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Abstract

Peters plus syndrome, characterized by defects in eye and skeletal development with isolated
cases of ventriculomegaly/hydrocephalus, is caused by mutations in the 83-glucosyltransferase
(B3GLCT) gene. Inthe endoplasmic reticulum, B3GLCT adds glucose to O-linked fucose on properly
folded thrombospondin type 1 repeats (TSRs). The resulting glucose—fucose disaccharide is pro-
posed to stabilize the TSR fold and promote secretion of B3GLCT substrates, with some substrates
more sensitive than others to loss of glucose. Mouse B3gl/ct mutants develop hydrocephalus at high
frequency. In this study, we demonstrated that B3glct mutant ependymal cells had fewer cilia basal
bodies and altered translational polarity compared to controls. Localization of mRNA encoding
A Disintegrin and Metalloproteinase with ThromboSpondin type 1 repeat 20 (ADAMTS20) and
ADAMTS9 suggested that reduced function of these B3GLCT substrates contributed to ependymal
cell abnormalities. In addition, we showed that multiple BSGLCT substrates (Adamts3, Adamts9
and Adamts20) are expressed by the subcommissural organ, that subcommissural organ-spondin
((SSPO) also known as SCO-spondin) TSRs were modified with O-linked glucose-fucose and that
loss of B3GLCT reduced secretion of SSPO in cultured cells. In the B3glct mutant, intracellular
levels of SSPO were reduced and BiP levels increased, suggesting a folding defect. Secreted
SSPO colocalized with BiP, raising the possibility that abnormal extracellular assembly of SSPO
into Reissner’s fiber also contributed to impaired CSF flow in mutants. Combined, these studies
underscore the complexity of the B3glct mutant hydrocephalus phenotype and demonstrate that
impaired cerebrospinal fluid (CSF) flow likely stems from the collective effects of the mutation on
multiple processes.
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Introduction

Mutations in the 83-glucosyltransferase (B3GLCT) gene cause Peters
plus syndrome in humans (PTRPLS, MiM#261540), a developmental
disorder characterized by abnormalities in eye, craniofacial and
skeletal development (Lesnik Oberstein et al. 2006,2007; Khatri et al.
2019 Oct 8 [Updated 24 Aug 2017], Van Schooneveld et al. 1984;
Reis et al. 2008; Weh et al. 2014). B3GLCT mutations can also be
associated with high frequency of stillbirth with multiple congenital
defects (Van Schooneveld et al. 1984; Canda et al. 2018). Notably,
some PTRPLS patients develop ventriculomegaly or hydrocephalus
and central nervous system abnormalities (Reis et al. 2008; Khatri
et al. 2019). In the endoplasmic reticulum (ER), B3GLCT functions
in concert with protein O-fucosyltransferase 2 (POFUT2) to add an
O-linked glucose-B1-3fucose disaccharide to properly folded throm-
bospondin type 1 repeat (TSR) domains (Kozma et al. 2006; Luo,
Koles, et al. 2006a; Luo, Nita-Lazar, et al. 2006b; Sato et al. 2006).
TSRs fall into two groups with different disulfide bonding patterns.
POFUT2 recognizes both groups and adds O-linked fucose to the
serine or threonine (S/T) in a consensus sequence (Group 1 TSRs, C!-
X-X-(S/T)-C?; Group 2 TSRs, C2-X-X-(S/T)-C?) (Kozma et al. 2006;
Sato et al. 2006; Vasudevan et al. 2015; Holdener and Haltiwanger
2019). B3GLCT then transfers glucose to the O-fucosylated TSR to
form the disaccharide (Kozma et al. 2006; Sato et al. 2006). The O-
linked disaccharide is proposed to stabilize the TSR fold and pro-
mote trafficking of POFUT2/B3GLCT-modified proteins through the
secretory pathway (Holdener and Haltiwanger 2019). In this regard,
B3GLCT functions in a highly selective manner to ensure the efficient
folding of up to 49 substrate proteins containing between one to
25 cysteine-rich TSRs (Schneider et al. 2017). Nearly half of these
substrates are members of the A Disintegrin And Metalloproteinase
with ThromboSpondin type 1 repeat (ADAMTS) family (Du et al.
20105 Vasudevan and Haltiwanger 2014; Schneider et al. 2017; Mead
and Apte 2018). The O-linked fucose appears essential for trafficking
POFUT2/B3GLCT substrates as evidenced by early embryonic lethal-
ity of mouse Pofut2 mutants (Du et al. 2010; Benz et al. 2016), and
loss of secretion of substrate proteins in cell-based secretion assays
using POFUT2 siRNA knockdown or CRISPR-Cas9 knockout cell
lines (Vasudevan et al. 2015; Benz et al. 2016; Holdener et al. 2019;
Zhang et al. 2020). In contrast, loss of B3GLCT has varying effects
on trafficking of POFUT2-modified substrates (Hubmacher et al.
2017; Holdener et al. 2019). For example, although ADAMTS9 and
ADAMTS20 share similar domain structures and each has 12 of 15
TSRs modified by POFUT2/B3GLCT, in cell-based secretion assays
ADAMTS? secretion is only partially reduced by loss of B3GLCT,
whereas secretion of ADAMTS20 is blocked by loss of B3GLCT
(Holdener et al. 2019).

In mice, B3glct mutations cause similar craniofacial and skeletal
abnormalities to PTRPLS patients (Holdener et al. 2019). In addition,
over 50% of B3glct mutants develop hydrocephalus with rounded or
domed cranium and enlarged brain ventricles (Holdener et al. 2019).
Hydrocephalus results from the accumulation of cerebrospinal fluid
in the brain ventricular system and can be caused by abnormalities in
cilia of the brain ventricles (Ohata et al. 2014; Takagishi et al. 2017;
Abdelhamed et al. 2018), aqueduct stenosis (Vio et al. 2000; Fernan-
dez-Llebrez et al. 2004; Dietrich et al. 2009; Nakajima et al. 2011),
overproduction of CSF by the choroid plexus (Yang et al. 2019) and
defects in the subcommissural organ (Vio et al. 20005 Perez-Figares
et al. 2001; Somera and Jones 2004; Baas et al. 2006; Martinez-Pena
y Valenzuela et al. 2006; Meiniel 2007; Carmona-Calero et al. 2009;
Hubh et al. 2009).

We predict that hydrocephalus in B3glct mutants is caused by
impaired function of one or more B3GLCT substrates that are
sensitive to loss of the glucose modification. Since both B3glct and
Adamts20 mutants display pigmentation abnormalities and a high
frequency of hydrocephalus (Holdener et al. 2019), we predict that
reduced function of ADAMTS20 likely contributes significantly to
hydrocephalus in B3glct mutants. Using histological as well as molec-
ular analysis of B3glct mutant brain, we present evidence that loss of
B3GLCT decreases CSF flow dynamics. Results from these analyses
suggest that impaired CSF flow likely results from the effects of
the B3glct mutation on ADAMTS20 function during ependymal cell
polarization as well as from abnormalities in subcommissural organ
function that include defects in ADAMTS20 and/or subcommissural
organ spondin (SCO-spondin) secretion, processing and/or assembly.

Results

Cerebrospinal fluid flow is impaired in mouse B3glct
mutants

To determine whether CSF bulk flow was impaired in 5-week-
old B3glct mutant mice, we injected 4% Evans blue dye into the
left lateral ventricle of control and mutant brains and analyzed
the distribution of dye in the cerebral ventricles of bisected brains
(Figure 1). In control mice, the dye traveled to the fourth ventricle
and labeled the perivascular spaces on the brain surface within 10
min of injection (Figure 1A, B, a—d). In contrast, the B3glct mutants
had reduced staining in the fourth ventricle (Figure 1C, D, e-h), and
a mouse with more severe hydrocephalus also displayed reduced
staining in the ventral aspect of the third ventricle (Figure 1E, F, i-l).
Consistent with reduced dye flow to the posterior, the B3glct mutant
brains also displayed reduced perivascular labeling around the pons,
medulla oblongata and pyramid, suggesting possible altered CSF flow
dynamics in the mutant.

