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Placental malaria infection is mediated by the binding of
the malarial VAR2CSA protein to the placental glycosami-
noglycan, chondroitin sulfate. Recombinant subfragments of
VAR2CSA (rVAR?2) have also been shown to bind specifically
and with high affinity to cancer cells and tissues, suggesting
the presence of a shared type of oncofetal chondroitin sulfate
(ofCS) in the placenta and in tumors. However, the exact
structure of ofCS and what determines the selective tropism
of VAR2CSA remains poorly understood. In this study, ofCS
was purified by affinity chromatography using rVAR2 and
subjected to detailed structural analysis. We found high
levels of N-acetylgalactosamine 4-O-sulfation (~80-85%) in
placenta- and tumor-derived ofCS. This level of 4-O-sulfation
was also found in other tissues that do not support parasite
sequestration, suggesting that VAR2CSA tropism is not
exclusively determined by placenta- and tumor-specific sul-
fation. Here, we show that both placenta and tumors contain
significantly more chondroitin sulfate moieties of higher
molecular weight than other tissues. In line with this, CHPF
and CHPF2, which encode proteins required for chondroitin
polymerization, are significantly upregulated in most cancer
types. CRISPR/Cas9 targeting of CHPF and CHPF2 in tumor
cells reduced the average molecular weight of cell-surface
chondroitin sulfate and resulted in a marked reduction of
rVAR2 binding. Finally, utilizing a cell-based glycocalyx
model, we showed that rVAR2 binding correlates with the
length of the chondroitin sulfate chains in the cellular gly-
cocalyx. These data demonstrate that the total amount and
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cellular accessibility of chondroitin sulfate chains impact
rVAR2 binding and thus malaria infection.

Every year, more than 400,000 people die from Malaria
infection (1). Ninety percent of these fatalities are caused by
Plasmodium falciparum (P. falciparum), the most infectious of
the four Plasmodium species (2). The P. falciparum parasites
are especially virulent due to their unique ability to insert
adhesins of parasite origin into the membrane of the infected
erythrocytes, allowing them to adhere in the host microvas-
culature and thereby escape immune-mediated clearance in
the spleen (3). Pregnant women remain susceptible to infec-
tion despite previously acquired immunity (4). Their suscep-
tibility arises from a serologically distinct parasite that
specifically sequesters in the placenta, leading to placental
malaria (5).

The interaction of P. falciparum parasites with receptors in
the placental vasculature is mediated by members of the
P. falciparum erythrocyte membrane protein 1 (PfEMPI1)
family of proteins (6). Each PfEMP1 protein binds a different
host receptor and therefore determines the parasitic tropism.
In placental malaria, the parasites express the PfEMP1 called
VAR2CSA, which allows the infected erythrocytes to adhere to
chondroitin sulfate (CS) chains present on chondroitin sulfate
proteoglycans (CSPGs) in the membrane of the syncytio-
trophoblasts and in the intervillous space of the placenta
(4, 7-10). CS belongs to a group of polysaccharides termed
glycosaminoglycan (GAGs), which are long linear polymers
consisting of alternating N-acetyl-p-galactosamine (GalNAc)
and Dp-glucuronic acid (GlcA) units. While the backbone
structure is simple, an immense heterogeneity arises from
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The VAR2CSA tropism

variation in polymer length and differential sulfation of the
sugar residues (11). CS can be O-sulfated at carbon-4 (4-O-
Sulfation) and/or carbon-6 (6-O-Sulfation) of the N-acetylga-
lactosamine residue and at carbon-2 (2-O-sulfation) and more
rarely at carbon-3 (3-O-sulfation) of the glucuronic acid res-
idue. CS chains with high levels of 4-O-sulfation are referred to
as chondroitin sulfate A (CSA), whereas 6-O-sulfated CS is
termed chondroitin sulfate C (CSC) (11). Additionally, glu-
curonic acid residues may be epimerized into L-iduronic acid
(IdoA) with or without subsequent 2-O-sulfation, giving rise to
a dermatan/chondroitin sulfate hybrid (CS/DS), which con-
tains both iduronic acid and glucuronic acid (12). The specific
arrangement of sulfated residues and uronic acid epimers
generates binding sites for CS/DS-binding proteins and is
important for mediating a plethora of biological functions (13).

