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Cancer-specific glycans of ovarian cancer are promising
epitopes for targeting with monoclonal antibodies (mAb).
Despite their potential, structural characterization of these gly-
can epitopes remains a significant challenge in mAb preclinical
development. Our group generated the monoclonal antibody
mAb-A4 against human embryonic stem cells (hRESC), which
also bound specifically to N-glycans present on 11 of 19 ovarian
cancer (OC) and 8 of 14 breast cancer cell lines tested. Normal
cell lines and tissue were unstained by mAb-A4. To characterize
the N-linked glycan epitopes on OC cell lines targeted by mAb-
A4, we used glycosidases, glycan microarray, siRNA, and
advanced high sensitivity matrix-assisted laser desorption/ion-
ization mass spectrometry (MALDI-MS). The mAb-A4 epitopes
were found to be Fucal-2GalB1-3GIcNAcpB (H type 1) and
GalB1-3GlcNAc (type 1 LacNAc). These structures were
found to be present on multiple proteins from hESC and OC.
Importantly, endo-f3-galactosidase coupled with MALDI-MS
allowed these two epitopes, for the first time, to be directly iden-
tified on the polylactosamines of N-glycans of SKOV3,IGROV1,
OV90, and OVCA433. Furthermore, siRNA knockdown of
B3GALTS5 expression in SKOV3 demonstrated that mAb-A4
binding was dependent on B3GALTS5, providing orthogonal evi-
dence of the epitopes’ structures. The recognition of oncofetal H
type 1 and type 1 LacNAc on OC by mAb-A4 is a novel and
promising way to target OC and supports the theory that cancer
can acquire stem-like phenotypes. We propose that the orthog-
onal framework used in this work could be the basis for advanc-
ing anti-glycan mAb characterization.
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The discovery of novel surface antigens on ovarian cancer
(OC)* as therapeutic targets are in increasing demand because
OC becomes resistant to chemotherapy in 80% of patients
(1-6). A promising category of antigens are the glycans on gly-
coproteins or glycolipids, which have functional roles in cancer
progression (7-19). These glycan antigens can be targeted by
monoclonal antibodies (mAb), and indeed, several preclinical
anti-glycan mAbs have been developed against OC and other
cancers (20 —-27). However, very few glycan-specific anti-cancer
mAbs have had their targets characterized in detail because of
difficulties arising from the branched and non-template-driven
nature of glycans (28). Not knowing the cancer epitope limits
the clinical development of promising mAbs.

Recent efforts to characterize the N-glycan epitopes tar-
geted by mAbs have used systematic knock-in and knock-
down of glycosyltransferases to deduce their probable struc-
tures (20, 23) and also advanced mass spectrometry to detect
potential O-glycan epitopes (21, 23). Although highly promis-
ing, these approaches were limited in their ability to provide
unequivocal confirmation of target identities using tandem
mass spectrometry due to the lack of diagnostic fragments (21,
23). This was due to insufficient cellular material because spe-
cific glycan epitopes are often a rare subset of the whole gly-
come (21, 23). Therefore, a strategy for enhancing the signal of
low abundance cellular mAb targets is needed.

mAb-A4 was part of a panel of mAbs initially developed by
immunizing mice with live pluripotent human embryonic stem
cells (hESC) (29, 30). Because fetal antigens may be expressed
on cancers (oncofetal antigens), it was hypothesized that the
mAb-A4 against hESC might recognize cancers.

In this study, we characterized the binding of mAb-A4 to a
panel of cancer and normal cell lines. Importantly, we eluci-
dated the cellular glycan epitope responsible for mAb-A4 bind-
ing in ovarian cancer cell lines SKOV3, IGROV1, OV90, and
OVCA433 using a multipronged orthogonal approach involv-
ing glycosidases, glycan microarray, siRNA knockdown, and

“The abbreviations used are: OC, ovarian cancer; hESC, human embryonic
stem cell; PNPA, p-nitrophenyl anthranilate; BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; IP, immunoprecipitation;
LacNAc, N-acetyllactosamine; PNGaseF, peptide:N-glycosidase F; PI, pro-
pidium iodide; gPCR, quantitative PCR; CCLE, Cancer Cell Line Encyclope-
dia; CID, collision-induced dissociation; QIT, quadrupole-ion-trap.
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Ovarian cancer glycan epitopes recognized by mAb-A4

Table 1
mADb-A4 binding to cancer and normal cell lines on flow cytometry

Cells were stained with mAb-A4 followed by anti-mouse secondary antibody con-
jugated to FITC. Binding level was measured as relative increase in fluorescence

compared with negative control as follows: —, negative; +, low; ++, medium;
+++, high. Data are representative of three biological replicates.
Cell line Binding
hESC
HES-3 +++
Opvarian cancer
OVCA433 +++
CH1 +++
HEY +++
CaOV3 ++
IGROV1 ++
OV90 ++
OVCAR3 ++
PEA 1 ++
SKOV3 ++
HEY A8 +
HEY C2 +
A2780 -
COLO720E -
OVI17R -
OVCARS -
OVCARI10 _
OVCA432 -
PEO 14 -
TOV112D -
Breast cancer
BT474 +++
MCEF7 +++
CAMA1 +++
HCC2218 +++
HCC1954 +++
MB231 +++
MDA453 ++
HCC1395 +
HCC1937 -
BT20 -
BT549 -
HS578T -
T47D -
SKBR3 -
Normal
IOSE523 (ovary) -
MCF10A (breast) -
HFF (human foreskin fibroblast) —
IMR9O0 (fibroblast) -
Fetal MSC -
Umbilical MSC -
Adult MSC -

advanced high sensitivity mass spectrometry of polyLacNAc.
We report that the mAb-A4 epitopes on ovarian cancer cell
lines are Fucal-2GalB1-3GlcNAcB (H type 1) and GalBl-
3GlcNAcB (type 1 LacNAc). These proposed epitopes were
confirmed by diagnostic fragments in tandem mass spectrom-
etry and also by siRNA knockdown of the galactosyltransferase
gene B3GALTS.

Results
mAb-A4 binding to ovarian and breast cancer cell lines

FACS analysis found that mAb-A4 bound to hESC, 11 of 19
ovarian cancer cell lines, and 8 of 14 breast cancer cell lines
studied (Table 1). In contrast, mAb-A4 did not bind to the nor-
mal human cell lines from foreskin fibroblast, lung fibroblast
(IMR90), breast epithelial cells (MCF10A), immortalized ovar-
ian surface epithelium (IOSE523), and mesenchymal stem cells
from fetal, umbilical, and adult sources. This suggested that
although the mAb-A4 antigen was not present on all ovarian or
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Figure 1. Binding and cytotoxicity of mAb-A4 to cancer and normal and
human embryonic stem cell lines. A, mAb-A4 binding to HES-3 (top), SKOV3
(middle), and 10SE523 (bottom). Histograms of negative control (filled) were
overlaid with mAb-A4-treated samples (black line). B, mAb-A4 cytotoxicity
against HES-3 (top), SKOV3 (middle), and 10SE523 (bottom), showing
untreated controls (left column) and mAb-treated samples (right column).
Contour plots of forward scatter versus FL3 Pl uptake were gated for live and
dead populations based on the untreated cells. The data shown are represen-
tative of three biological replicates.

breast cancer cell lines, its expression was restricted to the can-
cer state.

