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Abstract

DSCAM and DSCAML1 are immunoglobulin and cell adhesion-type
receptors serving important neurodevelopmental functions includ-
ing control of axon growth, branching, neurite self-avoidance, and
neuronal cell death. The signal transduction mechanisms or effec-
tors of DSCAM receptors, however, remain poorly characterized.
We used a human ORFeome library to perform a high-throughput
screen in mammalian cells and identified novel cytoplasmic signal-
ing effector candidates including the Down syndrome kinase
Dyrk1a, STAT3, USP21, and SH2D2A. Unexpectedly, we also found
that the intracellular domains (ICDs) of DSCAM and DSCAML1
specifically and directly interact with IPO5, a nuclear import
protein of the importin beta family, via a conserved nuclear local-
ization signal. The DSCAM ICD is released by c-secretase-depen-
dent cleavage, and both the DSCAM and DSCAML1 ICDs efficiently
translocate to the nucleus. Furthermore, RNA sequencing confirms
that expression of the DSCAM as well as the DSCAML1 ICDs alone
can profoundly alter the expression of genes associated with
neuronal differentiation and apoptosis, as well as synapse forma-
tion and function. Gain-of-function experiments using primary
cortical neurons show that increasing the levels of either the
DSCAM or the DSCAML1 ICD leads to an impairment of neurite
growth. Strikingly, increased expression of either full-length
DSCAM or the DSCAM ICD, but not the DSCAML1 ICD, significantly
decreases synapse numbers in primary hippocampal neurons.
Taken together, we identified a novel membrane-to-nucleus
signaling mechanism by which DSCAM receptors can alter the
expression of regulators of neuronal differentiation and synapse

formation and function. Considering that chromosomal duplica-
tions lead to increased DSCAM expression in trisomy 21, our find-
ings may help uncover novel mechanisms contributing to
intellectual disability in Down syndrome.
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Introduction

The precise wiring of neuronal circuits as well as the establishment

of synaptic specificity majorly relies on intracellular signaling path-

ways downstream of diverse families of cell surface receptors. The

Down syndrome cell adhesion molecule (DSCAM) receptors

(Yamakawa et al, 1998) are important examples of receptors that

utilize homophilic interactions during neurite growth, but can also

interact with heterologous ligands (Dascenco et al, 2015). In verte-

brates, there are two paralogous DSCAM genes, DSCAM and

DSCAML1 (DSCAM-Like-1; Yamakawa et al, 1998; Agarwala et al,

2001). Human DSCAM is located in the so-called Down syndrome

critical region (DSCR) on chromosome 21 and belongs thereby to a

group of genes present in three copies in Down syndrome (DS) indi-

viduals (Yamakawa et al, 1998). Notably, DSCAM levels are

increased in brains of DS patients and it has been speculated that
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this may contribute to the cognitive disabilities observed in DS

(Saito et al, 2000; Bahn et al, 2002). DSCAM is also overexpressed

in brain of DS mouse models (Amano et al, 2004; Alves-Sampaio

et al, 2010), and in mice that overexpress Amyloid precursor

protein (Jia et al, 2011), a causative gene in Alzheimer’s disease.

Studies using segmental trisomy mouse models of DS showed that

triplication of genes of the DSCR including Dscam has a dose-

dependent effect on the segregation of retinal ganglion cell (RGC)

axons in the lateral geniculate nucleus (LGN) in the developing

retina (Blank et al, 2011). Moreover, dendrite arborization and

soma spacing of subtypes of mouse RGCs have been found to be

highly sensitive to both increased and decreased Dscam gene

dosage (Blank et al, 2011). Overexpression of DSCAM in mice

disrupts dendrite targeting and leads to increased neuronal cell

death of retinal neurons (Li et al, 2015). Loss of DSCAM or

DSCAML1 on the other hand results in increased neuron numbers,

self-avoidance defects, and disorganized layers in the retina (Fuerst

et al, 2008, 2009), demonstrating that deregulated DSCAM levels

result in altered neuronal wiring. In Drosophila, expression of

three Dscam1 copies in vivo alters synaptic function at the neuro-

muscular junction (Lowe et al, 2018), causes synaptic targeting

defects of sensory axons (Cvetkovska et al, 2013), and increased

presynaptic arbor enlargement (Kim et al, 2013; Sterne et al,

2015). Thus, deregulated DSCAM levels strongly alter dendritic,

axonal, and synaptic development, which may explain how

DSCAM gene-dosage imbalance could potentially contribute to the

pathogenesis of neurological disorders.

Drosophila Dscam1 has been studied most extensively because of

its extraordinary molecular diversity generated by alternative splic-

ing (Schmucker et al, 2000; Hattori et al, 2008; Kise & Schmucker,

2013; Sun et al, 2013). Drosophila Dscam1 is essential for key

aspects of neuronal wiring including axonal growth, guidance,

targeting, and branching (Schmucker et al, 2000; Hummel et al,

2003; Chen et al, 2006; He et al, 2014; Dascenco et al, 2015),

dendritic field organization (Hughes et al, 2007; Matthews et al,

2007; Soba et al, 2007), and synaptic connectivity (Millard et al,

2010). Although vertebrate DSCAMs lack extensive alternative splic-

ing, many functions important for neuronal wiring are highly

conserved from flies to mammals. Homophilic self-recognition of

DSCAMs is required in flies and mice for neurite repulsion and self-

avoidance of sister-neurites in vivo (Hughes et al, 2007; Fuerst et al,

2008, 2010; Hattori et al, 2008; Yamagata & Sanes, 2008; Simmons

et al, 2017).

Despite the conserved roles of DSCAMs in shaping neuronal

circuitry, no coherent downstream signaling pathway has been iden-

tified. Vertebrate DSCAM has been implicated in the regulation of

actin cytoskeleton dynamics (Ly et al, 2008; Liu et al, 2009; Purohit

et al, 2012), yet in vivo evidence remains sparse. In Drosophila

Dscam1 is thought to affect actin cytoskeleton dynamics through the

SH2/SH3 adaptor protein Dock/Nck acting upstream of P21 acti-

vated kinase (Pak1) and Rho GTPases (Manser et al, 1994; Hall,

1998; Hing et al, 1999; Schmucker et al, 2000). However, loss of

Dock or Pak1 does not lead to phenotypic defects such as dendrite

self-crossing (Hughes et al, 2007). Dscam1 also physically and

genetically interacts with tubulin folding co-factor D (TBCD), which

is required for the formation of alpha- and beta-tubulin hetero-

dimers in flies. This interaction is required in vivo for glomerular

targeting of olfactory neurons (Okumura et al, 2015).

Here we identify several novel cytoplasmic signaling effectors of

DSCAM and DSCAML1 (DSCAM/L1). We report that Importin 5

(IPO5)-mediated membrane-to-nucleus translocation of DSCAM/L1

may provide a novel signaling mode of this important receptor class.

We show that the ICD of mammalian DSCAM is liberated by c-secre-
tase-mediated cleavage and that both the DSCAM and DSCAML1

ICD efficiently translocate to the nucleus. Considering that increased

DSCAM levels have been proposed to contribute to intellectual

disability in Down syndrome patients, we tested in gain-of-function

experiments how increased DSCAM levels, and in particular nuclear

import, might affect neurite growth and synapse formation. We

show that nuclear enrichment of the DSCAM and DSCAML1 ICD in

cell lines profoundly alters the transcription of genes associated with

neuronal differentiation and function. Increased nuclear levels of

either the DSCAM or DSCAML1 ICD strongly impair neurite

outgrowth in primary mouse cortical cultures. Interestingly, only

increased expression of either full-length DSCAM or the DSCAM

ICD, but not of the DSCAML1 ICD leads to a strong decrease in

synapse numbers in primary mouse hippocampal neurons. Thus,

these studies uncover how increased DSCAM membrane-to-nucleus

signaling is capable of altering synaptic connectivity and suggest a

novel scenario how gain of DSCAM function may contribute to

neurological pathologies.

