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The cadherin (cdh) superfamily of adhesion molecules carry
O-linked mannose (O-Man) glycans at highly conserved sites
localized to specific g-strands of their extracellular cdh (EC) domains.
These O-Man glycans do not appear to be elongated like O-Man
glycans found on a-dystroglycan (x-DG), and we recently demon-
strated that initiation of cdh/protocadherin (pcdh) O-Man glycosyl-
ation is not dependent on the evolutionary conserved POMT1/
POMT2 enzymes that initiate O-Man glycosylation on a-DG. Here,
we used a CRISPR/Cas9 genetic dissection strategy combined with
sensitive and quantitative O-Man glycoproteomics to identify a ho-
mologous family of four putative protein O-mannosyltransferases
encoded by the TMTC1-4 genes, which were found to be imperative
for cdh and pcdh O-Man glycosylation. KO of all four TMTC genes in
HEK293 cells resulted in specific loss of cdh and pcdh O-Man glyco-
sylation, whereas combined KO of TMTC1 and TMTC3 resulted in
selective loss of O-Man glycans on specific §-strands of EC domains,
suggesting that each isoenzyme serves a different function. In
addition, O-Man glycosylation of IPT/TIG domains of plexins and
hepatocyte growth factor receptor was not affected in TMTC
KO cells, suggesting the existence of yet another O-Man glyco-
sylation machinery. Our study demonstrates that regulation of
O-mannosylation in higher eukaryotes is more complex than
envisioned, and the discovery of the functions of TMTCs provide
insight into cobblestone lissencephaly caused by deficiency
in TMTC3.
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spectrometry | gene editing

Protein O-mannosylation on select Ser/Thr residues is found
in yeast and metazoans, and the genetic and biosynthetic
basis for this type of glycosylation has long been thought to be an
evolutionarily conserved family of protein O-mannosyltransferases
with seven members in yeast (Pmt1-7) and two in higher eukaryotes
(POMT1/POMT2) (1). O-linked mannose (O-Man) glycosylation is
the only type of O-glycosylation found in yeast (2, 3), and O-Man
glycans are widely found on proteins trafficking the secretory path-
way, similar to O-GalNAc glycosylation in metazoans (4). In contrast,
O-Man glycosylation in metazoans is found only on select proteins,
with a-dystroglycan (a-DG) being the best characterized (5-7),
but, with the advent of sensitive glycoproteomics strategies, we
recently found O-Man glycans on the large superfamily of cad-
herins (cdhs) and protocadherins (pcdhs) as well as a family of
IPT/TIG domain-carrying proteins, including the hepatocyte
growth factor receptor (HGFR) (6). The O-Man glycans on cdhs
and pcdhs are found in highly conserved positions in the $-strands
of extracellular cdh (EC) domains, and these glycosites appear
highly conserved in evolution, suggesting that they serve impor-
tant biological functions (6).

Deficiencies in enzymes catalyzing the structurally complex
and diverse O-Man glycans on a-DG, including the two human
POMTI and POMT?2 genes, underlie a subgroup of congenital
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muscular dystrophies that have been designated a-dystroglyca-
nopathies because deficient O-Man glycosylation of a-DG dis-
rupts the interaction between the dystrophin glycoprotein complex
and the ECM (7-9). Several studies have also implicated de-
ficiency of POMT?2 with E-cdh dysfunction (10-12), although di-
rect evidence for a role in glycosylation of cdhs and pcdhs is
missing. To explore the functions of O-Man glycans on cdhs and
pedhs, we previously used a combinatorial gene-targeting strategy
in multiple cell lines and found that the two POMTs are essential
for glycosylation of a-DG but not cdhs, pcdhs, and IPT/TIG domain-
containing proteins (13). In contrast to a-DG, we and others (6, 10,
11, 13) also found that O-Man glycans on the latter proteins were
not elongated, suggesting that the biosynthesis of these distinct
classes of proteins were different. We therefore predicted the ex-
istence of a new type of O-Man glycosylation machinery in higher
eukaryotes (13).