To characterize the mAb-A4 epitope, the ovarian adenocar-
cinoma cell line SKOV3 was chosen as the model cell line based
on strong binding of the mAb in FACS, high growth rate, and
available prior work on its glycome (10, 31). The mean fluores-
cence of mAb-A4 staining on hESC and SKOV3 on FACS was 2
orders of magnitude higher than the negative control (Fig. 14).
In contrast, the binding profile on IOSE523 was identical to the
negative control, indicating that the epitope was not expressed
on the surface or was inaccessible on IOSE523. Interestingly,
mAb-A4 also had a direct cytotoxic effect against hESC and
SKOV3 within 1 h of incubation, as measured by propidium
iodide exclusion assay. After mAb-A4 was added, cell viability
decreased from 47.9 to 0.83% in hESC and from 90.1 to 27.0% in
SKOV3 (Fig. 1B). This cytotoxic effect of mAb-A4 was also seen
in the high binding OC cell lines (Table 1). In contrast, mAb-A4
was not cytotoxic to IOSE523, consistent with the lack of bind-
ing to this cell line (Fig. 1).

Immunohistochemistry

In an initial screen using tissue microarrays, mAb-A4 posi-
tively stained tumor tissue from breast, ovary, testis, lung, pan-
creas, bone, and small intestine but was unreactive with normal
breast stroma, testis, liver, ovary, and skin (supplemental Fig. 1).
Staining of adenocarcinoma of breast, lung, and small intestine
was ductal, whereas staining of adenocarcinomas of ovary and
pancreas was homogeneous. This initial screen suggested that
mAb-A4 could potentially target malignant cells in a clinical
setting.
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Figure 2. N-Glycan dependence of mAb-A4’s binding to HES-3 and
SKOV3. A, SDS-PAGE Western blot of the mAb-A4 antigen immunoprecipi-
tated from SKOV3 and digested with no enzyme (lanes 1 and 5), sialidase A
(lanes 2, 3, 6, and 7), PNGaseF (lanes 3, 4, 7, and 8), or subjected to on-blot
NaOH B-elimination (lanes 5-8), and immunoblotted (/B) with mAb-A4. B,
SDS-PAGE Western blot of HES-3 lysate treated with no enzyme (lanes 1 and 3)
or PNGaseF (lanes 2 and 4) and subjected to on-blot 3-elimination (lanes 3 and
4), and immunoblotted with mAb-84. C, effect of 72 h of tunicamycin treat-
ment on binding of mAb-A4, basigin (BSG), and biotinylated R. solanacearum
lectin (RSL). Histograms show negative control (filled) overlaid with sample
(black line). Dashed vertical lines show the mean fluorescence of the DMSO
control without tunicamycin. D, effect of tunicamycin on the mean fluores-
cence of mAb-A4 binding to SKOV3. E, effect of tunicamycin on the cytotox-
icity of mAb-A4 against SKOV3, as measured by relative viability through PI
exclusion. F, effect of tunicamycin on the cytotoxicity of mAb-A4 against
SKOV3. Contour plots of forward scatter versus Pl uptake of FACS negative
control (left), DMSO control (middle), and tunicamycin-treated (right). Data
were representative of three biological replicates over successive passages.
Error bars indicate one S.D.

Glycan dependence of mAb-A4 binding

The mAb-A4 antigen in SKOV3 was found by immunopre-
cipitation (IP) followed by Western blotting to be a smear from
40 to 191 kDa with more intense regions at 51, 60, and 100 kDa
(Fig. 24, lanes 1 and 5). This staining of IP product was similar
to that of SKOV3 whole cell lysate (Fig. 3E, lane 4), suggesting
that IP with mAb-A4 successfully enriched its antigen from the
cell lysate. The presence of the smear suggested that the
mAb-A4 antigen was a glycoprotein.

Removing N-glycans from the antigen using PNGaseF abol-
ished mAb-A4 binding (Fig. 24, lanes 3, 4, 7, and 8). In contrast,
mAb-A4 binding was unaffected by removal of sialic acid (Fig.
2A, lanes 2 and 6) or removal of O-glycans (lane 5). As a positive
control for removal of O-glycans, mAb-84 binding to O-glycans
of hESC was abolished by on-blot B-elimination, as expected
(Fig. 2B) (30). In addition, tunicamycin treatment reduced
mAb-A4 binding by almost half (mean fluorescence decreased
by 45 = 15%) and raised cell viability from 27.3 = 5.7% to 82.0 =
7.1% live cells (Fig. 2, C—F). Tunicamycin treatment also abol-
ished the Western blotting signal for mAb-A4 (Fig. 11F, lane 6).
Therefore, mAb-A4 binding was demonstrated to be depen-
dent on N-glycans and not O-glycans.

Oligosaccharide inhibition assay
To identify the unknown epitope, mAb-A4 binding to a panel

of oligosaccharides was tested. Without any soluble oligosac-
charide added, mAb-A4 bound to and was cytotoxic to HES-3
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Figure 3. Identifying potential epitopes targeted by mAb-A4. A, inhibi-
tion of mAb-A4 binding to SKOV3 and HES-3 by a panel of soluble oligosac-
charides. mAb-A4 was preincubated with 2 mm of the indicated oligosaccha-
ride in PBS before being added to cells. Flow cytometry histograms showing
negative control (filled) and mAb-A4 staining (black line). The dashed vertical
line marks the mean fluorescence of the positive control, and the black arrows
indicate shifts of mean fluorescence from the positive control. B, effect of 2
mm oligosaccharide preincubation with mAb-A4 on relative viability of HES-3,
assayed by propidium iodide exclusion. C, effect of 2 mm oligosaccharide
preincubation with mAb-A4 on relative viability of SKOV-3, assayed by pro-
pidium iodide exclusion. D, Western blot of immunoprecipitated mAb-A4
antigen from SKOV3 that was probed with mAb-A4 that had been preincu-
bated with either PBS (lane 1), Lewis B (lane 2), or H type 1 (lane 3). IB, immu-
noblot. £, effect of endo-3-galactosidase (from E. freundii, “endo”) on mAb-A4
binding. SKOV3 whole cell lysate (lanes 3 and 4) and immunoprecipitated
mAb-A4 antigen (lanes 1 and 2) were treated with endo-3-galactosidase
(lanes 1 and 3) or an equivalent volume of water (lanes 2 and 4) and Western
blotted with mAb-A4. Oligosaccharides used were Lewis X (LeX), Lewis Y (LeY),
Lewis A (LeA), Lewis B (LeB), blood group A (bgA), blood group B (bgB), H type
1 (H7), and H type 2 (H2). All data were representative of three biological
replicates.