Results

Identifying human signaling effectors of DSCAM and DSCAML1

In order to identify novel cytoplasmic binding partners of verte-

brate DSCAMs, we employed the mammalian protein-protein inter-

action trap (MAPPIT) to monitor protein–protein interactions in

mammalian cells (Fig 1A; Eyckerman et al, 2001; Lievens et al,

2009). We generated MAPPIT receptors with the intracellular

domains (ICDs) of mouse DSCAM or DSCAML1 serving as baits

(Fig 1A) and performed high-throughput MAPPIT screens in which

the DSCAM/L1 baits were screened against a library of about

10,000 preys (Lievens et al, 2009, 2011). From these screens, we

further selected and validated IPO5, DYRK1A, DYRK1B, SH2D2A,

STAT3, and USP21 as binding partners of both DSCAM and

DSCAML1 in binary MAPPIT experiments including control baits

and preys (Table 1; Fig 1B and G; Appendix Fig S1A and B). We

also tested the interaction of the DSCAM/L1 bait receptors with

preys of known binding partners including PAK1 (DSCAM) and

MAGI-1 (DSCAM and DSCAML1; Yamagata & Sanes, 2010; Purohit

et al, 2012). The DSCAM/L1 baits gave rise to MAPPIT signals

with MAGI-1 and the DSCAM bait also interacted with the PAK1

prey, but these interactions caused weaker luciferase induction

compared to newly identified candidates (Appendix Fig S1C and

D). Recruitment of kinases and SH2-domain adaptor proteins

were expected based on previous studies on Drosophila Dscam1

(Schmucker et al, 2000); however, neither DYRK1A (also referred

to as “Down syndrome kinase”) nor SH2D2A have been previously

implicated in DSCAM signaling.

We further validated the MAPPIT screen candidates by co-immu-

noprecipitation from cell lines co-transfected with HA-tagged

DSCAM/L1 and their novel interaction partners (Fig EV1). Addition-

ally, we identified potential binding motifs for STAT3, SH2D2A, and
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USP21 (Table 1; Appendix Fig S2A–J). Mutation of those motifs in

the bait receptors confirmed that specific tyrosine residues within

the DSCAM and DSCAML1 ICDs function as binding sites for

STAT3, USP21, and SH2D2A (Table 1; Appendix Fig S2A–J).

Furthermore, we analyzed the interactions between DSCAM/L1

and DYRK1A/B in more detail. We found that a truncated

DYRK1B prey, which consists of the most C-terminal 72 amino

acids and lacks the kinase domain (Fig 1C), was sufficient to
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Figure 1.
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interact with DSCAM and DSCAML1 baits in MAPPIT (Fig 1D;

Appendix Fig S3A). Moreover, a truncated DYRK1A prey, consist-

ing of its N-terminal and its kinase domains but lacking its C-

terminal domains (Fig 1C), failed to bind to the DSCAM or

DSCAML1 baits in contrast to full-length (FL) DYRK1A (Fig 1E;

Appendix Fig S3B). Taken together, this suggests that not the

kinase domains, but the C-terminal domains of DYRK1A and B

mediate the interaction with DSCAM/L1. Both DSCAM and

DSCAML1 ICDs exhibit a potential DYRK substrate motif

(RPGTNP). A triple alanine substitution of the RPx(T/S/x)P motif

previously shown to abolish the interaction of DYRK1A with a

substrate peptide (Soundararajan et al, 2013) was generated

(RPGTNP to AAGANP) for both DSCAM and DSCAML1. However,

the AAGANP mutant baits could still interact with DYRKs (Fig 1F,

Appendix Fig S3C and D), further suggesting that binding of

DYRKs to DSCAM/L1 might be independent of their kinase

domains, as previously suggested for other DYRK1A interactors

(Aranda et al, 2008). In conclusion, the MAPPIT approach leads

to the identification of IPO5, STAT3, DYRK1A/B, SH2D2A, and

USP21 as novel potential downstream effectors of DSCAM/L1.

◀ Figure 1. DSCAM and DSCAML1 interact with DYRK1A, DYRK1B, and IPO5.

A Schematic of the MAPPIT technique. Bait receptors consist of the mouse DSCAM or DSCAML1 ICDs fused to the C-terminus of a signaling-deficient leptin receptor
(LR) fragment, in which the tyrosines of STAT3 recruitment motifs were mutated to phenylalanine. The preys are tethered to a gp130 cytokine receptor fragment
containing functional STAT3 recruitment sites. Upon leptin stimulation, association of bait and prey restores a functional leptin receptor complex resulting in STAT3
activation, which can be monitored by a STAT3-responsive luciferase reporter. P, phospho-tyrosine. JAK, janus kinase.

B DSCAM interacts with DYRK1A and DYRK1B. LR-DSCAM and LR-eDHFR (negative control bait) baits were introduced in HEK cells together with a DYRK1A prey,
DYRK1B prey, empty prey (negative control only consisting of the gp130 fragment), or an EFHA1 prey (positive control) and binding was tested in MAPPIT. Results
for DSCAML1, see Appendix Fig S1B.

C Schematic of full-length (FL) DYRK1A, DYRK1B, and truncated DYRK1A/B preys. DYRK1A contains a nuclear localization signal, a protein kinase domain, a leucine
zipper motif, and a highly conserved poly-histidine repeat; DYRK1B lacks the poly-histidine repeat.

D, E The interactions between truncated DYRK1B (aa 558–629) (D) or DYRK1A (aa 1–482) (E) preys and the DSCAM (LR-DSCAMY1746F) bait (i.e., suppressing STAT3-
mediated background) were assayed using MAPPIT. Results for DSCAML1, see Appendix Fig S3A and B. The C-terminus of DYRK1B is sufficient for the interaction
with DSCAM, and the kinase domain is not required (D). The DYRK1A kinase domain is not sufficient to bind to DSCAM (E).

F Mutation of the potential DYRK kinase substrate site does not inhibit the interaction between DSCAM and DYRK1A or DYRK1B. A potential substrate site for DYRKs
was mutated in the DSCAM bait (RPGT to AAGA). The interactions of mutant or wild-type DSCAM baits with DYRK1A, DYRK1B, and IPO5 (positive control prey) were
tested in a binary MAPPIT experiments. Results for DSCAML1, see Appendix Fig S3C and D.

G DSCAM and DSCAML1 robustly interact with IPO5. LR-DSCAM, LR-DSCAML1, and LR-eDHFR (negative control bait) baits were introduced in HEK cells together with
an IPO5 prey, an empty prey (negative control), or an EFHA1 prey (positive control) and binding was tested in MAPPIT.

H DSCAMs exhibit a conserved NLS. Green, putative monopartite NLS motif.
I Loss of the NLSs of DSCAM/L1 inhibits binding of IPO5. Binding of IPO5 to wt or mutant DSCAM/L1 baits lacking the NLS (LR-DSCAMDNLS, LR-DSCAML1DNLS) was

tested in MAPPIT. Negative control, empty prey. Positive control, STAT3 prey.
J The interaction between DSCAM/L1 and IPO5 is specific. The interaction between 9 importin preys and the DSCAMY1746F or the DSCAML1Y1744/1937F bait (i.e.,

suppressing STAT3-mediated background signal) was evaluated in a binary MAPPIT experiment, and expression of the importin preys was confirmed by Western
blot (lower panel).

Data information: In (B, D–G, and I, J), bar graphs show the mean � SD of fold induction from samples assayed in triplicates. Fold induction is the ratio between the
average luciferase activities of the ligand-treated and the ligand-untreated samples. Results shown are representative for three independent experiments.
Source data are available online for this figure.

Table 1. Binding partners of DSCAM/L1 identified with MAPPIT. Further validation of the candidates can be found in Fig EV1 and Appendix Figs S1–
S3.

Symbol Name Function Interaction with DSCAM Interaction with DSCAML1

IPO5 Importin 5 Nuclear protein import. Binds to
cargo NLS

Binds to NLS of DSCAM:
RRRRREQR (Fig 1I)

Binds to NLS of DSCAML1:
RKKRKEKR (Fig 1I)

STAT3 Signal transducer and activator
of transcription 3

Transcriptional activator in
response to cytokines and
growth factors

Binds to YASQ motif of DSCAM
(Appendix Fig S2B)

Binds to YSSQ/YHTQ motifs of
DSCAML1 (Appendix Fig S2E)

SH2D2A SH2 domain containing 2A SH2 domain adaptor protein for
VEGF receptor KDR. Functions in
T-cell signal transduction

N/A (Appendix Fig S2J) Binds to YCNL motif of
DSCAML1 (Appendix Fig S2I)

DYRK1A Dual-Specificity-Tyrosine-
Phosphorylation Regulated
Kinase 1A

S/T/Y-kinase. Plays important
roles in neuronal development.
Down Syndrome candidate gene

Interaction through C-terminus
of DYRK1A (Fig 1E)

Interaction through C-
terminus of DYRK1A
(Appendix Fig S3B)

DYRK1B Dual-Specificity-Tyrosine-
Phosphorylation Regulated
Kinase 1B

S/T/Y-kinase. Regulates
transcription in the nucleus

Interaction through C-terminus
of DYRK1B (Fig 1D)

