
Increased plasmin-mediated proteolysis of L1CAM
in a mouse model of idiopathic normal
pressure hydrocephalus
Dejun Yanga,1

, Hongwei Yanga,1
, Gabrielle Luisellia, Charles Ogagana

, Huijun Daia, Lucinda Chiua
,

Rona S. Carrolla, and Mark D. Johnsona,2

aDepartment of Neurological Surgery, University of Massachusetts Medical School, University of Massachusetts Memorial Healthcare, Worcester, MA 01655

Edited by Emery N. Brown, Massachusetts General Hospital, Boston, MA, and approved June 13, 2021 (received for review May 28, 2020)

Idiopathic normal pressure hydrocephalus (iNPH) is a common
neurological disorder that is characterized by enlarged cerebral
ventricles, gait difficulty, incontinence, and dementia. iNPH usually
develops after the sixth decade of life in previously asymptomatic
individuals. We recently reported that loss-of-function deletions in
CWH43 lead to the development of iNPH in a subgroup of patients,
but how this occurs is poorly understood. Here, we show that de-
letions in CWH43 decrease expression of the cell adhesion molecule,
L1CAM, in the brains of CWH43 mutant mice and in human HeLa
cells harboring a CWH43 deletion. Loss-of-function mutations in
L1CAM are a common cause of severe neurodevelopmental defects
that include congenital X-linked hydrocephalus. Mechanistically, we
find that CWH43 deletion leads to decreased N-glycosylation of
L1CAM, decreased association of L1CAM with cell membrane lipid
microdomains, increased L1CAM cleavage by plasmin, and increased
shedding of cleaved L1CAM in the cerebrospinal fluid. CWH43
deletion also decreased L1CAM nuclear translocation, suggesting
decreased L1CAM intracellular signaling. Importantly, the in-
crease in L1CAM cleavage occurred primarily in the ventricular
and subventricular zones where brain CWH43 is most highly
expressed. Thus, CWH43 deletions may contribute to adult-onset
iNPH by selectively downregulating L1CAM in the ventricular and
subventricular zone.
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Idiopathic normal pressure hydrocephalus (iNPH) is a neurological
disorder that is characterized by enlarged cerebral ventricles,

gait difficulty, incontinence, and dementia (1). iNPH usually de-
velops after the sixth decade of life in previously asymptomatic
individuals (2). Approximately 1% of individuals over the age of
60 and 5.6% of individuals over 75 y of age develop the disorder
(3–6). Until recently, the cause of iNPH was unknown. However,
we recently reported that about 15% of patients with sporadic iNPH
harbor heterozygous deletions in CWH43 (7), which encodes a
protein that incorporates ceramide into the lipid anchor of
glycosylphosphatidylinositol (GPI)–anchored proteins (8). Mice
harboring CWH43 deletions appear behaviorally normal but de-
velop communicating hydrocephalus and gait imbalance. Inspec-
tion of the ventricular zone in CWH43 mutant mice revealed a
decrease in the number of ventricular cilia and decreased apical
localization of GPI-anchored proteins in choroid plexus and
ependymal cells. How these changes relate to the development
of hydrocephalus in CWH43 mutant mice is unclear.
One of the most common causes of X-linked congenital hy-

drocephalus in humans is mutation of L1CAM (9). L1CAM (also
known as L1) is a transmembrane glycoprotein that promotes cell
adhesion, migration, neurite outgrowth, and myelination through
homophilic binding or heterophilic binding to integrins and other
proteins (10). In humans, L1CAM mutations can cause severe
neurodevelopmental defects including corpus callosum agene-
sis, mental retardation, adducted thumbs, spastic paraplegia, and

hydrocephalus (i.e., L1 syndrome) (9). Mice harboring L1CAM
mutations also display hydrocephalus and severe neurodevelopmental
abnormalities (11).
The L1CAM protein contains six extracellular immunoglobulin