(<5% viable cells after 1 h) and SKOV3 (<30% viable cells after
1 h) (Fig. 3, A-C). This binding and cytotoxicity to HES-3 was
blocked only by preincubation of mAb-A4 with the H type 1
trisaccharide, causing a 10-fold decrease in mean fluorescence
and a rescue from <5 to 62% relative viability (Fig. 3, A and B).
This inhibition by the H type 1 trisaccharide on binding and
cytotoxicity was also observed for SKOV3 (100-fold decrease
in mean fluorescence, rescued from 30 to 98% relative viability).
When other fucosylated oligosaccharides were screened, only
Lewis B tetrasaccharide had a blocking effect (10-fold decrease
in mean fluorescence and rescued from 30 to 83% relative via-
bility) (Fig. 3, A and C). In contrast, Lewis A, Lewis X, and Lewis
Y had no effect on binding and cytotoxicity of mAb-A4 to
SKOV3. Lewis B also partially blocked mAb-A4 on Western
blotting of SKOV3 IP product (Fig. 3D, lane 2), whereas H type
1 completely blocked mAb-A4 (lane 3). Therefore, blocking
was stronger when Fucal-2 was present on Gal. In addition,
because the glycans H type 2 and Lewis Y (both having type 2
LacNAc) were unable to block mAb-A4, we hypothesized that
the type 1 LacNAc structure was also important to mAb-A4
binding. Comparing the strongly blocking H type 1 to the par-
tially blocking Lewis B, adding Fucal—4 to GlcNAc inhibited
the binding, possibly by steric hindrance. Taken together, the
preceding data suggested that type 1 LacNAc was critical to
mAb-A4 binding and that «2-fucosylation of Gal improved
binding, whereas fucosylation of GIcNAc hindered binding.
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Figure 4. Binding profile of mAb-A4 to two different glycan microarrays. The hits were sorted by signal strength, and the two arrowed brackets indicate the
strong and weak binders. A, mAb-A4 binding profile on a glycosylamine microarray detected by fluorescence of a secondary antibody. Only three of the low hits
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correspond to the list found in the supplemental material. NGP, neoglycoprotein presenting multiple glycan epitopes. *** indicates that partial desialylation

had occurred, observed by HPLC. White and blue square, glucuronic acid; 4S and 6S, sulfation on C-4 and C-6.

Glycan microarray

To identify possible glycan epitopes, mAb-A4 was used to
probe two different glycan microarrays. On the glycosylamine
array, glycans that gave the highest signal had the common
epitopes of type 1 LacNAc or H type 1 (Fig. 44). The low binders
were likely to be binding non-specifically. Lewis B, which
blocked mAb-A4 binding at 2 mm, was a non-binder on this
array. Similar results were obtained on a PNPA glycan microar-
ray (Fig. 4B). The high binders were H type 1, followed by type
1 LacNAc. The signal produced by sialyl type 1 was due to the
presence of contaminating (desialylated) type 1 LacNAc as
determined by HPLC (data not shown). The very low binders
were Lewis A and Lewis B and could be due to nonspecific
binding. The results from two glycan microarrays with differ-
ent attachment chemistries corroborated. We hypothesized
that mAb-A4 was targeting H type 1 and, to a lesser extent, also
type 1 LacNAc on N-glycans on ovarian cancer cells.

MALDI-TOF N-glycome of SKOV3

Next, the presence of H type 1 or type 1 LacNAc on ovarian
cancer cell lines was investigated. To determine the cellular
glycan target, total N-glycans were analyzed on MALDI-TOF as
permethylated sodiated adducts in the positive mode (supple-
mental Fig. 3). Sialylated structures were more abundant than
fucosylated structures and hindered identification of fucosy-
lated structures by MS/MS. Therefore, to better identify poten-
tially fucosylated structures, the N-glycans were desialylated
(Fig. 5). The desialylated N-glycome consisted of high mannose
and core-fucosylated complex-type N-glycans. Bi-, tri-, and tet-
ra-antennary structures were observed. Outer-arm fucosylated
glycans were present but were less abundant than non-fucosy-
lated antennae. For example, the biantennary glycan at m/z
2244 was five times more intense than the m/z 2418 species
with one antennal fucose (Fig. 5). This pattern was repeated for
the tri- and tetra-antennary structures at m/z 2693/2867 and
3142/3316, respectively. This indicated that although there are
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active outer-arm fucosyltransferases in SKOV3, the fucosyla-
tion of antennae does not go to completion. No sialyl Lewis
antigens were observed by MS/MS in the non-desialylated
N-glycome (supplemental Fig. 3). In other words, antennae
were either sialylated or fucosylated, but not both.

Glycans with potential polyLacNAc antennae were detected
above m/z 3400 and were confirmed by MS/MS to have up to
(LacNAc), (the m/z 1384 fragment ion). Sensitivity of these
peaks to endo-B-galactosidase provided additional confirma-
tion of polyLacNAc structures (supplemental Fig. 2).

N-glycan sequencing by MALDI-TOF-TOF

From the comprehensive MS/MS analysis done on many of
the peaks, four representative glycans (m/z 3286, 3490, 4215,
and 4664) were chosen to demonstrate the pool of potential H
type 1 candidates. This pool was classified as short (Fig. 6, A and
B) and extended (Fig. 6, C and D) based on the presence of
fucosylated polyLacNAc antennae.

The non-reducing end m/z 660 fragment (composition of
deoxy-HexHexHexNAc) confirmed that these glycans had
potential H type 1 (FucGalGlcNAc) (Fig. 6). In addition, the lack
of m/z 646 fragment (m/z 14 less than m/z 660) corresponding
to internal FucGalGlcNAc in all four spectra indicated that the
fucosylation was at the terminal LacNAc rather than an internal
LacNAc.

For the short N-glycan precursors at m/z 3286 and 3490,
upon MS/MS it was clear that both were core-fucosylated
because of the loss of reducing end FucGlcNAc producing the
m/z 2835 and 3039 ions, respectively (Fig. 6, A and B). Core
fucosylation was consistent with the rest of the N-glycome. Ter-
minal GIcNAc on the m/z 3286 precursor was identified by the
loss of terminal GIcNAc (71/z 3144 and 3027 fragment). In both
precursors, the lack of any difucosylated LacNAc (no m1/z 834)
and the presence of strong monofucosylated LacNAc (m1/z 660)
confirmed that the major species was one of the FucGalGlcNAc
compositional isomers: Lewis A, Lewis X, H type 1, or H type 2.
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Figure 5. Types of potential mAb-A4 epitopes in the N-glycome of SKOV3. Partial mass spectrum of permethylated desialylated N-glycans from 10 million
SKOV3 cells, acquired by MALDI-TOF in positive mode (50% acetonitrile fraction). Intensity was normalized to the m/z 3142 peak. The region from m/z
3700-4250 was magnified 15 times to show the minor peaks. Red boxes indicate outer-arm fucosylated N-glycans that lacked polyLacNAc antennae. Blue boxes
indicate outer-arm fucosylated N-glycans with polyLacNAc antennae. Glycan residues shown outside of the brackets indicate ambiguity regarding their
placement. Annotations of the polyLacNAc terminus were simplified to show the most probable permutation.

The m/z 3080 fragment was the elimination of fucose and water
(—174—14—18 Da), suggesting that Fucal-3GlcNAc from
Lewis X was present. The lack of elimination of galactose and
water indicated that Lewis A was not present. H type 1 was
unlikely to be present because of lack of the elimination of
Fucal-2Gal from the C-3 position of GlcNAc (no peak at m/z
433), but its presence could not be excluded because this type of
high energy fragmentation is uncommon for precursor ions of
such high m/z.