Interaction through C-
terminus of DYRK1B
(Appendix Fig S3A)

USP21 Ubiquitin specific peptidase 21 Cysteine protease with dual
specificity to cleave Ubiquitin
and Nedd8

Binds to YASQ motif of DSCAM
(Appendix Fig S2C)

Binds to YSSQ/YHTQ motifs of
DSCAML1 (Appendix Fig S2F)

4 of 19 The EMBO Journal 38: e99669 | 2019 ª 2019 The Authors

The EMBO Journal Membrane-to-nucleus signaling of DSCAM Sonja M Sachse et al



DSCAM and DSCAML1 interact with IPO5 via a nuclear
localization signal

Since binary MAPPIT assays confirmed the interactions of both

DSCAM and DSCAML1 with Importin 5 (IPO5; Fig 1G), we reasoned

that DSCAMs might have nuclear functions. Such membrane-to-

nucleus signaling mechanism would be similar to Neogenin and

DCC, two neuronal CAMs that are closely related to vertebrate

DSCAMs and cleaved by proteases resulting in the release of C-term-

inal ICD fragments, which then translocate into the nucleus where

they regulate gene transcription (Taniguchi et al, 2003; Goldschneider

et al, 2008). IPO5 is an importin beta mediating nuclear protein

import (Yaseen & Blobel, 1997) and can directly interact with the

nuclear localization signal (NLS) of its cargo (Chao et al, 2012). We

therefore considered that the ICDs of DSCAMs might contain an

NLS serving as docking site for IPO5. Indeed, upon sequence analy-

sis we identified a potential monopartite NLS within the membrane-

proximal regions enriched in conserved Arginine and Lysine resi-

dues (Fig 1H). Interestingly, Drosophila Dscam1 also exhibits a

predicted NLS within the cytoplasmic portion that is common to all

its isoforms, indicating that a membrane-proximal NLS is highly

conserved from insects to vertebrates (Fig 1H). To test its functional

relevance, we generated NLS-deficient MAPPIT bait versions (i.e.,

LR-DSCAMDNLS and LR-DSCAML1DNLS), which failed to interact

with the IPO5 prey but could still interact with the STAT3 control

prey (Fig 1I), demonstrating that the NLSs are required for the inter-

action between IPO5 and DSCAM/L1. To determine specificity, we

tested all full-length importin alpha and beta preys present in the

human ORFeome collection 5.1 and 8.1. Out of the 9 importins

tested, only IPO5 interacted with DSCAM and DSCAML1 (Fig 1J).

Together, these results show that IPO5 can bind to the membrane-

proximal NLS motifs of DSCAM and DSCAML1 with high specificity.

DSCAM is cleaved by c-secretase

Several neuronal transmembrane proteins including APP, DCC,

Neogenin, and Notch undergo ectodomain cleavage directly

followed by c-secretase-mediated intra-membrane cleavage leading

to the release of their ICDs (De Strooper et al, 1999; Cupers et al,

2001; Taniguchi et al, 2003; Goldschneider et al, 2008). Shedding of

the DSCAM ectodomain has been reported in flies and mice (Watson

et al, 2005; Schramm et al, 2012); however, it is currently unknown

whether the ICD of DSCAMs could be released by proteolytic cleav-

age. To investigate this, we fused HA-epitopes to the very C-

terminus of the DSCAM/L1 ICDs as well as to FL DSCAM/L1

(Fig 2A) and expressed these fusion proteins in HEK293T cells.

Immunoprecipitation with an HA-specific antibody and Western blot

(WB) analysis showed FL DSCAM migrating at approximately 250

kDA as well as a C-terminal fragment at 55 kDa, which co-migrates

with the DSCAM ICD construct at approximately the same molecular

weight (Fig 2B). Likewise, FL DSCAML1 migrated at nearly 250 kDa

and we detected two additional C-terminal fragments migrating at

65 kDa and at 60 kDa, co-migrating with two fragments originating

from the DSCAML1 ICD HA-fusion (Fig 2B). This suggests that

DSCAM and DSCAML1 are substrates for a protease and cleavage

generates C-terminal ICD fragments.

We further employed a cleavage luciferase reporter assay in

which DSCAM and DSCAML1 were C-terminally fused to a

Gal4DBD–VP16 transactivation domain (TAD; Karlstrom et al, 2002;

May et al, 2002). Cleavage of these constructs releases the Gal4DBD–

VP16 fusion protein fragment, which can transcriptionally activate a

co-transfected luciferase gene (Fig 2C). As compared to control cells

expressing a non-cleavable IFNaR1-Gal4DBD-VP16 receptor, cells

expressing the DSCAM or DSCAML1 fusion proteins showed a strong

increase in luciferase activity similar to cells expressing a constitu-

tively cleaved (IFNaR2-Gal4bd-VP16) or a constitutively active

control (Gal4bd-VP16-empty; Fig 2D). These data confirm that the

ICDs of DSCAM and DSCAML1 can be released upon proteolytic

cleavage. The apparent MW of the fragment detected by WB suggests

that likely the entire ICD is shuttled to the nucleus.

We also investigated a potential in vivo cleavage of Drosophila

Dscam1. In brain lysates of wild type (wt) as well as flies harboring

a BAC-based genomic transgene where the full-length Dscam1

gene is HA-tagged in exon 22 (i.e., cytoplasmic domain; see

Appendix Supplementary Methods), we detected FL Dscam1 at

250 kDa and an additional band at 55 kDa, while these bands were

absent in control lysates from wt flies (Fig 2E). Using a previously

validated antibody directed against the ICD of fly Dscam1 ICD

(Watson et al, 2005), we also detected FL Dscam1 as well as a

55 kDa fragment in WT samples (Fig 2E), suggesting that endoge-

nous Dscam1 is cleaved as well. This suggests that Drosophila

Dscam1 is processed by proteolysis in vivo and that the cleavage of

DSCAM family IgCAMs is conserved from vertebrates to flies.

To determine whether vertebrate DSCAM is a substrate of

c-secretase, we treated HEK cells stably expressing C-terminally HA-

tagged DSCAM with or without the proteasome inhibitor Lactacystin

in the presence or absence of two different c-secretase inhibitors

(DAPT and Inhibitor X). Lactacystin was added to stabilize intracel-

lular fragments generated by c-secretase as these are rapidly

degraded by the proteasome (Cupers et al, 2001). WB analysis of

lysates in the presence of Lactacystin and in the absence of Inhibitor

X or DAPT revealed a stabilized fragment of about 50 kDa (Fig 2F).

This fragment was absent in the presence of either Inhibitor X or

DAPT, and instead, a prominent higher-molecular-mass fragment of

55 kDa was detected (Fig 2F). Taken together, this suggests that

DSCAM is a novel c-secretase substrate and its cleavage releases an

apparent 50 kDa “c-product” (Fig 2G).

The ICDs of DSCAM and DSCAML1 translocate into the nucleus

The predicted NLS motif in DSCAM as well as DSCAML1 is highly

conserved in vertebrates where an Arginine- or Lysine-rich eight

amino acid peptide in DSCAM or DSCAML1, respectively, is

followed by an invariant 20 amino acid sequence (Fig 1H). More-

over, DSCAM or DSCAML1 interactions with the nuclear import

factor IPO5 are eliminated when the putative NLS motifs are missing

in MAPPIT baits (Fig 1I). To further validate that these conserved

NLS motifs are indeed necessary for nuclear import of the DSCAM/

L1 ICDs, we added C-terminal YFP-tags to wt and NLS-deficient

protein forms (Fig 3A). We expressed these YFP-tagged constructs

in HEK293T cells and analyzed their subcellular localization. Both

wt DSCAM and DSCAML1 ICD were predominantly located in the

nucleus (Fig 3B), whereas in cells expressing the NLS-deficient ICDs

YFP fluorescence was absent from the nucleus but present

throughout the cytoplasm or in perinuclear compartments (Fig 3C).