To determine whether abnormalities detectable at the tissue
level could be responsible for impairing CSF flow, we compared
hematoxylin and eosin-stained histological sections from P21
B3glct control (Figure 1G-L) and B3glct mutant (Figure 1M-X)
brains. We saw a range of lateral ventricle enlargement in B3glct
mutants (Figure 1M and S) compared to control (Figure 1G) brains.
B3glct mutants with significant ventricle enlargement exhibited
organized but loosely arranged granular layer in the dentate gyrus
of hippocampus (Figure 1R and X). These changes were likely
secondary to hydrocephalus, but we cannot exclude the possibility
of altered B3GLCT substrate in this tissue. Overall, loss of B3glct
did not significantly alter the organization of other brain tissues
(Figure TN-Q and T-W) compared to controls (Figure 1TH-L).

To identify which specific brain tissues could be affected by loss
of B3glct, we employed RNAscope® to determine where B3glct
was expressed at embryonic day 16 (E16) (Figure 2A-E”). Although,
B3glct transcripts were ubiquitously detected at low levels through-
out brain tissues such as the choroid plexus (Figure 2D, D’) and third
ventricle (3 V) (Figure 2E, E”), transcripts were modestly enriched
in the cortex ventricular zone (Figure 2B, B/, C, C’) and subcom-
missural organ (Figure 2E and E). At P4, B3glct transcripts were
detected at reduced levels in the lateral ventricle, choroid plexus
and subcommissural organ (Figure 2F-G’). Pofut2 transcripts were
similarly distributed at E16 and P4 (Supplementary Figure 1A-G/').
Expression of B3glct in the ventricular zone and subcommissural
organ raised the possibility that abnormalities in these tissues could
contribute to defects in CSF flow.
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Fig. 1. Loss of B3glct impairs CSF flow. (A-F and a-l) Representative images taken 10 min following injection of Evans Blue dye into the anterior horn of the left
lateral ventricle (lv) (White arrowhead) at 5 weeks of age. (A, C, E) Dorsal and (B, D, F) ventral whole brain views with anterior to left and posterior to right. (a-l)
Thick coronal sections of whole brains with approximate locations of the plane of sectioning indicated by dashed lines in A-F. White arrowhead indicates dye
injection site. Red arrowheads indicate respective ventricles or central aqueduct. (A, B and a-d) In control brains (A/+) (n = 5), Evans blue dye flowed through
the ventricular system and was detected in the lateral (lv), third (3v), central aqueduct (ca) and fourth (4v), as well as in the perivascular space (*) on the surface
of the brain. (C-F and e-l) In contrast in B3glct knockout (A/A) (n = 4) brains, dye accumulated in the lateral ventricles with reduced flow to the third and fourth
ventricles in moderate ventriculomegaly (C, D and e-h) and severe hydrocephalus (E, F and i-l) brains. (G-X) Hematoxylin and eosin staining of coronal sections
from postnatal day 21 (P21) control (A/+) (G-L), B3glct knockout (A/A) with mild ventriculomegaly (M-R) and B3glct knockout (A/A) with severe hydrocephalus
(S-X) animals. (G, M, S) Sections taken through Iv and (H, N, T) sections through 3v. Arrows in panels L, R and X indicate granular layer in dentate gyrus in
hippocampus. Boxes in panels H, N and T indicate regions expanded in panels I-L, O-R and U-X. Abbreviations: cp, choroid plexus; sco, subcommissural organ;
hc, hippocampus. Scale bars: panels G, H, M, N, S and T 1 mm; panels |, O, U, L, R, X 100 ym; panels J, P, V 50 pm; and K, Q, W 200 um.

Loss of B3glct reduces number of basal bodies and
disrupts translational polarity of ependymal cells
Ependymal cells in the brain lateral ventricles are multiciliated
and polarized in the epithelial plane (Del Bigio 1995; Mirzadeh

bodies) and B-catenin (labels cell periphery) to measure the number
and average displacement of the cilia basal bodies per cell and to
assess the coordinated displacement of basal bodies across the tissue
(Figure 3).

et al. 2010). Translational polarity of ependymal cells is the
coordinated displacement of cilia across the cells of the ependymal
layer (Mirzadeh et al. 2010; Wallingford 2010; Takagishi et al.
2017). In mice, disrupted translational polarity of ependymal
cilia is directly related to reduced CSF flow and is one major
cause of hydrocephalus (Mirzadeh et al. 2010; Ohata et al. 2014;
Takagishi et al. 2017; Abdelhamed et al. 2018). To determine
if altered translational polarity of ependymal cells contributes to
hydrocephalus in B3glct mutants, whole mounts of lateral ventricle
walls from P21 brains were stained with y-tubulin (labels basal

The asymmetric localization of basal bodies in both control
and B3glct mutants demonstrated that B3glct was not essential for
postnatal transitioning of polarized cells to multiciliated ependymal
cells (Figure 3A—C). However, in the B3glct mutants, the number of
basal bodies per cell was significantly reduced compared to controls
(Figure 3D); albeit, these numbers fell within the reported normal
range (Mirzadeh et al. 2010). Despite being polarized, the patch
displacement (ratio of the distance from the apical center of the cell
to basal body patch [a] to the distance from the apical center of the
cell to the edge of the cell [b]) was reduced in the B3glct mutants
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Fig. 2. B3glct is expressed ubiquitously in brain. RNAscope® analysis of B3glct mRNA expression. Localization of B3g/ct mRNA appears as red dots overlying
cells counterstained with hematoxylin (purple). (A-E”) At E 16.5, B3glct transcripts were localized in the ventricular zone (vz) of the cortex (B-C'), choroid plexus
(cp) (D, D’), subcommissural organ (sco) (E, E’) and ependyma of third ventricle (3v) (E”). (F-G’) At P4, B3gict mRNA was localized to ependymal cells (ec) of the
lateral ventricle (F'), choroid plexus (cp) (F’) and subcommissural organ (sco) (G, G'). Rectangles indicate the magnified regions of brain sections. Scale bars:
panel A, 1 mm; panel F, G, 500 pm; panels B, C, D, E, F', F” and G’, 50 um; and panels B’, C’, D’, E' and E”, 20 um.

compared to controls (Figure 3E-F). Moreover, whereas in control
lateral ventricles, most basal body patches were oriented to the
same side of the cell (Figure 3A and A’), and the basal body patches
in mutants with mild (Figure 3B and B) or severe hydrocephalus
(Figure 3C and C’) were not consistently oriented.

The orientation of basal bodies across the tissue was quantified
by measuring the theta angle for each basal body patch within
the plane of field (Figure 3E). In control animals, the coordinated
orientation of basal bodies relative to the field of cells was reflected
in the Poisson distribution of theta angles centered at zero (reflecting
similar orientation) (Figure 3G). In contrast, the theta angles in B3glct
mutants were more widely distributed with a lower percentage of cells
exhibiting coordinated orientation (Figure 3G) and was consistent
with the more disorganized appearance of the ependymal cell ori-
entations (Figure 3B and C). Combined, these observations suggest
that loss of B3glct contributed to defects in CSF flow by impacting
either the number of cilia or translational polarity of ependymal
cells.