In examining the extended N-glycan precursors at m/z 4215
and 4664 (Fig. 6, C and D), the spectra differed to that of the
short N-glycans by the presence of two unique ion series. First,
the m/z 486, 935, and 1384 non-reducing end fragments indi-
cated antenna containing one, two, and three LacNAc, respec-
tively (a difference of m1/z 449 between fragments). Second, the
corresponding reducing end fragments confirmed these losses
of LacNAc as annotated: for the m/z 4215 precursor, fragments
were observed at m/z 3751, 3302, and 2853. Likewise, for the
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4664 m/z precursor, the fragments were observed at m/z 4201,
3751, and 3302.

In Fig. 6, C and D, the m/z 660, 1109, and 1558 non-reducing
end fragments corresponded to one, two, and three LacNAcs
plus fucose, respectively. As with the LacNAc series, the reduc-
ing end fragments were also present, as annotated by dotted
arrows (Fig. 6, C and D). In the m/z 4215 precursor, these were
m/z 3577, 3128, and 2679. In the m/z 4664 precursor, these
were m/z 4027, 3577, and 3128.

Although the schematics in Fig. 6, C and D, show the poly-
LacNAc on the B1,6-GlcNAc antenna, this MS/MS experi-
ment could not determine which antenna had the polyLac-
NAc. It is likely that there was a mixture of isobaric species
with several permutations, and therefore the simplified
annotated schematic shows the most important feature, the
extended polyLacNAc with the ultimate LacNAc either
undecorated or monofucosylated. On this information, the
N-glycome was updated with a red box if only Fuc(LacNAc),
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Figure 6. Fragments from four precursors potentially carrying H type 1
from SKOV3 desialylated permethylated N-glycans. A, MS/MS spectrum
of m/z 3286 precursor. B, MS/MS spectrum of m/z 3490 precursor. C, MS/MS
spectrum of m/z 4215 precursor. D, MS/MS spectrum of m/z 4664 precursor.
Spectra were acquired by MALDI-TOF-TOF MS/MS using collision-induced
dissociation at 1 kV. Small schematic annotation of peaks from the /eft indi-
cated fucosylated LacNAc ions and from the right (dotted arrows) indicated
their loss from the precursor ion. Glycan schematics indicate the major pre-
cursor ion, with solid arrows and numbers indicating observed fragmentation
points and the resulting m/z of fragments. Note that which branch the anten-
nae were on could not be assigned, but the schematics indicate a likely
arrangement to annotate the points of fragmentation.

was present and with a blue box if Fuc(LacNAc), ; were
present (Fig. 5).

Although no FucGal fragment at m/z 433 diagnostic for H
type 1 was observed, the MS/MS spectra of m/z 4215 and 4664
indicated that H type 1 was potentially on polyLacNAc of the
larger N-glycans (Fig. 6, C and D). The short N-glycans were
likely to be mostly Lewis X (Fig. 6, A and B). To test whether H
type 1 was on the short N-glycans, MS3 with a MALDI-quadru-
pole-ion-trap-time-of-flight (MALDI-QIT-TOF) was used to
further fragment the m/z 660 (FucGalGIlcNAc) daughter frag-
ments from the m/z 2418 and 2592 precursors. Diagnostic ions
and ratios of ions were used to match the sample to a library of
known structures (H type 1, Lewis A, and Lewis X). Only Lewis
X was detectable on the short N-glycan but the m/z 433 frag-
ment for H type 1 was not detected (supplemental Fig. 5).

To test whether the mAb-A4 antigen was on the polyLacNAc
antennae, IP product and cell lysate was digested with endo-3-
galactosidase from Escherichia freundii (Fig. 3E). Compared
with the strong staining of mAb-A4 of the negative control IP
product and cell lysate (Fig. 3E, lanes I and 3), the mAD staining
of endo-B-galactosidase-treated samples was completely abol-
ished (lanes 2 and 4). This demonstrated that the mAb-A4 anti-
gen was present exclusively on the polyLacNAc antennae in
SKOV3.
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Figure 7. Comparison of polyLacNAc termini released by endo--galac-
tosidase from SKOV3 and IOSE523. A, mass spectrum of the reduced per-
methylated termini from SKOV3 (35% acetonitrile fraction). The m/z 1500-
3000 range was magnified X25 to visualize the minor peaks. B, mass
spectrum of the deuteroreduced permethylated termini from IOSE523 (35%
acetonitrile fraction). The m/z 1250-3000 range was magnified X 10 to visu-
alize the minor peaks. Spectra were acquired as sodiated adducts by MALDI-
TOF in the positive mode. Asterisks indicate contaminant peaks.

PolyLacNAc termini of SKOV3 and IOSE523

To identify which FucGalGlcNAc isomer was present on
polyLacNAc, SKOV3 and IOSE523 tryptic glycopeptides
were digested with endo-B-galactosidase, and the released
termini from SKOV3 and IOSE523 were analyzed by
MALDI-TOF (Fig. 7). Here, IOSE523 was a mAb-A4 nega-
tive cell line for comparison.

Asseenin Fig. 7, the released termini were found to be varied,
with up to 19 glycan peaks identified, ranging from two residues
(m/z 535) to 11 residues (m/z 2536). Importantly, potentially H
type 1-fucosylated LacNAc glycans were present at m/z 913
(FucGalGlcNAcGal) and m/z 1362 (FucGalGlcNAcGalGlc
NAcGal). In addition, type 1 LacNAc was potentially present at
m/z739 (GalGlcNAcGal). These precursors were of six or fewer
residues and hence were prime candidates for comprehensive
MS/MS linkage analysis. The glycans identified in the re-
leased termini were consistent with the known activity of
endo-B-galactosidase, i.e. the reducing end Gal was a result
of glycosidic cleavage of Gal from internal LacNAc, and
resistance to the enzyme was conferred by polyLacNAc
I-branching (GlcNAcB1-6Gal) or fucosylation of the preced-
ing GlcNAc (32, 33).

To assist in determination of linkages, schematics illustrating
the diagnostic fragment ions for each isomer were made by
manually by calculating all the possible fragmentation patterns
(Fig. 9). The list of ions with their mathematical derivation can
be found in supplemental Table 3. Then, the released termini
with potential H type 1 and type 1 LacNAc were fragmented in
MS/MS. MS/MS conducted on the m/z 739 precursors from
SKOV3 and IOSE523 produced the #1/z 486 non-reducing end
HexHexNAc fragment, confirming the general GalGlcNAcGal
structure (Fig. 9, A and B). Focusing on SKOV3, the strong m/z
503 reducing end HexNAcHex-itol fragment was the elimina-
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Figure 8. Validation of the elimination ratio using known mixtures of
LNFP1/Htype 1 and LNnFP1/H type 2. Glycan standards LNFP1 and LNnFP1
were mixed in the mass ratios indicated in the black boxes. A-G, mixtures were
permethylated, and MALDI-TOF-TOF was used to acquire MS2 of the m/z
1100 precursor ion. H, elimination ratio was calculated from the intensity of
the m/z690 divided by m/z 708 ions and was plotted against the mass fraction
of H type 1 versus H type 2./ and J, diagnostic fragmentation diagram from
LNFP1/H type 1 and LNnFP/H type 2, respectively.

tion of galactose and water, characteristic of substituents at the
C-3 position of GIcNAc (34, 35). In contrast, the m/z 521 frag-
ment was very minor in SKOV3, and this fragment is from the
glycosidic cleavage of galactose without loss of water from the
C-4 position of GIcNAc. The “elimination ratio” of the intensi-
ties of the eliminated fragment at 71/z 503 to cleaved fragment
atm/z 521 was 29.53. Furthermore, the elimination of galactose
and water in conjunction with the **Xg a. cross-ring frag-
mentation resulting from a retro-Diels-Alder mechanism pro-
duced the m/z 429 fragment that was unique for type 1 (anno-
tated as Z°*X). The high elimination ratio and the strong Z>*X
fragment indicated that GalB1-3GlcNAcB1-4Gal (type 1 Lac-
NAc) was the major species in the m/z 739 precursor from
SKOV3 released termini.

