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Proper dendrite morphogenesis and synapse formation are
essential for neuronal development and function. Dasm1, a
member of the immunoglobulin superfamily, is known to
promote dendrite outgrowth and excitatory synapse matura-
tion in vitro. However, the in vivo function of Dasm1 in
neuronal development and the underlying mechanisms are not
well understood. To learn more, Dasm1 knockout mice were
constructed and employed to confirm that Dasm1 regulates
dendrite arborization and spine formation in vivo. We per-
formed a yeast two-hybrid screen using Dasm1, revealing
MRCKβ as a putative partner; additional lines of evidence
confirmed this interaction and identified cytoplasmic proline-
rich region (823–947 aa) of Dasm1 and MRCKβ self-activated
kinase domain (CC1, 410–744 aa) as necessary and sufficient
for binding. Using co-immunoprecipitation assay, autophos-
phorylation assay, and BS3 cross-linking assay, we show that
Dasm1 binding triggers a change in MRCKβ’s conformation
and subsequent dimerization, resulting in autophosphorylation
and activation. Activated MRCKβ in turn phosphorylates a
class 2 regulatory myosin light chain, which leads to enhanced
actin rearrangement, causing the dendrite outgrowth and spine
formation observed before. Removal of Dasm1 in mice leads to
behavioral abnormalities. Together, these results reveal a
crucial molecular pathway mediating cell surface and intra-
cellular signaling communication to regulate actin dynamics
and neuronal development in the mammalian brain.

Dendrites are long and highly branched extensions from the
neuronal cell body. They can receive, integrate, and process
synaptic inputs terminating either on the dendritic shaft or
spine (1, 2). Precise transduction of neuronal signal relies on
the proper development of dendritic structures that consists
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mainly of five fundamental steps: neurites extension; dendrites
polarization; dendrites outgrowth and branching; spine for-
mation; dendrites pruning and synaptic remolding (3). Proper
dendrite morphology is regulated by various extrinsic signals,
including secreted cues (protein ligands, like Netrins and Slits
et al.), contacted-mediated cues (adhesion proteins, like
Dscam et al.), and neuronal activity (calcium signaling, like
CAMKs et al.), as well as by intracellular pathways, such as
cytoskeletal remodeling molecules, secretory pathways, tran-
scription factors, and RNA molecules (4). During dendritic
development, neuronal cell surface receptors receive extra-
cellular cues, followed by interpreting interpret these signals to
intracellular pathways and eventually generate distinct
dendrite patterns (4, 5). However, dendritic-specific cell sur-
face receptors responsible for signal transmission remain
largely elusive.

The immunoglobulin superfamily (IgSF), one of the most
abundant cell surface receptors in the nervous system, mod-
ulates intrinsic pathways through the interaction between its
intracellular domains and its partners (6). Previously, we have
demonstrated that Dasm1, an evolutionarily conserved mem-
ber of the IgSF, promotes dendrite outgrowth (7) and excit-
atory synapse maturation (8) in cultured hippocampal
neurons. However, their underlying molecular mechanisms are
largely unknown. Dasm1 has a large extracellular domain
(N-terminal signal sequence, five immunoglobulin [Ig]-like
domains, and two fibronectin type III domains); a trans-
membrane domain; and a long C-terminal cytoplasmic tail
containing proline-rich region (PRR) domain (7). The struc-
ture of the extracellular domain of Dasm1 is similar to that of
the cell-surface receptors Robo/Dutt1 and DCC/Frazzled/
UNC-40 (7). Dendrite growth is impaired by treating neu-
rons with a truncated form of Dasm1 (7), which lacks the
intracellular portion and is unable to interact with its intra-
cellular partners, indicating that Dasm1 specifically mediates
an unexplored intracellular signaling pathway to regulate
dendritic growth. Dasm1 may serve as a cell surface receptor
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Dasm1-MRCKβ axis promotes dendrite development
to transmit signals into cells for dendrite development. Further
study of the Dasm1 intracellular pathway could provide direct
insight into the Dasm1 function.

As mentioned above, the intracellular structure of Dasm1
contains a PRR. The PRR domain can be commonly in mul-
tiple actin regulatory proteins to bind to the WWP repeating
motif (WW) domain and the Src homology 3 domain (9, 10).
These interactions can translate extracellular cues into intra-
cellular cytoskeleton dynamics. The actin cytoskeleton con-
tributes to the development of neurite growth cones, to the
dynamic plasticity of dendritic spines, and to the formation of
periodic lattice within the dendrite shaft, thus providing
structural support for proper dendrite development (11). In
particular, during the protrusion of the neurite growth cone,
the adhesive substrate links to the actin cytoskeleton, and F-
actin is polymerized to push the membrane forward, which
leads to the extension of the growth cone (11, 12). F-actin
mainly forms parallel filaments in the neck of the dendritic
spine and lattice or twisted filaments in the head of the den-
dritic spine (13). In addition, the existence of ~190 nm peri-
odic lattice actin cytoskeleton has been observed in the
dendritic shaft and spine head, and, hence, this configuration
may participate in shaping and maintaining dendritic
morphology (14–16). The role of the actin cytoskeleton in
dendrite development has been extensively studied (13).
However, the key elements responsible for its regulation are
still not fully understood.

Here, we found that adolescent Dasm1−/− mice harbor
decreased dendritic complexity, less spine formation, and
behavioral abnormalities. Dasm1 PRR domain bound to
myotonic dystrophy-related Cdc42-binding kinases beta
(MRCKβ), a key regulator of the actin–myosin cytoskeleton
(17) and functions as a switch to trigger the conformation
change of MRCKβ, subsequently increasing its activity.
Activated MRCKβ promoted actin rearrangement via the
phosphorylation of class 2 regulatory myosin light chains
(MLC2), eventually leading to dendrite growth and spine
formation.

Results

Impaired dendrite arborization and spine formation in Dasm1
knockout mice

We previously found that suppression of Dasm1 with RNA
interference impaired dendrite outgrowth in cultured hippo-
campal neurons (7). To further explore the specificity of RNAi-
mediated Dasm1 knockdown, we co-transfected Dasm1
shRNA with full-length wild-type Dasm1 (Dasm1-WT) or full-
length shRNA-resistant Dasm1 (Dasm1-Resistant) into
cultured hippocampal neurons. We found that Dasm1 shRNA-
impaired dendritic outgrowth was rescued by the Dasm1-
Resistant, but not by the Dasm1-WT plasmid (Fig. S1, A–C).
Furthermore, overexpression of Dasm1 promoted dendrite
outgrowth, indicated by a significant increase in dendrite
length (Fig. S2, A–C) and branches (Fig. S2, A, B and D) on day
6 in vitro (6 DIV), 10 DIV, and 25 DIV. Sholl analysis showed
that the dendrite arbor was more complex in neurons
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overexpressing Dasm1 at 10 DIV (Fig. S2E). Overexpression of
Dasm1 dramatically increased spine density (Fig. S2, F and G)
and spine maturation indicated by an increased proportion of
mushroom spines and a reduced proportion of thin spines in
cultured neurons (Fig. S2J), without altering spine length
(Fig. S2H) or width (Fig. S2I). Together, these results suggest
that Dasm1 specifically regulates dendrite arborization and
spine morphogenesis in vitro.

To further determine the in vivo role of Dasm1 in dendritic
morphogenesis, we generated Dasm1 knockout mice by ho-
mologous recombination in embryonic stem cells (Fig. S3).
Gross anatomy in brains and the numbers of neurons and
neuroglia cells in the hippocampus were not noticeably altered
(Fig. S4) in Dasm1−/− mice. Neuronal dendrite morphology
was then quantified by Golgi staining (Fig. 1, A and B), and
Dasm1−/− mice showed decreased proximal dendrites (Fig. 1, A
and B) and simplified dendritic arbors at postnatal day 30 (P30;
Fig. 1E). Decreased total dendrite length (Fig. 1C) and
branches (Fig. 1D) were found in early postnatal (P) life (P10,
P15, and P30) but not in the late postnatal life (P60) in
Dasm1−/− mice. Consistently, dendrite complexity, as well as
dendrite length and branches, was markedly reduced in pri-
mary hippocampal neurons cultured from Dasm1−/− mice
(Fig. S5, A–E).

Furthermore, we measured spine morphology in hippo-
campal pyramidal neurons from Dasm1−/− mice at P30
(Fig. 1F) and found that Dasm1 knockout dramatically
decreased spine density (Fig. 1G) without altering spine length
(Fig. 1H) or width (Fig. 1I). Dasm1 knockout dramatically
decreased the proportion of mushroom spines and increased
the proportion of thin spines at P30 (Fig. 1J), indicating that
loss of Dasm1 inhibits spine maturation. Nevertheless, the
decreased spine density and the impaired spine maturation
were restored in Dasm1−/− mice at P60 (Fig. S5, F–J).
Together, these results indicated that Dasm1 ensures a proper
dendritic development, including the dendritic arbor and spine
formation, both in vitro and in vivo.