domains, five fibronectin type III (FNIII) domains, a transmem-
brane domain, and an intracellular domain (10). L1CAM activity
is controlled at both the transcriptional and posttranscriptional
levels. N-glycosylation, fucosylation, sumoylation, phosphorylation,
or cleavage of L1CAM all regulate L1CAM binding or signaling
(12–15). L1CAM binding can activate intracellular kinase signal-
ing pathways (10, 11), and L1CAM cleavage can release the in-
tracellular domain, which then signals through cytoplasmic and
nuclear pathways. The extracellular domain of L1CAM can be
cleaved by several different proteases to release soluble extracel-
lular fragments that act as ligands and retain biological activity.
ADAM10, ADAM17, BACE1, Reelin, and myelin basic protein
cleave L1CAM proximally to shed soluble extracellular L1CAM
fragments from the cell surface (16–19). Cleavage by plasmin (20)
or proprotein convertase PC5A (21) in the third fibronectin do-
main also generates a soluble extracellular fragment that stimu-
lates neurite outgrowth and cell adhesion, although studies suggest
that this fragment may be less effective in promoting protein
multimerization, integrin binding, cell adhesion, and myelination.
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Indeed, evidence suggests that extracellular L1CAM fragments
generated by different proteases may have different biological
activity during development.
Here, we show that in human cells in vitro and in the mouse

brain, CWH43 deletion leads to hypoglycosylation of L1CAM,
decreased L1CAM association with lipid microdomains, increased
L1CAM proteolysis by plasmin, and decreased L1CAM expres-
sion primarily in the ventricular region where Cwh43 expression
is high. Our findings may help to explain the lack of neuro-
developmental deficits and the late onset of symptoms seen in
patients with adult-onset iNPH.

Materials and Methods
Animals. All experiments and procedures involving mice were approved by
the University of Massachusetts Medical School Institutional Animal Care and
Use Committee. C57bl6 mice harboring a Met533Ter mutation (coinciding to
the human CWH43 deletion 4:49034669 CA/C; Leu533Ter) were generated
using a CRISPR/Cas9 approach and bred to generate homozygous (CWH43M533/M533)
animals as described previously (7). This mutation generates a stop codon
that truncates the encoded Cwh43 protein and disrupts its function.

Cell Culture and Compound Treatment. A human HeLa cell line bearing the
CWH43 mutation was generated as described (7). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen). For some experiments, HeLa cells
were maintained in a serum-free medium. Cells were incubated in the
presence of compounds of interest with or without serum for 8–12 h before
harvest. Compounds used included recombinant plasmin (20 or 50 μg/mL;
P1867; Sigma-Aldrich); α2 antiplasmin (70 μg/mL; 178221; Sigma-Aldrich); an
ADAM metallopeptidase domain 10 (ADAM10) inhibitor GI254023X (0.5–2 μg/mL;
SML0789; Sigma-Aldrich); and AY9944 (2 μM; Tocris Bioscience).

RNA Extraction and PCR. Mouse brain tissues were dissected and quickly
frozen at −80 °C. The total RNA from mouse brain or HeLa cells was extracted
using TRIzol (Invitrogen) and purified. Complementary DNA was synthesized
with SuperScript IV Reverse Transcriptase kit (Invitrogen). For RT-PCR experi-
ments, six pairs of primers for mouse L1CAM mRNA were generated: pair 1,
forward primer, 5′-GACTGAGCTGGCAACCTGAT-3′, and reverse primer, 5′-GAA-
AGAGCAGACGTGGCTTC-3′; pair 2, forward primer, 5′-GAAGCCACGTCTGCT-
CTTTC-3′, and reverse primer, 5′-ATGTCACCCTTGCACCTTTC-3′; pair 3, forward
primer, 5′-AAGGTGCAAGGGTGACATTC-3′, and reverse primer, 5′-CTTCAAGTT-
CAGGGCTCACC-3′; pair 4, forward primer, 5′-AGGTGAGCCCTGAACTTGAA-3′,
and reverse primer, 5′-CAGGGCCAGTTCCATTAGTC-3′; pair 5, forward primer,
5′-AGCCACAGCAGGTGAAAACT-3′, and reverse primer, 5′-CATGGCTGGACC-
TTGCTATT-3′; pair 6, forward primer, 5′-GAAGCTGCCCTCACTTTCTG-3′, and re-
verse primer, 5′-CATTTCTAGGTTTTTATTTGCCTGT-3′. For real-time PCR, mRNA
expression levels in mouse brain tissues were quantitated using TaqMan probes
(L1CAM, Mm00493049_m1; Actin, Mm00607939_s1; Thermo Fisher Scientific)
and normalized to β-actin.