To confirm the use of the elimination ratio for discriminating
between type 1 and type 2, the pentasaccharide glycan stan-
dards LNFP1 (H type 1) and LNnFP1 (H type 2) were mixed in
different ratios and were fragmented in MS2 (Fig. 8). An elim-
ination ratio above unity was indicative of the presence of type
1, whereas a ratio below unity was indicative of the absence of
type 1. The SKOV3 elimination ratio of 29.53 corresponded
with more than 90% H type 1.

In contrast to SKOV3, the MS/MS of the m/z 739 precursor
IOSE523 produced almost no m/z 503 fragment but a strong
m/z 521 fragment (elimination ratio = 0.21) and no m/z 429
Z%*X fragment (Fig. 9B). This indicated that the IOSE523 pre-
cursor at 7m/z 739 had no type 1 LacNAc. Instead, the strong
m/z 454 fragment was produced by the loss of methanol (m/z
32) from C-3 of the GIcNAc from the GalGlcNAc fragment at
m/z 486 (annotated as B,-MeOH). This suggested that the C-3
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position of GlcNAc was not occupied by galactose but by a
CH,O group (36). This group is indicative of the type 2 LacNAc
(GalB1-4GlcNAc). Additional evidence for type 2 LacNAc was
thata strong 71/z 329 was produced by a retro-Diels-Alder reac-
tion to form the Gal>’Agac cross-ring fragment that is
unique to GalB1-4GlcNAc. This indicated that type 2 LacNAc
was the major glycan species in the m/z 739 precursor from
IOSE523.

This result was paralleled in the /2 913 FucGalGlcNAcGal
precursor from SKOV3 and IOSE523 (Fig. 9, C and D). The
elimination ratio in SKOV3 was 40.06, whereas in IOSE523 it
was 0.82, indicating predominant H type 1 in SKOV3 and lack
of H type 1 in IOSE523 (Fig. 8). Also, the m/z 429 7Z°*X frag-
ment was strong in SKOV3 and absent from IOSE523, whereas
the m/z 628 B;-MeOH fragment was absent from SKOV3 but
strong in IOSE523. These two pieces of evidence indicated that
H type 1 was present in the m/z 913 precursor in SKOV3,
whereas IOSE523 had predominantly H type 2 and undetect-
able levels of H type 1.

It should be noted that in the SKOV3 MS/MS of the m1/z 913
precursor, some Lewis X was detectable by the following: 1) the
presence of the Z, m/z 707 fragment corresponding to elimina-
tion of fucose with water; 2) the related m/z 633 Z,>*X frag-
ment; and 3) the cross-ring m/z 329 Gal**X) .. fragment
indicating that there was some GalB1-4GlcNAc present.
Therefore, there was also some Lewis X present on the polyL-
acNAc of both SKOV3 and IOSE523.

Type 1 glycans on more OC cell lines

There was an initial correlation between mAb-A4 binding
and the presence of H type 1 and type 1 LacNAc. This sup-
ported the hypothesis that mAb-A4 was binding to H type 1 and
type 1 LacNAc on OC cell lines. To test if this correlation held
across more OC cell lines, analysis of endo-B-galactosidase
released termini was carried out on five other mAb-A4 FACS-
positive OC cell lines (IGROV1, OV90, OVCA433, HEYAS,
and OVCAR3) as well as another mAb-A4 FACS-negative OC
cell line OVCARS. These cell lines were chosen to represent a
cross-section across an epithelial-mesenchymal transition scale
and molecular subtyping system (see supplemental Table 2) (37,
38). To check whether the mAb-A4 epitope was present on
polyLacNAc termini across the FACS-positive cell lines, West-
ern blotting analysis showed a partial or complete loss of
mAb-A4 signal after endo-B-galactosidase digestion (supple-
mental Fig. 4). This indicated that some if not all the mAb-A4
antigen would be present in the released termini.

Positive mAb-A4 immunoblotting of cell lysate and positive
FACS binding correlated with high elimination ratios of m/z
503/521 ions for the precursors at 71/z 739, 913, and 1100 (Fig.
10A). In descending order of the m/z 739 precursor’s elimina-
tion ratio were SKOV3 > IGROV1 > OV90 and OVCA433 >
HEYA8 > OVCAR3. The two mAb-A4 negative cell lines
IOSE523 and OVCARS had amounts of m/z 503 at the noise
level, as reflected in their near-zero elimination ratios. Within
each cell line, the abundances of H type 1 and type 1 LacNAc
were comparable, which was reasonable because H type 1 is
synthesized from type 1 LacNAc. Of the mAb-A4 FACS-posi-
tive cell lines, SKOV3, IGROV1, OV90, and OVCA433 showed
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Figure 10. Type 1 elimination ratio and mAb-A4 cytotoxicity across OC
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fragment ions for three precursors: m/z 739 GalGIcNAcGal, m/z 913
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mAb-A4 on FACS and Western blot. B, column graph showing the cytotoxicity
of mAb-A4 against the OC cell lines, as measured by Pl exclusion assay on
FACS.

strong mAb-A4 signal on Western blotting of whole cell lysate,
but HEYA8 and OVCARS3 did not have any Western blotting
signal (supplemental Fig. 4). This was consistent with the idea
that if the total glycoproteins had low/undetectable type 1 Lac-
NAc (observed in HEYA8 and OVCARS3), then they would not
be expected to produce any signal on Western blotting (also
observed in HEYA8 and OVCAR3).

Interestingly, in Fig. 10B, the cytotoxicity of mAb-A4 against
the different cell lines appeared to correlate with the abun-
dance of H type 1 (m/z 913 precursor), with the exception of
OVCARS3. The moderate cytotoxicity of mAb-A4 against
OVCARS but absent H type 1 signal was likely due to a non-
proteinaceous antigen such as glycosphingolipid carrying type
1LacNAcor H type 1, which also explained why the antigen was
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not visible on Western blot. Nevertheless, overall levels of type
1 LacNAc and H type 1 were strongly correlated with mAb-A4
cytotoxicity and Western blotting signal. This was consistent
with the hypothesis that mAb-A4 targets H type 1 and type 1
LacNAc on OC cell lines.