SSPO is a novel B3GLCT substrate and loss of B3GLCT
significantly reduced SSPO secretion in cultured cells

B3glct was also strongly expressed in the subcommissural organ,
situated at the opening of the central aqueduct of the developing brain
(Figure 2G and G'). Defects in development of the subcommissural
organ or secretion of SSPO from this organ can cause hydrocephalus
(Somera and Jones 2004; Baas et al. 2006; Meiniel 2007). We
predicted that SSPO, with 17 POFUT2 consensus sites, could be
impacted by loss of B3GLCT (Gongalves-Mendes et al. 2003; Meiniel
and Meiniel 2007) (Figure 4A). To evaluate whether SSPO was
modified by POFUT2 and B3GLCT, we expressed and purified an
SSPO fragment (TSRs 6-9) in HEK293T cells, digested with proteases
and analyzed the resulting peptides by mass spectrometry to deter-
mine if the predicted POFUT2 consensus sequences were modified
(Figure 4B, Supplementary Figure 2). A small fragment of SSPO was
used because we were unsuccessful in expressing any larger portions
of SSPO in HEK293T cells. This is likely because of the large number
of cysteine-rich domains in SSPO including TSRs, EGF domains and
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Fig. 3. Loss of B3glct decreases number of basal bodies and alters translational polarity in ependymal cell. Analysis of cell polarity in P21 lateral ventricles.
(A-C) Representative maximum projection images of P21 whole-mount brain lateral ventricular walls stained with y-tubulin (green) to detect basal bodies and
B-catenin (red) to identify cell borders in (A) B3glct control (A/+), (B) and B3glct knockouts (A/A) with mild ventriculomegaly, or (C) severe hydrocephalus. (A’-C’)
Representative tracings of cells in maximum projection images used to calculate basal body patch displacement and theta distribution. (D) Total basal bodies per
ependymal cells. (E) Cartoon depicting cell measurements used to calculate basal body patch displacement (a/b) (F) and theta angle (G). (D, F, G) Blue indicates
B3glct control (A/+), red indicates B3glct knockout (A/A) with mild ventriculomegaly and black indicates B3g/ct knockout (A/A) with severe hydrocephalus. Data
were evaluated for statistical significance using unpaired, two-tailed t-test (D), Mann-Whitney test (F) and Watson’s two-sample U2 test (G). *P < 0.05, ** P < 0.01.

Scale bars: panel A-C 20 um.

CTCK domains (Figure 4A). Extracted ion chromatograms (EICs)
of ions corresponding to the different glycoforms of peptides from
TSRs 6, 7, 8 and 9 containing the POFUT2 consensus sequence
revealed that all four TSRs were modified efficiently by POFUT2
and B3GLCT (Figure 4B, Supplementary Figure 2). In addition to O-
fucose modifications, each of these TSRs contains W-X-X-W/C con-
sensus sequences for C-mannosylation. These sites were also heavily

modified on peptides detected from each of the TSRs (Figure 4C,
Supplementary Figure 3) indicating that both the O-fucose and C-
mannose modification sites on SSPO TSRs were modified.

To test if loss of the glucose—fucose disaccharide affected traffick-
ing of SSPO in vitro, we evaluated the secretion of SSPO TSRs 6-9
in HEK293T POFUT2 or B3GLCT knockout cells (Figure 4D-F).
SSPO TSRs 6-9 was secreted efficiently from the wild-type HEK293T
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Fig. 4. SSPO is a novel B3GLCT substrate and requires B3GLCT for efficient trafficking. (A) Domain structure of SCO-spondin (SSPO). The 25 SSPO TSRs are
depicted by ovals. Red ovals identify 17 TSRs that have a consensus sequence for POFUT2 mediated O-fucosylation. White ovals are TSRs that lack a serine
or threonine (S/T) in the consensus sequences for O-fucosylation, and P above a TSR indicates a proline in the position usually occupied by S/T. TSRs with
consensus for modification with C-mannose are marked with diagonal black lines. In this study, we used the pSecTag2-SSPO TSRs 6-9 construct to confirm the
presence of the glucose-fucose disaccharide (red triangle indicating fucose and blue circle glucose) and one or two C-mannose residues (green circles with #)
on TSRs 6, 7, 8 and 9. Other SSPO domains include VWFD, von Willebrand factor-type D domain; LDLR-A, low density lipoprotein receptor class A domain; EGF,
epidermal growth factor-like (EGF) domain; F5/8, factor V/VIIl type C-like domain; VWFC, von Willebrand factor C repeats; CTCK, C-terminal cysteine knot domain.
(B) Extracted ion chromatograms (EIC) of ions corresponding to the different glycoforms of peptides from TSRs 6, 7, 8 and 9 containing the POFUT2 consensus
sequence. MS2 spectra for the major glycoforms and masses of ions used to generate the EICs can be found in Supplementary Figure 2. Although the score for
the O-fucose glycopeptide from TSR6 was low, the mass of the parent ion matches the predicted mass of the glycopeptide and was used to generate the EIC.
Black lines, unmodified peptide; red lines, fucose-modified peptide; blue lines, glucose-fucose-modified peptides. * indicate ions that match the mass of the
relevant peptide but do not match the MS2 fragmentation pattern. (C) EICs of ions corresponding to the glycopeptides from TSRs 6, 7, 8 and 9 containing the
C-mannosylation W-X-X-W motif. MS2 spectra for the major glycoforms and masses of ions used to generate the EICs can be found in Supplementary Figure 3.
Black lines, unmodified peptide; green lines, Hex-modified peptide; orange lines, Hex-Hex modified peptides; pink lines, Hex-Hex-Hex modified peptides. The
modified W is indicated by yellow shading for TSRs 6, 7 and 8. The MS2 data for the peptide from TSR9 are of insufficient quality to determine the location of the
C-mannose. (D-F) Cell-based secretion assays were used to measure the effects of POFUT2 and B3GLCT mutations on trafficking of SSPO TSRs 6-9-Myc-Hisg
(TSRs 6-9, underlined in panel A) in wild-type HEK293T (WT), CRISPR-Cas9 mutagenized POFUT2 (P2 KO) or B3GLCT (B3 KO) HEK293T cells, or mutagenized
cells rescued by cotransfection with plasmids encoding wild-type POFUTZ2 (+P2) or B3GLCT (+B3). (D) Representative western blot of the medium (above) and
cell lysate (below). TSRs 6-9 were detected with anti-Myc (red), and GFP (green) was used as an internal transfection control. (E, F) Quantification of western
blots of medium (E) and cell lysate (F). Data were evaluated for statistical significance using unpaired, one-tailed t-test. *P < 0.05, **P < 0.01, ns not significant.
P < 0.05).
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cells. In contrast, loss of POFUT2 blocked the secretion of TSRs 6—
9 (with intracellular accumulation of TSRs 6-9) and was rescued
by cotransfection with POFUT2, suggesting that SSPO TSRs 6-
9 required O-fucose for secretion. Loss of B3GLCT significantly
reduced secretion of SSPO TSRs 6-9 (without significant accumula-
tion of TSRs 6-9), and this reduction was rescued by cotransfection
with B3GLCT (Figure 4D and E). These observations suggested that
efficient secretion of SSPO TSRs 6-9 requires the O-linked disaccha-
ride modification of its TSRs.

Secreted SSPO remains associated with BiP in B3glct
mutants

To test whether O-linked glucose—fucose modification of SSPO TSRs
was required in vivo, we examined the effects of the B3glct mutation
on SSPO trafficking in the subcommissural organ of B3glct mutant
mice. The subcommissural organ is pseudostratified and character-
ized by tall elongated kinociliated ependymal cells oriented such that
their apical side faces the third ventricle/central aqueduct and their
basal side the posterior commissure (Meiniel 2007) (Figure SA, F, K).
These cells have large ER cisternae where SSPO is synthesized and
stored and subsequently transported through the Golgi apparatus to
secretory vesicles formed in trans-Golgi. SSPO is ultimately released
into the CSF where in many species processed forms of SSPO make up
the major protein component of Reissner’s fiber (Munoz et al. 2019).
Soluble forms of SSPO fragments are also found in the CSF (reviewed
in Nualart et al. 1991; Munoz et al. 2019).