Here, we report the discovery of a homologous family of pu-
tative O-Man glycosyltransferases (GTs) encoded by the four
transmembrane and tetra-trico-peptide repeat (TPR) repeat-
containing protein (TMTC) genes (TMTCI-4). The TMTC
proteins were previously shown to be located in the endoplasmic
reticulum (ER) and predicted to serve in Ca** regulation and
protein folding (14, 15). Moreover, biallelic mutations in TMTC3
were reported to cause cobblestone lissencephaly (16), intellec-
tual disabilities, and epilepsy (17), and family linkage and asso-
ciation analysis points to a role of TMTC?2 in hearing loss (18). In
murine models, tmtc3-KO results in early neonatal death, and
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in vitro studies have demonstrated abnormal TGF-f signaling in
embryonic fibroblasts from these mice (19).

We used combinatorial gene KO targeting in HEK293 cells
combined with differential O-Man glycoproteomics to discover
the roles of the TMTC genes in O-Man glycosylation of cdhs
and pcdhs, and we validated this by analysis of recombinant-
expressed secreted cdh construct in TMTC mutant cell lines.
We present strong evidence that the TMTC genes encode dis-
tinct O-Man GTs that cooperatively glycosylate distinct regions
in the EC domains of cdhs and pcdhs. We also present evidence
that the TMTCs do not glycosylate the IPT/TIG domain-containing
proteins, and therefore we predict the existence of yet another
undiscovered O-Man glycosylation pathway dedicated to IPT/TIG
domains. The severe phenotype associated with deficiency of
TMTC3 (16, 17) indicates that O-Man glycans on the cdh super-
family serve important biological functions.

Results

Bioinformatic Identification of the TMTC1-4 Genes. Our finding that
the POMT1I/2 genes were dispensable for O-mannosylation of
many proteins (13) prompted a search for additional enzymes.
We first tested the possibility that candidate enzyme(s) re-
sponsible for cdh/pcdh O-mannosylation were already classified as
GTs in the Carbohydrate-Active enZYmes (CAZy) database, albeit
without known function, and KO of six such genes in combinations
predicted to cover potential redundant isoenzymes in individual
GT families did not affect O-mannosylation (GLT1D1/GTDCI,
GLT8D1/GLT8D2, and KDELC1/KDELC2; not shown). We
next hypothesized that the candidate enzyme(s) would resem-
ble existing protein mannosyltransferases in CAZy GT39 and
GT98 families with respect to overall multitransmembrane do-
main structure but without significant sequence similarity. We
performed a broad search considering criteria common for Pmts/
POMT:s and the DPY19L genes responsible for C-mannosylation,
including ER localization, general topology, and domain structure
features. We identified the TMTC genes based on a conserved
domain from yeast Pmts. Yeast Pmts match the PMT_2 super-
family domain hmm model (c121590), and specifically the PMT 2
PFAM model (pfam13231); however, searching for these models
directly in the human proteome identified only POMTs. By using
the Conserved Domain Architecture Retrieval Tool (20), the
complete set of metazoan proteins in refseq that match PMT_2
were retrieved, and the TMTC genes with C-terminal TPR do-
main invariant presence of DUF1736 were identified. TPR do-
mains are found in various proteins, where they serve as interaction
scaffolds and multiprotein complex mediators (21). The TMTCs
have been reported to be located in the ER (15), and we have
identified GalNAc-type and O-Man O-glycans in CHO cells that
support luminal orientation of the C-terminal TPR domain (13, 22)
(https://glycodomain.glycomics.ku.dk). The PMT _2 fold belongs to
a larger family of folds whose structure is similar to the ArnT
arabinosyltransferase identified in bacteria classified in CAZy GT83
(23, 24). Structural alignments of TMTCs and ArnT yielded good
models and indicated that the catalytic residues are conserved in the
first ER lumen loop. By using human TMTC3 protein sequence
without the TPR repeats as source in the iterative threading as-
sembly refinement (I-TASSER) prediction tool (25), the best-
aligned structure, with a TM score (a metric for measuring the
similarity of two proteins) of 0.782, was for the ArnT GTs from
Cupriavidus metallidurans, and the second best TM score of
0.675 was for the oligosaccharyltransferase from Archaeoglobus
fulgidus. We therefore considered the TMTCs as good candidates
and proceeded with a KO strategy to test this hypothesis (13).

