4). Examination of the core proteins accounting for the
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enrichment in the translation and RNA metabolism pathways in
cluster one identified ribosomal proteins as the main group of
proteins overexpressed in MNK1%° mice (Fig. 4C), and a
comparison between cortex and synaptoneurosomes showed
that this enrichment was more pronounced at the synapse
(Fig. 4D, Supplementary Table 4). To examine if this enrichment
affected ribosomal proteins as a group or was specific to a subset
of ribosomal proteins, we analyzed the expression of all ribosomal
subunits identified in our dataset. We found a significant
upregulation of both small and large ribosomal subunits that
was more pronounced in synaptoneurosomes from mice lacking
MNK?1 (Fig. 4E). Increased expression of ribosomal proteins was
also found in wild-type mice treated with an MNK inhibitor
(Supplementary Figure 5B) [14], and in a previous proteomic
dataset of de novo synthesized proteins, translation of ribosomal
proteins was reduced in wild-type compared to MNK1 knockout
primary neurons treated with BDNF, suggesting that MNK1
modulates ribosomal protein synthesis (Supplementary Figure 5C)
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Fig. 4 Distinct contribution of MNK1 and MNK2 to the synaptic proteome. (A) Pearson correlation of the synaptoneurosome proteome
logFC relative to wild-type in MNK1*° versus MNK2X (left), and of MNK1%® and MNK2X® versus MNK1/2°%° (right). (B) Dot plot of selected

significantly enriched (FDR < 0.25) canonical pathways of GSEA comparing MNK15°, MNK2X°, and MNK1/2°¢°

synaptoneurosome proteome

to wild-type. Only significant pathways are shown for each genotype. (C) Heatmap showing logFC relative to wild-type of the core enrichment
proteins in the neurexins and neuroligins, trafficking of AMPA receptors, and eukaryotic translation initiation signaling pathways. (D) GSEA of
cytosolic ribosome cellular component GO term enrichment for MNK15?, MNK2X® and MNK1/2°%© relative to wild-type. (E) Density plots of
logFC ribosomal protein abundance compared to all proteins in the cortical (top) and synaptoneurosome (bottom) proteome for all
genotypes relative to wild-type. P-values in E were calculated using a two-sided Kolmogorov-Smirnov test.

[17]. Together, these results strongly suggest that MNK1 inhibition
or deletion elevates ribosomal protein expression.

Comparison of mRNA and protein reveals translational and
transcri?tional upregulation of ribosomal proteins in

MNK1%© mice

The differences in protein expression at the synapse of MNK1*©
and MNK2"° mice could be caused by an altered abundance of
local mRNAs, posttranscriptional modification, or changes in
transport. To examine if mMRNA abundance contributed to the
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proteomic differences, we performed mRNA sequencing (RNA-
Seq) on isolated cortical synaptoneurosomes from MNK1¥°,
MNK2"®, and wild-type mice. We identified 637 mRNAs signifi-
cantly altered in synaptoneurosomes from MNK1%° mice and 112
from MNK2"® mice (Supplementary Figure 6A-B, Supplementary
Table 5), suggesting that loss of MNK1 has a larger effect on the
synapse-enriched transcriptome compared to loss of MNK2. In
agreement with the proteomic dataset, the mRNA log fold chan%e
relative to wild-type showed a low correlation between MNK1<©
and MNK2X° mice (Supplementary Figure 6C), suggesting that loss
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of MNK1 or MNK?2 also has a largely distinct effect on the synaptic
transcriptome. There was also a low correlation between mRNA
and protein expression in both MNK1 and MNK2 knockout mice
(Supplementary Figure 6D-E).

To examine the differences between protein and mRNA
expression, we performed a multi-omics integration using the
log fold change of genes identified in all datasets as input and
K-means clustering to identify co-regulated groups of mRNAs and
proteins. Unsupervised hierarchical clustering showed that mRNA
expression changes were more similar in both knockouts
compared to their proteome changes (Fig. 5A). The MNK2KC
proteome clustered separately from other samples, pointing
towards a stronger effect of posttranscriptional regulation in
MNK2X° mice (Fig. 5A). To order the 20 identified clusters
according to their expression patterns, we compared mean
expression profiles of each cluster using Pearson correlations
and then performed hierarchical clustering on the resulting
distance matrix. This identified 9 groups of clusters, with most
groups showing anti-correlated expression for mRNAs and
proteins for one or both genotypes (Fig. 5A, Supplementary
Table 5). We then performed gene ontology (GO) analysis on each
group of clusters (Fig. 5B, Supplementary Table 5). Clusters 1 and 3
showed opgosing MRNA expression profiles between MNK1*©
and MNK2X© mice, with decreased mRNA expression in MNK1K°
mice but increased in MNK2XC mice. Pathways related to ion
transport, cell-cell adhesion, and axon guidance were significantly
enriched in these clusters. The change in mRNA expression was
anti-correlated with protein expression in most clusters, suggest-
ing that the effect on protein expression is caused by altered
translational regulation rather than mRNA abundance (Fig. 5A-B,
Supplementary Figure 6F).