On the other hand, FL YFP-tagged DSCAM and DSCAML1 were
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enriched at the membrane between cell-cell contacts and also

present in the cytoplasm, yet undetectable in the nucleus even upon

Lactacystin treatment (Fig 3D). This suggests that in HEK cells,

where DSCAM and DSCAML1 are not endogenously expressed,

cleavage of full-length proteins is scarce, although it can be detected

in cell lysates (Fig 2F). This however is different in developing corti-

cal neurons (see below), which endogenously express both DSCAM

and DSCAML1 (Barlow et al, 2002; Cui et al, 2013). We nucleo-

fected E14.5 cortical neurons and analyzed the subcellular localiza-

tion of the same YFP-tagged proteins (Fig 3A) after 4 days in vitro

(DIV4). The YFP-tagged ICDs, similarly to our findings in HEK cells,

were enriched in the nucleus of cortical neurons (Fig 3E), whereas

the NLS-deficient ICDs were predominantly localized in the cyto-

plasm of cell bodies and neurites (Fig 3F). In line with their function

posit
ive

 ct
rl

IFNaR
1 c

trl

IFNaR
2 c

tl

DSCAM

DSCAML1
0

5

10

20

15

R
LU

28 

250

FL-H
A

IC
D-H

A

co
ntro

l

28 

250

65 
60 55 

50 

kDa kDaFL-H
A

IC
D-H

A

co
ntro

l
DSCAM DSCAML1

IP: HA, Blot: HA

Dsc
am

Ha-f
lag

WT

55 

250 
kDaWT

Blot: HA anti-
Dscam1

Dsc
am

Ha-f
lag

N

ICD

HA Tag
C

TM

ECD

Full l
en

gth (F
L)

IC
D

N

C

DSCAM or
DSCAML1
ECD

Gal4 DBD-
VP16 TAD

Gal4 UAS LuciPmin 

Nucleus

ICD

TM

DAPT +- - -

DMSO + - - -
Lacta. + + +-
Inhib. X + ---

50 

DSCAM-HA Control

-
-
+
+

Blot: HA

kDa 
γ-substrate

A B C D

E F G

ICD

ECD

NLS

HA-
Tag

«γ-substrate» «γ-product»

ectodomain
cleavage

γ-secretase
cleavage

γ-product

Figure 2. DSCAM family IgCAMs are cleaved releasing their ICDs.

A Schematic of C-terminally HA-tagged DSCAM and DSCAML1 constructs. ECD, extracellular domain. TM, transmembrane domain. ICD, intracellular domain. HA, human
influenza hemagglutinin epitope.

B Immunoblot showing C-terminal ICD fragments resulting from cleavage of DSCAM and DSCAML1. HA-tagged constructs shown in (A) were expressed in HEK293 cells,
immunoprecipitated, and subsequently immunoblotted. Control, HA-tagged YFP. Arrowheads indicate full-length DSCAM/L1 and cleavage products.

C Schematic of the cleavage reporter assay. DSCAM or DSCAML1 was fused to the DNA-binding domain of Gal4 (Gal4DBD) and the transcriptional activation domain of
VP16 (VP16TAD). Intra-membrane cleavage results in nuclear translocation of cleaved fragments and activation of a Luciferase reporter in the nucleus.

D Cleavage reporter assay confirming cleavage of DSCAM/L1. HEK293 cells were transfected with DSCAM-, DSCAML1-, IFNaR1-, or IFNaR2-Gal4DBD-VP16 or Gal4DBD-
VP16 alone and co-transfected with Gal50hIL6luc and pRL-TK and luciferase activity was quantified after 24 h. Results are expressed as relative luciferase units (RLU),
which are calculated as the ratio of firefly (Gal50hIL6luc) and Renilla (pRL-TK) luciferase activities.

E Immunoblot showing Drosophila Dscam 1 cleavage in vivo. Brain lysates from wt and from transgenic Dscam1-HA-Flag tagged flies (i.e., endogenous tag within the
ICD of the Dscam1 gene) were immunoblotted and probed with HA-specific and Dscam1-ICD-specific antibodies.

F DSCAM is cleaved by c-secretase. HA-immunoblot from lysates of DSCAM-HA expressing stable HEK293 cells treated over night with DMSO, or Lactacystin (10 lM) in
the presence or absence of the c-secretase inhibitors DAPT (10 lM) or inhibitor X (10 lM).

G Model of secretase-mediated DSCAM cleavage according to our results and literature on related secretase-cleaved receptors.

Data Information: In (D), values were normalized to the RLU of IFNaR1-Gal4DBD-VP16. Bar graphs show the mean � SD of samples assayed in triplicate. A
representative experiment out of three independent experiments is shown.
Source data are available online for this figure.
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as neuronal CAMs, FL DSCAM/L1 YFP-fusions were localized at the

neuronal membrane and enriched at neurite-neurite contacts

(Fig 3G). Strikingly, in neurons expressing YFP-tagged FL DSCAM/

L1 we also detected substantial YFP-signal in the nucleus upon

Lactacystin treatment (Fig 3G) most likely resulting from cleavage

of DSCAM receptors. Hence, there is a striking difference between

HEK cells and primary neurons, suggesting that cleavage or nuclear

import of DSCAM is facilitated in neurons. We also investigated the

potential effect of c-secretase inhibition on DSCAM nuclear levels in

primary mouse neurons and human neuroblastoma SH-SY5Y cells

transfected with FL DSCAM-YFP. In both SH-SY5Y cells (Fig EV2A

and B) and primary neurons (Fig EV2C and D), simultaneous treat-

ment with Lactacystin and inhibitor X strongly and significantly

diminished nuclear YFP levels as compared to Lactacystin treatment

alone (Fig EV2), showing that c-secretase cleavage products of

DSCAM enrich in the nucleus. Taken together, our results show that

in mammalian neurons, overexpression of DSCAM/L1 leads to

significant proteolytic cleavage of FL receptors and that a conserved

membrane-proximal NLS motif is essential for translocation of the

entire ICD to the nucleus.

Nuclear localization of the DSCAM/L1 ICDs alters the expression
of genes involved in neuronal wiring

Cleavage and nuclear import has been described for a number of

membrane receptors, yet this mechanism has previously not been

implicated in DSCAM signaling. We therefore investigated the possi-

bility that nuclear translocation of the DSCAM/L1 ICDs could alter

gene transcription. To test this, we generated inducible isogenic

HEK293 t-Rex-Flp-In cell lines stably expressing the YFP-tagged

DSCAM and DSCAML1 ICDs as well as cytoplasmic and nuclear YFP

controls and subsequently performed RNA deep sequencing (RNA-

seq). We then determined the global transcriptome changes of cells

expressing the YFP-tagged DSCAM/L1 ICDs versus cells expressing

a nuclear YFP as control (Fig 4A). We excluded from our analysis

genes that were already differentially expressed in cytoplasmic

versus nuclear YFP expressing cells (P-value ≤ 0.1), as these genes

are unlikely affected by DSCAM ICD expression (Fig 4A). Notably,

choosing this stringent cutoff may have led to the elimination of

some positive candidates of differentially expressed genes (DEGs),

which may, nevertheless, be relevant candidates rather than false

positives. Statistical analysis (P-value ≤ 0.0005; log2 fold change

≥ 0.58, ≤ �0.58) revealed a total of 1,028 DEGs upon DSCAM ICD

expression (i.e., DSCAM data set; Figs 4B and EV3A) and 860 DEGs

upon DSCAML1 ICD expression (i.e., DSCAML1 data set; Figs 4B

and EV3B), with 552 DEGs that are in common to the two data sets

(Fig 4C). Functional categorization of those DEGs using Ingenuity

Pathway Analysis (IPA) identified “nervous system development

and function” as a statistically highly enriched biological function

(P < 0.005) and “axonal guidance signaling” as the most enriched

canonical pathway (P = 2.45E-05) in both data sets (Fig EV3C and

D; Appendix Tables S1 and S2) encompassing about 240 DEGs for

DSCAM and 190 DEGs for DSCAML1 altogether. To illustrate the

remarkable enrichment for neuronal differentiation genes, we

narrowed the DSCAM and DSCAML1 data sets down to about 90

candidate genes based on their well-known functions in axon guid-

ance, neurite repulsion, branching, synaptogenesis, and neuronal

cell death (Fig 4D and E). For simplicity, they were further grouped

based on subcellular localization (membrane, cytoplasmic, extracel-

lular, and nuclear; Fig 4D and E).

Multiple receptors and ligands involved in axon guidance and

branching as well as structural components of the tubulin cytoskele-

ton were differentially expressed in both the DSCAM and DSCAML1

datasets; for example, UNC5A (Unc-5 Netrin Receptor A), TUBB3

(Tubulin Beta 3 Class III), Robo2 (Roundabout Guidance Receptor

2), PLXNC1 (Plexin C1), NTN4 (Netrin 4), and NTNG2 (Netrin G2;

Fig 4D and E). Moreover, several neurotrophin-type signaling mole-

cules were differentially expressed, including NTRK2 (Neurotrophic

Tyrosine Kinase Receptor 2, also known as TrkB) and NTF3 (neu-

rotrophin 3, DSCAM only). Despite the overlap between DEGs in the

DSCAM/DSCAML1 datasets (Fig 4C), several gene expression

changes were specific for DSCAM including a cluster of Ephrins,

namely EFNA3 (Ephrin A3), EFNA4 (Ephrin A4), EFNB3 (Ephrin

B3), as well as L1CAM (L1 Cell Adhesion Molecule), SEMA3E (Sema-

phorin 3E), RGMA (Repulsive Guidance Molecule Family Member

A), and SFRP4 (Secreted Frizzled Related Protein 4; Fig 4D).