To determine how loss of B3glct affects trafficking of SSPO in
vivo, we stained subcommissural organs with antibodies that recog-
nize either Reissner’s fiber comprised primarily of SSPO (AFRUMA,
green) or with antibodies that recognize the ER chaperone GRP78/
binding immunoglobulin protein (BiP) (red). BiP facilitates protein
folding in the ER and is often elevated under cellular stress resulting
from protein misfolding (Wang et al. 2009; Adams et al. 2019).
Sections were counterstained with DRAQS (blue) to identify nuclei
and merged with differential interference contrast (DIC) images to
delineate the cell margins (Figure SB-E/, G-J', L-O’). Quantifica-
tion of AFRUMA and BiP corrected total cell fluorescence (CTCF)
and AFRUMA:BIP colocalization are shown in Figure 6. In control
animals, the AFRUMA signal was strongly detected in the intra-
cellular perinuclear and cytoplasmic areas of the subcommissural
organ (Figure 5C). The perinuclear AFRUMA staining overlapped
significantly with BiP (Figures SD-E’ and 6C) and is consistent with
previous reports that intracellular SSPO resides for extended periods
of time in the ER of normal subcommissural cells (Nualart et al. 1991,
Munoz et al. 2019). In the apical presecretory region, AFRUMA
was detected in granule-like structures devoid of BiP (Figure SC-F/,
dotted area and Figure 6A—C), consistent with previously described
secretory granules containing the SSPO (Munoz et al. 2019). Once
SSPO is secreted into the central aqueduct, AFRUMA staining (also
devoid of BiP) detects fiber-like structures consistent with Reissner’s
fiber (green next to “s” in Figures SE’ and 6A-C).

In contrast, AFRUMA staining in the intracellular region of
B3glct mutants was significantly reduced and intracellular BiP
staining was elevated (Figures SH-J', M—O’ and 6A—C). Unexpect-
edly, we observed that the AFRUMA signal in presecretory and
secreted regions was comparable to controls, with BiP levels in these
regions trending higher than controls (Figures SC, H, M and D, I, N
and 6A-C). Overall, in B3glct mutants, we observed a decrease
in intracellular colocalization of AFRUMA:BIP and an increase in
AFRUMA:BIP colocalization in the presecretory and secreted regions

relative to controls (quantification in Figure 6C). The decreased
intracellular levels of AFRUMA (quantification in Figure 6A)
suggested that loss of B3GLCT led to degradation of some SSPO
(presumably misfolded) in the ER. Moreover, the high colocalization
of BiP with AFRUMA in the presecretory and secreted regions
(quantification in Figure 6A-C) suggested that secreted SSPO in
B3glct mutants was aberrantly folded or had defects in intra- or
intermolecular disulfide bonding and/or processing.

To minimize the consequences of misfolded protein, cells activate
the unfolded protein response (UPR) mediated by transcriptional
regulators IRE1, ATF6 and PERK (Xu et al. 2005; Adams et al. 2019).
We used reverse transcription quantitative PCR (RT-qPCR) to test
whether the UPR was activated in the B3glct mutant subcommissural
organ or other brain tissues (Figure 6D). Transcript levels of BiP,
Atf4, Chop, Xbp1 (total, spliced and unspliced), B3glct (primers
upstream of exon 4 deletion) and Pofut2 were unaffected in B3glct
mutants relative to controls. These results suggested that loss of
glucose on TSRs was not sufficient to trigger the UPR and did not
trigger compensatory transcription of Pofut2.

Adamts9 and Adamts20 are expressed by lateral
ventricle ependymal cells as well as the
subcommissural organ

Previously, Adamts3 was shown to be expressed in the developing
subcommissural organ (E 17.5) (Le Goff et al. 2006), raising the
possibility that B3GLCT substrates other than SSPO could also
be affected in B3glct mutants. We used RNAscope® to identify
brain tissues expressing Adamts20 and the closely related Adamis9
(also a B3GLCT substrate; Dubail et al. 2016) at E16 and at P4
when radial glial cells lining the ventricles are transitioning to the
polarized multiciliated ependymal cells (Figure 7). At E16, both
Adamts9 and Adamts20 were expressed in radial glial cells lining
the lateral ventricles and subcommissural organ and had comple-
mentary expression patterns in the developing choroid plexus with
Adamts9 in the endothelial cells and Adamts20 in the epithelial layer
(Figure 7A-D and I-L).

By P4, Adamis20 was strongly expressed in the ependymal cells of
the lateral ventricle, ependymal cells lining the central aqueduct and
subcommissural organ, with no detectable expression in the choroid
plexus of the lateral ventricle (Figure 7E-H). In contrast, Adamis9
was expressed at low levels in the ependymal cells of the lateral
ventricle, endothelial cells of the choroid plexus and subcommissural
organ (Figure 7M-P). We confirmed Adamis3 expression in the brain
cortex, ependymal cells of the developing lateral ventricle and the
choroid plexus at E16 and identified low levels of Adamis3 expres-
sion at P4 in lateral ventricle and subcommissural organ (Supple-
mentary Figure 4A-H). In addition, we demonstrated that F-spondin
(Sponl), also a B3GLCT substrate, was weakly expressed in the cells
lining the lateral ventricle, subcommissural organ and choroid plexus
at E16, with diminished expression at P4 (Supplementary Figure
41-P). These data provided correlative evidence that hydrocephalus
in B3glct mutants resulted from the combined effects of the mutation
on multiple substrate proteins expressed by ependymal cells and the
subcommissural organ.

Discussion

Maintaining CSF homeostasis is necessary to ensure normal brain
physiology and requires a balance of CSF production, flow and
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AFRUMA

Fig. 5. AFRUMA is secreted in B3glct mutant subcommissural organ. (A-O’) Analysis of SSPO trafficking in subcommissural organs from P21 wild-type (A/+)
(A-E’) and B3glct knockout (A/A) with mild ventriculomegaly (F-J') or severe hydrocephalus (K-O’). (A, F, K) Hematoxylin and eosin (H&E)-stained subcom-
missural organ sections. pc, posterior commissure; bs, basal side; ap, apical side; and ca, central aqueduct. (B, G, L) DRAQ5 (DQ5) staining of subcommissural
organ sections merged with differential interference contrast (DIC) image to indicate boundaries of intracellular (i), presecretory (p) and secreted (s) regions
of the subcommissural organ. (C-E’, H-J’, and M-0’) Maximum projection images of immunostained subcommissural organ sections stained with AFRUMA
(green) and DRAQS5 (blue) (C, H, M) or anti-BiP (red) and DRAQ5 (blue) (D, I, N). Merged channels are shown in (E-E’, J-J/, and 0-0’). Rectangles in (E, J, O)
indicate regions digitally expanded to the right (E’, J', O’). Dotted curves demarcate intracellular, presecretory and secreted regions in subcommissural organs.
See Figure 6 for quantification of immunofluorescence signals and colocalization of signals. Scale bars: panels A, F, K, 50 um, and panels B-E, G-J, L-0, 20 yM.

absorption (Kaur et al. 2016; Benveniste et al. 2019). Optimal CSF
flow requires unobstructed development of the brain ventricular
system and coordinated movement of cilia on ependymal cells (Kahle
et al. 2016). Here, we demonstrated that hydrocephalus in mouse
B3glct mutants likely resulted from impaired CSF flow resulting from
the combined effects of the mutation on numbers of cilia and trans-
lational polarity of ependymal cells, and abnormalities in subcom-
missural organ/Reissner’s fiber assembly. High incidence of hydro-
cephalus in Adamis20 mutants (Holdener et al. 2019), combined
with the observation that Adamis9 and Adamits20 were coexpressed
in both the ependymal cells and subcommissural organ (Figure 7)
raised the possibility that reduced function of these B3GLCT sub-
strates contributed to both defects in polarity of ependymal cells and
subcommissural organ function. In addition, we demonstrated that
SSPO was a novel B3GLCT substrate and that loss of B3glct not
only impacted trafficking but also potentially impacted extracellular
function of SSPO.