The multi-omic integration identified one cluster group (cluster
7) with strongly increased protein expression in MNK1%® mice
(Fig. 5A). GO analysis showed an enrichment of categories
involved with cytoplasmic and synaptic translation in this cluster
(Fig. 5B), consistent with our proteomic GSEA results. To further
compare the transcriptomic and proteomic datasets, we per-
formed GSEA on the transcriptomic dataset and compared gene
sets significantly altered in either the transcriptome, proteome, or
both (Fig. 5C-D, Supplementary Table 5). Interestingly, pathways
related to translation were highly enriched for both protein and
mRNA in synaptoneurosomes from MNK1%© mice. In agreement
with the proteomic dataset, the core enriched genes in these
pathways were primarily ribosomal proteins, and analysis of
individual ribosomal subunits confirmed an increase in mRNA and
protein expression for almost all ribosomal subunits in synapto-
neurosomes from MNK1X° mice (Fig. 5E). Ribosomal proteins can
be locally synthesized in neurites and incorporated into existing
ribosomes, independent of ribosome biogenesis [55, 56]. Interest-
ingly, we did not see an increase in ribosomal RNA (rRNA) in the
cell body or synaptoneurosomes (Supplementary Figure 6G-J).
These results suggest that although the majority of changes in
protein expression in both MNK1 and MNK2 knockout mice is
driven by posttranscriptional re%ulation, the increased expression
of ribosomal proteins in MNK1%° mice can be at least partially
explained by an increase in ribosomal subunit mRNAs at the
synapse.

Absence of MNK1 and 2 affects protein synthesis rate and
synaptic morphology

The behavioral, proteomic, and transcriptomic datasets suggest
that MNK1 and MNK2 have specific functions in the nervous
system and control distinct cellular processes at the synapse, with
MNK1 affecting the expression of ribosomal proteins and MNK2
the expression of synaptic proteins. To determine if the observed
changes in protein expression are associated with functional
changes, we performed multiple experiments to assess neuronal
protein synthesis and synaptic morphology.
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First, we examined if the rate of protein synthesis was altered in
mice lacking MNK1 or MNK2. MNK1/2°%© mice have no change in
protein synthesis rate [11], but acute inhibition of the MNKs
reduces the rate of protein synthesis in neurons [14]. We used
incorporation of the non-canonical amino acid azidohomoalanine
(AHA) to examine how the loss of MNK1 or MNK2 affected protein
synthesis in cortical brain slices and synaptoneurosomes isolated
from brain slices and found a small but significant reduction of
translation rate in both MNK1 and MNK2 knockout mice in cortex
(Fig. 6A-C), but not in synaptoneurosomes (Fig. 6D-E). We further
examined protein synthesis using polysome profiling to estimate
the degree of mRNA loading onto monosomes and polysomes in
cortex and synaptoneurosomes. As previously reported [7], we
found a large increase in the monosome/polysome (M/P) ratio in
synaptoneurosomes compared to cortical homogenate, but there
was no change in M/P ratio between the genotypes (Fig. 6F,
Supplementary Figure 7A-B). To explore whether the deletion of
MNK1 or MNK2 affects synaptic structure, we used electron
microscopy. Compared to control animals, deletion of MNK1 and
MNK2 caused a small but significant increase in the length and
thickness of postsynaptic densities in the somatosensory cortex
(Fig. 6G-I). Consistent with the proteomic data, these changes
were more pronounced in the MNK2® mice, particularly the
increase in PSD thickness (Fig. 6l).