Interaction of Dasm1 PRR with the MRCKβ CC1 domain

The structure of Dasm1 renders it capable of serving as a
potential neuronal cell-surface receptor and of transducing
outside signal into intracellular pathway controlling dendrite
development (18). To dissect the Dasm1-mediated intracel-
lular signaling pathway, we conducted yeast two-hybrid screen
to identify Dasm1’s intracellular signaling partner. After ruling
out various Dasm1 C-terminal fragments because of their
autotranscriptional activity, the Dasm1 intracellular PRR
fragment, which comprises amino acid residues 823 to 974,
was chosen as a bait (Fig. S6). A ~0.9 kb MRCKβ fragment was
then identified as the interacting partner of the Dasm1 PRR
domain. Dasm1 and MRCKβ were co-localized in both HeLa
cells and neurons (Fig. 2A). The endogenous association be-
tween Dasm1 and MRCKβ was then confirmed by co-
immunoprecipitation assay in the brain lysates of mice
(Fig. 2B). Furthermore, Dasm1 interacted with MRCKβ and
MRCKγ, but not with MRCKα in HEK293T cells (Fig. 2C).



Figure 1. Dasm1 knockout inhibits dendrite arborization and spine formation in mice. A, representative images of Golgi-stained hippocampal py-
ramidal neurons in Dasm1−/− mice and WT littermates. Scale bar, 50 μm. B, morphometric reconstruction of hippocampal pyramidal neurons in Dasm1−/−

mice and WT littermates. Scale bar, 100 μm. C, Dasm1−/− mice displayed decreased total dendritic length of hippocampal pyramidal neurons fixed at
postnatal (P) 5, P10, P15, and P30, but not P60, compared with WT littermates. Results were expressed as mean ± SD; n = 30 to 35; *p < 0.05, **p < 0.01, n.s.,
not significant; Unpaired two-tailed t test. D, Dasm1−/− mice displayed less branches of hippocampal pyramidal neurons fixed at P10, P15, and P30, but not
P60, compared with WT littermates. Results were expressed as mean ± SD; n = 20 to 83; *p < 0.05, **p < 0.01, n.s., not significant; Unpaired two-tailed t test.
E, Sholl analysis showed that Dasm1−/− mice displayed a reduced dendritic complexity of hippocampal pyramidal neurons at P30. Concentric circles with a
20 μm spacing were drawn around cell body, and the intersection number of all dendritic branches with the circles was counted. Results were expressed as
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Owing to a low association between MRCKγ and Dasm1
(Fig. 2C) as well as the strict expression of MRCKγ in cardiac
and skeletal muscle (19), we mainly focused on the interaction
between MRCKβ and Dasm1 in this study. We further iden-
tified that Dasm1 PRR is required for Dasm1’s association with
MRCKβ, proved by the fact that deletion of this region
impaired the association (Fig. 2D). And, the MRCKβ CC1
domain (amino-acid residues 410–744), a kinase self-
activation region (20), was sufficient for the Dasm1/MRCKβ
interaction (Fig. 2E).

We found that in vitro–translated MRCKβ was pulled down
by purified GST-Dasm1 PRR fusion protein (Fig. 2F, left
panel). In vitro–translated Dasm1 was pulled down by purified
GST-MRCKβ CC1 fusion protein and by GST-MRCKβ
(1–939) fusion protein (Fig. 2F, right panel). These results
suggest a direct interaction between Dasm1 and MRCKβ. A
computational 3D complex structural model by FR-t5-M,
FALCON, and ZDock based on the X-ray crystal structure
from the Protein Data Bank was further generated (Fig. 2G).
Docking simulation data from the model demonstrated that
amino acids GLU-54, TRP-58, PHE-409, LEU-415, LYS-416,
and GLN-431 of MRCKβ form a “hairpin” structure (Fig. 2H,
left panel), and that amino acids ARG-772, VAL-859, ALA-
860, SER-862, GLN-863, LYS-865, ALA-911, PRO-932, and
LEU-934 of Dasm1 form a “hairpin” structure (Fig. 2H, right
panel). The 3D structure of Dasm1/MRCKβ complex illus-
trated that these two “hairpin” structures were responsible for
the interaction of Dasm1 and MRCKβ (Fig. 2G). To bolster the
interaction evidence from the 3-D predictions, we generated
Myc-tagged Dasm1-PRR (Myc-PRR-mut) and HA-tagged
MRCKβ CC1 (HA-CC1-mut) plasmids carrying multiple
point mutation based on the 3-D predictions. Myc-PRR-mut
stands for Myc-Dasm1-PRR (R772A, V859A, A860G, S862A, Q863A,

K865A, A911G, P932A, L934A). HA-CC1-mut stands for HA-
MRCKβ CC1 (E54A, W58A, F409A, L415A, K416A, Q431A). As shown
in Figure 2H, HA-CC1-mut lost the binding ability with
Dasm1-PRR (Lane 3) and significantly weakened interaction
between mutant Dasm1 PRR and WT MRCKβ CC1 was
observed (Lane 4), suggesting essential amino acids for the
interaction between Dasm1 and MRCKβ are among these
sites.

Dasm1 facilitates MRCKβ activation via opening MRCKβ’s
closed conformation

It is well known that MRCKβ kinase phosphorylates
MLC2 at Thr18/Ser19 (17, 21). To test whether Dasm1/
MRCKβ interaction affects MRCKβ kinase activity, we
performed the in vitro kinase activity assay (Fig. 3A) (21).
We found that MRCKβ activity, indicated by the phos-
phorylation level of GST-MLC2 on Ser19 and Thr18
mean ± SD; n = 20 to 83; *p < 0.05, **p < 0.01; two-way ANOVA (Interaction: F
Column Factor: F (1, 2983) = 511.6, p < 0.0001). F, representative images of hip
type littermates fixed at P30. Scale bar, 5 μm. G–I, quantification of spine mo
termates. Dasm1−/− mice showed decreased spine density (G), and unchanged
n = 52 to 81; **p < 0.01, n.s., not significant; Unpaired two-tailed t test. J, Dasm
Results were expressed as mean ± SD; n = 30 to 36; *p < 0.05, n.s., not significa
(3, 256) = 325.7, p < 0.0001; Column factor: F (1, 256) = 6.377e-012, p > 0.99
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residues, was increased when Dasm1 was co-purified with
MRCKβ (Fig. 3B). Consistently, the level of phosphorylated
MLC2 was significantly increased in Dasm1-overexpressing
HeLa cells (Fig. 3, C and E, left panel), whereas it was
markedly reduced in Dasm1−/− mice (Fig. 3, D and E, right
panel). Together, these data indicate that Dasm1 interacts
with MRCKβ, thereby promoting MRCKβ’s kinase activity.

The basis of MRCKβ’s autoinhibitory mechanism is the
intramolecular interaction of the kinase region (CAT) with
the CC2/3 domain, which forms a closed conformation.
Opening this closed conformation leads to MRCKβ’s inter-
molecular dimerization, autophosphorylation, and subse-
quent kinase activation (20). In support of our hypothesis
that Dasm1-mediated MRCKβ activation may rely on
MRCKβ’s conformation change, we found that Dasm1
weakened the intramolecular interaction between MRCKβ’s
CAT and CC domain (containing CC1, CC2, and CC3) in
Dasm1-overexpressing HEK293T cells (Fig. 3F, left panel;
Fig. 3F, right panel). This effect relies on the interaction
between Dasm1 and the MRCKβ CC1 domain, as deletion of
the MRCKβ CC1 region abolished the influence of Dasm1 on
the interaction between MRCKβ’s CAT and CC2-3 domain
(containing CC2 and CC3, but not CC1) in Dasm1-
overexpressing HEK293T cells (Fig. 3F, middle panel;
Fig. 3F, right panel). Furthermore, we found that Dasm1
significantly increased MRCKβ’s autophosphorylation
(Fig. 3G) and dimerization (Fig. 3H) in Dasm1-
overexpressing HeLa cells. Together, these data indicated
that Dasm1 disrupts the MRCKβ intramolecular interaction
via its interaction with the MRCKβ CC1 domain, thereby
allowing MRCKβ’s autophosphorylation, dimerization, and
subsequent activation (Fig. 3I).

MRCKβ kinase activity is required for Dasm1-regulated
dendrite arborization and spine formation

We found that overexpression of full-length MRCKβ and
MRCKβ 1 to 430 (kinase domain) increased dendrite over-
growth and complexity (Fig. 4, A–C) and spine density and
maturation (Fig. 4, D–H), whereas overexpression of
MRCKβ K105M (kinase-inactive mutant) decreased dendrite
development, suggesting that MRCKβ-promoted dendrite
morphogenesis is kinase activity-dependent. Furthermore,
the overexpression of full-length MRCKβ and MRCKβ 1 to
430 (kinase domain) rescued the defects in dendrite arbori-
zation (Fig. 5, A–C), and spine formation (Fig. 5, D–H)
induced by Dasm1 shRNA, whereas the kinase-inactive
mutant MRCKβ K105M, at a similar level, failed to rescue
this defect. These results demonstrate that MRCKβ’s activity
is required for the role of Dasm1 in dendrite morphogenesis
and spine formation.
(18, 2983) = 70.53, p < 0.0001; Row Factor: F (18, 2983) = 8005, p < 0.0001;
pocampal pyramidal neurons harboring spines in Dasm1−/− mice and wild-
rphology of hippocampal pyramidal neurons in Dasm1−/− mice and WT lit-
spine length (H), and spine width (I). Results were expressed as mean ± SD;
1−/− mice showed increased thin spines and decreased mushroom spines.

nt; two-way ANOVA (Interaction: F (3, 256) = 5.483, p = 0.0011; Row Factor: F
99). MRCKβ, myotonic dystrophy-related Cdc42-binding kinases beta.