Mouse Brain MRI Analysis. Six-month-old mice were used for MRI analysis. T2-
weighted MR images of the brains of CWH43 wild-type (WT) and mutant
mice were obtained, and ventricular volume was quantitated using ImageJ
software (7).

Immunohistochemistry. Mice were anesthetized and perfused with 4%
paraformaldehyde; the 25-μm cryostat sections of brain tissue were obtained
and stored at −20 °C. Immunohistochemistry for L1CAM was performed by
following several optimized steps. Briefly, cell membranes were permeabilized
by incubating coverslips in PBS/0.5% Triton X-100 for 5 min. Tissue sections were
then blocked in PBS containing 5%bovine serum albumin for 30–60min at room
temperature in a humidified chamber. Sections were then incubated at 4 °C
overnight with primary antibody (anti-L1CAM antibody [1:500; ab24345; lot#
CR324831-1, Abcam]; anti-Cwh43 antibody [1:200; Sigma; HPA048140; lot#
R58111]; anti-acetylated-α tubulin antibody [1:1,000; 5335; lot# 4; Cell Signaling
Technology]; rabbit anti-plasmin antibody [OAAB11621; lot# SA100831BD; Aviva
Systems Biology]). Sections were then washed in PBS and incubated in the ap-
propriate secondary antibody (anti-mouse IgG [1:2,000; Alexa Fluor 488; A28175;
Invitrogen]; goat anti-rabbit IgG [1:2,000; Alexa Fluor 546; A11035; lot #731492;
Invitrogen]) for 2 h at room temperature. Tissue sections were again washed
three times with PBS, and nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) solution (0.2 mg/mL; Sigma-Aldrich). Confocal microscopy
was performed using a Leica SP5 II confocal microscope.

Membrane and Lipid Microdomain Protein Extraction. Mouse brain tissues
were dissected into ventricular and cortical regions and lysed using the Mem-
PER Plus membrane protein extraction kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions, and total membrane protein was extracted.
Equal amounts of membrane protein extracts from WT and CWH43 mutant
mice were further fractionated into the aqueous and lipid compartments us-
ing Triton X-114, and the aqueous and lipid fractions were loaded in the same
ratio relative to total membrane protein for Western blot analysis.

Deglycosylation Assay and Western Blot. Total protein was extracted from
mouse brain tissues or cultured HeLa cells using RIPA buffer supplemented
with protease inhibitors and phosphatase inhibitors. For comparisons of
protein expression in the ventricular/subventricular zone and the whole brain,
microdissection was performed to obtain samples from the ventricular/
subventricular region. Briefly, mouse brains were sectioned coronally into
2-mm-thick sections using a commercially available mold (Zivic Instruments).
The ventricular and subventricular zones at the level of the basal ganglia were
then dissected (∼1 mm in thickness) under the microscope using a microknife.
Lysates were quantified using Pierce BCA protein assay kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. PNGase F (P0704S;
NEB) treatment was performed according to the manufacturer’s instructions.
Briefly, 40 μg of protein were denatured by incubation at 100 °C for 10 min in
Glycoprotein Denaturing Buffer (10×). GlycoBuffer 2 (10×), Nonidet P-40, and
PNGase F were then added, followed by incubation for 1 h at 37 °C. Lysates
were separated using SDS-PAGE and analyzed by Western blot. The following
antibodies were used: anti–C-terminal L1CAM (OAAB11621, Aviva Systems
Biology); anti–β-Actin (4970S; Cell Signaling Technology); and an anti-rabbit
secondary antibody. Immunostained bands were detected using the chemilu-
minescent method (Pierce ECL Western Blotting Substrate; Thermo Fisher
Scientific), and images were obtained using a KODAK Image Station 4000
System. Western blot quantification was performed using ImageJ software.