Expression of 33-galactosyltransferase in SKOV3

For an orthogonal confirmation of the observed type 1 Lac-
NAc and H type 1, gene expression of the involved glycosyl-
transferases was measured in SKOV3. SKOV3 displayed
strong expression of B3GALT5 and very weak expression of
B3GALT1 and B3GALT?2, consistent with the meta-analysis of
the Cancer Cell Line Encyclopedia (CCLE) (Fig. 114) (39). This
suggested that B3GALT5 was the main galactosyltransferase
responsible for the synthesis of type 1 LacNAc in SKOV3. The
FUT1 and FUT2 expressions were both low, agreeing with the
CCLE meta-analysis (Fig. 11A4). These data were consistent
with the observation in SKOV3 of type 1 LacNAc and Fucal-2
of H type 1 (structures based on GalB1-3GlcNAc).

siRNA knockdown

Although type 1 LacNAc and H type 1 were observed on
SKOV3 by MS/MS and supported by gene expression, direct
evidence was needed that mAb-A4 was functionally binding
these glycans. Compared with scramble siRNA, 36 nm siRNA
against B3GALT5 was sufficient to reduce the mRNA of
B3GALT5 by 80% after 72 h (Fig. 11B). This decrease in
B3GALT5 mRNA was accompanied by the following: (i) a 73%
reduction in mAb-A4 cytotoxicity (Fig. 11C); (ii) a 50% decrease
in mean fluorescence of mAb-A4 -binding (Fig. 11, D and E); and
(iii) the reduction of mAb-A4 signal on a Western blot to the
level of tunicamycin treatment (Fig. 11F). These data demon-
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Figure 11. Effects of siRNA knockdown of B3GALTS5 in SKOV3. Data were
taken 72 h after siRNA was reverse-transfected into SKOV3. A, comparison of
expression levels of genes responsible for H type 1 found in this study by
gRT-PCR (open columns) versus data from the CCLE (filled columns) for SKOV3.
Error bars show 1 S.D. from three biological replicates. B, effect of increasing
concentration of siRNA versus scramble on mRNA of B3GALT5 measured by
gRT-PCR and effect on cell yield as measured by hemocytometer. C, effect of
siRNA knockdown on mAb-A4 cytotoxicity. Data were from three biological
replicates (**, p = 0.0013). D, binding profile of mAb-A4 to SKOV3 transfected
with 36 nm B3GALT5 siRNA or scramble (scr). E, change in relative mean
fluorescence of mAb-A4 to SKOV3 transfected with 36 nm B3GALTS5 siRNA
or scramble (scr). Data were from three biological replicates. F, effect of 36
nm siRNA knockdown (KD) or 5 nwg/ml tunicamycin (TN) on anti-B-actin and
mAb-A4 Western blot of SKOV3 whole cell lysate, compared with scramble
(SC). The samples were equally split for staining with anti-B-actin (42 kDa)
and mAb-A4. Molecular mass markers in kDa are shown on the left. IB,
immunoblot.

strated that the mAb-A4 antigen was controlled by B3SGALTS5,
and therefore, the antigen was dependent on GalBl-
3GlcNAc. Therefore, the knockdown data were consistent
with mAb-A4 targeting H type 1 and type 1 LacNAc on OC
cell lines.

Shotgun proteomics

Proteins found in the IP product could be grouped into the
following: 1) amino acid transport: 4F2/CD98hc, Basigin/
CD147, neutral amino acid transporter B(0), sodium-coupled
neutral amino acid transporter 2; 2) desmosome components:
desmoglein-1, desmocollin-1, and Junction plakoglobin; 3)
adhesins: podocalyxin and LAMP1; and 4) protein folding: heat
shock protein 90b (supplemental Table 6).

Discussion

mAb-A4 specifically recognizes ovarian cancer cells in a gly-
can-dependent manner. The terminal epitopes specifically rec-
ognized by mAb-A4 are proposed to be GalB1-3GlcNAc (type
1 LacNAc) and Fucal-2GalB1-3GlcNAc (H type 1). Even
though there were multiple bands stained by mAb-A4 on
Western blotting of hESC and cancer cell lysate, these bands
were different proteins with the common glycan epitope
because the B3GALTS5 knockdown abolished Western blot
binding.

H type 1 and type 1 LacNAc were previously found to be
pluripotency-associated antigens on hESC (40 —-42). Further-
more, the glycosyltransferase genes B3GALTS5, FUT1, and
FUT?2 (which are responsible for type 1 LacNAc and H type 1)
are up-regulated during induction from somatic to pluripotent
stem cells (43—46). This suggested that B3GALT5 may be
SASBMB
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responsible for pluripotent markers based on type 1 LacNAc in
hESC. Because type 1 LacNAc was found to be controlled by
B3GALTS5 in SKOV3, it is possible that B3GALTS5 was being
activated in OC in a similar way to pluripotent induced and
embryonic stem cells. Furthermore, B3GALTS5 is not expressed
in the ovaries (47), suggesting that OC may up-regulate
B3GALT5/type 1 LacNAc as part of disease progression.
B3GALTS5 has been shown to be controlled by DNA methyla-
tion, and this may be how hESC or OC activates B3GALT5
(48-50). Therefore, mAb-A4 appears to target a phenotype
that is common between hESC and OC. This is consistent with
the FACS screening data showing that mAb-A4 recognizes
both hESC and OC cell lines.

It is intriguing that these two pluripotency markers are also
associated with OC, supporting the theory that cancers can
acquire stem-like phenotypes to their advantage (51-54).
Indeed, teratomas generated from hESC with higher expression
of H type 1 initially grew quicker than teratomas from hESC
with lower expression of H type 1 (40). It was unknown whether
H type 1 directly conferred the growth advantage or was just
reflective of an internal state of higher pluripotency. In support
of conferring a growth advantage, the BBGALT5 siRNA knock-
down in this work appeared to suppress cell growth (Fig. 11B).
However, measuring real time growth would be more defini-
tive. Therefore, because H type 1 and type 1 LacNAc are pluri-
potent markers that may have a role in proliferation, mAb-A4
may have potential in therapy or diagnosis, subject to further
screening for sensitivity and specificity against a larger set of
clinical samples. It also remains to be explored whether H
type 1 has biological significance when presented on the pro-
tein antigens identified by shotgun proteomics (supplemental
Table 6).

Compared with previous mAbs targeting similar glycans,
mAb-A4 appeared to differ in immunohistochemistry staining
from RAV12 (26). Also, anti-HESCA-2 stains primarily a single
250-kDa band on Western blotting of hRESC lysate (27), whereas
mAb-A4 stains multiple bands on hESC, indicating that these
mAbs target different epitopes (data not shown). FG-88 also did
not react with OVCAR3 (22), whereas mAb-A4 did (Table 1).
Anti-SSEA-5, reported as binding H type 1 trisaccharide (40),
also failed to recognize SKOV3 and HEYAS via FACS, whereas
mAb-A4 bound strongly to them (supplemental Fig. 6). There-
fore, mAb-A4 appeared to recognize a novel epitope that in-
cluded type 1 LacNAc or H type 1 in OC.

To the best of our knowledge, this is the first report of H type
1 and type 1 LacNAc observed on polyLacNAc from SKOV3.
The low levels of fucosylated blood groups detected here extend
previous mass spectrometric studies on the N-glycome of
SKOV3, OVCAR3, and IGROV1 that did not investigate fuco-
sylated blood groups (9, 10, 31). Interestingly, in this work,
mAb-A4’s epitope was not identifiable even after extensive
MS/MS of the total cell glycome. Instead, the type 1 glycan
epitopes were only discovered after we scrutinized the polyL-
acNAc from SKOV3, guided by mAb-A4. This approach dem-
onstrates that a mAb-centric search for cancer-associated gly-
cosylation can indeed identify low abundance glycan epitopes
on N-glycans, epitopes that are otherwise undetectable by
screening or by whole cell glycomics. As mass spectrometric
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sensitivity continues to be improved, such low abundance
epitopes may emerge as important in detecting and targeting
malignancy, as in the case of mAb-A4. The ability of mAb-A4 to
recognize cancer cells suggests that despite having low abun-
dance, minor glycan peaks can be important for the discrimi-
nation between cancer and normal cells.