KO of TMTC1-4 in HEK293 Selectively Impairs 0-Man Glycosylation of
cdhs/pcdhs. We previously generated HEK293 cells with KO of
COSMC and POMGNTI (HEK293%%), which results in a double
“SimpleCell” line with truncated O-Man and O-GalNAc
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glycans suitable for lectin weak affinity chromatography (LWAC)
enrichment of O-Man glycopeptides with the ConA lectin as well
as O-GalNAc with the VVA lectin (6, 13, 26) (Fig. 14). a-DG
contains a central mucin-like domain with O-Man glycans in the
N-terminal region and O-GalNAc glycans in the C-terminal re-
gion, and is therefore a useful probe for detection of substitution
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Fig. 1. Genetic dissection and differential quantitative glycoproteome

analysis identify TMTC1-4 as directing O-Man glycosylation of cdhs and
pcdhs. (A) Graphical depiction of gene editing in HEK293 double SimpleCells
(SO) with truncated O-Man and O-GalNAc glycans targeting TMTCs. For
differential O-Man glycoproteome analyses, paired dimethyl labeled digests
from HEK293°C and HEK293%Y™TC12.34 or HEK29359TMTCT3 calls were per-
formed. We previously reported the differential O-Man glycoproteome
analyses with HEK293°“POMT".2 (13) (B) Scatter plot of dimethyl labeled
O-Man glycopeptide ratios (HEK293°Y/HEK293°Y™T¢1.2.34) axpressed on a
logo scale showing loss of O-Man glycopeptides (>100-fold change) derived
from cdhs/pcdhs and other proteins, but not glycopeptides derived from IPT/
TIG domains or previously identified POMT1/2 substrates (a-DG, KIAA1549,
SUCO; <10-fold change) (13) in HEK293 cells with KO of TMTC1-4. Median
ratios are plotted for unique O-Man glycopeptides. The box represents the
interquartile range, and the vertical line represents the median value within
each protein group. (C) Scatter plot of dimethyl labeled O-Man glycopeptide
ratios (HEK2935/HEK293°“™TC!3) showing selective loss of O-Man glyco-
peptides derived from EC G-strands (red dots; >100-fold change) of cdhs and
pcdhs, but not from B-strands (green dots; <10-fold change) in HEK293 cells
with KO of TMTC1/3. White dots represent overlapping O-Man glycosylations
on B-strand/loop regions. Additional proteins with TMTC1/3-dependent
O-Man glycosylations are indicated at lower right: TGF-p receptor type-1
(TGFR1), Latrophilin-3 (LPHN3), Melanoma inhibitory activity protein 3 (MIA3)
and protein disulfide-isomerase A3 (PDIA3).
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of O-Man with O-GalNAc glycans and exploration of common
substrates (6, 13, 22), but also serves as a sensitive control for
expression and Golgi processing of a-DG in the panel of isogenic
KO cells.

Sequence analysis of the four TMTC-predicted protein products
predicts that they have similar overall structures with N-terminal
domains with multiple transmembrane spanning domains (pre-
dicted 9-12) and C-terminal domains with TPRs (predicted 10),
but the sequence similarity and predicted domain structures do not
enable segregation of the four TMTGCs into potential subgroups.
We therefore reasoned that the TMTCs would have similar and
likely overlapping functions, and we designed a two-step KO
strategy to obtain HEK293 cells without functional TMTC genes.
In the HEK2935¢ background, we first simultaneously targeted
TMTCI and TMTC3 to obtain HEK2935“™TCL3 cells by using
the CRISPR/cas9 strategy and subsequently targeted TMTC2 and
TMTC4 to generate HEK293%/™TC1234 cells (Fig. 14). The ge-
netic engineering did not affect viability, growth including attach-
ment, and gross morphology of the HEK293 cells. We used our
previously established comparative quantitative O-glycoproteomics
workflow based on differential labeling of tryptic digests from
isogenic cells with stable dimethyl isotopes to probe global O-Man
(27, 28). Total digests from isogenic HEK293%¢ and
HEK2933¢/TMTCL23:4 colfs were labeled with light and medium
labels and mixed, and glycopeptides were enriched by LWAC.
Following liquid chromatography (LC)/tandem MS (LC-MS/
MS), medium/light (M/L) ratios were calculated for individual
glycopeptides to quantify the relative changes of O-Man glyco-
sylations between HEK2935¢ and HEK2935¢/TMTCL2.3:4 (e]jg,