Impact of B3glct mutation on ependymal cell polarity

The planar polarity of ependymal cells coordinates ciliary beating
and consequently regulates the direction of CSF flow (Mirzadeh
et al. 2010). Polarization of ependymal cells starts during embryonic
development and is completed by 2 weeks postnatally (reviewed
in Redmond et al. (2019)). During embryogenesis, the radial glial

precursors of the ependymal cells become polarized with a single
asymmetrically localized cilium. By PS5, a subpopulation of radial
glial cells lining the brain ventricles differentiate into polarized mul-
ticiliated ependymal cells with basal bodies displaced to one side
of the cell. In general, the basal body patches in these multiciliated
ependymal cells are similarly displaced across the tissue (termed
translational polarity), but the basal bodies of individual cilia are
not yet oriented relative to one another within the cell and are
thought to produce a weak ependymal flow. Between P4 and P20,
the basal bodies within each cell orient parallel to the CSF flow,
establishing rotational polarity of the ependymal cells and promoting
maximum CSF flow (Mirzadeh et al. 2010; Ohata and Alvarez-Buylla
2016). Altered translational and rotational polarity of ependymal
cilia causes hydrocephalus in Daple (Dvl-associated protein with high
leucine content (Takagishi et al. 2017), Dishevelled (Ohata et al.
2014) and Kif3a (Mirzadeh et al. 2010). Some mouse mutants like
nonmuscle myosin II (Hirota et al. 2010) and Mmp12 (Shan et al.
2018) reported change in cilia polarity and the former also develops
hydrocephalus.

Given the elevated levels of Adamts20 mRNA at P4, when
cells lining the ventricular zone transition to polarized multicil-
iated ependymal cells, and the high incidence of hydrocephalus
in ADAMTS20 mutants (Holdener et al. 2019), we predict that
ADAMTS20 is a major player in ependymal cell function (Figure 8A).
ADAMTSY and ADAMTS20 are secreted metalloproteinases with
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Fig. 6. Secreted AFRUMA colocalizes with BiP in B3glct mutants, but UPR not
activated. (A-C) Quantitation of corrected total cell fluorescence (CTCF) for
AFRUMA (A) or BiP (B), and correlation coefficient for BiP and AFRUMA (C)
in the intracellular and presecretory regions of the subcommissural organ
and central canal (secreted). Representative images are shown in Figure 5.
Fluorescence was measured from 14 sections located in the middle part of
the subcommissural organ from five animals from each group (n = 5). Mea-
surements for B3glct heterozygous controls (A/+) are plotted in blue dots;
B3glct homozygotes (A/A) are plotted as red dots (mild ventriculomegaly)
and black dots (severe hydrocephalus). (D) gRT-PCR analysis of UPR genes
in subcommissural organ and brain cortex. Xbp1-T, -U and -S indicate total,
unspliced and spliced form of Xbp1, respectively. Data were evaluated for
statistical significance using unpaired, two-tailed t-test. * P < 0.05, **P < 0.01,
***P < 0.001, ns not significant.

key roles reported in remodeling extracellular matrix during develop-
ment (McCulloch et al. 2009; Enomoto et al. 2010; Nandadasa et al.
2015) and were recently shown to play an important noncanonical
role in primary ciliogenesis by modulating basal body maturation
and ciliary vesicle growth (Nandadasa et al. 2019). For this reason,
loss of B3glct could alter ependymal cell polarity by impacting
extracellular matrix properties or primary cilia development, or alter-
natively through an as yet unrecognized effect on multiciliogenesis.
However, the lack of laterality defects or strong hedgehog phenotypes
in B3glct mutants suggested that if primary cilia development were
impacted by loss of B3GLCT, the effect would be subtle. Changes in
extracellular matrix properties could result from altered proteolysis

of ADAMTS9 and/or ADAMTS20 substrates including versican (Wu
et al. 2002; Schwartz and Domowicz 2004; Enomoto et al. 2010).
ADAMTS9 also likely influences fibronectin fibril turnover through
direct cleavage at sites shared with other metalloproteinases including
MMP2 (Doucet and Overall 20115 Shi and Sottile 2011; Wang
et al. 2019). Notably, ependymal cell translational polarity is also
affected by extracellular matrix changes in Mmp2 (Shan et al. 2018),
dystroglycan (McClenahan et al. 2016) and MT-MMP mutants (Jiang
et al. 2020) where the latter two exhibited hydrocephalus. Future
studies will need to evaluate whether these molecules are substrates
for ADAMTS9/20 and whether the effects of the B3glct mutation
affect the rotational polarity of ependymal cells, cilia elongation
and/or CSF flow dynamics.

In contrast to mouse B3glct mutants (Holdener et al. 2019),
hydrocephalus/ventriculomegaly is less common in human PTRPLS
patients (Reis et al. 2008) and can be associated with severe brain
malformations (Schoner et al. 2013). Although the human and mouse
ventricular systems are structurally similar, anatomical variations
such as topology and CSF flow through the third ventricle likely
make the mouse more susceptible to mutations that impact cilia
function (Eichele et al. 2020). This prediction is consistent with
the observation that hydrocephalus is observed at lower frequencies
in human patients with cilia motility defects (Ibanez-Tallon et al.
2004) or significantly reduced number of cilia (Boon et al. 2014;
Amirav et al. 2016). These results suggest that hydrocephalus or
ventriculomegaly in PTRPLS patients (Reis et al. 2008) likely results
from the impact of the mutation on multiple substrates in more than
one tissue.

Impact of B3glct mutation on substrates in the
subcommissural organ

Here, we demonstrated that multiple B3GLCT substrates includ-
ing ADAMTS9, ADAMTS20 and ADAMTS3 as well as SSPO are
expressed by the subcommissural organ and defects in folding one
or a combination of these substrates could be responsible for the
elevated levels of BiP protein in B3glct mutants. SSPO, with 17 of
25 TSRs containing POFUT2/B3GLCT consensus sites, is a major
protein secreted by the subcommissural organ, situated on the dorsal
side of the brain third ventricle at the entrance to the central aqueduct
(Rodriguez et al. 1992; Rodriguez et al. 1998; Munoz et al. 2019).
In many vertebrates, secreted SSPO assembles into Reissner’s fiber
that extends from the subcommissural organ to the posterior of the
spinal cord (Rodriguez et al. 1992, Rodriguez et al. 1998, Munoz
et al. 2019), with soluble SSPO fragments also detected in the CSF
(Vio et al. 2008).