Characterizing the cellular target of anti-glycan mAbs in
greater detail gives a clearer picture of the mAb’s specificity and
clinical potential. Based on this work, we propose a workflow to
identify the cellular glycan epitope of an anti-glycan mAb (sup-
plemental Fig. 7). First, the glycan type needs to be identified
through chemical or enzymatic degradation on Western blot-
ting and then confirmed using inhibitors of glycosylation. Sec-
ond, potential epitopes should be identified by glycan microar-
ray. Third, potential glycan targets should be identified in the
cellular N- or O-glycome and confirmed with gene expression
data. Informed by the glycome, the search space should be nar-
rowed down using glycosidases. The linkages of the potential
glycan epitope should be identified (such as analyzing polyLac-
NAc termini) to give direct proof of existence on the cell. Such
direct proof is often lacking in mAb characterization studies.
Finally, mAb binding to the hypothesized epitope should be
functionally verified by knockdown of the appropriate glycosyl-
transferase in a live cell-based assay.

Experimental procedures
Cell culture

Ovarian cancer cell lines were chosen to give a cross-section
across the EMT scale the and five molecular subtyping system
(supplemental Table 2) (37, 38). SKOV3 was cultured in
DMEM high glucose/DMEM low glucose (1:1 mix) (Gibco, Life
Technologies, Inc.) with 10% fetal bovine serum (HyClone, GE
Healthcare). The cell lines IGROV1, HEYAS, and OVCARS
were cultured in RPMI 1640 medium (Gibco, Life Technolo-
gies, Inc.) with 10% FBS. OVCAR3 was cultured in RPMI 1640
medium with 20% FBS. IOSE523 and OV90 were cultured in
MCDB105/M199 (1:1 mix) (Sigma) with 10% FBS. OVCA433
was cultured in DMEM high glucose (Gibco, Life Technologies,
Inc.). The hESC line HES-3 (from ES Cell International Pte. Ltd.,
Singapore) was cultured as clumps on Matrigel (Corning Glass) in
conditioned media from mouse embryonic fibroblasts (29).
mAb-A4 hybridoma was cultured in Medium E (Stemcell Tech-
nologies). Ovarian cancer cell lines were obtained from the Cancer
Science Institute of Singapore, National University of Singapore,
Singapore, as reported previously (38).

Antigen purification

Cells were trypsin-harvested and lysed in 1% (v/v) Triton
X-100/PBS (Bio-Rad). The mAb-A4 antigen was immunopre-
cipitated from cell lysate by affinity chromatography using
biotinylated mAb-A4 on an automated Phynexus MEA sys-
tem (Phynexus, Inc.) and eluted in 100 mm sodium phosphate,
pH 2.5 (29).

Glycan standards

The following glycan standards were used: the trisaccharides
Lewis A, Lewis X, blood group A, blood group B, H type 1, H
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type2;thetetrasaccharidesLewisBandLewisY;andthepentasac-
charides LNFP1 and LNFP 2 (Dextra Laboratories, Reading,
UK); type 1 tetrasaccharide and LNnFP1 (Oligotech-Elicityl,
France) (for structures, see supplemental Table 1).

Antibodies and lectins

The murine IgM mAb-A4 hybridoma was derived from inoc-
ulating BALB/c mice with live HES-3, a human embryonic stem
cell line (ES Cell International, Singapore), as described previ-
ously (29). mAb-A4 was selected based on its strong reactivity with
HES-3 and cancer cell lines and non-binding to normal cell lines.
mAb-A4 was purified from hybridoma supernatant using hy-
droxyapatite chromatography (55). The IgM mAb-84, tar-
geting H type 1 on O-glycans of podocalyxin, was obtained as
described previously (29, 30).

The purchased primary mAbs were as follows: murine IgG
anti-basigin/CD147 (Santa Cruz Biotechnology); murine IgG
anti-SSEA-5 (Millipore, MA); and murine IgG3 anti-H type 1
mAb 17-206 from ascites (Abcam, MA). Secondary probes
were goat anti-mouse antibodies conjugated to horseradish
peroxidase (HRP), goat anti-mouse antibodies conjugated to
fluorescein isothiocyanate (FITC), streptavidin conjugated to
HRP, and streptavidin conjugated to FITC (Dako, Glostrup,
Denmark), and goat anti-mouse-IgM antibodies conjugated to
Alexa Fluor 488 (Thermo Fisher Scientific). Lectins used were
biotinylated Ralstonia solanacearum lectin (bRSL) (binds
N-glycan core fucose) (56), a gift from the Imberty lab, CER-
MAV, France; and biotinylated Datura stramonium agglutinin
(bDSA) (binds LacNAc) from Vector Laboratories.

Tunicamycin treatment of SKOV3

SKOV3 was grown in complete media with 2.0 or 5.0 ug/ml
tunicamycin (Sigma) dissolved in DMSO (Sigma) or an equiv-
alent volume of DMSO for 72 h. SKOV3 cells were then tryp-
sin-harvested and subjected to FACS analysis or were lysed
and Western-blotted with mAb-A4.

mADb binding and cytotoxicity assay

Cells were trypsin-harvested, washed in 1% BSA/PBS, incu-
bated for 30 min on ice with neat mAb-A4 supernatant, 5 ug of
anti-SSEA-5, 10 ul of mAb 17-206, 5 ul of anti-basigin or 5 ug
of bRSL, or 1% BSA/PBS as negative control, and washed. Cells
were then incubated for 15 min with a 1:500 dilution of goat
anti-mouse antibody or streptavidin conjugated to FITC (Dako,
Glostrup, Denmark) and washed again. Cytotoxicity was mea-
sured by propidium iodide exclusion (PI, 1.25 mg/ml). Data
were acquired on FACSCalibur (BD Biosciences) and analyzed
with Flow]o software (FlowJo, LLC). Live cells were gated as the
PI low population in the negative control. Viability was calcu-
lated as the number of gated live cells divided by the total event
count, and relative viability was the viability of the sample
divided by the viability of the negative control.

Oligosaccharide inhibition assay

To determine the terminal epitope recognized by mAb-A4, a
panel of eight glycan standards were used to block mAb-A4
from binding cells on FACS by preincubation with primary
antibody for 15 min (final oligosaccharide concentration of 2
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mM). As a negative control, PBS with no glycan standard was
used. A mAb-A4 and glycan standard mixture was used to
probe Western blottings of cell, followed by HRP-conjugated
anti-mouse secondary antibodies.