VAR2CSA expressing parasites adhere exclusively in the
placenta (4, 9, 14), despite the fact that CS is omnipresent in
the vasculature and organs of the human host (11). Surpris-
ingly, most cancer cells express the distinct VAR2CSA-binding
CS epitope normally restricted to trophoblastic cells in the
placenta (15). This suggests that CS in placenta and cancer is
distinct from CS in other tissues and that the VAR2CSA
protein has been evolutionarily refined to bind selectively to
this type of CS.

There are two components to a CSPG: the CS chain and the
core protein to which it is attached. Only a small set of pro-
teins contain CS/DS chains and can have different biological
activities. We have previously shown that syndecan-1 is the
primary placental receptor of P. falciparum malaria parasites
(10). However, to investigate the repertoire of ofCS carrying
CSPGs on various tumor types, we recently developed a gly-
coproteomics workflow coupled to VAR2CSA-based affinity-
chromatography to analyze CSPGs (16). This study utilized a
recombinant fragment of VAR2CSA (rVAR2), based on the
ID1-DBL2-ID2a region, which we and others have shown to
maintain the CS specificity of full-length native VAR2CSA (17,
18). Our results revealed the presence of at least 14 distinct
core proteins carrying VAR2CSA reactive glycan chains in the
placenta and tumor tissues, including both secreted and
membrane-bound CSPGs. This large heterogeneity rules out
the possibility of a single CSPG as the main receptor for
VAR2CSA and points instead toward the existence of specific
CS-motifs shared among many CSPGs that is crucial for
VAR2CSA binding.

The absolute requirement of continuous CS stretches
enriched in 4-O-sulfated N-acetylgalactosamine units in
VAR2CSA binding has been reported in multiple studies using
CS substrates derived from animal sources, as well as synthetic
material (4, 15, 19-21). Initial findings suggested that the
minimal length of the CS-binding motif is a dodecasaccharide
(dp12) containing a minimum of 2-3 (19) or 4-5 (22) 4-O-
sulfated N-acetylgalactosamine units. More recently we have
confirmed the minimal requirement of a dp12, although longer
oligosaccharides showed higher affinity binding (21). Contrary
to early results suggesting a requirement for several non-
sulfated sugars (19), we have shown that oligosaccharides with
a high degree of 4-O-sulfation are more potent in inhibiting
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binding of rVAR?2 to isolated CSPGs compared with those that
were mostly nonsulfated (21). To expand this to cellular
binding, we deconstructed the CS biosynthesis pathway by
creating a library of enzyme knockouts using CRISPR/Cas9 in
CHO cells (23). This revealed a strict requirement for 4-O-
sulfated CS as inactivation of enzymes crucial for CS initiation,
elongation, and 4-O sulfation completely abrogated rVAR2
binding.

Although it is clear that 4-O-sulfation is essential for
VAR2CSA binding, the precise role of other CS modifications
is less clear. Interestingly, DS-substrates display inhibitory
activity although at slightly lower levels compared with purely
4-O-sulfated CS substrates (4, 20, 22, 24). Teasing out the
direct contribution of the uronic acid epimers (glucuronic and
iduronic acids) to VAR2CSA binding has been hampered by
the fact that most CSPGs and DSPGs isolated from natural
sources are in reality CS/DS copolymers with different uronic
acid ratios (25). Importantly, most studies have used CS iso-
lated from sources other than the most relevant placental
ofCS, using indirect assays, such as inhibition of parasite
adhesion.

In this study, we utilized an affinity chromatography
approach using recombinant VAR2CSA and orthogonal
analytical techniques to fully characterize the VAR2CSA of
CS-binding motif in CS. We further developed cellular models
to investigate the interaction within the glycocalyx. We show
that the minimal CS-binding domain consists of a dp12 CS
containing ~85-90% 4-O-sulfated and ~10-15% 6-O-sulfated
N-acetylgalactosamine residues. We further show that the
placenta and tumor tissues contain higher amounts of CS and
CS of greater molecular weight (MW), compared with other
tissues. Investigating rVAR2 binding to CS when part of a
cellular glycocalyx containing a high density and quantity of
cell surface glycans showed higher level of r'VAR2 binding to
high MW CS compared with low MW CS. This finding sug-
gests that VAR2CSA tropism depends not only on the struc-
ture of the CS ligand, but also on its accessibility and
presentation.