Three short hairpinRNAs (shRNAs) directedagainstplasminogenwerepurchased
from Millipore Sigma (TRCN0000072315, TRCN0000072316, TRCN0000072317)
andpooled to transfectHeLa cells. Anempty control shRNAvector (pLKO.1)was
used as a control. Cells were cultured in DMEMwith 10% fetal bovine serum for
2 d before transfer into EX-CELL HeLa Serum-Free Medium for 48 h. The cells
were then lysed in RIPA buffer supplemented with proteinase and phosphatase
inhibitors. One hundred micrograms of total protein were loaded for Western
blot analyses. The anti-plasminogen antibody was purchased from Boster Bio-
logical Technology (catalog #A03674-1). β-Actin was used as a loading control.
The intensity of the upper band at 240 kDa relative to control cells is shown at
the top of the Western blot.

Mass Spectrometry Proteomics Analysis. Cerebrospinal fluid (CSF) samples
were collected stereotactically from the cisterna magna of anesthetized
3-mo-old mice. The samples were then rapidly frozen on dry ice and stored
at −80 °C. WT and mutant samples were analyzed using a Thermo Scientific
Q-Exactive mass spectrometer with Waters NanoAcquity UPLC at the Mass
Spectrometry Facility at University of Massachusetts Medical School. The mass
spectrometry proteomics data were exported and analyzed using Scaffold
(Proteome Software) software.

Statistical Analysis. Throughout the different experiments, the quantification
values are presented as mean ± SEM; P > 0.05, not significant. Differences
were considered statistically significant at P < 0.05. Asterisks correspond to
P value calculated by unpaired t test (*P < 0.05).

Results
iNPH-Associated CWH43 Deletion Decreases L1CAM Protein Expression
in Mouse Brain.We previously reported that mice harboring iNPH-
associated deletions in CWH43 develop communicating hydro-
cephalus (Fig. 1A) (7). To determine whether alterations in L1CAM
may contribute to this phenomenon, we examined L1CAM immu-
noreactivity in the ventricular and subventricular zone of the mouse
brain using an antibody directed against the C terminus of L1CAM.
In WT mice, strong L1CAM immunoreactivity was observed in
neuronal somata, while less immunoreactivity was detected in
the ependymal cell layer. In CWH43 mutant mice, we observed a
significant decrease in L1CAM immunoreactivity compared to
WT mice (Fig. 1B). Real-time PCR for L1CAM mRNA obtained
from the brains of these mice failed to show a significant difference
(Fig. 1C). RT-PCR analysis using a series of overlapping primers
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indicated that there was no difference in L1CAM mRNA splic-
ing between WT and CWH43 mutant mice (Fig. 1D).

CWH43 Deletion Increases Plasmin-Mediated Proteolysis of L1CAM.
To determine whether proteolysis was responsible for the de-
crease in full-length L1CAM expression, we used an antibody
directed against the C-terminal portion of L1CAM to perform a
Western blot analysis of mouse brain protein isolates (Fig. 2A).
Because this antibody is directed against a C-terminal epitope, it
recognizes the membrane-associated fragments after L1CAM
cleavage but does not bind to the released soluble ectodomain
fragments. A decrease in full-length L1CAM at ∼220 kDa was
observed in CWH43 mutant mice when compared to WT mice.
An increase in a band at ∼85 kDa was also observed, consistent
with cleavage in the FNIII3 domain by plasmin or PC5A (20, 21).
Faint bands at 45 and 28 kDa were also observed.
To investigate whether the effect of CWH43 deletion on L1CAM