We identified and quantified O-Man glycopeptides derived
from a-DG, 27 members of the cdh and pcdh family, five
proteins containing IPT/TIG domains (plexins and HGFR),
and 13 additional proteins (Table 1). The identified a-DG O-Man
glycopeptides were equally present in HEK2935¢ and
HEK2935¢/TMTCL2.3.4 ¢ells (Fig. 1B and Dataset S1), which
demonstrates that the POMT1/2-directed O-mannosylation is
unaffected by KO of TMTCI-4. Unaffected O-Man glycosyla-
tion was also observed on glycopeptides derived from plexins,
HGFR, and additional proteins. In striking contrast, nearly all
O-Man glycopeptides derived from members of the cdh/pcdh
family were absent in HEK2935“/™TC1:234 ¢ells. We quantified
79 unique O-Man glycopeptides from cdh/pcdhs, of which
77 were >100-fold less abundant in the HEK2935C/TMTC1.234 ¢

Table 1. Summary of O-Man glycoproteins identified in KO
HEK293 cells

Protein SC SCTMTC1,2,3,4 SC SC TMTC1,3*

POMT1/T2 substrates
Dystroglycan 1 1 1 1
suco
KIAA 1549 1 1

Cdhs
Classical type |
Atypical type Il
Flamingo
Desmocollin
Desmoglein

Pcdhs
Clustered
Nonclustered
FAT
Plexins 4
Other 1 7

Total 46 16 34 2

-

-
- -
- -

= NN WD
-

NSNS

N NS

N B WU
0w wu un
U b wwwnN

*Specific sites are differentially O-mannosylated.
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line compared with HEK2935C (Fig. 1B and Dataset S1). Rep-
resentative members of classical/type I cdhs, desmosomal cdhs,
clustered and nonclustered pcdhs, as well as unconventional/
ungrouped cdhs were all identified with O-Man glycopeptides
that were >100-fold less abundant. Interestingly, two quantified
O-Man glycopeptides from cdhll and cdh13 were found to be
equally abundant. Nevertheless, these results clearly indicate
that the TMTCI-4 genes play an important role for glycosylation
of cdhs and pcdhs.

We next performed the same comparative analysis with
HEK2935CT™TCLS ¢ells, and identified 34 O-Man glycoproteins,
of which 20 were members of the cdh/pcdh family (Fig. 1C and
Dataset S2). We quantified 47 unique O-Man glycopeptides from
cdhs/pedhs, of which 15 were >100-fold less abundant in the
HEK2935¢T™MTCL3 ¢l Tine, and 32 peptides showed no substan-
tial change compared with HEK2935C. Interestingly, essentially all of
the identified O-Man glycosites that were affected by the
TMTC1,3 KO were located on the G-strands of EC domains,
whereas the unaffected glycosites were localized to B-strands in
EC domains of desmocollin-2, E-, P-, N-, T-cdh, and cdh-11.

We identified two differentially regulated O-Man glycopep-
tides (four O-Man glycosites) >100-fold less abundant in
HEK2935¢™TCL3 ¢elis for classical/type I cdhs, all of which
were localized to the EC3 G-strand of N-cdh (Fig. 1C and
Dataset S2). A single differentially regulated O-Man glycosite,
localized in the loop between EC3 B and C-strands, was iden-
tified for cdh EGF LAG seven-pass G-type receptor 2. The same
trend was observed for pcdhs; eight glycopeptides were identified
from pcdhl0, 16, 17, a1, p2, and yBS, all of which had O-Man
glycans on G-strands and were >100-fold less abundant in
HEK?2935¢/TMTCL3 ¢ells. In contrast, all O-Man glycosites (15
glycopeptides; pedh7, 9, 17, all, yAll, and FATI, 2, and 3)
mapped to pcdh B-strands showed no change in relative abun-
dance between in HEK293%C and in HEK293%“T™TCL cells.
However, we note that four pcdh glycopeptides with over-
lapping O-Man glycosylations in B-strand/loop regions were
identified as differentially regulated in HEK2935¢/TMTC1.3
cells, indicating that the addition of O-Man glycans on loops
adjacent to B-strands is dependent on TMTC1 and/or TMTC3
isoenzymes. Taken together, these results indicate that indi-
vidual TMTC genes have distinct roles for glycosylation of the
two opposite regions of EC domains (B- and G-strands) on
cdhs and pcdhs.