Enzymatic digests

Cell lysate or IP product was denatured and reduced at 95 °C
for 10 min with 0.2% SDS, 0.25% DTT. Samples were subjected
to a combination of three treatments. 1) Sialic acids were
removed with 5 milliunits of «2-3,6,8,9-neuraminidase
(Arthrobacter ureafaciens, recombinant in Escherichia coli,
Calbiochem) overnight at 37 °C in sodium phosphate, pH 6. As
negative controls, an equal volume of water was added
instead of enzyme. 2) N-Glycans were removed by incubating
with 1000 units of PNGaseF (Flavobacterium meningosepticum
recombinant in E. coli, New England Biolabs). As negative con-
trols, an equal volume of water was added instead of enzyme. 3)
O-Glycans were removed from proteins blotted on PVDF
membrane by B-elimination by an overnight treatment in
50-ml centrifuge tubes with 50 mm NaOH (Sigma) at 42 °C, as
described previously (57). As negative controls, blots were incu-
bated with water in identical conditions. PVDF membranes
were then washed thoroughly with PBS and then were blocked
and probed as normal. To test whether the mAb-A4 antigen
was presented on polyLacNAc, mAb-A4 IP product or cell
lysate was digested with 40 units of sialidase A (A. ureafaciens,
recombinant E. coli, New England Biolabs) and 25 milliunits of
endo-3-galactosidase (E. freundii, Seikagaku Corp., Japan) in
100 mm sodium acetate, pH 5.8, for 16 h at 50 °C. As negative
controls, sodium phosphate buffer was added instead of
enzyme.

Western blotting

Whole cell lysate or IP product was resolved in 4—12% (w/v)
BisTris acrylamide gels (Life Technologies, Inc.) by denaturing
SDS-PAGE and transferred to PVDF membrane (Bio-Rad),
blocked in 5% BSA/PBS for 30 min, probed with primary anti-
body for 1 h at room temperature, washed three time for 5 min
with PBS with 0.1% Tween 20 (PBST), followed by HRP-conju-
gated secondary antibodies for 1 h at room temperature,
washed three times in PBST, and detected by the ECL chemi-
luminescent method using photographic film (GE Healthcare).

Shotgun proteomics

IP product was resolved on SDS-PAGE, and gel bands corre-
sponding to bands on Western blots were excised. Proteins
were reduced, alkylated, and trypsinized, and peptides were
acquired by C18 reversed phase chromatography coupled to
electrospray ionization mass spectrometry with a Thermo
Orbitrap Fusion. Proteins were identified using Proteome Dis-
coverer with a minimum of two unique peptides, and were fil-
tered to be smaller than the migration on a Western blot and to
have putative N-glycosylation sites according to UNIPROT.

Glycan microarray

The glycosylamine-epoxy-glass microarray slides were pre-
pared and probed with 1 ug of mAb-A4, as described previously
(58, 59). Positive binding of mAb-A4 to a particular glycan
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structure was when the relative fluorescence units of the rep-
licate spots were three standard deviations above mean
background and when the p value of spot replicates com-
pared with background was below 0.005. A full list of glycan
structures on the microarray is given in the supplemental
material.

The PNPA glycan array consisted of various synthetic gly-
cans with linkers immobilized on a glass surface and organized
as triplicate spots. mAb-A4, diluted at either 5 or 2.5 ug/ml in
PBS with 1 mm calcium and magnesium ions, was added to the
glycan microarray and allowed to bind for 1 h. The spots were
then washed with PBS and incubated with 1:10,000 dilutions of
goat anti-mouse-IgM antibodies conjugated to Alexa Fluor 488
(Thermo Fisher Scientific) in PBS for 1 h and washed, and the
fluorescence was measured using a Scanarray Gx microarray
slide reader (PerkinElmer Life Sciences) in relative fluorescence
units. Glycan spots were deemed positive binders if their signals
were above the background noise for the triplicate spots at both
5 and 2.5 pug/ml mAb-A4. The positive binders were collated,
and a common binding motif was deduced.

Glycomic analysis by MALDI-TOF-TOF

The total cell N-glycome and O-glycome of cell lines were
prepared as described previously (60, 61). O-Glycans were
reduced with sodium borohydride or sodium borodeuteride
(Sigma). Released glycans were permethylated with iodo-
methane and powdered sodium hydroxide (36, 62). Permethy-
lated glycans were fractionated by Sep-Pak C18 Classic Car-
tridge into 15, 35, 50, and 75% acetonitrile fractions and
analyzed by MALDI-TOF and MALDI-TOF-TOF on an
ABSciex 5800, as described previously (36). Glycan composi-
tional assignment was confirmed by extensive MS/MS frag-
mentation analysis with manual interpretation and recon-
struction of the precursor ions using GlycoWorkBench (63).

Isolation and analysis of polylactosamine terminal fragments
by MALDI-TOF-TOF

Lyophilized tryptic glycopeptides from SKOV3, IGROV],
0OV90, OVCA433, HEYAS8, OVCAR3, OVCARS, and IOSE523
were digested with endo-B-galactosidase (E. freundii, Seika-
gaku Corp., Japan) in 100 mm sodium acetate, pH 5.8, for 48 h,
adding 1 5 milliunits at the start and another 15 milliunits at
24 h, and lyophilized. The digested sample was purified by Sep-
Pak C18 Classic Cartridge (Waters), collecting both the aque-
ous fraction containing released terminal fragments and the
organic fraction containing glycopeptides. In this way, the
N-glycan core structure remained attached to the hydrophobic
peptide and could be completely removed, and the hydrophilic
termini could be isolated. The released termini were perm-
ethylated following the method for O-glycans and analyzed
by MALDI-TOE-TOF (36, 60, 61). MS/MS fragments were
annotated by manually calculating all the possible fragmen-
tations from the hypothesized glycans based on composition
and based on the polylactosamine template GalB1-
4GlcNAcB1-3Gal-itol and then matching with observed diag-
nostic fragments. All known cross-ring fragmentations and co-
elimination of glycan-ring substituents were included in the
calculation (64, 65).
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RT-gPCR

SKOV3 total RNA was extracted using the RNeasy mini kit
column (Qiagen) following the manufacturer’s instructions,
including a 15-min DNase (Qiagen) digestion at room temper-
ature to remove genomic DNA. RT-qPCR was performed using
SYBR Green (Thermo Fisher Scientific) for 40 cycles on a 7500
Fast Real Time PCR System (Applied Biosystems). The primers
used are listed in supplemental Table 4. Levels of starting
mRNA were calculated using the LinregPCR method and soft-
ware (66, 67). Gene expression was normalized to GAPDH
because normalizing to the geometric mean of three house-
keeping genes GAPDH, RPS13, and SDHA showed no signifi-
cant difference compared with normalizing to only GAPDH
(data not shown) (68).

Meta-analysis of gene expression

Data for SKOV3 expression of GAPDH, FUT1, FUT2,
B3GALTI1, and B3GALT5 were obtained from the CCLE
through the BioGPS web portal (39). B3GALT2 data were
unavailable for SKOV3 in this dataset.

siRNA knockdown

SKOV3 was reverse-transfected with siRNA targeting three
sites on exon 3 of B3GALTS5 (Silencer Select, Life Technologies,
Inc.) with Lipofectamine (Life Technologies, Inc.), following
the manufacturer’s instructions. Exon 3 on B3GALT5 was tar-
geted because it was common across the known variants.
SKOV3 cells were seeded with final siRNA concentrations of 0,
36, 60, or 120 nMm for 72 h. The siRNA sequences are listed in
supplemental Table 5.
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