Colocalization of SSPO with BiP in the presecretory vesicles
and central canal in B3glct mutants suggested that defects in SSPO
trafficking or assembly of Reissner’s fiber could contribute to devel-
opment of hydrocephalus in mouse B3glct mutants (Figure 8B). Con-
sistent with this prediction, hydrocephalus correlates with agenesis
of the subcommissural organ in mouse mutants lacking Hdh, Msx1,
Rfx3 or Psenl or overexpressing Pacl in the subcommissural organ
and can also be associated with aqueductal stenosis (Ramos et al.
2004; Baas et al. 2006; Lang et al. 2006; Dietrich et al. 2009;
Nakajima et al. 2011). Moreover, in rat, reduced secretion of SSPO
in the spontaneously hypertensive and fetal-onset (H-Tx) hydro-
cephalus models precedes development of hydrocephalus (Somera
and Jones 2004; Martinez-Pefia y Valenzuela et al. 2006). Consistent
with the role of SSPO/Reissner’s fiber in facilitating normal CSF
flow, maternal delivery of anti-Reissner’s fiber antibodies to the rat
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Adamts20

Adamts9

Fig. 7. Adamts9 and Adamts20 mRNA localization in brain at E16 and P4. RNAscope™ analysis of (A-H) Adamts20 and (I-P) Adamts9 mRNA localization at
E16 (A-D, I-L) and P4 (E-H, M-P). Areas indicated by black rectangles in panels A and E are expanded in panels B-D and F-H, respectively. Areas indicated by
black rectangles in I and M are expanded in J-L and N-P, respectively. Scale bars: panels A, E, I, M, and insets, 500 pm; panels B-D, F-H, J-L and N-P, 50 pm.
Abbreviations: vz, ventricular zone of cortex; cp, choroid plexus; ec, ependymal cells of lateral ventricle; sco, subcommissural organ.

fetus blocks the Reissner’s fiber formation (Vio et al. 2000) and undergoes regressive development during the early years of life
led to the development of hydrocephalus. The lowered frequency (Rodriguez et al. 2001).
of hydrocephalus in PTRPLS patients could stem from differences

In contrast to mouse B3glct mutants or mutations affecting
in subcommissural organ/SSPO function as this secretory organ

development of the mouse subcommissural organ, hydrocephalus
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Fig. 8. O-linked glucose-B1-3fucose disaccharide modification of TSRs is important for secretion and extracellular assembly of B3GLCT substrates. Impaired CSF
flow in B3glct mutants likely results from the combined effects of the mutation on multiple substrates by impacting the efficiency of substrate secretion and/or
extracellular assembly/function of substrates. (A) B3GLCT/POFUT2 modification facilitates stabilization of ADAMTS20 and ADAMTS9 TSR folds and promotes
efficient secretion of these substrates, especially ADAMTS20 (Holdener et al. 2019). (A, top left) We propose that postnatal expression of Adamts20 and Adamts9
in the ependymal cells promotes translational polarity of the ependymal cell cilia by altering properties of the matrix and/or a noncanonical role in regulating cilia.
(A, top right) In B3glct mutants, defects in ADAMTS20 and ADAMTS9 secretion (Holdener et al. 2019) result in impaired translational polarity of ependymal cells
in B3glct mutants. (B) We propose that B3GLCT/POFUT2 modification of SSPO is not only important for efficient trafficking of SSPO but is also likely important
for extracellular assembly of SSPO. (B, left) In wild-type subcommissural organ cells, SSPO and BiP colocalize within the ER. As SSPO transits to the Golgi, BiP
is returned to the ER, and SSPO is packaged into secretory vesicles, processed and secreted. Secreted SSPO is found both as soluble fragments in the CSF and
also assembles via intermolecular and intramolecular disulfide bonds (Munoz et al. 2019). (B, right) In B3glct mutants, intracellular levels of SSPO are reduced
consistent with a role for the O-linked disaccharide in stabilizing the TSR fold. However, the continued association of SSPO with BiP in secretory vesicles and
Reissner’s fiber suggests a defect in intra- or intermolecular assemble of SSPO, raising the possibility for an alternate role for the disaccharide in protecting the
TSR disulfide bond from inappropriate extracellular intermolecular isomerization. Red triangle and blue circle indicate fucose and glucose, respectively, and
black circle indicates glucose is absent. Abbreviations: ER, endoplasmic reticulum; SV, secretory vesicles.

was not reported in zebrafish b3glet or adamis9 loss-of-function a formidable challenge for the protein folding machinery. In the ER,

mutants (Weh et al. 2017; Gray et al. 2021), scospondin (SSPO POFUT2 and B3GLCT recognize and modify correctly folded TSRs,
homologue) loss-of-function mutants (Cantaut-Belarif et al. 2018) where the disaccharide is predicted to stabilize the TSR fold and accel-
erate the overall rate of TSR folding (Vasudevan et al. 2015; Holdener
and Haltiwanger 2019). The range of phenotypes in human PTRPLS
patients and mouse B3glct mutants suggests that loss of B3GLCT

or scospondin hypomorphic mutants that lead to disassembly of
Reissner’s fiber (Weh et al. 2017; Orts-Del’Immagine et al. 2020;
Troutwine et al. 2020). The lack of hydrocephalus in these fish
mutants could result from species differences in CSF flow as well

impacts some substrates more than others (Holdener et al. 2019). We
as differences in the effects of heartbeat or body movement on

previously demonstrated that ADAMTS20 was particularly sensitive

ventricle/aqueduct development (Olstad et al. 2019). to loss of glucose on the O-linked fucose. Reduced SSPO TSRs 6~
9 trafficking in B3GLCT mutant cell lines (Figure 4) and reduced

Role of O-linked glucose-fucose and C-mannosylation intracellular SSPO in B3glct mutants (Figure 5) suggested that SSPO

for SSPO secretion trafficking was moderately impacted by loss of B3GLCT.

SSPO, with 10 low-density lipoprotein receptor-A (LDLR-A) repeats One difference between ADAMTS20 and SSPO TSRs that could

and 25 TSRs (each with three disulfide bonds) (Figure 4A), presents account for this difference in trafficking efficiency is the presence
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of multiple C-mannosylation consensus sites (W-X-X-W or W-X-X-
C) in all 25 SSPO TSRs (with confirmed modifications for TSRs 6—
9 Figure 4A and C) vs. only one W-X-X-C site in 15 ADAMTS20
TSRs. Recently, it was shown that C-mannosylation on UNC-5 TSR2
stabilizes the native TSR fold and accelerates the rate of TSR folding
(Shcherbakova et al. 2019). For this reason, we predict that in the
absence of B3GLCT, the numerous C-mannosylation modifications
on SSPO TSRs contributed to more efficient trafficking of SSPO
(Figure 4) compared to ADAMTS20 (Holdener et al. 2019). Although
this raises the possibility that secretion of other B3GLCT substrates
with conserved C-mannosylation sites will be less sensitive to loss of
B3GLCT, a counterexample exists. The TSRs of ADAMTS?Y, a close
homolog of ADAMTS20, are not modified by C-mannose (Dubail
et al. 2016), and secretion of ADAMTS9 TSRs 2-8 is only partially
reduced in HEK293T cells lacking B3GLCT, similar to the effect
on SSPO TSRs 6-9. Thus, there must be factors in addition to
C-mannosylation that contribute to whether a POFUT2 substrate
requires B3GLCT for secretion.

Conclusions

The results of this study identified defects in B3GLCT substrates
and tissues that likely contribute to development of ventriculomega-
ly/hydrocephalus in B3glct mutant mice and provide additional
evidence that failure to extend O-fucose on TSRs differentially
affects B3GLCT substrates. It is unclear whether these differences
in sensitivity are specific to the substrate or could be impacted
by the tissues expressing the substrates. The altered dentate gyrus
granular layer in mouse B3glct mutants underscores the complex-
ity of the B3glct mutant phenotype and raises the possibility that
defects in other B3GCLT substrates required for neurogenesis/neu-
ral pathfinding (i.e. SEMASA, 5B, ADAMTS3, 4, 5) and/or blood
vessel/lymphatic function (i.e. THSD1, ADAMTS1, 3, 8) could also
be impacted by loss of B3GLCT and contribute to development of
ventriculomegaly/hydrocephalus in mice and/or neurological changes
in human PTRPLS patients (Lett et al. 2009; Hisanaga et al. 2012;
Duan et al. 2014; Rodriguez-Manzaneque et al. 2015; Janssen et al.
20165 Ogino et al. 2017; Bradshaw et al. 2020; Nandadasa et al.
2020).