The quantitative O-Man glycoproteomic analysis revealed
additional proteins targeted for O-mannosylation by the TMTC1-4
family. Protein disulfide-isomerase A3 (PDIA3) was previously also
identified with several O-Man glycans (6, 13), and all quantified
PDIA3 O-Man gzlycopeptides were >100-fold less abundant in
HEK?2935¢/TMTCL234 3nd HEK2935“™TCL3 cells compared with
HEK293%¢ (Fig. 1C and Datasets S1 and S2). In addition, one
O-Man glycopeptide from the extracellular region of TGF-E receptor
type-1 was found to be differentially regulated in HEK2935¢/TM1TCL3
cells, and this observation is further discussed later.

We previously demonstrated that O-mannosylation of IPT/
TIG domain-containing proteins (plexins and HGFR) was
not dependent on POMT1/2, and we predicted that these
would then be controlled by the enzyme(s) dedicated to cdh/

cdh glycosylation. Surprisingly, the quantitative analysis of
%EK2%3YSC/“?’]‘TC1’2’3’4 and pHEK2g9§SC“MT%L3 cells undertakeyn here
revealed unaffected O-Man glycosylation within the IPT/TIG
domains of these proteins. HGFR was identified with five unique
O-Man glycopeptides from IPT/TIG domains, all of which were
equally abundant between HEK2935¢ and HEK2935¢/TMTC1.2:3.4
cells (Fig. 1B and Dataset S1). We quantified 18 unique glyco-
peptides from plexin-Al, -A2, -A3, and -B2, of which 15 were
localized within IPT/TIG domains. All O-Man glycans mapped to
plexin IPT/TIG domains were equally abundant ]\SF1C% 1B and
Datasets S1 and S2) in HEK2935€ and HEK2935¢/™TC1.2:34 cejjg,
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Interestingly, we also identified three unique O-Man glycopep-
tides from plexin-B2, covering two O-Man glycosites localized
outside the IPT/TIG domains that were >100-fold less abundant in
HEK2935¢/TMTCL234 |5 (Dataset S1). These O-Man glycosites in
plexin-B2 were unaffected in the HEK2935“™TC13 cells (Dataset
S2), indicating that TMTC2 and/or TMTCH4 play selective roles for
glycosylation of other proteins than cdhs and pcdhs.

TMTCs Selectively Control 0-Mannosylation of Recombinant Expressed
E-cdh. We previously demonstrated efficient expression and
O-mannosylation of a secreted E-cdh ectodomain construct in
HEK293 WT and POMT1/2 KO cells (13). Here, we expressed
the same His-tagged E-cdh ectodomain fragment in HEK2935C,
HEK293%™TCL3 “and HEK2935“™TC234 cells to evaluate
the role of TMTCs on E-cdh production, secretion, and O-man-
nosylation. E-cdh was expressed and secreted equally in all three
cell lines and purified (Fig. S1). Label-free MS analysis of tryptic
digests from HEK293%C revealed seven O-Man glycosites on
EC2-EC4 with relatively high stoichiometry (30-70% site occu-
pancy; Fig. 2). In contrast, E-cdh expressed in HEK2935C/TMTC1.-2:34
produced essentially no detectable O-Man glycopeptides (within
the signal-to-noise level). However, E-cdh expressed in
HEK2935¢™TCL3 ¢ols had normal O-Man glycans at two residues
(Ser®™” and Thr''") localized to the B-strand of EC2 and EC4 (Fig.
2), whereas the O-Man glycopeptides derived from the G-strands of
EC2-EC4 were absent. This correlates well with the global analysis
of O-Man cdh/pedh glycoproteins in HEK2935“™TC13 and fur-
ther confirms that the TMTC genes play different roles in glyco-
sylation of the cdh/pcdh family.
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Fig. 2. Summary of O-Man glycosites identified on recombinant E-cdh
expressed in HEK293 mutant cell lines. Schematic representation of E-cdh
domain organization (Top) with known O-Man glycosylation sites (green
circles). Selected p-strands are indicated by black arrows for each EC domain,
and all O-Man and O-GalNAc glycosites identified previously are shown with
positions and numbering relative to EC p-strands and amino acids of E-cdh
(UniProt Knowledgebase ID code P12830). Below the schematic represen-
tation are the O-Man glycosites identified on the recombinantly expressed
E-cdh in HEK293°, HEK293°“™T<'3 and HEK293°Y™TC234 cells, re-
spectively. The stoichiometry (i.e., site occupancy) of O-Man glycans was
calculated from the LC peak areas for each peptide (with and without
O-Man glycans) and is indicated above each glycosylation site (as percent-
ages). White circles represent loss of O-Man glycosylation sites (not detectable).
(Bottom Left) Canonical EC p-strand arrangement, with B- and G-strands
indicated in green.
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Discussion