Figure 2. Identification of MRCKβ as a Dasm1 interactor. A, confocal immunofluorescence showed co-localization of Dasm1 andMRCKβ in HeLa cells and
dissociated hippocampal neurons cultured for 2 or 6 days in vitro (2 DIV or 6 DIV). Upper panel scale bar, 20 μm;Middle scale bar, 10 μm; Lower panel scale bar,
40 μm. The “% colocalization” shows the percentage of Dasm1 overlapping withMRCKβ to the total Dasm1. B, co-immunoprecipitation of endogenous Dasm1
with MRCKβ in mouse brain lysates. Mouse brain lysates were collected at postnatal (P) 7 and P 14 days and subjected to co-immunoprecipitation assay using
indicated antibodies. C, co-immunoprecipitation of Dasm1 with abundant MRCKβ and little MRCKγ, but not MRCKα in 293T cells. Myc-tagged Dasm1 was co-
expressed with HA-tagged MRCKα, MRCKβ, or MRCKγ in 293T cells, and cell extracts were subjected to co-immunoprecipitation assay using indicated anti-
bodies. Results were from three independent experiments.D, Dasm1 bound toMRCKβ via its intracellular PRR.Upper panel, schematic representation of Dasm1
and various deletion mutants used for mapping Dasm1-binding site. Lower panel, HA-tagged MRCKβ was co-expressed with various Myc-tagged Dasm1
deletionmutants in 293T cells as indicated, and cell extractswere subjected to co-immunoprecipitation assay using the indicated antibodies. Text annotation in
red color indicates the binding site required within Dasm1. E, MRCKβ binds to Dasm1 via its self-activating kinase domain (CC1, 410–744 amino-acid residues).
Upper panel, schematic representation of MRCKβ and various truncated mutants used for mapping MRCKβ-binding site. Lower panel, Myc-tagged Dasm1 was
co-expressed with various HA-tagged MRCKβ truncated mutants in 293T cells as indicated, and cell extracts were subjected to co-immunoprecipitation assay
using the indicated antibodies. Text annotation in red color indicates the binding site requiredwithinMRCKβ. F, the direct interaction betweenDasm1-PRR and
MRCKβ-CC1 was validated by GST pull-down assay. Left panel, in vitro–translated MRCKβ was pulled down by purified GST-Dasm1-PRR fusion protein. Right
panel, in vitro–translated Dasm1 was pulled down by purified GST-MRCKβ-CC1 or GST-MRCKβ-1 to 939 fusion protein. G, the three-dimensional structure of
Dasm1/MRCKβ complex in stereo. The structure of MRCKβ 410 to 744 amino-acid residues was depicted in surface (green), in which the amino acid residues
selected as candidate interfaces were colored with blue. The structure of the Dasm1 PRR domain was depicted in surface (magenta), in which the amino acid
residues selected as candidate interfaces were colored with red.H, overview of the Dasm1/MRCKβ interface in stereo. Left panel, residues of MRCKβ (red) which
polar contacted to Dasm1 (magenta) were depicted in atom-colored stick (light blue). Right panel, residues of Dasm1 (blue) which polar contacted to MRCKβ
(green) were depicted in atom-colored stick (white). I, essential amino acids for the interaction betweenDasm1 andMRCKβ. We generatedMyc-tagged Dasm1-
PRR (Myc-PRR-mut) and HA-tagged MRCKβ CC1 (HA-CC1-mut) plasmids carrying multiple point mutation based on the 3-D predictions. Myc-PRR-mut stands
for Myc-Dasm1-PRR (R772A, V859A, A860G, S862A, Q863A, K865A, A911G, P932A, L934A). HA-CC1-mut stands for HA-MRCKβ CC1 (E54A, W58A, F409A, L415A, K416A, Q431A). Then,
co-immunoprecipitation assay was employed to test the interaction. C1, protein kinase C conserved region 1 domain; CC, coil-coiled domain; CH, citron ho-
mology domain; CRIB, Cdc42/Rac interactive binding domain; Ig, immunoglobulin domain; FL, full-length; FNIII, Fibronectin III domain; MRCKβ, myotonic
dystrophy-related Cdc42-binding kinases beta; PH, Pleckstrin homology-like domain; pPRR, preproline-rich region; PRR, proline-rich region; SP, signal peptide;
TM, transmembrane domain.

Dasm1-MRCKβ axis promotes dendrite development
Dasm1-MRCKβ axis promotes actin rearrangement
Active MRCKβ could regulate actin rearrangement via

phosphorylation of MLC2 (20). Actin filaments, together with
stable microtubule arrays and neurofilaments, form the cyto-
skeleton in dendrites. After showing that Dasm1-promoted
dendrite development depends on MRCKβ activity, we
J. Biol. Chem. (2021) 296 100730 5
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proceeded to determine whether Dasm1 promotes dendrite
development through MRCKβ/MLC2-mediated actin rear-
rangement. We found that full-length MRCKβ and MRCKβ 1
to 430, but not MRCKβ K105M, could rearrange actin fila-
ments and increase actin-constituted stress fibers in HeLa cells
Figure 3. Dasm1 promotes MRCKβ kinase activity. A, schematic representati
was expressed in 293T cells and purified with anti-HA tagged or anti-Myc an
protein was expressed in BL21 bacterial cells and purified using Glutathione-Se
MRCKβ and Myc-Dasm1 protein was added to the kinase reaction system, follo
MRCKβ kinase Assay showed that HA-MRCKβ incubated with Myc-Dasm1 (lan
MRCKβ incubated alone (lane 1, left panel; lane 1, right panel). Left panel, pro
Coomassie Blue Staining. Right panel, MRCKβ kinase activity was determined a
mean ± SD; n = 3; *p < 0.05, n.s., not significant; Unpaired two-tailed test. C, D
residues in HeLa cells. D, knockout of Dasm1 inhibited MLC2 phosphorylation o
of the immunoblotting results corresponding to C (left panel) and D (right pan
Unpaired two-tailed t test. F, Dasm1 significantly inhibited intramolecular inter
this effect required the interaction between Dasm1 and MRCKβ CC1. Left pane
CC domain in HEK293T cells. Middle panel, CC1 domain is required for Dasm1-m
and CC domain. Right panel, quantification of the immunoblotting results. Resu
way ANOVA C: (F (2, 6) = 11.00, p = 0.0098); D: (F (2, 6) = 202.7, p < 0.0001
overexpressing HeLa cells. Autophosphorylation assays were carried out as d
ylation level. Results were expressed as mean ± SD; n = 3; **p < 0.01; Unpai
Extracts from HeLa cells were exposed to increasing concentrations of BS3 as in
MRCKβ antibody. Right panel, quantification of the dimer MRCKβ. Dasm1 signifi
n = 3; *p < 0.05, **p < 0.01, n.s., not significant; two-way ANOVA (Interaction: F
Factor: F (1, 12) = 20.51, p = 0.0007). I, the proposed “OFF-ON” switch model
interaction between the Dasm1 CC autoinhibitory domain CC2-CC3 and the kin
The interaction between Dasm1 and MRCKβ CC1 domain opens MRCKβ closed
and subsequent kinase activation. MLC2, class 2 regulatory myosin light chain
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(Fig. 6, A and B). Similar results were obtained in full-length
overexpressing Dasm1 HeLa cells (Fig. 6C, lane 2; Fig. 6D,
lane 2). Furthermore, Dasm1 1 to 974, which contains the
intracellular MRCKβ-binding PRR domain, could promote
actin rearrangement, whereas Dasm1 ΔPRR (deletion of PRR
on of in vitro MRCKβ kinase Assay. HA-tagged MRCKβ or Myc-tagged Dasm1
tibody-conjugated protein G coated agarose beads. The GST-MLC2 fusion
pharose 4B beads. Purified HA-MRCKβ protein alone or a combination of HA-
wed by MRCKβ kinase activity assay using GST-MLC2 as substrate. B, in vitro
e 2, left panel; lane 2, right panel) presented higher kinase activity than HA-
tein used in the kinase activity assay was verified by Western blotting and
s the phosphorylation level of its substrate MLC2. Results were expressed as
asm1 overexpressing promoted MLC2 phosphorylation on Ser19 and Thr18
n Ser19 and Thr18 residues in brain lysate from mice in vivo. E, quantification
el). Results were expressed as mean ± SD; n = 3 to 4; *p < 0.05; **p < 0.01;
action between MRCKβ kinase domain (CAT) and CC autoinhibitory domain,
l, Dasm1 overexpressing inhibited the interaction between MRCKβ CAT and
ediated inhibitory effect on intramolecular interaction between MRCKβ CAT
lts were expressed as mean ± SD; n = 3; ns, not significant, *p < 0.05; one-
). G, Dasm1 significantly enhanced MRCKβ autophosphorylation in Dasm1-
escribed in method. Right panel, quantification of MRCKβ autophosphor-

red two-tailed t test. H, Dasm1 significantly enhanced MRCKβ dimerization.
dicated, and cross-linked products were detected by Western blot with anti-
cantly enhanced MRCKβ dimerization. Results were expressed as mean ± SD;
(2, 12) = 5.567, p = 0.0195; Row Factor: F (2, 12) = 6.713, p = 0.0111; Column
depicts how Dasm1 regulates MRCKβ catalytic activity. The intramolecular
ase domain keeps the kinase in a closed, inactive, and monomeric structure.
loop and allows its N terminus–mediated dimerization, autophosphorylation,
s; MRCKβ, myotonic dystrophy-related Cdc42-binding kinases beta.