Materials and methods

Ethics statement

All animal work was conducted according to relevant national
and international guidelines and under approved protocols. Stony
Brook University animal facilities were approved by the NIH
Office of Laboratory Animal Welfare (OLAW), assurance number
D-16-00006. The animal studies were approved by the Stony
Brook University Institutional Animal Care and Use Committee
(IACUC), which follows all the guidance set forth in: Public
Health Service Policy on Humane Care and Use of Laboratory
Animals distributed by Office of Laboratory Animal Welfare,
NIH; Animal Welfare Act and Animal Welfare Regulations
distributed by United States Department of Agriculture and
Guide for the Care and Use of Laboratory Animals distributed
by the National Research Council. Stony Brook University
animal facilities are accredited by Association for the Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC
International).

Animals

All mice were housed and maintained under controlled tempera-
ture and light (22°C, 12 h light and 12 h dark) with access to
sufficient food and water. At weaning, diet was supplemented with
DietGel® 76A (ClearH20; Cat# 72-07-5022) to ensure that mutant
animals received adequate hydration and nutrition. Generation of
B3glct™1PKOMP (B3 o]ct- A4) mice was described previously (Holdener
etal. 2019). These mice were maintained by backcrossing the B3glct-
A4/+ males with C57BL/6] females at Stony Brook University. Mice
backcrossed for 4-10 generations were used in this study.

Systemic CSF flow analysis

The patterns of CSF flow in the ventricular system was assessed and
analyzed as described previously (Abdelhamed et al. 2018). Briefly,
mice at approximately 5 weeks of age were deeply anesthetized
with intraperitoneal administration of Ketamine (100 mg/Kg) and
Xylazine (10 mg/Kg). Evans Blue dye (4% in PBS) was injected into
the left lateral ventricle at 5 pL/min using the following coordinates:
—1.8 mm deep, —0.8 mm left and —1.7 mm posterior from the
bregma. Mice were euthanized after 10 min of injection and brains
were dissected out and fixed in ice-cold 4% paraformaldehyde (PFA)
overnight. Fixed brains were cut into 2 mm-thick coronal slices and
photographed.

Whole-mount immunostaining of brain lateral ventricle
wall

Whole-mount immunohistochemistry of the lateral ventricle wall was
adapted from previous studies (Mirzadeh et al. 2010; Shan et al.
2018). Briefly, mouse brains were dissected to expose the lateral
ventricle walls and fixed in 4% PFA in PBS at 4°C overnight. Tissues
were then washed with 1X PBS and blocked in blocking solution
(2.5% Goat serum; Vector Laboratories, Cat no. s1012) at room
temperature for 1 h, followed by incubation with primary antibodies
overnight at 4°C (1:400, mouse anti-B-catenin, BD Transduction
Laboratories, Cat no. 6101154, and 1:400, rabbit polyclonal anti-
y-tubulin, Sigma-Aldrich, Cat no. T-5192) incubation. Secondary
antibody incubation was performed at room temperature for 2 h
(1:5005 goat antirabbit IgG H&L Alexa Fluor™ 488, Abcam, Cat.
no. ab150077 and 1:500 goat antimouse IgG H&L Alexa Fluor”
647, Abcam, Cat. no. ab150115). Antibodies were diluted in block-
ing solution. Then, the tissues were washed with PBS and lateral
ventricle walls were further dissected and mounted on glass slides
with DAPI Fluoromount—G® (SouthernBiotech, Cat. no. 0100-20)
and coverslipped. Confocal images were taken at 100x using Leica
SPS5 confocal (Leica, Germany).

Image] (http://imagej.net/) was used to analyze the basal bodies
per cell, basal bodies patch displacement and basal bodies patch
angle theta distribution from maximum projected images. Briefly,
we first used the freehand selection tool to define regions of interest
(ROIs) for the cell boundaries (B-catenin signal) and region of basal
bodies within the cell (y-tubulin signal). To calculate the number
of basal bodies per cell, we used the analyze particle function to
determine the number of green dots (basal bodies) per cell boundary
ROL. To determine the basal bodies patch displacement and angle
distribution per cell, we used the measure function to identify the
centroids of the cell and the basal bodies patch and drew a line
connecting the centroids and intersecting the cell boundary. These
three coordinates, centroids of cell, centroids of basal bodies patch
and the cell boundary intersection point, were exported to Microsoft
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Excel to determine the patch displacement and basal bodies patch
angle (theta angle). For control (7 = 6 mice), a total of 21 fields (3—4
per animal) were used with a total of 238 cells used for basal body
number analysis and 233 cells for basal bodies patch displacement
and theta distribution analyses. A total of 24 fields were used for
analysis of 6 B3glct mutants (n = 6) with 204 cells used for basal
body number analysis and 178 cells used for basal bodies patch
displacement and theta distribution analyses. Data were evaluated for
significance using unpaired, two-tailed #-test, Mann—Whitney (two-
tailed) (GraphPad Prism 8) and Watson’s two sample U? test (Oriana
4 version 4.02; Kovach Computing Services) for basal bodies count,
patch displacement and theta distribution, respectively.

Brain histology and immunohistochemistry

of subcommissural organ

Deeply anesthetized P21 mice were perfused with 4% PFA and brains
were then postmortem fixed with 4% PFA for several days or until
processed further. Fixed brains were rinsed with PBS and processed
for paraffin embedding. Briefly, brain tissues were dehydrated by
serially immersing into 30%, 50%, 70%, 80%, 90%, 95% and 100%
ethanol and then xylene. The tissues were then infiltrated with and
embedded in paraffin. The embedded tissue was sectioned at 5§ pm
thickness using a microtome.

Brain sections were routinely stained with Mayer’s hematoxylin
and eosin (H&E) staining. Briefly, sections were deparaffinized using
xylenes and rehydrated using ethanol (100%, 95%, 80% and 70%),
washed with reverse osmosis water and stained in Mayer’s hema-
toxylin (Sigma, Cat. no. MHS32-1 L) for 10 min followed by running
tap water washing for another 20 min. The sections were then
passed through 70% ethanol for 2 min and counterstained with eosin
(Fisher Scientific Cat. no. E511-25) for a minute. The sections were
dehydrated for 2 min each by passing through 70% and 95 % ethanol,
which was followed by three washes with 100% ethanol and finally
cleared in xylenes before mounting. Sections were mounted using
Secure Mount™ (Fisher Scientific, Cat. no. 23-022208) solutions and
covered with a coverslip.

For immunohistochemistry, the sections were deparaffinized
using xylenes and rehydrated using ethanol (100%, 95%, 80%
and 70%), rinsed with water and finally with 1X PBS. Endogenous
peroxidase activity was blocked by incubation with 3% hydrogen
peroxide in methanol for 10 min. Sections were then rinsed with
1X PBS and permeabilized with 0.1% Triton-X-100 in PBS for
30 min. The sections were blocked with 2.5% goat serum (Vector
laboratories, Cat no.s1012) for 30 min and incubated overnight with
anti-GRP78 BiP antibody (Abcam, Cat. no. ab21685) (1:1000) or
rabbit polyclonal raised against bovine Reissner’s fiber (AFRUMA).
AFRUMA (with recommended use at 1:1000) was a gift from Prof.
Dr. Jesus Mateos Grondona, Universidad de Malaga, Spain, and was
generated as described for AFRU in Rodriguez et al. 1984 (Rodriguez
et al. 1984). The immunoreactivity was detected by using Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, Cat. no. ab150077)
(1:500) or Cy3 conjugated Affinipure donkey antirabbit IgG (H + L)
(Jackson ImmunoResearch Laboratories Inc., Cat. no. 711-165-152)
(1:500). Then the slides were mounted either with DAPI Fluormount-
G® (SouthernBiotech, Cat. no. 0100-20) or DRAQS (Abcam, Cat.
no. ab108410) (1:1000) in SlowFade™ Gold Antifade Mountant
(Invitrogen, Cat. no. $36937) and coverslipped.