proteolysis was specific to the brain, we examined L1CAM
expression in control human HeLa cells or in HeLa cells where a
loss-of-function CWH43 deletion had been introduced using
CRISPR. As was observed in the mouse brain, a decrease in full-
length L1CAM and an increase in a band at 80 kDa was detected
in HeLa cells harboring the CWH43 mutation. In HeLa cells, a
clear increase in a band at ∼200 kDa was detected. Because
the antibody used recognizes a C-terminal L1CAM epitope, this
band likely represents differential posttranslational modification
of full-length L1CAM protein and not a soluble L1CAM frag-
ment. A band at ∼45 kDa was also noted to increase in CWH43
mutant HeLa cells. The identity of the protease(s) responsible
for producing this fragment is unclear. Importantly, a decrease in

a 32-kDa band representing a C-terminal L1CAM fragment was
observed (Fig. 2A). This fragment has been reported to be
generated when full-length L1CAM is proximally cleaved by
ADAM10 or BACE1 (18, 19). Quantification of changes in each
of these bands is shown in Fig. 2B. Human and mouse L1CAM
are 92% identical. There are two main isoforms in humans, and
at least three in mice. Each of these can be posttranslationally
modified and cleaved by a number of different enzymes and
proteases in a tissue-specific manner. This may explain differences
in the apparent molecular weight of L1CAM bands seen on gel
electrophoresis studies using protein derived from mouse brain
and human HeLa cells. Taken together, these data revealed al-
terations in the proteolytic cleavage of L1CAM in the context of
CWH43 mutation in the mouse brain in vivo and in human HeLa
cells in vitro.
The changes in L1CAM proteolysis seen on Western blot sug-

gested an overall increase in L1CAM cleavage, with a relative
increase in cleavage in the FNIII3 domain (85-kDa fragment) and
decreased cleavage proximally near the transmembrane domain
(32-kDa fragment). Plasmin cleaves L1CAM at sites located in the
FNIII3 domain, generating an 80- to 85-kDa membrane-associated
fragment (20). We confirmed that the addition of plasmin to
WT HeLa cells maintained in a serum-free medium decreased
the expression of full-length L1CAM (220 kDa) and increased
the abundance of the 80- to 85-kDa fragment in a concentration-
dependent manner. Interestingly, the fragment at ∼200 kDa was
unchanged in WT HeLa cells after plasmin exposure (Fig. 3A).
However, in HeLa cells harboring a homozygous deletion of
CWH43, exposure to plasmin decreased the 220-, 200-, and
85-kDa bands. This response to plasmin has previously been
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reported and is indicative of extended L1CAM proteolysis at higher
levels of plasmin activity (20).
The plasmin inhibitor, α2 antiplasmin (22), failed to increase

the band at 220 kDa or decrease the band at 80–85 kDa in WT
HeLa cells, suggesting that plasmin does not play a significant
role in L1CAM proteolysis at baseline in these cells. In contrast,
α2 antiplasmin increased the 220-kDa band and decreased the
80- to 85-kDa band in CWH43 mutant HeLa cells. Taken to-
gether, these data suggest that loss of CWH43 function increases
L1CAM sensitivity to plasmin proteolysis.
Constitutive shedding of L1CAM is mediated by ADAM10 in

many cell types (19). Exposure of WT HeLa cells to the ADAM10
inhibitor, GI254023X, led to a slight increase in the expression of
full-length L1CAM at 220 kDa, indicating a low level of consti-
tutive ADAM10 proteolysis of L1CAM (Fig. 3C). GI254023X also
led to a slight increase in full-length L1CAM in CWH43 mutant
HeLa cells, indicating a small contribution to L1CAM proteolysis
by ADAM10 in these cells as well. Interestingly, ADAM10 inhibi-
tion preferentially increased the abundance of the 45-kDa L1CAM
fragment in CWH43mutant but not WT HeLa cells, suggesting that
this fragment may undergo proteolysis by ADAM10 specifically in
the context of CWH43 deletion.
Cleavage of L1CAM by plasmin generates a 140-kDa ectodomain

fragment that is soluble and can be deposited in the extracellular
matrix (20). We therefore used mass spectrometry to look for
shedding of L1CAM in CSF obtained from the mouse brain.
Soluble L1CAM was not detected in the CSF of adult WT mice
(n = 6), but it was detected in each of the CSF samples obtained
from CWH43 mutant mice (n = 6; Fig. 3D). Analysis of the
peptide sequences indicated that all of the peptides identified
were from the L1CAM ectodomain distal to the plasmin cleav-
age site (Fig. 3E), consistent with plasmin proteolysis.