To validate this striking enrichment of nervous system specific

genes, we analyzed gene expression changes of some DEGs in the

neuronal crest-derived mouse Neuro 2A (N2A) cell line. We isolated

RNA from N2A cells transfected with DSCAM-ICD-YFP or YFP

alone, as well as from non-transfected cells and analyzed quantita-

tive gene expression changes of mouse Unc5a, Tubb3, Pcdh17, and

Nos1 by semi-quantitative real-time PCR (qRT–PCR). We found that

all four genes were up-regulated in N2A cells expressing the DSCAM

ICD compared to control conditions (Fig EV3E). To determine

whether nuclear enrichment of the DSCAM ICD could affect gene

expression levels in developing neurons, we then performed single-

molecule fluorescent in situ hybridization (smFISH) on hippocampal

cultures transfected with DSCAM-ICD-YFP or YFP alone using

probes against Unc5a, Pcdh17, and Ntrk2 (TrkB) mRNAs. We

focused on these three candidates since they have crucial functions

in developing neurons. Unc5a is a Netrin receptor mediating axon

repulsion (Leonardo et al, 1997; Hong et al, 1999) and acts as

dependence receptor required for neuronal survival when associated

with Netrin (Llambi et al, 2001). Pcdh17, a member of the non-clus-

tered protocadherins, regulates axon extension as well as synaptic

vesicle assembly and transmission (Hoshina et al, 2013; Hayashi

et al, 2014). Ntrk2 belongs to the Trk family of receptor tyrosine

kinases, which are key regulators of neural cell death and survival

(Lu et al, 2005), and also have important functions in neurite

branching, as well as synapse formation and function (Park & Poo,

2013). Multiplexing of each candidate probe with a probe against

YFP mRNA allowed us to detect single YFP-positive neurons

(Fig 5A, C and E). Quantification of single mRNA puncta in individ-

ual YFP-positive neurons revealed that Unc5a was up-regulated and

Pcdh17 and Ntrk2 (TrkB) were down-regulated in DSCAM ICD

expressing hippocampal neurons (Fig 5B, D and F).

Thus, increased nuclear levels of the DSCAM ICD resulted in

up-regulation of Unc5a in human and mouse cell lines as well

as in primary neurons, whereas for Pcdh17, Ntrk2, and Tubb3,

we observed different directions of transcriptional changes

depending on the cellular system studied. This can be explained

by the fact that different cellular systems have distinct transcrip-

tional profiles and thus varying sets of key transcriptional regula-

tors potentially involved in the gene expression changes induced

by the DSCAM ICD.
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Figure 3. The NLSs of DSCAM and DSCAML1 are required for nuclear translocation of their ICDs.

A Schematic of YFP-tagged DSCAM/L1 constructs expressed in (B–G). A C-terminal YFP-HA tag was fused to the ICDs of DSCAM/L1, to ICD constructs lacking the NLS
(ICDDNLS), and to full-length DSCAM/L1.

B–D YFP-HA-tagged DSCAM/L1 constructs (yellow) shown in (A) were expressed in HEK293 cells and immuno-stained for YFP. DAPI was used to visualize the nuclei
(cyan). The ICDs of DSCAM and DSCAML1 localize to the nucleus of HEK293 cells (B). Deletion of the NLSs (DSCAM/L1 ICDDNLS) impairs nuclear localization of the
DSCAM and DSCAML1 ICDs (C). Full-length DSCAM and DSCAML1 are not detected in the nucleus of HEK293 cells treated with 10 lM Lactacystin (D).

E–G YFP-tagged DSCAM/L1 constructs shown in (A) were expressed in primary mouse cortical neurons at E14.5 until DIV4. Neurons were treated with 10 lM
Lactacystin and then immuno-stained for YFP (yellow) and treated with DAPI (cyan).The ICDs of DSCAM/L1 enrich in the nucleus of primary neurons (E). DSCAM/L1
ICDDNLS constructs (i.e., lacking the NLS) are localized in the cytoplasm (F). Full-length DSCAM and DSCAML1 can be detected in the nucleus (G).

Data information: In (B–G) scale bars, 10 lm. Single confocal planes are shown.
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Taken together, we show that nuclear enrichment of the

DSCAM/DSCAML1 ICDs triggers transcriptional changes of genes

involved in neurite repulsion, axon guidance, branching, synapse

formation, and neuronal cell death and survival in cell lines. More-

over, increased nuclear DSCAM ICD levels lead to specific up-regu-

lation of the repulsive Netrin receptor Unc5a in primary neurons

and cell lines, suggesting that transcriptional regulation via

membrane-to-nucleus signaling of DSCAM might play a role in

mediating its repulsive functions during neuronal circuit formation.

Nuclear DSCAM and DSCAML1 impair neurite outgrowth

Since our transcriptome analysis suggests that overexpression of

DSCAM/L1 ICDs alters the expression of genes involved in neuronal

differentiation and synapse formation, we next investigated the role

of these ICDs in primary neurons. It has been shown that overex-

pression of full-length DSCAM in cortical pyramidal neurons signifi-

cantly inhibits axon growth and branching in a dosage-dependent

manner (Jain & Welshhans, 2016). Furthermore, DSCAM overex-

pression in mouse hippocampal neurons inhibits dendritic branch-

ing and leads to a reduction of total dendrite length (Alves-Sampaio

et al, 2010). In order to test whether a membrane-to-nucleus signal-

ing loop might contribute to the regulation of neurite growth, we

first transduced low-density cortical cultures at DIV1 with lentiviral

constructs expressing YFP-tagged wt and NLS-deficient DSCAM/L1

ICDs, as well as a nuclear YPF control (Fig 6A). We immuno-stained

the cultures for neuron-specific tubulin (Tuj1) at DIV4 and subse-

quently traced the tubulin cytoskeleton from randomly selected

single YFP-positive neurons (Fig 6B; Appendix Fig S4A–C). Nuclear

localization of the DSCAM or DSCAML1 ICDs resulted in a signifi-

cant reduction of total neurite length as compared to controls with

YFP expression (DSCAM, 39% shorter; DSCAML1 47% shorter) or

NLS-deficient ICDs (DSCAM, 44% shorter; DSCAML1, 44% shorter;

Fig 6C and D). Moreover, we observed a significant decrease in the

length of the longest neurite in neurons expressing the DSCAM ICD

(49% shorter) or DSCAML1 ICDs (48% shorter; Fig 6C and D).

Notably, we did not observe significant differences in total neurite

length or length of the longest neurite when comparing cultures

expressing the YFP control and the NLS-deficient ICDs (Fig 6C and

D). Taken together, this demonstrates that enhanced nuclear

translocation of the DSCAM and DSCAML1 ICDs profoundly impairs

neurite outgrowth and development of primary cortical neurons.

Increased nuclear DSCAM levels inhibit synapse formation

The DSCAM/L1 transcriptome data sets also contained a significant

number of genes known to regulate synapse formation or function.

Yet a role of mammalian DSCAM at the synapse or during synapse

development has not been investigated directly. This may in part be

due to the fact that early neurodevelopmental defects in DSCAM

mutant mice likely mask later roles at synapses. We therefore set

out to test whether nuclear translocation of the DSCAM/L1 ICDs

could affect synapse density in developing neurons. Primary mouse

hippocampal neurons isolated from E18 embryos were electropo-

rated with wt and NLS-deficient YFP-fusions of the DSCAM/L1

ICDs, YFP-tagged full-length DSCAM/L1, and a nuclear YPF control.

At DIV10, we determined the density of excitatory synapses defined

as puncta double-positive for the postsynaptic marker PSD95 and

the presynaptic marker VGlut1 normalized over dendrite length as

described previously (Ko et al, 2009; Savas et al, 2015). Expression

of full-length DSCAM or of the DSCAM ICD strongly and signifi-

cantly decreased synapse density as compared to control cultures

expressing YFP or the NLS-deficient mutant (Fig 7A and B). This

reduction of synapse density was characterized by a decrease in

puncta positive for both PSD95 and VGlut1 (Fig 7C and D;

Appendix Fig S5A). This suggests that nuclear enrichment of the

DSCAM ICD is sufficient to recapitulate the effect of full-length

DSCAM on synapse density.