Histological sections were photographed using a Nikon Optiphot
microscope, AxioCam MRc camera and AxioVisionLE program
(Zeiss). Fluorescent images were taken at 100x using Leica SP$

confocal (Leica, Germany). Image] (http://imagej.net/) was used to
measure the fluorescence of the images as described previously (Gavet
and Pines 2010). Fluorescence was measured in sections obtained
from five animals (# = §) for each group with a total of fourteen
sections per animal located in the midsection of the subcommissural
organ were evaluated. Data were evaluated for significance using
unpaired, two-tailed z-test.

Analysis of SSPO O-fucosylation and C-mannosylation
Since SSPO is a very large protein, we sought to produce a portion
containing several TSRs with O-fucose and C-mannose consensus
sequences (Figure 4A) to confirm that the sites were being mod-
ified. We synthesized (GenScript) the DNA encoding TSRs 4-10
(Uniprot: Q8CG6S5 from 2336 to 2919; 584 amino acids, ENA
mRNA: AJ491857.1 from 7006 to 8757; 1752 bps) with HindIII
and Xhol restriction sites at 5" and 3’, respectively. This sequence was
subcloned into pSecTag2/Hygro C (Invitrogen), which encodes an N-
terminal signal peptide and a C-terminal Myc-Hisg tag. Upon trans-
fection into HEK293T cells, the protein did not secrete well. Trun-
cation mutants were generated eliminating one TSR at a time, and
each was tested for secretion. The pSecTag2-SSPO TSRs 6-9 (gener-
ated using primers were 5'-TCCTGTGGCTGGTCTGCC-3' and 5'-
CAAAGCTTCGTACGTACGGCG-3') were efficiently expressed and
used for all experiments. pSecTag2-SSPO TSRs 6-9 were transfected
into HEK293T cells, and the cells were cultured in Opti-MEM®
Reduced Serum Medium (Gibco®). After 3 days, medium was col-
lected and SSPO (TSRs 6-9) was purified with Ni-NTA chelating
chromatography resin (G-Biosciences, St. Louis, MO) as described
(Kakuda and Haltiwanger 2014). Purified protein was subjected to
in-solution digestion as described (Kakuda and Haltiwanger 2014),
and the resulting peptides were injected into an EASY-nLC 1000
HPLC system (Thermo Fisher Scientific) for peptide separation using
a C18 reverse-phase column attached to a Q Exactive Plus Orbitrap
mass spectrometer (Thermo Fisher Scientific). Separation of (glyco)
peptides was performed using a 30 min binary gradient consisting
of solvent A (5% acetonitrile in 0.1% formic acid) and solvent B
(80% acetonitrile in 0.1% formic acid) with a constant flow rate
of 300 nl/min. Spectra were recorded with a resolution of 70,000
in the positive polarity mode over the range of m/z 400-2000 and
automatic gain control target value was 1 x 10°. The 10 most
prominent precursor ions in each full scan were isolated for higher
energy collisional dissociation-tandem mass spectrometry (HCD-
MS/MS) fragmentation with normalized collision energy of 27%,
and automatic gain control target of 1 x 10°, an isolation window
of m/z 1.2, dynamic exclusion enabled and fragment resolution
of 17,500. Raw data were analyzed using Xcalibur and Proteome
Discoverer v.42.1.0.27.1981 (Thermo Fisher Scientific) and Byonic™
v.2.10.5 (Protein Metrics). Extracted ion chromatograms of all iden-
tified (glyco) peptides were generated using Xcalibur™ v.4.0.27.19
(Thermo Fisher Scientific).

Cell-based secretion assays and western blot analyses

Cell-based secretion assays for Mouse SSPO TSRs 6-9 were
performed in wild-type HEK293T and CRISPR-Cas9-generated
POFUT2 and B3GLCT knockout HEK293T cells as previously
described (Holdener et al. 2019). Briefly, cells were transfected with
a total of 1.94 pg of DNA, which included 1.6 pg of pSecTag2-
SSPO TSRs 6-9 or 1.6 pg of empty vector, plus 0.24 pg of pcDNA4-
POFUT?2 (Benz et al. 2016) or 0.24 ng of pcDNA3.1-B3GLCT (Sato
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etal.2006) or 0.24 pg of either pcDNA4 or pcDNA3.1 empty vectors,
respectively, plus 0.1 pg of pEGFP-N1 (encoding Green Fluorescent
Protein) (Schneider et al. 2018). Polyethylenimine (PEI) was used as
a transfection reagent (1 mg/mL) at a ratio of 1:6 (DNA:PEI) for
each well (Thomas et al. 2005). After a 48-h incubation, media was
harvested and cells were lysed in buffer consisting of 1% Triton-X
100, 25 mM Tris, pH 8.0 containing a complete™ protease inhibitor
cocktail tablet (Roche, Cat. No. 11836145001). Three biological
replicates were performed for each condition.

For western blot analysis of media and cell lysates, proteins
were resolved on a 4-20% gradient gel, transferred to a 0.45 pm
nitrocellulose membrane and blocked in 5% milk. Membranes were
detected for SSPO TSRs 6-9 with anti-Myc antibody (9E10, Stony
Brook University Cell Culture/Hybridoma facility) and Alexa Fluor
IRDye®680RD goat antimouse (LI-COR, Cat. No. 926-68070).
GFP loading control was detected with anti-GFP antibody (Cell
Signaling Technologies, Cat. No. 2555S) and Alexa Fluor IRDye®
800CW goat antirabbit (LI-COR, Cat. No. 926-32211). Membranes
were incubated in primary antibodies at 4°C overnight at a 1:2000
dilution and then incubated in secondary antibodies at room tem-
perature for 1 h in the dark at a 1:10,000 dilution. The mem-
branes were imaged and quantified using the Odyssey® CLx sys-
tem and analyzed with Image Studio Lite software (LI-COR Bio-
sciences).

RNA extraction and real-time quantitative RT-PCR
(gRT-PCR)

Mouse subcommissural organs and brain cortex were separately
dissected out from the brain and total RNA was extracted using
RNeasy® Mini Kit (Qiagen, ID 74104) according to manufacturer’s
instructions. Total of 2 pg RNA from each RNA sample was reverse
transcribed using SuperScript™ VILO™ ¢cDNA Synthesis Kit (Invit-
rogen, Cat. no. 11754050). Real-time PCR was carried out using
PowerTrack™ SYBR Green Master Mix (Thermo Fisher Scientific,
Cat. no. A46109) on StepOnePlus™ Real-Time PCR System. The
qRT-PCR results from control (n = 3; 3 replicates per sample) and
mutant (n = 3; 3 replicates per sample) animals for each gene were
normalized to those of Hprt and expressed as fold change, and
the data are expressed as means + standard deviations. The mean
expression levels were compared between the control and the mutant
groups using Student’s #-test. The primers of genes used were listed in
Supplementary Table I.

RNAScope® analyses of mRNA localization

Mouse brain at embryonic day 16 (E16) and postnatal day 4
(P4) was fixed overnight in 4% PFA and processed for paraffin
sectioning (5 pm). RNAScope® assay was carried out according
to Advanced Cell Diagnostics’ instructions using B3glct (440301),
Adamts3 (400431), Adamts9 (400441), Adamts20 (400541), Spon1
(578261) and Pofut2 (465281) probes and ACD HybEZ™ II Oven
(Advanced Cell Diagnostics, Inc., Hayward, CA). Extended boiling
with target retrieval reagent was followed. Probe binding was
visualized by using RNAscope® 2.5 HD Detection Kit (Red) using
Mayer’s hematoxylin as a counterstain. Bacterial gene encoding
dihydrodipicolinate reductase (DapB; 310043) and Mus musculus
peptidylprolyl isomerase B (Ppib; 313911) were used as negative and
positive controls, respectively.

Supplementary data

Supplementary data are available at Glycobiology online.
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