CWH43 Deletion Results in L1CAM Hypoglycosylation and Reduced
Lipid Microdomain Localization. Our findings suggested that the
increased L1CAM proteolysis observed in CWH43 mutant cells
was due to increased sensitivity of L1CAM to plasmin cleavage.
Western blot analysis of HeLa cell protein isolates consistently
showed an increased band at 200 kDa (Fig. 4A). This band has
been reported to represent a hypoglycosylated form of full-length
L1CAM (13). Exposure of HeLa cell protein isolates to peptide:
N-glycosidase F (PNGase F), an enzyme that removes almost
all N-linked oligosaccharides from glycoproteins, confirmed
that this band corresponded to hypoglycosylated full-length L1CAM
(Fig. 4B).
L1CAM has been associated with cholesterol-rich micro-

domains in the cell membrane that have been referred to as lipid
rafts (23). Studies indicate that glycosylation can promote traf-
ficking of proteins to lipid microdomains (24, 25). We therefore
used Triton X-114 extraction to examine the association of
L1CAM with lipid microdomains in protein isolates from WT or
CWH43 mutant mouse brain. Decreased L1CAM was identified
in the lipid fraction in CWH43 mutant mice when compared to
WT mice (Fig. 4C). Disruption of these cholesterol-rich lipid
microdomains using an inhibitor of cholesterol biosynthesis, AY-
9944, decreased the amount of L1CAM protein expressed in
HeLa cells (Fig. 4D). Previous studies have reported that cho-
lesterol depletion leads to the cleavage of L1CAM in released
microvesicles containing both L1CAM and ADAM10 (26).
Our data indicated that decreased glycosylation of L1CAM in

CWH43 mutant cells makes it more sensitive to proteolytic
cleavage, and our studies using exogenous plasmin or alpha 2 anti-
plasmin thus implicated plasmin as the protease responsible for
this cleavage. To further determine whether plasmin is responsible
for the observed effects on L1CAM, we used an shRNA directed
against plasminogen to knock down plasmin expression in HeLa
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cells maintained in a serum-free medium. As shown in Fig. 4E,
plasmin knockdown in CWH43 mutant HeLa cells increased the
amount of full-length L1CAM and decreased the amount of
L1CAM cleavage (as indicated by a decrease in the 80- and
45-kDa bands).

CWH43 Deletion Reduces the Level of L1CAM Intracellular Fragment in
CWH43-Expressing Cells.Cleavage of L1CAM by ADAM10 or BACE
1 generates a 32-kDa membrane-associated intracellular fragment
that is further cleaved by γ-secretase to yield a 28-kDa intra-
cellular fragment representing the L1CAM intracellular domain
(ICD) (19). The L1CAM ICD can then translocate to the nu-
cleus to regulate transcription. Generation of the 32- and 28-kDa
C-terminal intracellular fragments is thus important for L1CAM
nuclear signaling. Western blot analysis of HeLa cell protein lysates
revealed decreased expression of the 32-kDa membrane-associated
intracellular fragment in CWH43 mutant cells when compared
to WT cells (Fig. 5A). The 28-kDa intracellular fragment was
not detected in these cells.
In the adult mouse brain (6 mo), CWH43 mRNA and protein

expression are expressed primarily in the ventricular/subventricular
zone and in a small set of neuronal subpopulations (Fig. 5B). This
distribution of Cwh43 expression suggests that the effect of CWH43
deletion on L1CAM proteolysis should be manifest primarily in
those areas. Western blot analysis of lysates obtained from the
mouse ventricular/subventricular zone and from the cortex in-
dicated that decreases in full-length L1CAM and in the 28-kDa
intracellular fragment were present in the ventricular zone but

not in the cortex (Fig. 5C). Immunohistochemistry using an anti-
body directed against the C terminus of L1CAM showed decreased
nuclear L1CAM immunoreactivity in CWH43 mutant mice when
compared to WT mice. Taken together, these data reveal increased
plasmin-mediated L1CAM proteolysis and decreased L1CAM
nuclear translocation in the ventricular/subventricular zone of
the mouse brain and in cultured human cells harboring CWH43
deletions.