Figure 4. MRCKβ kinase activity is required for dendrite and spine morphogenesis. A, representative images of dendrite morphology in dissociated
hippocampal neurons. Neurons were transfected with control EGFP (EGFP/Ctrl), EGFP/MRCKβ full-length (FL), EGFP/MRCKβ kinase domain (1–430), or EGFP/
MRCKβ kinase-inactive K105M mutant plasmids. Neurons were cultured for 10 days in vitro and labeled with antibody against MAP2. Scale bar, 100 μm. B,
quantification of total dendrite length and branches in neurons transfected with indicated plasmids. Overexpression of MRCKβ FL and MRCKβ 1 to 430
substantially increased dendrite length (left panel) and dendrite branches (right panel) at 6 DIV, 10 DIV. Overexpression of MRCKβ kinase-inactive K105M
mutant significantly decreased dendrite length (left panel) and dendrite branches (right panel) at 6 DIV. Results were expressed as mean ± SD; n = 20 to 26;
*p < 0.05, **p < 0.01, n.s., not significant; two-way ANOVA; Left panel: (Interaction: F (3, 152) = 42.09, p < 0.0001; Row Factor: F (1, 152) = 311.3, p < 0.0001;
Column factor: F (3, 152) = 210.6, p < 0.0001). Right panel: (Interaction: F (3, 184) = 11.16, p < 0.0001; Row Factor: F (1, 184) = 129.7, p < 0.0001; Column
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region) or Dasm1 1 to 718 (extracellular region) failed to do so
(Fig. 6C, lane 3–5; Fig. 6D, lane 3–5). These results suggest
that the binding between Dasm1 and MRCKβ is critical for
Dasm1’s regulation of actin filaments.

Considering that the actin cytoskeleton-mediated growth
cone movement drives dendritic growth (11, 12), we then
studied the effect of Dasm1 on actin cytoskeleton in the
growth cone. Using N-structured illumination microscopy (N-
SIM) super-resolution microscopy, we found that Dasm1
deficiency led to a collapse of the growth cone at 2 DIV (Fig. 7,
A and C) and to a disturbance of the periodic actin lattice,
which is a periodic actin ring structure and has been reported
to be involved in dendrite morphogenesis (13) at 7 DIV (Fig. 7,
B and D), suggesting that Dasm1 deficiency can disrupt the
actin cytoskeleton. Furthermore, both growth cone collapse
and actin lattice disturbance induced by Dasm1 deficiency
could be restored by overexpression of MRCKβ (Fig. 7, A–D),
implying that Dasm1-regulated dendritic actin cytoskeleton is
mediated via MRCKβ.

Learning/memory defects and anxiety/depression-like
phenotype in adolescent Dasm1 knockout mice

Proper brain functions, such as learning/memory and mood,
require precise dendrite and spine structure integrity (22). To
assess the impact of simplified dendritic trees and impaired
spine formation on brain functions, we performed a series of
behavioral tests on adolescent Dasm1−/− mice. Adolescent
Dasm1−/− mice showed a normal motor function, which was
verified by the Rotarod test (Fig. 8A). Using the Y-maze test for
accessing the working memory ability, we found that sponta-
neous alternation behavior in adolescent Dasm1−/− mice
significantly decreased at 48 h, suggesting a long-term working
memory impairment (Fig. 8B). Spatial learning and memory
abilities were assessed using the Morris water maze. In the
training phase, adolescent Dasm1−/− mice showed a significant
impairment in spatial learning, indicated by longer latencies in
finding the platform (Fig. 8C). In the testing phase, adolescent
Dasm1−/− mice showed no spatial preference, whereas WT
mice showed a prominent preference for the target quadrant
compared with other quadrants (Fig. 8D).

We further evaluated the role of Dasm1 in anxiety-related
and depression-related mood using the open-field test, the
elevated plus maze test, the tail suspension test, and the forced
swimming test. In the open-field test, the adolescent Dasm1−/−

mice exhibited a significant anxiety-like phenotype, as revealed
by the reduction in total distance and number of center zone
factor: F (3, 184) = 155.5, p < 0.0001). C, Sholl analysis revealed that MRCKβ
Overexpression of MRCKβ FL and MRCKβ 1 to 430 substantially increased d
dendrite complexity. Results were expressed as mean ± SEM; n = 20 to 25; *p
0.0001; Row Factor: F (24, 2050) = 145.9, p < 0.0001; Column factor: F (3, 2050)
neurons transfected with indicated plasmids. Scale bar, 5 μm. E, quantificatio
Spine density was increased in neurons transfected with MRCKβ FL and MRCK
Results were expressed as mean ± SD; n = 80; **p < 0.01; Kruskal-Wallis test (F (
altered in neurons transfected with full-length MRCKβ or various MRCKβ muta
significant; Kruskal-Wallis test; (F): F (3, 496) = 0.5189, p = 0.6694). (G): F (3, 452
significantly decreased the portion of thin spines and increased the portion of
portion of thin spines and decreased the portion of mushroom spines. Results
significant; two-way ANOVA (Interaction: F (9, 480) = 11.56, p < 0.0001; Row Fac
0.9999). DIV, day in vitro; MRCKβ, myotonic dystrophy-related Cdc42-binding

8 J. Biol. Chem. (2021) 296 100730
entries (Fig. 8E). In the elevated plus maze test, frequency and
time spent in the open arms were significantly decreased in the
adolescent Dasm1−/− mice (Fig. 8F). In addition, we found that
the adolescent Dasm1−/− mice had longer inactive time in the
tail suspension test (Fig. 8G) and the forced swim test
(Fig. 8H), indicating that the adolescent Dasm1−/− mice
exhibited depression-like behavior. In contrast, we did not find
learning and memory defects or anxiety/depression-like
phenotype in the adult Dasm1−/− mice (Fig. S7), which
agrees with our finding that Dasm1−/− mice displayed no
alteration in dendrite length, branched dendrites (P60; Fig. 1, C
and D), and spine formation (P60; Fig. S5, F–J) in the late
postnatal life. Together, these results suggest that Dasm1 is
critical for brain functions, including learning and memory,
and for emotional processes-related behaviors in adolescent
mice, but not in adult mice.

Discussion

Here, we uncovered a novel molecular pathway that medi-
ates dendrite outgrowth and spine formation: (1) Dasm1
directly binds to MRCKβ via its PRR domain, which triggers
MRCKβ conformation change and turns on MRCKβ activity;
(2) the Dasm1-MRCKβ-MLC2 axis promotes actin rear-
rangement, an event leads to dendrite arborization and spine
formation; (3) Dasm1-mediated dendrite arborization and
spine formation contribute to an adequate performance of
brain functions, as shown by the learning and memory defects
and anxiety/depression-like behaviors found in the adolescent
Dasm1−/− mice.

Many PRR-containing proteins play physiological roles in
neuronal function by interacting with actin regulatory proteins
and translating extracellular cues into intracellular actin dy-
namics (9, 10). In this context, we discovered that Dasm1
interacted with the intracellular actin regulator MRCKβ via its
PRR domain. Interestingly, this interaction could turn on the
“OFF/ON” switch for MRCKβ activity and leads to subsequent
actin rearrangement. MRCKβ kinase has an inactive (OFF) and
an active (ON) state. In the inactive (OFF) state, the kinase is
usually kept in a monomeric and closed conformation, held by
the stable interaction between the kinase domain and the
negative autoregulatory coil-coiled (CC) domain CC2-CC3
(20). In the active (ON) state, the kinase is kept in an open
structure that facilitates N terminus–mediated dimerization,
autophosphorylation, and subsequent kinase activation. Dis-
rupting the interaction between the kinase region and the
CC2/3 domain in the inactive (OFF) state can turn on the
kinase activity is required for production of dendrite complexity at 10 DIV.
endrite complexity, whereas overexpression of MRCKβ K105M decreased
< 0.05, **p < 0.01; two-way ANOVA (Interaction: F (72, 2050) = 12.66, p <
= 783.8, p < 0.0001). D, representative images of dendritic spines in 25 DIV
n analysis of spine density in neurons transfected with indicated plasmids.
β 1 to 430, whereas decreased in neurons transfected with MRCKB K105M.
3, 316) = 87.47, p < 0.0001). F and G, spine length (F) and width (G) were not
nt plasmids. Results were expressed as mean ± SD; n = 114 to 125; n.s., not
) = 0.8247, p = 0.4807. H, overexpression of MRCKβ FL and MRCKβ 1 to 430
mushroom spines, whereas overexpression of MRCKB K105M increased the
were expressed as mean ± SD; n = 30 to 35; *p < 0.05, **p < 0.01, n.s., not
tor: F (3, 480) = 418.3, p < 0.0001; Column factor: F (3, 480) = 1.325e-029, p >
kinases beta.