MNK1 and MNK2 have specific effects on the neuronal
phosphoproteome

To examine potential mechanisms of how the MNKs exert their
function, we first focused on the activity of their substrates. The
MNKs can regulate neuronal translation via phosphorylation of
elF4E or Syngap1 [11, 15] (Fig. 6J). Mice with a mutation that
prevents elF4E phosphorylation show increased translation of
ribosomal proteins [57], suggesting that MNK1-dependent elF4E
phosphorylation may regulate ribosomal protein expression.
However, we observed no significant difference in elF4E
phosphorylation in cortical lysate or synaptoneurosomes in
MNK1 and MNK2 knockout mice (Fig. 6K-L, Supplementary
Figure 7C-D). As expected, no elF4E phosphorylation was seen
in the MNK1/2°© mice (Fig. 6K-L, Supplementary Figure 7C-D),
and no difference was found in elF4E protein levels (Supplemen-
tary Figure 7E-F). MNK1/2 can phosphorylate Syngap1 on S788,
which promotes protein synthesis and increases phosphorylation
of ribosomal protein S6 (rpS6) [15]. We found a decrease in rpS6
phosphorylation in cortical lysate in MNK1*® mice and in
synaptoneurosomes from both MNK1® and MNK2"® mice
(Supplementary Figure 7G-H). Phosphorylation of the mTOR
substrate 4E-binding protein1 (4EBP1) was unaffected (Supple-
mentary Figure 71), and there was no difference in the upstream
signaling pathway ERK1/2 (Supplementary Figure 7J-K). It is
possible that a small but significant decrease in MNK1 protein
expression in cortex from MNK2“C mice affects these results
(Supplementary Figure 7L-M). None of the antibodies we tested
were specific for MNK2, and neither MNK1 nor MNK2 was
detected in the proteome from either cortex or synaptoneuro-
somes. Therefore, we could not clarify whether MNK2 protein
expression was similarly altered in MNK1%°® mice. Of note, the
mRNA expression of Mnk1 and Mnk2 was not significantly altered
in synaptoneurosomes from MNK25° and MNK1%° mice, respec-
tively (Supplementary Table 5).

Next, we performed phosphoproteomics to identify possible
differences in other signaling pathways (Supplementary Table 6).
Similar to the proteomic dataset, there was a high correlation
between the phosphosite abundance changes relative to wild-type
between MNK1® and MNK2X° mice in the cortical homogenate but
not in synaptoneurosomes (Fig. 6M, Supplementary Figure 8A). To
determine which cellular functions were affected by MNK1 or MNK2
deletion, we performed a gene ontology (GO) analysis of increased
and decreased phosphosites. Using a cutoff value of LFC > 1.2 or
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Fig. 5 MNK1 and MNK2 knockout mice have different effects on the synaptic transcriptome. (A) Heatmap showing K-means clustering of
and MNK2X© mice relative to wild-type. A total of 8294 genes are shown that are detected on both
mRNA and protein levels. Groups of clusters with similar expression profiles are listed on the left, and the 20 k-means clusters on the right. (B)
Gene ontology pathway enrichment analysis of the genes in each cluster group in (A) using all detected genes as a background. Top five
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LFC < -1.2, we found multiple altered phosphosites, most of which
were unique for each genotype (Fig. 6N, Supplementary Table 6).
Interestingly, proteins related to synaptic function, particularly
synaptic membranes, were overrepresented in proteins with

Molecular Psychiatry

decreased phosphorylation in MNK2X© mice, whereas phosphoryla-

tion of proteins associated with the microtubule and cytoskeleton
was increased (Fig. 60). These results are consistent with the
proteomic dataset and suggest that MNK2 deletion causes a
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Fig. 6 Phosphoproteomic characterization of MNK1 and MNK2 knockout mice. (A) Timeline of AHA incubation in brain slices. (B)
Quantification and (C) representative image of AHA incorporation in cortical brain slices from wild-type, MNK1% and MNK2"° mice. (D)
Quantification and (E) representative image of AHA incorporation in synaptoneurosomes from wild-type, MNK1%® and MNK2"® mice. (F)
Polysome profiling in cortical homogenate and synaptoneurosomes. Quantification of monosome/polysome ratio, representative traces are
shown in Supplementary Figure 7A-B. (G) Representative electron microscopy images from wild-type, MNK1%°, and MNK2"® mice. Scale bar:
0.2 uyM. (H-1) Cumulative frequencx (left) and violin plot (right) of postsynaptic density (PSD) length (H) and thickness (I). Number of synapses:
wild-type n = 165 (2 mice), MNK1%° n = 178 (3 mice), MNK2X® n = 157 (3 mice). J) Schematic of MNK1/2 regulation of mRNA translation via
phosphorylation of Syngap1 (blue) and elF4E (red). (K-L) Representative western blot (left) and quantification (right) of p-elF4E compared to
total elF4E from (K) cortical lysates and (L) synaptoneurosomes from wild-type, MNK1%°, and MNK2"° mice. MNK1/2°° mice are included for
validation. (M) Alterations in MNK1® and MNK2*© cortical and synaptoneurosomes phosphoproteome relative to wild-type. r was determined
by Pearson correlation. (N) Venn diagram showing the overlap of 'E)hosphosites increased or decreased (LFC > 1.2 or LFC < -1.2 compared to
wild-type) in synaetoneurosome A)hosphoproteome from MNK1*® and MNK2*°® mice. (0) Bubble plot of cellular component GO terms
enriched in MNK1%® and MNK2X® synaptoneurosome phosphoproteome. Red: increased, blue: decreased. (P-Q) Bubble plot of selected
phosphosite-specific signatures in cortex (P) and synaptoneurosomes (Q) as determined by PTM-SEA. Significantly enriched kinase signatures
(FDR < 0.05) are marked with a black circle, and the size corresponds to the number of observed phosphosites. All error bars are s.e.m.
Significance was determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test for B, D, H, |, L, and one-way ANOVA followed