Discussion
The hydrocephalus, gait dysfunction, incontinence, and dementia
that characterize iNPH usually appear after the age of 60, with
most iNPH patients being asymptomatic and behaviorally normal
prior to disease onset (1, 2). We recently reported that loss-of-function
deletions in CWH43 are enriched among patients with sporadic
iNPH and cause an iNPH-like syndrome in genetically engineered
mice (7). CWH43 mutant mice develop communicating hydro-
cephalus and thus provide a useful tool for studying the mechanisms
underlying iNPH. Here, we show that CWH43 deletion leads to
hypoglycosylation of L1CAM, decreased association of L1CAM
with lipid microdomains in the cell membrane, increased cleav-
age of L1CAM by plasmin, decreased L1CAM nuclear translo-
cation, and decreased L1CAM expression in the ventricular/
subventricular zone.
Loss-of-function mutations in L1CAM cause congenital hydro-

cephalus and a range of severe neurodevelopmental abnormalities
(9). When introduced into mice, L1CAM mutations cause con-
genital hydrocephalus and neurodevelopmental abnormalities
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Fig. 3. Plasmin mediates increased L1CAM proteolysis after CWH43 deletion. (A) Western blot analysis of L1CAM protein expression in HeLa cells. WT and
CWH43 mutant HeLa cells were maintained in serum-free medium, medium containing 10% serum, or serum-free medium supplemented with recombinant
human plasmin (20 or 50 μg/m). Bar graphs below each blot quantitate changes in band intensities on each blot. β-Actin was used as a loading control. (B) WT
or CWH43 mutant HeLa cells were treated with 70 μg/mL α2 antiplasmin. (C) WT or CWH43 mutant HeLa cells were incubated in the presence of the ADAM10
inhibitor, GI254023X, at the indicated concentrations. (D) Mass spectrometry analysis of mouse brain CSF. Relative L1CAM peptide levels were quantified
based on the normalized total spectra (Left). APOA1 protein is presented as a control (Right). The data shown were obtained from two pairs of WT and
CWH43 mutant mice with three replicates for each sample and represent the mean ± SEM. Statistical significance was determined using the unpaired t test.
***P = 0.0036. (E) Schematic diagram showing the L1CAM peptides detected in CSF from CWH43 mutant mice. Known plasmin digestion sites (green arrow)
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similar to those observed in humans (11). Many disease-causing
mutations in L1CAM decrease cell surface expression of the
protein or otherwise disrupt L1CAM homophilic or heterophilic
binding to other proteins (27).
Unlike the congenital hydrocephalus and developmental abnor-

malities that are frequently seen with L1CAM mutations, iNPH
manifests late in life in previously asymptomatic individuals (2–6).
Hydrocephalus and gait abnormalities are detectable in CWH43
mutant mice during early adulthood. However, these mice do not
display gross anatomic abnormalities of brain development or se-
vere behavioral deficits despite the finding that L1CAM expression
is decreased. Our data provide several possible explanations for
this observation. First, CWH43 deletion down-regulates (but does
not eliminate) expression of full-length L1CAM. Second, studies
in zebrafish suggest that the cleaved L1CAM ectodomain cor-
responding to the ADAM10 cleavage product can partially (al-
though not completely) rescue the hydrocephalus phenotype in
zebrafish lacking endogenous full-length L1CAM (18). Third, we
found that the down-regulation of L1CAM expression is local-
ized primarily to the ventricular and subventricular zones where
Cwh43 is most highly expressed. The net result is decreased
expression of L1CAM primarily in the ventricular/subventricular
zone where Cwh43 is most highly expressed.
The increased proteolysis of L1CAM observed in the current