Figure 5. MRCKβ rescues dendrite growth defects caused by Dasm1 suppression. A, representative images of dendrite morphology in dissociated
hippocampal neurons. Neurons were transfected with control EGFP (EGFP/sh-Ctrl), EGFP/Dasm1-shRNA (sh), and various rescue plasmids including EGFP/
MRCKβ full length (FL), EGFP/MRCKβ kinase domain (1–430), and EGFP/MRCKβ kinase-inactive K105M mutant. Neurons were cultured for 10 days in vitro
and labeled with antibody against MAP2. Scale bar, 100 μm. B, quantification of total dendrite length and branches in neurons transfected with the
indicated plasmids. MRCKβ FL or MRCKβ 1 to 430, but not MRCKβ K105M, was able to rescue Dasm1 knockdown-induced decrease of total dendrite length
(left panel) and dendritic branch numbers (right panel) in hippocampal neurons. Results were expressed as mean ± SD; n = 25; *p < 0.05, **p < 0.01, n.s., not
significant; two-way ANOVA; Left panel: (Interaction: F (4, 240) = 29.82, p < 0.0001; Row Factor: F (1, 240) = 260.6, p < 0.0001; Column factor: F (4, 240) =
117.4, p < 0.0001). Right panel: (Interaction: F (4, 240) = 8.838, p < 0.0001; Row Factor: F (1, 240) = 136.8, p < 0.0001; Column factor: F (4, 240) = 75.53,
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“OFF/ON” switch of MRCKβ, as evidenced by the regulation
mechanism of Phorbol ester, an exogenous organic compound
that binds to the cysteine-rich domain of MRCKβ (23). We
further extended these findings and provided the first evidence
that Dasm1, as an endogenous protein, can regulate “OFF/ON”
switch of MRCKβ activity via its interaction with MRCKβ CC1
domain and serve as an endogenously upstream regulator of
MRCKβ.

MRCKβ, a key component of cell motility required for
cancer cell invasion and metastasis (24), phosphorylates MLC2
at Thr18/Ser19 and subsequently promotes actin-myosin
contractility and helps cytoskeleton-tethered transmembrane
proteins integrin complexes, to generate tractive forces for cell
movement (17, 21, 25). MRCK activity is elevated in invasive
and metastatic cancers such as brain cancer, breast cancer, and
cervical squamous cell carcinoma (26, 27). Although its role in
tumor metastasis has been extensively studied (26–28), the
role of MRCKβ in the nervous system remains elusive. Some
results have been reported on the roles of its upstream and
downstream signals in dendritic morphogenesis (29). For
instance, the small GTPase Cdc42, an upstream regulatory
molecule of MRCKβ, has been reported to play an essential
role in dendrite growth and spine formation (29). Cdc42-
mutant vertical system neurons display impaired dendrite
and spine morphogenesis, including disrupted dendritic
branching, guidance, caliber consistency, and decreased den-
dritic spine density (29). In addition, myosin IIb, a downstream
effector of MRCKβ, is known to be a necessary component of
hippocampus-dependent memory formation and synaptic
plasticity in the mature nervous system (30). Myosin IIb drives
actin filament disassembly, thereby assists in the supply of
monomeric actin subunits to F-actin–based structures
including spines, actin patches, longitudinal fibers, and rings
(13). These structures have been demonstrated to support
dendrite shape, to help with protein organization along the
plasma membrane, to stabilize the underlying microtubule
cytoskeleton, and to influence spine neck elasticity. In line with
these findings, we further demonstrated that MRCKβ’s activity
is required for the role of Dasm1 in dendrite morphogenesis
and spine formation.

Appropriate subcellular localizations of MRCKβ, a multi-
domain AGC family kinase, is regulated by multiple factors
and involves in its kinase activation (19). For instance, Cdc42
binds to MRCKβ CRIB domain, then not only activates
MRCKβ but also exposes its ZO-1 binding domain (ZBD, a
connecting sequence between the CC3 and C1 domain),
consequently ZO-1 anchors the activated enzyme to locate at
p < 0.0001). C, Sholl analysis revealed that MRCKβ FL or MRCKβ 1 to 430, but no
dendrite complexity at 10 DIV. Results were expressed as mean ± SEM; n = 24 t
p < 0.0001; Row Factor: F (24, 2975) = 173.5, p < 0.0001; Column factor: F (4, 2
DIV neurons transfected with indicated plasmids. Scale bar, 5 μm. E, quantificat
MRCKβ FL or MRCKβ 1 to 430, but not MRCKβ K105M, was able to rescue Dasm
mean ± SD; n = 90; **p < 0.01, n.s., not significant; Kruskal-Wallis test (F (4, 445)
in neurons transfected with Dasm1 and various MRCKβ mutants rescue plasmi
Kruskal-Wallis test; (F): F (4, 581) = 1.944, p = 0.1017; (G): F (4, 578) = 2.503, p =
rescue spine immaturation caused by Dasm1 knockdown. Results were express
way ANOVA (Interaction: F (12, 604) = 5.358, p < 0.0001; Row Factor: F (3, 604)
day in vitro; MRCKβ, myotonic dystrophy-related Cdc42-binding kinases beta.
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the leading edge of migrating cells (21). Here, we found that
Dasm1 interacted with MRCKβ CC1 domain, unleashed its
activity. Meanwhile, we observed their distinct distribution and
partial co-localization in neurons. Whether and how Dasm1
may affect MRCKβ localization? It needs further investigation.
MRCKβ overexpression only rescued the mushroom spine
numbers back to control levels when Dasm1 levels were
reduced, despite having a pronounced effect on the overall
dendritic arbor. Together, it may suggest that regulation of
spine dynamics by MRCKβ requires targeting to specific places
within the cell, mediated by Dasm1 interactions. Dasm1 might
act as a multifunctional regulator, which not only promotes
MRCKβ kinase activation via Dasm1/MRCKβ interaction but
also directly or indirectly targeting MRCKβ to specific space
though conformational changes, such as potentially exposing
MRCKβ ZO-1 binding motif (21). In addition, the spine for-
mation and maturation were regulated by multiple factors.
Apart from the actin cytoskeleton segments mentioned in our
research, spine formation and density can be affected by
neuronal activity over both short and long timescales (31). We
previously reported that Dasm1 regulated excitatory synapse
maturation (8). Overall, it may suggest that MRCKβ rescued
the spines density and morphology to control levels via a co-
ordinated regulation of cytoskeleton signaling pathway and
neuronal activity.

The function of Dasm1 is conserved from Drosophila to
mammals and regulates a wide variety of central nervous
system development (32). In Drosophila, the conserved Dasm1
protein Turtle has been implicated in dendrite branching and
self-avoidance, photoreceptor axon tiling, and synaptic layer
targeting (33–36). The absence of Turtle led to increased de-
gree of its neuronal dendritic crossing points and dendritic
branching in class I neurons, with no change in dendritic
length in class IV neurons (33, 36). In mammals, we previously
reported that Dasm1 can regulate the dendritic outgrowth and
excitatory synapse maturation in primary cultured hippo-
campal neurons (7, 8). Knockdown of Dasm1 by RNA inter-
ference or lost most C-terminal amino acids of Dasm1 led to
decreased dendritic number (7). Despite the scarcity of studies,
the published data on the function of Dasm1 are somewhat
contradictory. Mishra et al. (37) thought that Dasm1 does not
affect brain-derived neurotrophic factor (BDNF)-stimulated
dendritic growth and branching in cultured hippocampal
neurons. In another study, they found that Dasm1 promoted
inhibitory synapse development in CA1 pyramidal neurons via
homotypic cell aggregation (38). Dasm1−/− mice exhibit
increased susceptibility to PTZ-induced seizures, possibly as a
t MRCKβ K105M, was able to rescue Dasm1 knockdown-induced decrease of
o 25; *p < 0.05, **p < 0.01; two-way ANOVA(Interaction: F (96, 2975) = 10.49,
975) = 449.1, p < 0.0001). D, representative images of dendritic spines in 25
ion analysis of spine density in neurons transfected with indicated plasmids.
1 knockdown-induced decrease of spine density. Results were expressed as
= 60.23, p < 0.0001). F and G, spine length (F) and width (G) was not altered
ds. Results were expressed as mean ± SD; n =117 to 118; n.s., not significant;
0.0414. H, MRCKβ FL or MRCKβ 1 to 430, but not MRCKβ K105M, was able to
ed as mean ± SD; n = 24 to 35; *p < 0.05, **p < 0.01, n.s., not significant; two-
= 417.7, p < 0.0001; Column factor: F (4, 604) = 2.584e-030, p > 0.9999). DIV,