2/ Tukey’s multiple comparison test for F and K.

decrease in both synaptic protein expression and phosphorylation,
a change not seen in MNK1%° mice.

To further explore how the MNKs affect signaling pathways, we
performed a post-translational modifications signature enrich-
ment analysis (PTM-SEA). We found several pathways significantly
altered in both cortex and synaptoneurosomes (Fig. 6P-Q,
Supplementary Figure 8B, Supplementary Table 6), including a
decrease in Camk2a signaling, previously identified in synapto-
somes from MNK1/2°%° mice [15]. Hierarchical clustering showed
that pathway changes were more similar between the cortical and
synaptic fractions in MNK1X° mice compared to MNK2X° mice. The
cortical fraction from MNK2"® and MNK1/2%° clustered separately
from other samples, pointing to a different role for MNK2
depending on location (Supplementary Figure 8B). We focused
on the synaptoneurosomes, where 4 PTM pathways were
significantly altered in MNK1%° mice and 2 in MNK2*® mice.
These pathways included an increase in CDK1 and cAMP-
dependent protein kinase catalytic subunit alpha (PKACA)
signaling in MNK1¥® mice, and an increase in mTOR signaling in
MNK2K° mice (Fig. 6Q, Supplementary Figure 8C). Together, these
results suggest that MNK1 and MNK2 regulate distinct signaling
pathways at the synapse.

DISCUSSION
To further develop the MNKs as drug targets, it is essential to
better understand each kinase's specific role in the nervous
system. Using a multi-omic approach combined with detailed
behavioral analysis, our study provides novel mechanistic insight
into the isoform-specific function of the MNKs in the brain. We
demonstrate that loss of MNK1 and MNK?2 differentially affects the
synaptic proteome and causes distinct social and cognitive
behavioral phenotypes (Supplementary Figure 8D). Our results
add to the numerous studies that suggest a degree of functional
specification for the MNK proteins [17, 26, 29, 30], and indicate
that it may be preferential to target each kinase individually.
Comparing the proteome between the whole cortex and the
synaptic compartment allowed us to examine the location-specific
effects of MNK deletion. We found that MNK1 and MNK2 have partially
overlapping functions in cortex but distinct roles at the synapse, and
that this difference is driven by a location-specific effect of MNK2. Our
data indicate that both MNK1 and MNK2 are active in the somatic and
synaptic compartments, suggesting that their divergent roles are not
due to spatial segregation but rather to context-dependent regulation
or substrate availability. In human cells, MNK2 is alternatively spliced
into two isoforms with somewhat specialized functions and subcellular
localization [58], and it may be that also in rodents, Mknk2 splice
isoforms localize to distinct compartments. Alternatively, MNK2 may
engage distinct upstream activators or downstream substrates
depending on its subcellular location.
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Interestingly, deletion of either MNK1 or MNK2 had similar effects
on elF4E phosphorylation in the synaptic compartment, suggesting
that altered steady-state phosphorylation of elF4E is not the cause of
the distinct phenotypes in MNK1 and MNK2 knockout mice. This
finding was somewhat unexpected, given previous reports that MNK1
is more activity-dependent, while MNK2 has higher constitutive
activity. One possible explanation is compensatory regulation
between the kinases. Supporting this, we observed a slight increase
in MNK1 protein levels in the synaptic fraction of MNK2"° mice, which
could buffer elF4E phosphorylation in the absence of MNK2. However,
since our results suggest distinct synaptic functions of MNK1 and
MNK2, any compensation is likely limited. How phosphorylation of
elFAE impacts translation remains incompletely understood, but
evidence from multiple studies suggests that it modulates translation
in a context and cell-type-specific manner [17-19, 59]. Therefore, even
in the absence of a baseline effect, it is possible that the differences
seen in MNK1 and MNK2 knockout mice are at least partially driven by
differences in how the MNKs regulate activity-dependent elF4E
phosphorylation, possibly in a stimulus-specific manner.