Given the transcriptional changes in numerous secreted

factors, we also examined the potential cell non-autonomy of

defects in synapse formation in DIV10 hippocampal cultures elec-

troporated with the DSCAM ICD (Fig 7E). Strikingly, in cultures

electroporated with the DSCAM ICD, neighboring non-transfected

neurons also exhibited significantly reduced synapse density char-

acterized by a reduction of both PSD95 and VGlut1 puncta

(Fig 7F and G; Appendix Fig S5B–D). However, this cell non-

autonomous effect on synapse density was weaker as compared

to neurons transfected with the DSCAM ICD (Fig 7G). We there-

for conclude that nuclear translocation of the DSCAM ICD has a

cell autonomous and a cell non-autonomous effect on the devel-

opment of synapses in hippocampal neurons. A cell non-autono-

mous function would be consistent with the scenario that a

DSCAM ICD-dependent nuclear signaling loop alters expression

and levels of (likely secreted) factors that inhibit synapse forma-

tion in neighboring neurons.

We further observed that in primary DIV10 hippocampal

neurons full-length DSCAM and DSCAML1 expression resulted in

a different pattern of subcellular localization. While for DSCAM a

substantial nuclear localization was apparent, DSCAML1 was

predominantly located at the cell membrane (Fig 7H and I).

Moreover, expression of full-length DSCAML1 in hippocampal

neurons resulted in only a slight reduction of synapse density as

compared to YFP expressing control cultures, and expression of

the DSCAML1 ICD alone did not have an effect on synapse

density (Fig 7J–M, Appendix Fig S6). The small effect of

full-length DSCAML1 on synapse formation in contrast likely does

◀ Figure 4. The ICDs of DSCAM and DSCAML1 alter the expression of genes involved in neuronal circuit formation.

A Outline of RNA-seq experiment. FDR, false discovery rate (corrected P-value). LR, log ratio (log2 fold change).
B–E Results of Ingenuity Pathway Core Analysis (FDR ≤ 0.0005; LR ≥ 0.58, ≤ �0.58) comparing the transcriptomes of stable cell lines expressing the DSCAM ICD versus

YFP-NLS, or DSCAML1 ICD versus YFP-NLS. Genes that changed expression in nuclear versus cytoplasmic YFP controls (YFP-NLS versus YFP-CYT) were excluded
from the analysis (FDR ≤ 0.1). DEGs, differentially expressed genes. (B) Bar graph showing the number of up- and down-regulated genes in the DSCAM/L1 data sets.
(C) Venn diagram showing the number of overlapping and individual DEGs between the DSCAM and DSCAML1 data sets. (D, E) Selection of DEGs involved in
neuronal circuit formation and function in DSCAM ICD (D) or DSCAML1 ICD (E) expressing cells relative to YFP-NLS-expressing cells. For simplicity, DEGs were
grouped according to their subcellular localization. Up- and down-regulation is expressed as log ratio (i.e., log2 fold change). Positive log ratio, up-regulation
(green). Negative log ratio, down-regulation (magenta). LR ≥ 0.58, ≤ �0.58 corresponds to an approximate gene expression fold change ≥ 1.5, ≤ �1.5.
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not depend on a nuclear feedback loop in line with the distinct

subcellular distribution we observed for DSCAM and DSCAML1 in

these neurons. Taken together, this suggests that the effect of

full-length DSCAM on synapse formation in hippocampal neurons

depends to a significant degree on cleavage and nuclear transloca-

tion of its ICD.

Discussion

Novel membrane-to-nucleus signaling of DSCAMs

Previous studies emphasized the importance of local cytoskeletal

regulation as the central modus of DSCAM-dependent signaling

(Schmucker et al, 2000; Liu et al, 2009; Purohit et al, 2012; Huang

et al, 2015; Okumura et al, 2015). Several findings presented in this

study, however, reveal a previously overlooked yet potentially

conserved membrane-to-nucleus signaling mechanism of DSCAM

receptors. The top candidates of our newly identified DSCAM/L1

binding partners are IPO5, STAT3, SH2D2A, DYRK1A, DYRK1B, and

USP21.

All of these factors show a surprisingly close link to nuclear func-

tions, the most prominent one being the transcription factor STAT3.

It is well known that STAT3 dimers directly bind to DNA and get

activated downstream of cytokine receptors, through phosphoryla-

tion by receptor tyrosine kinases such as the epidermal growth

factor receptor (EGFR), and non-receptor tyrosine kinases like Src

kinases (David et al, 1996; Reich & Liu, 2006). Moreover, the kinase

DYRK1A can get recruited to promoters of genes actively transcribed

by RNA polymerase II (RNAPII), where it phosphorylates RNAPII,

thereby activating gene transcription (Di Vona et al, 2015).

DYRK1B, SH2D2A, and USP21 have also been shown to be involved

in transcriptional regulation (Lim et al, 2002; Marti et al, 2006;

Nakagawa et al, 2008).
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Figure 5. Expression of the DSCAM ICD changes mRNA levels of neuronal genes in primary neurons.

A–F (A, C, E) Primary hippocampal neurons were isolated at E18 and nucleofected with YFP-HA-tagged DSCAM ICD or a nuclear YFP-HA control. Neurons were
fixed at DIV5, and single mRNA molecules were detected using RNA FISH probes against mouse Unc5a (A), Pcdh17 (C), and Ntrk2 (E) (magenta). Single
transfected neurons were identified by using an RNA FISH probe against eYFP (green), and nuclei were visualized with DAPI (blue). Scale bars 10 lm.
Partial confocal z-stacks are shown. (B, D, F) Quantification Unc5a (B), Pcdh17 (D), and Ntrk2 (F) mRNA levels in DSCAM-ICD-YFP-HA expressing versus
YFP-HA expressing control neurons.

Data information: In (B, D, F), bar graphs show the mean � SEM. ****P ≤ 0.0001, ***P ≤ 0.001 (Mann–Whitney U-test, unpaired, two-tailed). White numbers in bar
graphs indicate number of cells analyzed (n) from two experiments.
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These findings together with our studies on proteolytic process-

ing and nuclear import of DSCAM suggest a potentially important

membrane-to-nucleus signaling mechanism of DSCAM receptors.

Such a mechanism resembles for example the signaling mode of the

Notch receptor (Bray, 2006). Ligand binding to Notch (i.e., Jagged

and Delta) promotes shedding of the Notch ectodomain by ADAM-

family metalloproteases, followed by a second intra-membrane

cleavage mediated by the c-secretase complex (De Strooper et al,

1999; Bray, 2006). The second cleavage releases the Notch

intracellular domain (Nicd), which in turn translocates to the

nucleus where it acts as transcriptional co-factor to modulate gene

expression of Notch target genes (De Strooper et al, 1999; Bray,

2006). While Schramm and colleagues previously reported shedding

of the DSCAM ectodomain (Schramm et al, 2012), and ectodomain

cleavage has also been shown for Drosophila Dscam1 (Watson et al,

2005), the shedding protease of DSCAM receptors has not yet been

identified. It is possible, however, that the reported DSCAM

shedding product leaves an ectodomain stub, which serves as
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Figure 6. Nuclear translocation of the DSCAM/L1 ICDs impairs neurite outgrowth in primary cortical neurons.

A Schematic of C-terminally YFP-HA-tagged lentiviral DSCAM/L1 constructs expressed in (B).
B Neuron-specific tubulin (Tuj1) staining showing the morphology of primary cortical neurons transduced with lentiviral expression constructs shown in A. Primary

cortical cultures from E14.5 mouse embryos were transduced with lentivirus at DIV1. At DIV4, cultures were treated for 6 h with Mg132 (1 lM) and immuno-
stained for Tuj1 and YFP, and nuclei were visualized with DAPI. Images were converted to grayscale, and ROIs were cropped and displayed on a gray background.
Single confocal projections of YFP-positive neurons are shown. Additional examples can be found in Appendix Fig S4A. Scale bar, 50 lm.

C, D Quantification of total neurite length and of the length of the longest neurite. The neuronal tubulin cytoskeleton was traced, and the neurite length was
determined using ImageJ. Total neurite length was calculated as the sum of length of all neurites of a given neuron in lm. The longest neurite of each neuron was
measured in lm using the simple neurite tracing tool of ImageJ. See also Appendix Fig S4B and C. Total neurite length and the length of the longest neurite are
decreased in neurons expressing the DSCAM ICD as compared to control neurons expressing YFP or DSCAM-ICDDNLS (C). Total neurite length and the length of the
longest neurite are decreased in neurons expressing the DSCAML1 ICD as compared to control neurons expressing YFP or DSCAML1-ICDDNLS (D).