study appears to be due to increased sensitivity of the protein to
plasmin cleavage in cells harboring CWH43 deletions. One
contributor to this increased sensitivity may be hypoglycosylation
of L1CAM, as was observed in HeLa cells harboring CWH43
deletion. Under normal conditions, L1CAM is heavily glycosy-
lated, and this glycosylation regulates its interactions with other
proteins (13). Three glycosylation sites are located near the
plasmin cleavage sites in the FNIII3 domain. Core fucosylation
at these sites precludes plasmin cleavage of L1CAM in mela-
noma cells (15). Our data suggest that hypoglycosylation exposes

these sites, thereby increasing the sensitivity of L1CAM to plasmin
cleavage, as has been demonstrated in melanoma cells.
Previous studies have indicated that hypoglycosylation decreases

L1CAM cell surface expression and heterophilic binding (13).
Interestingly, L1CAM activation regulates cell surface glycosylation
by increasing the expression of ST6Gal1 (β-galactoside α-2,6-
sialyltransferase) and FUT9 (fucosyltransferase). Inhibitors of
sialylation and fucosylation block L1CAM-induced cell migration
and survival in Chinese hamster ovary cells while decreasing FUT9
and ST6Gal1 expression via PI3K- and Erk-dependent signaling
pathways (28). Thus, additional studies are needed to deter-
mine whether the hypoglycosylation and decreased expression
of L1CAM observed after CWH43 deletion are accompanied by
more widespread defects in protein glycosylation.
Lipid microdomains are thought to act as platforms where

proteins cluster together to interact and participate in cell signaling
functions. Previous studies have shown that L1CAM associates with
lipid microdomains where it interacts with other proteins such as
growth factor receptors or CD24 (29, 30). Alcohol increases the
trafficking of L1 into lipid microdomains and inhibits L1CAM-
induced neurite outgrowth, although subsequent studies have
suggested that alcohol inhibition of L1CAM-induced neurite
outgrowth does not require recruitment of the protein into lipid
microdomains (23). Disruption of lipid rafts by cholesterol de-
pletion induces the release of microvesicles in which L1CAM is
cleaved by ADAM10, demonstrating that L1CAM proteolysis by
ADAM10 can occur both inside and outside lipid microdomains
(26). We observed that CWH43 deletion decreases the association
of L1CAM with cholesterol-rich lipid microdomains on the cell
membrane and increases plasmin cleavage of L1CAM. Given the
concomitant decrease in glycosylation, it will be important to de-
termine whether L1CAM interactions with other proteins are al-
tered in cells harboring CWH43 deletions.
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Although it is clear that disruption of L1CAM function causes
hydrocephalus, the exact mechanism by which this occurs re-
mains poorly understood. Overexpression of the soluble L1CAM
ectodomain generated by ADAM10 cleavage, or overexpression
of an ADAM10-resistant form of L1CAM was as effective as
overexpression of the full-length WT L1CAM in rescuing the
hydrocephalus phenotype observed in L1CAM mutant zebrafish
(18). Importantly, only a partial rescue of the hydrocephalus
phenotype could be achieved by overexpressing any one of these
L1CAM forms in the zebrafish model. Our findings suggest that
hydrocephalus due to decreased L1CAM expression can occur in
the absence of major neurodevelopmental defects if the decrease
in expression is incomplete and anatomically restricted. The fact
that the decrease in L1CAM expression occurs primarily in the
ventricular and subventricular zone in CWH43 mutant mice

suggests that L1CAM may regulate ventricular size through local
interactions in the periventricular region. L1CAM hypoglycosylation,
decreased localization to lipid microdomains, and decreased ex-
pression are all predicted to reduce L1CAM homophilic and
heterophilic binding. Our data suggest that L1CAM nuclear sig-
naling may be decreased as well. Future studies will examine how
the observed changes in L1CAM alter ventricular size.

Data Availability. All study data are included in the article.
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