The present study presents evidence indicating that the four
TMTC genes encode protein O-mannosyltransferases dedicated
primarily to the cdh superfamily, and that the individual enzymes
serve distinct roles in decorating the EC domains with O-Man
glycans at specific regions. O-Man glycans on these proteins were
only recently discovered (6, 10), and although our knowledge of
the functions of the conserved glycans in cdhs and pcdhs is still
limited, the recent findings that biallelic mutations of TMTC3
cause cobblestone lissencephaly (16), clearly indicates that this
type of O-mannosylation has critical functions. This is further
supported by the finding that mice deficient in #mtc3 suffer early
postnatal death (19). TMTCs are predicted to serve distinct
nonredundant functions, which is in excellent agreement with
our finding that KO of TMTCI and TMTC3 eliminated O-Man
glycans found on G-strands but not B-strands of EC domains,
whereas KO of all four was required to eliminate glycans com-
pletely. Clearly, further work is needed to confirm the roles of
the TMTC genes, but the potential existence of a distinct gene
family dedicated to O-mannosylation of cdhs and pcdhs was a
surprising finding obtained through genetic dissection that now
opens the possibility of wider studies of the mechanism and
biological functions.

The present results demonstrate that the TMTC genes are
required for O-mannosylation of cdhs and pcdhs, and indicate
that they serve as O-mannosyltransferases predicted to use Dol-
P-Man as donor substrate, similar to the POMTs and DPY19s
isoenzymes (29-31). Direct demonstration of enzyme activity of
multitransmembrane proteins is a considerable challenge. Sev-
eral findings, however, support our genetic interpretation that
TMTCs are enzymes. The TMTCs share predicted overall
structure with the POMT, ArnT, and DPY19 proteins, and the
first luminal loop contains an conserved acidic DD/DE motif
essential for POMT/Pmt activity; however, the cross-conserva-
tion in this region between TMTCs and POMTs is quite limited
(32) (Fig. 3). Moreover, a homozygous mutation of His67Asp
close to the DD/DE motif in this loop of TMTC3 causes cob-
blestone lissencephaly (16) (Fig. 3). Deciphering the contribu-
tions of individual family members of GT is not straightforward,
and such analyses have to include spatiotemporal context to
deduce unique and potentially disease-causing functions (28).
The level of difficulties faced is perhaps best illustrated by
the limited understanding of the functions of the related yeast
and mammalian O-mannosyltransferase isoenzymes (pmts and
POMT1/POMT?2) (2, 33, 34). Although we demonstrate here
that the TMTC genes clearly have the capacity to differentially
direct O-Man on cdh/pcdh EC domain G- and B-strands, we
expect that the characterization of the individual contributions of
each gene will require a complete combinatorial set of single and
triple KOs of TMTCI-4. The TMTC genes are rather ubiqui-
tously expressed in human tissues and cell lines as evaluated
by RNA sequencing data, and they are highly evolutionary
conserved, with apparent orthologs of all four genes present in
fish, flies, and worms.

TMTC3 has previously been reported to be involved in ER
stress response and interact with PDIA3 and pcdhs (15), and
here we demonstrate that these are O-mannosylated by the
TMTC-dependent pathway, although the function is still unclear
(Fig. 1C and Dataset S2). In addition, two O-Man glycans pre-
viously localized on a specific p-strand of the TGF-f receptor
type-1 (6) were also found to be differentially regulated in
HEK2935TMTCL3 cells. Abnormal TGF-p signaling has been
linked to tmtc3 in a murine KO model (19), and it is possible that
loss of O-mannosylation in mice deficient in #m#c3 may underlie
the phenotype. Finally, TMTC1 and TMTC2 have been pro-
posed to be ER-resident proteins involved in calcium homeo-
stasis (15), and this may not be inconsistent with a role in
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Fig. 3. A proposed model for differential genetic regulation of protein
O-mannosylation in higher eukaryotes. (A) Sequence alignment of a segment
from the first luminal loop of human TMTCs and POMTs. A conserved acidic
amino acid motif DD/DE in the TMTCs, POMTs (32), and ArnT is indicated by a
blue circle. Single amino acid mutations in TMTC3 causing cobblestone lis-
sencephaly are indicated by a red circle. (B) The transmembrane (TM) or-
ganization of TMTCs is based on the predicted structure of TMTC3 (16).
POMT1/2 is adapted from ref. 44. The ArnT structure is based on the crystal
structure from C. metallidurans (23), and the structure of DPY19Ls is adapted
from the Caenorhabditis elegans DPY-19 (29). (C) O-mannosylation in higher
eukaryotes is predicted to be controlled by at least three distinct enzyme
families. The TMTCs control the cdh superfamily, whereas the classical
POMT1/2 controls a-DG and KIAA1549. O-Man glycans on o-DG are elon-
gated by different core structures (45), but it is currently unknown if the
O-Man glycans on KIAA1549 are further elongated to form core M1-M3 and/or
other glycan structures. The POMT1/2-independent O-mannosylation of
cdhs, plexins, and other proteins does not appear to be further elongated
(13). A novel O-Man glycosylation capacity dedicated to plexins and IPT/TIG
domains is predicted to exist.