Results
Oncofetal CS is a highly 4-O-sulfated dp12

VAR2CSA selectively binds CS in the placenta and in ma-
lignant tumors, despite CS being ubiquitously expressed
throughout the body (15). Several studies have attempted to
explain the structure of the oncofetal CS (ofCS) that underlies
this tissue tropism; however, the determinants that confer high
specificity of VAR2CSA for ofCS remain elusive. To further
characterize the structure and composition of ofCS, we
developed an affinity chromatography method using immo-
bilized VAR2CSA to isolate ofCS from purified placental and
tumor CS. This assay utilized a recombinant fragment con-
taining the minimal CS binding region in VAR2CSA, ID1-
ID2a, which has been previously described to maintain the
CS binding specificity of full-length VAR2CSA (17, 18). First,
purified placental CS was loaded onto an rVAR2-conjugated
column, washed with 0.25 M NaCl, and the intact chains
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containing the ofCS motif (I-ofCS) were then eluted with 2 M
NaCl. In another setup we isolated the specific ofCS motif by
an on-column digestion of rVAR2-bound I-ofCS with chon-
droitinase ABC (ChABC) to remove CS regions outside of the
binding domain (liberated ofCS or L-ofCS). The ofCS-motifs
that were retained on the rVAR2 column (retained ofCS or
R-ofCS) were subsequently collected by elution with 2M NaCl
(Fig. 1A). The I-, R-, and L-ofCS fractions were then analyzed

The VAR2CSA tropism

by disaccharide analysis using high-performance liquid chro-
matography (LC) coupled with mass spectrometry (MS), as
previously reported (26). From the 200 pg placental CS input,
we obtained ~12.5 pg I-ofCS, 3.9 ug R-ofCS, and 9.1 ug L-
ofCS. The disaccharide composition of the total input
placental CS was ~50% 4-O-sulfated (D0a4), ~40% 6-O-
sulfated (D0a6), ~10% non-sulfated (D0a0), and <1% dis-
ulfated CS units (Fig. 1B). All rVAR2 affinity purified fractions
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Figure 1. Structural characterization of oncofetal CS. A, diagram representing intact oncofetal CS (l-ofCS), ChABC retained ofCS (R-ofCS), and ChABC
liberated ofCS (L-ofCS) purified using rVAR2 affinity chromatography. B, disaccharide (dp2) structure analysis of placental CS and placental ofCS, analyzed by
LC-MS (N = 3). C, dp2 analysis of colon tumor CS and R-ofCS (N = 1). D, MS analysis and composition of full-length R-ofCS (supplemental methods). E, AMAC-
labeled R-ofCS was loaded on a rVAR2-column and eluted with a gradient of sodium chloride. R-ofCS elution was detected at 0.46 M NaCl. R-ofCS was
fractionated with different concentrations of NaCl and subsequently (F) quantified and (G) structurally characterized by disaccharide analysis using LC-MS

(N = 3). Error bars indicate mean + SEM.
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(I, R- and L-ofCS) were highly enriched for 4-O-sulfated CS
(~80-85%) and depleted in both 6-O-sulfated (~15-20%) and
nonsulfated CS (~1%) disaccharide units compared with the
input material (Fig. 1B). Only minor differences were observed
in these fractions, including slightly higher levels of 4-O-sul-
fation in R-ofCS (~85%) compared with I- and L-ofCS (~80%).
To verify if the same structural motif was found in cancer
tissues, CS isolated from human colon cancer tumors was
subjected to the same analytical workflow. After rVAR2 af-
finity chromatography, a similar enrichment in 4-O-sulfation
(from ~70% to ~90%) was observed, with the remaining di-
saccharides being primarily 6-O-sulfated (~8%) (Fig. 1C). This
suggests that rVAR2 prefers highly 4-O-sulfated CS in both
placental and tumor tissues.