Figure 6. Dasm1-MRCKβ axis promotes stress fiber formation. A, MRCKβ promoted stress fiber formation in HeLa cells, an effect depending on its kinase
activity. HeLa cells were transfected with control EGFP (EGFP/Ctrl), EGFP/MRCKβ full-length (FL), EGFP/MRCKβ kinase domain (1–430), or EGFP/MRCKβ
kinase-inactive K105M mutant plasmids. After 48 h, cells were fixed and stained with fluorescent dye conjugated phalloidin to show actin filaments. EGFP
fluorescence was used to show transfected cells. Scale bar, 7.5 μm. B, stress fiber formation was quantified by measuring stress fiber numbers per cell.
Results were expressed as mean ± SD; n = 10 to 11; **p < 0.01, n.s., not significant; Ordinary one-way ANOVA (F (3, 42) = 20.40, p < 0.0001). C, Dasm1
promoted stress fiber formation in HeLa cells, an effect depending on intracellular MRCKβ-binding PRR domain but not on extracellular region. HeLa cells
were transfected with control EGFP (EGFP-Ctrl), EGFP-Dasm1 full-length plasmid (FL), EGFP-Dasm1 1 to 974 truncate (containing intracellular MRCKβ-
binding PRR domain), EGFP-Dasm1 PRR deletion mutant (Dasm1ΔPRR), or EGFP-Dasm1 1 to 718 truncate (extracellular region). After 48 h, transfected cells
were fixed and stained with antiphalloidin antibody to show actin filaments. EGFP fluorescence was used to show transfected cells. Scale bar, 7.5 μm. D,
stress fiber formation was quantified by measuring stress fiber number per cell. Results were expressed as mean ± SD; n = 12 to 16; **p < 0.01, n.s., not
significant; Ordinary one-way ANOVA (F (4, 59) = 79.15, p < 0.0001). MRCKβ, myotonic dystrophy-related Cdc42-binding kinases beta; PRR, proline-rich
region.
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consequence of reduced synaptic inhibition (38). Interestingly,
Mishra et al. observed that both Dasm1 RNAi constructs, and
its dominant negative construct can reduce dendrite
complexity as we reported previously (7). While they attrib-
uted the former to off-target effects and could not explain the
latter (37). In current study, we verified that RNAi constructs-
caused phenotypes were rescued by RNAi-resistant Dasm1
full-length cDNA, but not by Dasm1 wild-type cDNA, which
demonstrated that these phenotypes were not due to off-target
effects (Fig. S1, A–C). Meanwhile, we found a decreased total
dendrite length and branches in early postnatal life (P5, P15,
and P30) but not in the late postnatal life (P60) in Dasm1−/−

mice. Correspondingly, adolescent, but not adult Dasm1−/−

mice showed learning or memory defects and anxiety/
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Figure 7. MRCKβ rescues actin cytoskeleton disruption caused by Dasm1 deficiency. A, representative images of 2 DIV primary hippocampal neurons
using N-structured illumination microscopy (N-SIM) super-resolution microscopy. Primary hippocampal neurons from Dasm1−/− mice were transfected with
control (Ctrl) or MRCKβ plasmid at 0 DIV, cultured for 2 days, and then stained with phalloidin (red, F-actin marker), and MAP2 (green, dendrite marker).
White arrows indicated growth cones. Scale bars, 10 μm. B, representative images of 7 DIV primary hippocampal neurons using N-SIM super-resolution
microscopy. Primary hippocampal neurons from Dasm1−/− mice were transfected with control (Ctrl) or MRCKβ plasmid at 3 DIV, cultured for 4 days,
and then stained with Phalloidin (red) and MAP2 (green). Scale bar, 10 μm. Corresponding lower panel: intensity profile corresponding to dashed line in box
of upper panel. Dashed line indicated periodic actin lattice. Scale bar, 2.5 μm. C, MRCKβ rescued the decreased growth cone area in dendrites of Dasm1−/−

neurons. Results were expressed as mean ± SD; n = 81; **p < 0.01; Kruskal-Wallis test (F (2, 240) = 47.29, p < 0.0001). D, MRCKβ rescued the decreased
percentage of actin periodicity in dendrites of Dasm1−/− neurons. Results were expressed as mean ± SD; n = 22; *p < 0.05, **p < 0.01; Ordinary one-way
ANOVA (F (2, 63) = 11.52, p < 0.0001). E, the proposed model depicts the role of Dasm1 in dendrite development. Dasm1 transmits an as-yet-unknown
stimulus to interior of cells by interacting with MRCKβ kinase CC1 domain via its PRR region. Consequently, MRCKβ autoinhibitory loop is opened and
allows its dimerization and autophosphorylation. In turn, MRCKβ kinase is activated and leads to the phosphorylation of downstream substrate MLC2 and
consequent increased actin/myosin contractility, which promotes dendrite morphogenesis. DIV, day in vitro; MRCKβ, myotonic dystrophy-related Cdc42-
binding kinases beta; PRR, proline-rich region.
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depression-like phenotype, which suggest Dasm1 may function
in a developmental stage-dependent manner. Together, these
results demonstrated that Dasm1 ensured a proper dendritic
development, including the dendritic arbor and spine forma-
tion, both in vitro and in vivo.

Dendrites and spines structures receive input from other
neurons or glial cells and determine how signals integrated (1).
The morphological modifications of dendrites spines are
widely regarded as the structural basis for learning, encoding
memories, and emotional process. Abnormal development of
dendritic morphology and spines formation are common
12 J. Biol. Chem. (2021) 296 100730
findings in many aging-related behavior (learning and memory
defects et al.), neurodevelopmental disorders (schizophrenia,
Down’s syndrome, fragile X syndrome, and autism et al.), and
neurodegenerative (Alzheimer’s disease, and prion diseases
et al.) pathologies (39–42), which lead to cognitive and
emotional behavioral abnormalities. For example, disruption
of Prickle2, a noncanonical Wnt signaling protein, led to re-
ductions in dendrite branching and outgrowth in hippocampal
neurons (43). Prickle2 malfunction mice display ASD-like
phenotypes including altered social interaction, and learning
abnormalities (43). DSCAM, a number of Ig cell adhesion



Figure 8. Adolescent Dasm1 knockout mice exhibit defective learning and memory abilities, accompanied by mood disorders. A, motor coordi-
nation and balance ability were normal in adolescent (5 weeks) Dasm1−/− mice. Rotarod test showed no difference in latency time between adolescent
Dasm1−/− mice and WT littermates. Results were expressed as mean ± SD; n = 11 to 12; n.s., not significant; two-way ANOVA (Interaction: F (1, 42) = 0.1327,
p = 0.7175; Row Factor: F (1, 42) = 0.1659, p = 0.6859; Column factor: F (1, 42) = 0.09277, p = 0.7622). B, adolescent Dasm1−/− mice exhibited a defective
working memory in Y-maze test. The spontaneous alternation of adolescent Dasm1−/− mice significantly decreased compared with adolescent WT litter-
mates. Results were expressed as mean ± SD; n = 10 to 11; *p < 0.05, n.s., not significant; two-way ANOVA (Interaction: F (1, 42) = 2.709, p = 0.1073; Row
Factor: F (1, 42) = 3.144, p = 0.0835; Column factor: F (1, 42) = 4.989, p = 0.0309). C and D, adolescent Dasm1−/− mice exhibited defective spatial learning and
memory in Mirror water maze test. C, in training phase, adolescent Dasm1−/− mice took a longer time to reach the hidden platform than adolescent WT
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molecules, regulates pyramidal dendrite arborization and spine
formation during circuit development (44). Mice bearing the
spontaneous mutation DSCAMdel17 show depression and
anxiety disorders (45). In our study, Dasm1−/− mice showed
reduced dendrite arborization and spine density, which may
explain its learning/memory defects and anxiety/depression-
like phenotype. Moreover, Dasm1 dysfunction increased the
proportion of immature thin spines and decreased the pro-
portion of mature mushroom spines in vitro and in vivo (Fig. 1J
and Fig. S2J), indicating a decreased spine maturation. It is
consistent with the findings that aging and related disease
declines in cognitive ability are accompanied by decreases in
spine maturation (22, 40).

There was a phenotypic difference between the adult and
the adolescent Dasm1−/− mice in the present study. Adult
Dasm1−/− mice showed no learning or memory defects or
anxiety/depression-like phenotype. This difference might be
because of the lack of expression of Dasm1 during late-stage
development and the possible compensatory effect of
another IgSF9 family protein, IgSF9b. Supportively, we found
that the expression of Dasm1 gradually decreased over time
and was almost undetectable in 2-month-old mice, whereas
the expression of IgSF9b, a Dasm1 homologous protein,
gradually increased with age and reached a peak at 2 months
(Fig. S8A). IgSF9b shared high module-to-module similarity
with Dasm1, with their Ig domains and fibronectin III domains
exhibiting 51% and 45% identity, respectively (32). Whether
IgSF9b shared the similar function with Dasm1? We found
that overexpression of IgSF9b can rescue the defects in
dendrite arborization at 6DIV and 10DIV in cultured primary
hippocampal neurons (Fig. S8, B–D). Likely, the recovery of
both cellular and behavioral deficits in adults might reflect the
delayed expression of IgSF9b.

Collectively, our results indicated that Dasm1, coupled with
MRCKβ signaling, regulates the actin cytoskeleton, dendritic
morphogenesis, and spine formation.