glycosylation of cdhs and pedhs, as these are major Ca**-dependent
adhesion molecules.

We did find two O-Man glycopeptides, one derived from
cdh11 (EC2 G-strand) and the other from cdh13 (EC2 B-strand),
that were not affected by KO of TMTCs (Fig. 1B). It is currently
unclear why these appear to be O-mannosylated independently
of the TMTCs in contrast to all other cdh/pcdh glycosites;
however, both cdhs are less related in sequence to classical cdhs,
with cdh11 classified as a type II cdh and cdh13 being truncated
and a glycosylphosphatidylinositol-anchored protein. Moreover,
the larger group of plexins, HGFR, and other proteins that we pre-
viously found to be O-mannosylated independently of POMT1/2 (13)
were also found here to be O-mannosylated independently of the
TMTC pathway. We were unable to identify specific characteristics
for the proteins that appear to be O-mannosylated independently of
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the POMTs and the TMTCs. It is possible that the POMTs and
TMTCs share some overlap in substrate specificities that will re-
quire KO of both groups of genes to elucidate, but we predict the
existence of yet another novel O-mannosylation capacity selec-
tively serving IPT/TIG domains and HGFR, and hence a total of
three distinct pathways for O-mannosylation in higher eukaryotes
(Fig. 3).

Several reports have implicated the POMTs in E-cdh glyco-
sylation and function (10, 12). Although we do not have expla-
nations for these seemingly contradictory results, we note that
most of the data used to infer this relationship rely on antibodies
generated to O-Man glycopeptides, and these appear to have
highly restricted reactivity with O-glycopeptides (11). Further
work is needed to confirm this, but our previous studies clearly
demonstrate that POMTSs are not required for cdh/pcdh O-man-
nosylation in HEK293 cells, and a truncated E-cdh construct can
be expressed and secreted normally with O-Man glycans in
HEK?293 without POMT1 and/or POMT?2 (13). The present results
show that the TMTC genes are required for O-mannosylation of
cdhs and pedhs, and, interestingly, KO of TMTCs in HEK293 cells
did not appear to affect expression, secretion, and immediate sta-
bility of recombinant expressed E-cdh (Fig. S1). We did not explore
the N-glycans on these constructs, but a study has suggested that
POMT-directed O-mannosylation interacted with N-glycosylation
(12), and further studies may be needed to clarify this.

POMTSs and Pmts are part of the family of GT-C fold enzymes
classified in CAZy GT39, whereas DPY19s are classified in
CAZy GT98. We propose that the TMTCs be classified as a
novel CAZy GT105 family. The C-terminal TPR domains of
TMTCs have been found on only one other GT, the nucleocy-
toplasmic O-GlcNAc-transferase, OGT (35), where it serves in
protein—protein interactions and is proposed to function in
guiding selection of substrates and kinetic efficiency (21, 35, 36).
It is tempting to speculate that TMTC TPRs drive the distinct
substrate specificity for the EC folds of cdhs and pcdh. In this
respect truncating mutations in the TPR region of TMTC3 were
also found to result in cobblestone lissencephaly (16), but future
studies need to address the role of the TPRs in detail.