MNK inhibition has previously been shown to alter ribosomal protein
expression [14, 15, 57, 59], and we here identify MNK1 as the kinase
responsible for this change. The increase in ribosomal protein
expression is likely at least partially driven by reduced elF4E
phosphorylation, as increased translation of ribosomal proteins has
previously been found in elFAE phosphorylation mutant mice and cells
treated with MNK inhibitors [57, 59]. Interestingly, the shift in ribosomal
protein expression was more pronounced at the synapse, suggesting
the intriguing possibility that MNK1 may be of particular importance for
synaptic translation. The increased abundance of ribosomal proteins at
the synapse is supported by the overexpression of ribosomal subunit
mMRNAs in the synaptic fraction of MNK1%° mice, which suggests that
the increase in ribosomal proteins is caused by on-site translation
rather than a shift in ribosomal protein stability.

The change in ribosomal protein expression is coupled with
altered social and object memory in MNK1%° mice and altered
spatial memory in MNK1/2°%° mice [15]. These results are
consistent with previous work showing that altered ribosome
expression is linked to memory dysfunction and altered long-term
depression (LTD) [14, 60], and add to a growing body of research
suggesting that precise regulation of local ribosomal protein
expression may be necessary to support synaptic plasticity and
memory [4, 56, 61]. Indeed, the lack of cognitive behavioral
phenotype in MNK2XC mice, despite the reduction of synaptic
proteins, could be related to the slight increase in MNK1
expression and unchanged levels of synaptic ribosomal proteins
in these mice. However, it is important to note that although our
data support a role for synaptic MNK function in shaping behavior,
MNKs are expressed in most cell types, and we cannot exclude the
possibility that developmental effects or non-neuronal mechan-
isms contribute to the observed phenotypes.
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Since we did not detect changes in overall synaptic translation in
either genotype, the functional impact of increased ribosomal protein
expression remains unclear. Mice with a phospho-deficient elF4E also
exhibit increased translation of ribosomal proteins without a change in
translation rate [13, 57], suggesting that excess levels of ribosomal
proteins do not always affect general translation. Instead, altered
ribosome levels have been linked to a length-dependent shift in
translation [60, 62]. It is therefore possible that the excess of ribosomal
proteins found in MNK1X® mice affects what is being translated rather
than the overall translation rate. Locally synthesized ribosomal subunits
can be incorporated into cytosolic ribosomes in neurites, where they
may act to repair or modify ribosomal function [55, 56]. Since we did
not detect any changes in rRNA, it may be that the increase in
ribosomal proteins is not caused by de novo assembly of ribosomes,
but rather by local synthesis of ribosomal subunits to modify or
maintain synaptic ribosomes. Another possibility is that there is
increased stalling of ribosomes in the MNK1*° mice. MNK-dependent
elFAE phosphorylation has been shown to promote translation via
facilitating the release of the CYFIP1/FMRP complex from the 5-mRNA
cap [17-19]. However, the MNK's impact on translation is complex and
is not only dependent on their kinase activity. For example, MNK1 was
recently found to interact directly with ribosomal proteins and
members of the elF complex [31], whereas MNK2 can negatively
regulate translation via direct interaction with elF4G and inhibition of
mTOR [32]. Although we did not identify any changes in elF4G
phosphorylation in our dataset, our pathway analysis identified an
increase in mTOR signaling in mice lacking MNK2, including increased
phosphorylation of mMTORC1 component regulatory-associated protein
of mTOR (Raptor) and Larp1. As mTOR and Larp1 are key regulators of
ribosome production [63], we cannot rule out that MNK2 can act as an
enhancer of ribosome protein expression via interaction with the
mTOR pathway [63], perhaps even via direct interaction with Raptor
[31]. This could explain the slight reduction of ribosomal subunit
mMRNAs in MNK2XC mice, although more work is needed to test this.

Taken together, our results suggest a model where MNK1 regulates
ribosomal protein expression via elF4E phosphorylation at the synapse,
whereas MNK2 regulates the translation of a pool of mRNAs that
include synaptic proteins via other, possible mTOR-dependent
mechanisms, although the exact mechanisms remain to be deter-
mined. This model is supported by the fact that both ribosomal and
synaptic proteins are altered in the MNK1/2°%© mice. Overall, our work
may help clarify each kinase’s individual contribution to the therapeutic
effects of MNK inhibitors and suggests that targeting MNK1 or MNK2
could differentially affect synaptic function.
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