Experimental procedures

Generation of Dasm1 knockout mice

Dasm1 knockout mice were generated by homologous
recombination in embryonic stem cells (46). A 6.5 kb genomic
fragment (containing exons 7–20 of Dasm1 gene) was ampli-
fied from 129SVJ mouse DNA by PCR and was used to
construct the Dasm1 targeting vector. The 4.1-kb and 2.2-kb
fragments were inserted separately as long and short
littermates. Results were expressed as mean ± SD; n = 8; **p < 0.01; Unpaired
spatial preference, while adolescent WT littermates showed a prominent pre
water maze without hidden platform. Right panel, quantification of the time
expressed as mean ± SD; n = 8; *p < 0.05, **p < 0.01, n.s., not significant; two-
4.647, p = 0.0057; Column factor: F (1, 56) = 0.0004460, p = 0.9832). E, adolesce
Left panel, representative exploratory tracks in the open field. Middle panel, ado
adolescent wild-type littermates. Right panel, adolescent Dasm1−/− mice exhi
littermates. Results were expressed as mean ± SD; n = 9 to 11; *p < 0.05, **p <
in elevated plus maze than adolescent WT littermates. Left panel, representative
mice had fewer entries into open arms than adolescent WT littermates. Right pa
WT littermates. Results were expressed as mean ± SD; n =10 to 16; **p < 0
adolescent Dasm1−/− mice exhibited depression-like behavior. Adolescent Da
Forced Swimming Test than adolescent WT littermates (H). Results were expr
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homology arms, respectively, into a modified pL451 vector.
The targeting vector was linearized with NotI and electro-
porated into 129SVJ mouse embryonic stem cells. G418-
resistant colonies were picked, expanded, and screened for
homologous recombination by Southern blot. Homologous
recombinant ES cells were injected into C57Bl/6 blastocysts,
and chimeric male mice were obtained which were mated to
C57Bl/6 females to establish a mouse line carrying the Dasm1-
neo allele. Dasm1 knockout mice were genotyped routinely by
isolating genomic tail DNA and performing PCR with the
following primers: p1S (neo): 50-TGCTCCTGCCGA-
GAAAGTATCCATCATGGC-30 and p1AS (neo): 50-
CGCCAAGCTCTTCAGCAATATCACGGGTAG-30; p2S
(pGKb): 50-CTAAAGCGCATGCTCCAGACT-30 and p2AS
(pGKb): 50-TGCAAAT GGGCTCTAATGGTAAGGGTC-30;
p3S (Dasm1): 50-GTCCCCAGCTCCGTGC GGACAGAA-
TAG-30 and p3AS (Dasm1): 50-GAGGTG AAAATGGC-
CAAGTCAG GATGAGAA-30. The 586 bp WT, 380 bp, or 1.4
kb Dasm1 targeted allele bands were resolved on 1.5% agarose
gels. All animals were group-housed under normal light-dark
cycle with food and water ad libitum. All animal experi-
mental protocols were preapproved by the Ethics Committee
of Experimental Animals of Fudan University in accordance
with Institutional Animal Care and Use Committee guidelines
for animal research.

Cell culture and plasmids construction

HEK293T and HeLa cells were cultured in DMEM/high-
glucose medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (Thermo Fisher Scientific), 1%
penicillin, and streptomycin (Thermo Fisher Scientific) at 37
�C, in a humidified atmosphere containing 5% CO2. cDNA
constructs were cloned into pIRES-EGFP (Thermo Fisher
Scientific) for imaging studies, pCMV-Tag2B (Agilent Stra-
tagene) and pcDNA3.1 (Thermo Fisher Scientific) for over-
expression of wild-type and mutants’ proteins, and pEGX-KG
(ATCC) for GST pull-down assays. The U6 promoter and
shRNA sequence were cloned into pIRES-EGFP vector to
construct nonfused recombinant plasmids: EGFP/Dasm1-sh/
WT, EGFP/Dasm1-sh/Rescue, EGFP/Dasm1-sh/MRCKβ FL,
EGFP/Dasm1-sh/MRCKβ 1 to 430 and EGFP/Dasm1-sh/
MRCKβ FL K105M. The Dasm1 shRNA sequence used in this
study was described in our previous study (shRNA: 5’
GCCTGAGGTGGTCTCTGTG 3’) (7, 8). Deletion and site-
directed mutations were incorporated into plasmid DNA
two-tailed t test. D, in testing phase, adolescent Dasm1−/− mice showed no
ference for target quadrant. Left panel, representative exploratory tracks in
which mice spent in target quadrant and other quadrants. Results were

way ANOVA (Interaction: F (3, 56) = 2.486, p = 0.0699; Row Factor: F (3, 56) =
nt Dasm1−/− mice were less active in the open-field test than WT littermates.
lescent Dasm1−/− mice exhibited shorter moving distance in open field than
bited fewer entries into the center zone of open field than adolescent WT
0.01; Unpaired two-tailed t test. F, adolescent Dasm1−/− mice were less active
exploratory tracks in elevated plus maze.Middle panel, adolescent Dasm1−/−

nel, adolescent Dasm1−/− mice spent less time in open arms than adolescent
.01; Unpaired two-tailed t test or Mann-Whitney two-tailed test. G and H,
sm1−/− mice displayed longer inactive time in Tail Suspension Test (G) and
essed as mean ± SD; n = 9 to 16; *p < 0.05; unpaired two-tailed t test.
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using Q5 Site-Directed Mutagenesis kit (New England Bio-
labs). All primers used in this study were listed in Table S1.

Hippocampal neuron culture, transfection, and
immunofluorescence assay

The hippocampal neuron culture was performed as previ-
ously described (47). For dissociated hippocampal neuronal
cultures, we used E14 embryo from the pregnant female mice.
The hippocampus was dissected from the mice at embryonic
day 14 and dissociated with enzyme solution at 37 �C for
15 min. After centrifugation, hippocampal cells were sus-
pended in plating medium and inoculated in 24-well plates; the
medium was then replaced with maintenance medium. To
maintain neurons, half of the maintenance medium was aspi-
rated and replaced with fresh medium twice a week. Neurons
were cultured for 3 DIV and transfected with Lipofectamine
3000 (Thermo Fisher Scientific). Neurons were fixed at 6 DIV,
10 DIV, or 25 DIV with 4% paraformaldehyde at 4 �C for
30 min. The fixed neurons were permeabilized with 0.3%
Triton X-100 in PBS for 10 min and blocked with 10% horse
serum in PBS at room temperature for 1 h. Neurons were then
incubated with the primary antibody at 4 �C overnight, incu-
bated with secondary antibodies at room temperature for 2 h,
and then covered for microscopy. The antibodies and dilutions
used were listed in Table S2.

Golgi staining

Golgi staining was performed using the FD Rapid GolgiStain
Kit (FD NeuroTechnologies). Mouse brain tissues were
dissected and immersed in a premixed reagent with equal
volumes of Golgi solutions A and B for 2 weeks in the dark.
The tissue was then transferred to solution C and stored in the
dark for at least 72 h at room temperature. After incubation,
tissues were embedded in OCT (Sakura) and cut into sections
(100–200 μm) at −20 �C. Brain sections were placed in a
staining solution consisting of Solution D, Solution E, and
double distilled water (1:1:2) for 10 min. The slides were then
dehydrated in 50%, 75%, and 95% ethanol, washed in xylene,
and then covered with Permount Mounting Medium for
microscopy.

Yeast two-hybrid screening

Yeast two-hybrid screen was performed as described pre-
viously (8). The bait plasmid expressing the PRR domain of
Dasm1 fused with Gal4 DNA-binding domain in pPC97 vector
was used to screen a rat brain cDNA library fused to Gal4
transcriptional activation domain in pPC86 vector. Positive
clones were selected on quadruple minus plates (Leu-, Try-,
Ade-, and His-) and blue assays (48). All cDNAs from positive
clones were recovered and back-transformed to confirm the
interaction.

Western blot

Total protein was extracted from cells and tissues in RIPA
lysis buffer and separated in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis before electrotransferred
onto polyvinylidene difluoride membrane (Merck Millipore) as
previously described (49). After blocked with 3% BSA for 1 h at
room temperature, the membrane was incubated with primary
antibody overnight at 4 �C. Subsequently, the membrane was
incubated with a secondary antibody for 1.5 h at room tem-
perature. The antibodies and dilutions used were listed in
Table S2. Immunoreactive bands on the membrane were
visualized by the enhanced chemiluminescence assay.

Co-immunoprecipitations

For immunoprecipitation of overexpressed proteins,
HEK293T cells were transfected with specific cDNA con-
structs (50). Cell lysates were precleared with protein A/G
beads (Santa Cruz) for 3 h. The cleared supernatants were
incubated with protein A/G beads and a specific antibody at
4 �C for 16 h. After washing with lysis buffer three times, the
immunoprecipitates were detected by western blotting. For
immunoprecipitation of tissues, the hippocampus was
dissected from C57BL/6 mice and lysed and then processed
similarly using specific antibodies. The antibodies and di-
lutions used were listed in Table S2.