Cobblestone lissencephaly is a severe brain malformation with
cortical dysplasia, irregular borders between white and gray
matter, brainstem hypoplasia, and cystic cerebellar dysplasia
(37). It is found associated with mutations in a large number of
genes, of which most are involved in the elaborate POMT1/2
O-mannosylation pathway of o-DG (38), including POMTI,
POMT2, POMGNTI, POMGNT2, B4GATI, B3GALNT2, ISFD,
TMEMS, LARGE, FKRP, and FKTN, or associated with the base-
ment membrane, including LAMBI, LAMC3, and COL4A1 (16).
The reported cases of cobblestone lissencephaly caused by deficiency
in TMTCS3 appear to differ from deficiencies in the genes involved
in the classical a-DG O-mannosylation pathway by not being
characterized by eye and muscle phenotypes. In contrast, muta-
tions in LAMBI have also been reported to cause cobblestone
lissencephaly without eye and muscle involvement (39).

In conclusion, we present evidence suggesting the existence of
an O-mannosylation pathway dedicated to cdhs/pcdhs orches-
trated by the four TMTCI-4 genes. Preliminary evidence
moreover suggests that the individual TMTCs serve distinct
functions in glycosylation of different sites in cdh and pedh EC
domains, indicating that glycosylation of these important cell-
adhesion proteins may be differentially regulated by expression
of different TMTC repertoires. The TMTC-directed O-man-
nosylation is clearly biologically important, and our findings now
open the possibility of more detailed studies.

Experimental Procedures

Detailed information on experimental procedures is included in S/ Experi-
mental Procedures.
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Precise Gene Targeting of Glycogenes in HEK293 Cells. HEK293°C cells with
double KO of COSMC and POMGNTT1 (6) were maintained in DMEM sup-
plemented with 10% FBS and 2 mM L-glutamine. Gene targeting was per-
formed as previously described (40). KO clones with frame-shift mutations
were identified by indel detection by amplicon analysis (IDAA) (41) with
gene-specific primers (Tables S1-54). All selected clones were confirmed by
Sanger sequencing of 200-300 bp of the target regions.

Sample Preparation for Differential Glycoproteomics. Packed cell pellets
(0.5 mL) were lysed and digested with trypsin or chymotrypsin and subsequently
labeled with dimethyl stable isotopes as described previously (13, 27). Following
N-glycan removal by PNGase F (Roche), O-Man glycopeptides were separated
from nonglycosylated peptides by LWAC by using a 2.8-m column packed in-
house with ConA-conjugated agarose beads as previously described (13).

Recombinant Expression. A secreted His-tagged E-cdh construct was transiently
expressed by using PEl and conditioned media collected 3 d posttransfection as
previously described (13). Secreted E-cdh was purified from 20 mL on 200 pL of
Ni-NTA Sepharose beads as described previously (13), analyzed by NuPAGE,
and subjected to trypsin digestions (10 pg E-cdh) and LC-MS/MS.

Nano-LC-MS/MS Analyses. Samples were analyzed essentially as previously
described (13).

Data Analyses. Data processing used Proteome Discoverer 1.4 software
(Thermo Fisher Scientific) with minor modifications as outlined as follows
(13). Raw data files (.raw) were processed by using the SequestHT or MS
Amanda (42) node and searched against the human proteome (January
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2013) downloaded from the UniProt Knowledgebase (UniProtkB) database
(www.uniprot.org/). In all cases, the precursor mass tolerance was set to
5 ppm and fragment ion mass tolerance to 0.02 Da. Carbamidomethylation
on Cys was used as a fixed modification, and oxidation of Met and hexose
modification of Ser and Thr residues were used as variable modifications.
Enzyme specificity (full or semi-) was trypsin or chymotrypsin; a maximum of
two missed cleavage sites were tolerated. Final results were filtered for high-
confidence (P < 0.01) identifications only. All O-Man glycopeptides identi-
fied by the aforementioned stringent constraints were further manually
validated to confirm the accuracy of ion assignments as previously de-
scribed (6, 13, 43). Relative quantification on the total proteolytic digests from
HEK293°</HEK293°9TMTC1:234  and  HEK293°Y/HEK29359™TC13  \as  per-
formed to determine the technical/biological variability of the assay. A +10-
fold change was estimated for the assay, as >97% of the quantified peptides
showed <10-fold relative change in abundance (Fig. S2). We therefore chose
to use >100-fold change as a stringent cutoff value when categorizing dif-
ferentially regulated glycopeptides in this assay.
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