Data information: In (C, D) bar graphs show the mean � SEM. ****P ≤ 0.0001, ***P ≤ 0.001 (Kruskal–Wallis test with Dunn’s multiple comparisons test). White numbers
in bar graphs indicate number of cells analyzed (n) from two experiments.
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c-secretase substrate. In the case of Notch, metalloprotease cleavage

depends on ligand binding, whereas subsequent intra-membrane

cleavage by c-secretase is constitutive (Struhl & Adachi, 2000). This

raises the question of whether cleavage and subsequent nuclear

localization of the DSCAM/L1 ICDs might be ligand dependent.

However, we observed c-secretase cleavage of DSCAM in the absence

of ligand treatment in cell cultures. Thus, it is possible that also

extracellular factors alone or in combination with homophilic DSCAM

interactions in cis or trans may regulate DSCAM cleavage.

Functions of DSCAM-dependent membrane-to-nucleus signaling
in neural development

Accumulating evidence supports the concept that specific aspects of

neuronal morphogenesis may be controlled by dynamic transcrip-

tional feedback programs in response to transmembrane receptor

signaling at growth cones or synapses (Bao et al, 2004; Yang et al,

2009; Neuhaus-Follini & Bashaw, 2015). For example, the axon

guidance receptor Frazzled (Fra), which is the Drosophila homo-

logue of DCC and expressed in neuronal growth cones, was shown

to be cleaved by c-secretase releasing its intracellular domain

(Neuhaus-Follini & Bashaw, 2015). The Fra ICD translocates to the

nucleus where it functions as a transcriptional activator regulating

the expression of commissureless in vivo (Yang et al, 2009;

Neuhaus-Follini & Bashaw, 2015). Commissureless on the other

hand is a factor controlling midline crossing by negatively regulating

the amount of repulsive Robo receptors at the cell surface of pre-

crossing commissural axons (Yang et al, 2009; Neuhaus-Follini &

Bashaw, 2015). Here we show that nuclear enrichment of the

DSCAM ICD leads to transcriptional up-regulation of the repulsive

axon guidance receptor Unc5a as well as down-regulation of the

neurotrophin receptor Ntrk2 in primary neuron cultures. Thus, it is

tempting to speculate that a potential transcriptional regulation

mediated by DSCAM receptors might serve to selectively regulate

the responsiveness of neurons to repulsive axon guidance and/or

death and survival promoting cues and thereby contribute to the

spatial, temporal, and cell type-specific fine-tuning of neural circuit

assembly. Importantly, the surprisingly strong impact of the DSCAM

ICD on synapse formation and the observed non-autonomous inhi-

bition of synapse formation are certainly consistent with a DSCAM-

dependent retrograde signaling via nuclear import.

DSCAM and DSCAML1 specifically interacted with the importin

beta IPO5, whereas deletion of the identified NLSs abolished this

specific interaction and suppressed nuclear translocation of the

DSCAM/L1 ICDs in cell lines and cultured neurons. This suggests a

direct role of IPO5 in the nuclear import of the DSCAM/L1 ICDs.

◀ Figure 7. The DSCAM but not the DSCAML1 ICD inhibits synapse development in hippocampal neuron cultures.

A–D Analysis of synapse density in E18 hippocampal neuron cultures electroporated with YFP-tagged DSCAM ICD or full-length DSCAM (DSCAM-FL) in comparison with
control neurons electroporated with YFP alone or YFP-tagged DSCAM-ICDDNLS. VGlut1-, PSD95-, and double-positive puncta density are decreased in DSCAM ICD
and DSCAM-FL-expressing neurons as compared to control neurons expressing YFP (****P ≤ 0.0001) or DSCAM-ICDDNLS (++++P ≤ 0.0001, +++P ≤ 0.001). (B) VGlut1
and PSD95 double-positive puncta normalized to dendritic length (synapse density). (C) VGlut1-positive puncta normalized to dendritic length. (D) PSD95-positive
puncta normalized to dendritic length.

E–G The DSCAM ICD has a cell non-autonomous effect. Reduced synapse density in cultures electroporated with the DSCAM ICD in both transfected (DSCAM ICD TF)
and neighboring non-transfected neurons (DSCAM ICD NTF) as compared to control neurons expressing YFP (****P ≤ 0.0001, #P ≤ 0.05).

H, I Subcellular localization of recombinant YFP-tagged full-length DSCAM or DSCAML1 in hippocampal neurons. Scale bars, 10 lm.
J–M Synapse density in hippocampal neuron cultures electroporated with YFP-tagged DSCAML1 ICD or full-length DSCAML1 (DSCAML1-FL) in comparison with control

neurons electroporated with YFP alone or YFP-tagged DSCAML1-ICDDNLS. (K) Decreased synapse density in DSCAML1-FL expressing neurons as compared to control
neurons expressing YFP (*P ≤ 0.05). (L) Decreased VGlut1-positive puncta density in DSCAML1-FL expressing neurons as compared to control neurons expressing
YFP (*P ≤ 0.05). (M) Decreased PSD95-positive puncta density in DSCAML1-FL expressing neurons as compared to control neurons expressing YFP (***P ≤ 0.001) or
DSCAML1 ICD (###P ≤ 0.001).

Data information: (A, F, and J) Electroporated hippocampal neurons were treated with Mg132 (1 lM) for 12 h and then immuno-stained on DIV10 for YFP, PSD95, VGlut1,
and MAP2 and YFP-positive neurons were imaged. Overview images of VGlut1-positive puncta. Scale bars, 20 lm. See Appendix Figs S5 and S6 for MAP2 and YFP
staining. Magnifications in (A0), (J0), and (F) show single dendrites (boxes) with synapses visualized by VGlut1 and PSD95 staining. Scale bars, 5 lm. Bar graphs in (B–D, G,
K–M) show mean � SEM and P-values by Kruskal–Wallis test with Dunn’s multiple comparisons test. White numbers in bar graphs indicate number of cells analyzed (n)
from three experiments.
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Figure 8. Model of nuclear DSCAM signaling.

c-secretase-mediated intra-membrane cleavage of DSCAM receptors results in
the release of the DSCAM ICD, which is likely proceeded by shedding of the
DSCAM ectodomain. Interaction of IPO5 with the NLS of DSCAM then leads to
importin-mediated nuclear import of the DSCAM ICD. In the nucleus, the DSCAM
ICD may regulate the transcription of genes involved in neuronal development
and function, thereby regulating processes such as neurite outgrowth,
branching, and repulsion, as well as synapse formation, axon guidance, and
neuronal cell death and survival.
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Nuclear protein import can be accomplished by a complex consisting

of importin alpha and beta or by importin beta acting alone (Freitas

& Cunha, 2009; Xu et al, 2010). IPO5 was shown to interact directly

with the NLS of the cytoplasmic polyadenylation element-binding

protein (CPEB) 3, mediating its NMDA-induced nuclear translocation

in neurons (Chao et al, 2012). Considering that we tested five out of

seven human importin alphas (Miyamoto et al, 2016) and none of

them interacted with DSCAM/L1, it seems also possible that IPO5

binds directly to DSCAM/L1 without involvement of an importin

alpha. Interestingly, we noted that successful co-immunoprecipita-

tion (Co-IP) of DSCAM/L1 and IPO5 required the strict presence of

Tyrosine-, as well as Serine-, and Threonine-Phosphatase inhibitors.

This suggests that the interaction between DSCAM receptors and

IPO5 is likely regulated by phosphorylation, potentially involving

multiple classes of kinases. Moreover, the interaction between

DSCAM and IPO5 was confirmed by Co-IP in SH-SY5Y human

neuroblastoma cells (also in the presence of phosphatase inhibitors).

Notably, as opposed to HEK293T cells we could observe low levels

of nuclear localization of DSCAM-YFP in SH-SY5Y cells even in the

absence of proteasomal inhibitor, suggesting that kinases and/or

phosphatases regulating the interaction between DSCAM and IPO5

might be expressed at different levels in those cells.

Even though intra-membrane cleavage and nuclear translocation

has been shown for several neuronal receptors (Kopan et al, 1996;

Taniguchi et al, 2003; Goldschneider et al, 2008; Neuhaus-Follini &

Bashaw, 2015), very little is known about the molecular mecha-

nisms of their nuclear translocation from distant axon terminals or

synapses. A study in Drosophila showed that nuclear import of the

C-terminus of the Wnt receptor Frizzled2 requires importins to

promote postsynaptic development (Mosca & Schwarz, 2010).