GST pull-down assay

GST pull-down assay was performed as previously described
(50). GST, GST-Dasm1 PRR, GST-MRCKβ CC1, and GST-
MRCKβ 1 to 939 fusion proteins were expressed in bacterial
BL21. Bacterial cells were lysed, and GST fusion proteins were
captured using Glutathione-Sepharose 4B beads (GE Health-
care Life Sciences) at 4 �C for 1 h. To investigate the inter-
action between Dasm1 and MRCKβ, GST or GST-Dasm1 PRR
fusion protein beads were incubated with in vitro-translated
MRCKβ in equal amounts. GST, GST-MRCKβ CC1, or GST-
MRCKβ 1 to 939 fusion protein beads were incubated with
in vitro-translated Dasm1. After washing with ice-cold wash
buffer, the proteins were eluted from the beads and detected
by Western blotting.

In vitro immunoprecipitation and kinase assay

The GST-MLC2 fusion protein was expressed in BL21
bacterial cells and purified using Glutathione-Sepharose 4B
beads. HEK293T cells were transfected with constructs of HA-
MRCKβ alone or co-transfected with HA-MRCKβ and Myc-
Dasm1. Expressed proteins were immunoprecipitated with
anti-HA antibody, and the recovered immunoprecipitants
were assayed for MRCKβ kinase activity. The kinase assay was
carried out at 30 �C for 30 min using GST-MLC2 as the
substrate in the buffer containing 10 μM ATP, 25 mM MOPS,
pH7.2, 12.5 mM β-glycerophosphate, 25 mM MgCl2, 5 mM
EGTA, 2 mM EDTA, and 0.25 mM DTT (21).

Autophosphorylation assay

HeLa cells were transfected with constructs of HA-MRCKβ
alone or co-transfected with HA-MRCKβ and Myc-Dasm1.
Expressed proteins were immunoprecipitated with anti-HA
antibody. The recovered immunoprecipitants were then
employed for MRCKβ autophosphorylation assays.
J. Biol. Chem. (2021) 296 100730 15
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Autophosphorylation assays were carried out at 30 �C for
30 min in buffer containing 10 μM [γ-33P] ATP (2500 Ci/
mmol; NEN), 25 mM MOPS, pH7.2, 12.5 mM β-glycer-
olphosphate, 25 mM MgCl2, 5 mM EGTA, and 2 mM EDTA,
0.25 mM DTT (20).

BS3 cross-linking assay

Total protein was extracted from HeLa cells in IP lysis
buffer. For BS3 cross-linking reaction, 0.05 to 0.25 mM bis
(sulfosuccinimidyl) suberate (BS3; Pierce Thermo Fisher Sci-
entific) was added at 4 �C for 30 min, then the reaction was
quenched with SDS-PAGE sample buffer. The cross-linked
products were detected by Western blot (20).

The structural analysis of MRCKβ/Dasm1 complex

The three-dimensional structures of Dasm1 (759–974 aa)
and MRCKβ (1–744 aa) were carried out with I-TASSER, FR-
t5-M, and FALCON software (51, 52). The candidate in-
terfaces which involved in protein–protein interaction were
selected with ISPRED4 (53). According to the candidate in-
terfaces, MRCKβ and Dasm1 complexes were docked with
HDOCK (54), and the highest-confidence complex model was
selected from ten candidate models using HDOCK and SPR
score (55). And the amino acid residues with spatial distance
less than 3 Å between the residues of MRCKβ and Dasm1 were
identified. All structure models were shown by PyMol Soft-
ware (www.pymol.org).

Behavioral test

To eliminate the interference of hormones, we chose male
mice for behavioral experiments. All animals were group-
housed under normal light-dark cycle with food and water
ad libitum.

Rotarod

Motor coordination and balance were measured using a
commercially available accelerating rotarod apparatus (Med
Associates). Mice were placed on the rotating cylinder
(diameter, 7 cm). And the rotarod accelerated from 4 to
40 rpm over the course of a 5 min trial. Mice were tested
for three trials per day for two consecutive days (0 h, 24 h,
and 48 h). The mice rested in their home cages for 20 min
between each trial. The latency of fall or stop time was
recorded as a parameter for motor coordination and
balance.

Y-maze test

The Y-maze was performed as previously described (56). Y-
maze was measured in the three-armed apparatus, with an
angle of 120� between each arm labeled as A, B, and C. The
mice were placed in the center of the maze and allowed to
move freely for 6 min, and the number of arm entries and
alternations are recorded to calculate the percentage of the
alternation behavior. After a certain time interval (5 min and
48 h), the mice were placed back into the maze to examine
16 J. Biol. Chem. (2021) 296 100730
short-term (5 min) and long-time working memory (48 h),
respectively. The sequence and total number of arms entered
were recorded. An alternation is defined as the mouse
entering all three arms consecutively. The percent (%) alter-
nation was calculated using the following formula: (%)
Alternation = Number of Alternations/(Total number of arm
entries -2)*100

Morris water maze test

Morris water maze test was performed for seven
consecutive days and consisted of a 6-days training trail and
a 1-day testing trial as previously described (57). During the
training days, mice were placed in the pool filled with water
at approximately 23 to 25 �C. Each mouse received one
blocks of testing per day; each block was composed of four
sequential trials. For each trial, the mouse was placed into
the pool at a different start location and was allowed to find
the hidden platform within 1 min. Once found the platform
within 1 min, the mouse was allowed to stay on the plat-
form for 15 s. If not, the mice would be guided to the
platform and remain for 30 s. At the testing day, the plat-
form was removed, and the mice were placed in pool from a
new site. The latency time (meaning the duration to reach
the platform), exploratory tracks, and time spent in the
platform quadrant were recorded to analyze the mice ability
of learning and memory.

Open-field test

Open-field test was performed in an open field chamber
under dim light (length, 40 cm; width, 40 cm; height, 30 cm)
(Med Associates) (58). Mice were gently placed in the center of
the chamber and allowed to move freely for 8 min. The
EthoVision XT 8.5 tracking software (Noldus) was used to
analyze exploratory tracks and time in the center zones (inner
25% of the surface area, away from the walls).

Elevated plus maze test

Elevated plus maze test was performed in an apparatus
which consisted of two closed arms (width, 6 cm; length,
35 cm; and high walls, 20 cm) and two open arms (width, 6 cm;
length, 35 cm; without wall) elevated 50 cm above the floor
(Med Associates). Mice were placed at the intersection of four
arms and allowed to move freely for 5 min. The entries
number and the time spent in the open or closed arms were
recorded as a parameter for anxiety.

Tail suspension test

The tail suspension test was performed on the basis of
previous method (59). Mice were hung 15 cm above the floor
by the tip of the tail (1 cm) and adhered to an aluminum bar.
Mice were suspended for 6 min, and their behavior was vid-
eotaped. Their activities was recorded, and the inactive fre-
quency was analyzed as a parameter for depression. The
inactive frequency was defined as the change frequency of
mice from mobility to immobility within 6 min.

http://www.pymol.org
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Forced swimming test

Forced swimming test was performed in a plastic cylinder
(height, 15 cm; diameter, 11 cm) containing water (30 cm
depth) at approximately 23 to 25 cm (60). Mice were placed
into the cylinder for 6 min, and their behavior was videotaped.
The inactive time was recorded as a parameter for depression.
The inactive stage was defined as the mouse not making any
active movements other than those necessary to keep the head
and nose above the water. The animals were dried immediately
and returned to their home cages after the test.

Image analysis

For all morphological analyses, dendritic branches were
traced using the NeuronJ plugin in Fiji/ImageJ (NIH), and
dendritic length was measured using the ImageJ. Sholl analysis
was performed with Fiji/ImageJ, in which concentric circles
with a 20 μm spacing were drawn around the cell body, and
the intersection number of all dendritic branches with the
circles was counted. Spine number, spine length, and spine
width were semiautomatically measured using ImageProPlus
(Media Cybernetics). Spine subtypes were classified based on
previously defined morphological criteria (61) and quantitated
as follows: Thin spine: diameters of spine head and neck are
nearly equal, and spine length is greater than spine width (dh/
dn < 1.5, L/dh ≥ 1.5); Mushroom spine: the spine head
diameter is greater than or equal to 1.5 times of neck diameter
(dh/dn ≥ d.5 M); Stubby spine: head and neck of the spine are
approximately of same width, and spine length is not signifi-
cantly longer than the head diameter (dh/dn < 1.5, L/dh < 2);
Branched spine: spines with more than one head. The quan-
tifications were done independently by three experienced
technicians blinded to the knowledge of control and test
group.

Statistical analysis

All data were analyzed statistically using GraphPad Prism,
Version 7.0. All results were presented as mean ± SD. Shapiro-
Wilk test was performed to check the data distribution. Un-
paired two-tailed t test or Mann Whitney two-tailed test was
used for comparison between two groups. Ordinary one-way
ANOVA with Dunnett’s post hoc or Kruskal-Wallis test fol-
lowed by Dunn’s post hoc according to the Gaussian or non-
Gaussian distribution of the data was used for comparison
among multiple groups. For two independent variables, ordi-
nary two-way ANOVA with Bonferroni post hoc was carried
out. A value p < 0.05 (two-side) was considered statistically
significant.
Data availability

All data described in this manuscript are available in the
main text or supporting information.
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