Importins are localized in dendrites, axons, and synapses (Hanz

et al, 2003; Thompson et al, 2004; Mosca & Schwarz, 2010; Perry

et al, 2012), and their molecular interactions and subcellular local-

ization at synapses can be altered by neuronal activity during

neuronal plasticity (Thompson et al, 2004; Jeffrey et al, 2009).

Furthermore, importins are involved in synapse-to-nucleus transport

as well as nuclear import of synaptic proteins (Lever et al, 2015;

Panayotis et al, 2015), and have been reported to enable retrograde

signaling in regenerating axons after injury (Hanz et al, 2003; Perry

et al, 2012). Our data indicate that importin-mediated membrane-to-

nucleus signaling may also play a role in neurite and synapse devel-

opment downstream of DSCAMs. Taken together, we speculate that

importin-mediated membrane-to-nucleus communication from

distant growth cones and synapses may represent a more general

attribute of neuronal receptor signaling.

Potential gain-of-function effects of DSCAM by gene dosage
increase in trisomy 21

Interestingly, mouse models of Down syndrome (e.g., Ts1Cje) as

well as studies on DS patients reveal abnormal patterns of gene

expression in the brain during embryonic development and adult-

hood (Guedj et al, 2015a,b). These studies suggest that overexpres-

sion of certain proteins in DS brains may cause long-term

transcriptional changes during brain development. Interestingly, in

addition to DSCAM also DYRK1A is located in the DS critical region

(Shindoh et al, 1996; Yamakawa et al, 1998) and both are overex-

pressed in DS patients (Saito et al, 2000; Liu et al, 2008). It seems

therefore possible that co-expression of these two signaling factors

may lead to a synergistic enhancement of this signaling unit. Also,

the recruitment of SH2D2A, which is specifically expressed in acti-

vated T cells (Spurkland et al, 1998), may be a potentially interest-

ing lead to test for its contribution in DS given that DS patients

suffer from immune system deficiencies including decreased levels

of T cells (Ram & Chinen, 2011).

Several previous studies demonstrated that tyrosine-phosphory-

lation levels of DSCAMs may play an important functional role (Liu

et al, 2009; Purohit et al, 2012; Dascenco et al, 2015) and fly

Dscam1 interacts with the SH2/SH3 adaptor protein Dock/Nck

(Schmucker et al, 2000). Consistent with this, our findings now

further suggest that STAT3 and the adaptor protein SH2D2A interact

with tyrosine-containing motifs within the DSCAM/L1 ICDs. The

SH2 domains of both STAT3 and SH2D2A are known to bind to

phosphorylated tyrosine residues in the context of such motifs

(Stahl et al, 1995; Shao et al, 2004; Tinti et al, 2013). Thus, the

interactions between DSCAMs and SH2-domain containing proteins

seem to play a central and conserved role in Dscam signaling in the

context of dynamic changes of tyrosine-phosphorylation levels.

Taken together, investigating potentially deleterious DSCAM-

dependent gain-of-function effects and in particular the transcrip-

tional alterations in response to activity of the DSCAM ICD may

greatly increase our understanding of the molecular mechanisms

that contribute to the emergence of neurodevelopmental disorders

and disabilities associated with Down syndrome.

Materials and Methods

Additional details and methods are provided in the Appendix

Supplementary Methods including a list of primer sequences

(Appendix Table S3) and a list of antibodies (Appendix Table S4).

MAPPIT

MAPPIT screens were performed as described previously (Lievens

et al, 2009; Simicek et al, 2013). The prey collection screened

consisted of a subset of 9,870 human ORF preys selected from the

human ORFeome collection version 5.1 (http://horfdb.dfci.harva

rd.edu/hv5/). We would like to note that DSCAM/L1 bait receptors

gave rise to background signals in binary MAPPIT experiments, i.e.,

generating a signal in the absence of an interaction (Appendix Fig S2D

and G). This can be explained by activation of endogenous STAT3

signaling upon binding to the DSCAM/L1 bait receptors. Consistently,

the STAT3 binding deficient mutant DSCAM (i.e., LR-DSCAMY1746F)

and DSCAML (i.e., LR-DSCAML1Y1744F/Y1937F) baits did not generate

background signals and were therefore used in follow-up binding

experiments as indicated (Appendix Fig S2D and G).

Neuronal cultures and transfections

Low-density neuronal cultures were established as described in

Kaech and Banker (2006). In brief, neurons were cultured from E14-

15 cortices or E18 hippocampi of C57BL/6J mice and plated on

poly-D-lysine (Millipore)- and laminin (Invitrogen)-coated glass

coverslips (Marienfeld GmbH) and grown on top of a glial feeder

layer. Neurons were maintained in Neurobasal medium (Invitrogen)
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supplemented with B27, glucose, glutamax, penicillin/streptomycin

(Invitrogen), 20 mg/ml insulin (Sigma), and 25 mM b-mercap-

toethanol. Hippocampal neurons were electroporated with 3 lg of

plasmid DNA just before plating with the mouse neuron AMAXA

Nucleofector kit (Lonza) and immuno-stained at DIV10 or processed

for RNAscope at DIV5. Lentiviral infections of cortical neurons were

performed at DIV1, and neuronal morphology was analyzed at

DIV4. To stabilize intracellular DSCAM/L1 fragments in IHC experi-

ments, hippocampal cultures were treated at DIV9 with the protea-

somal inhibitor Mg132 (1 lM, Invivogen) for 12 h until DIV10 and

cortical cultures were treated with Mg132 (1 lM) or Lactacystin

(10 lM, Calbiochem) for 6 h prior to fixation and immuno-staining

(see figure legends). For c-secretase inhibition experiments, primary

hippocampal neurons were treated at DIV9 over night with 5 lM
Lactacystin (Calbiochem) alone or in combination with 10 lM Inhi-

bitor X (Calbiochem) and then fixed and immuno-stained at DIV10.

Image acquisition and analysis

Images were taken with a Zeiss LSM710 confocal microscope

using a 40×/1.2NA water immersion or a 20×/0.8NA objective

(Zeiss, Jena, Germany). Confocal images were processed by the

use of the Fiji (Schindelin et al, 2012) software. Images were

cropped, and brightness and contrast were adjusted on sample

and control images. Analysis of neurite length was performed on

YFP-positive neurons using the skeletonize/analyze skeleton and

simple neurite tracer plug-ins in Fiji. Analysis of synaptic density

was performed on transfected YFP-positive neurons as described

in Savas et al (2015). Following RNA FISH, mRNA molecules of

single YFP-positive neurons were counted using the “find

maxima” plugin in Fiji. For more details, see Appendix Supple-

mentary Methods.

RNA sequencing

Libraries were prepared from RNA of three 3 biologically indepen-

dent experiments. Sequence-libraries of each sample were equimo-

larly pooled and sequenced on an Illumina NextSeq 500 instrument

(High Output, 75 bp, Single Reads, v2) at the VIB Nucleomics

core (www.nucleomics.be). Differentially expressed genes were

uploaded into the IPA software (Ingenuity Systems, http://www.in

genuity.com). An IPA core analysis was performed focusing on both

up- and down-regulated molecules and setting the log ratio (LR)

cutoff ≥ 0.58 (fold change ≥ 1.5) and the FDR cutoff ≤ 0.0005 (range

0.0–0.0005).

Single-molecule fluorescent in situ hybridization

Hippocampal neuron cultures nucleofected with DSCAM-YFP-Ha or

YFP-Ha plasmid DNA were fixed at DIV5 in 4% PFA/sucrose (w/v) in

PBS for 30 min at RT. Single-molecule FISH was performed using the

RNAScope� Fluorescent Multiplex Reagent kit (Advanced Cell Diag-

nostics). Coverslips were immobilized on glass slides and pretreated

with the RNAscope� Protease III reagent (Advanced Cell Diagnostics)

for 15 min at RT. Probe hybridization was achieved with an EYFP

probe (312131-C3) multiplexed with either Mm-Unc5a (429301),

or Mm-Pcdh17 (489901-C2), or Mm-Ntrk2 (423611) followed by

amplifying hybridization probes. Heating steps were performed using

a HybEZTM oven. DAPI was used to visualize nuclei, and samples were

mounted with ProLong Gold Antifade (Thermo Fisher).

Data availability

RNA-seq raw data have been deposited in NCBI’s Gene Expression

Omnibus (Edgar et al, 2002) and are accessible through GEO Series

accession number GSE122568 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE122568).

Expanded View for this article is available online.
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