To estimate the average length of the rVAR2 minimal
binding motif, R-ofCS was separated by capillary zone elec-
trophoresis (CZE) and analyzed by mass spectrometry. The
analysis identified species corresponding to dp12-dp20 oli-
gosaccharides carrying one sulfate group per disaccharide unit
(Fig. 1D), consistent with previous reports (19, 21, 22). The
dominant charge state in the mass spectra of CS oligosac-
charides with one sulfo group per disaccharide is equal to the
number of disaccharide units (and also equal to the number of
sulfo groups). The monoisotopic peak of (UA-GalNAcS -
H),"" is 458.0609, independent of the length of the oligosac-
charide, yielding an abundant peak in the mass spectrum in
Figure 1D that is a convolution of all chain lengths. However,
the isotope peaks are separated from each other by 1/n,
allowing the various charge states, dp’s, and molecular weights
to be assigned, as seen on the right side of Figure 1D. Analysis
of intact GAG chains by mass spectrometry can be affected by
in-source fragmentation, leading to a potential underestima-
tion of the size and sulfation level of the GAG chains (26).
Therefore, to further estimate the average MW of I- and R-
ofCS, we labeled their reducing ends with fluorescent 2-
aminoacridone (AMAC) and quantified the number of
reducing ends by fluorescence detection and the total amount
of CS by disaccharide analysis. The average MW of the I- and
R-ofCS fractions was 15.2 kDa and 5.6 kDa, respectively,
corresponding to an average length of dp33 and dpl2. This
supports the mass spectrometry analysis and validates the used
fractionation scheme (Fig. 1A4).

CS synthesis is a non-template-driven process and therefore
leads to great structural heterogeneity in the resulting CS
population. Given the high structural heterogeneity, it is
possible that VAR2CSA can interact with multiple similar
motifs with a graduation of overall affinity, binding strongest
to the true high affinity ofCS site. To investigate this, we
separated high and low affinity ofCS fractions by serial salt
elution following immobilization on an rVAR2 conjugated
affinity chromatography column. AMAC-labeled R-ofCS was
loaded onto the rVAR2-column and eluted in a gradient of
sodium chloride. The average concentration of salt required
for complete elution was found to be 0.46 M NaCl, with a
range of 0.35-0.85 M NaCl (Fig. 1E). To determine whether
the low and high affinity fractions differed in structure, we
fractionated unlabeled R-ofCS on the rVAR2 column, using
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placental CS as the input, and performed disaccharide analysis
using LC-MS. MS showed that the majority of R-ofCS eluted
in the 0.6 M NaCl fraction (Fig. 1F). The disaccharide analysis
revealed a gradual increase in the proportion of 4-O-sulfation
in the higher molar salt fractions, suggesting that high levels of
4-O-sulfation correlates with high affinity for rVAR2 (Fig. 1G).

Notably, the compositional analysis performed in this study
confirmed that each disaccharide unit of ofCS is almost
completely monosulfated, with only small amounts of non-
sulfated units observed (less than 1%). This is in contrast to
previous studies suggesting that nonsulfated units are critical
for binding (19). In summary, these findings suggest that
rVAR2 binds highly 4-O-sulfated CS in both placental and
tumor tissues and that the minimal binding oligosaccharide is
a dpl2.

Placental ofCS are CS/DS copolymers

Previous studies have demonstrated that DS is capable of
inhibiting parasite adhesion to placental tissue, albeit at lower
levels than CSA (22, 27). A recent in-depth structural char-
acterization of commercially available CSA, CSC, and DS
substrates showed that both commercial preparations of CSA
and DS were highly 4-O-sulfated (~77% and ~90%, respec-
tively), whereas CSC was highly 6-O-sulfated (~73%) and
comparatively less 4-O-sulfated (~16%) (27). In terms of
uronic acid content, DS contained the highest proportion of
iduronic acid (80%), whereas CSA and CSC contained mostly
glucuronic acid (97% and 100%, respectively) (27). These CSA,
CSC, and DS substrates were all able to inhibit rVAR2 binding
to HeLa cells yielding ICso values of 1.7, 1.9, and 0.7 pg/ml,
respectively (Fig. 2A4).

To determine if iduronic acid enhances binding to rVAR2,
we performed monosaccharide analysis using Dionex chro-
matography. Standard disaccharide compositional analysis af-
ter lyase treatment cannot differentiate between glucuronic
acid and iduronic acid, since ChABC digestion results in the
loss of uronic acid stereochemistry. Total placental CS con-
tained ~26% iduronic acid, whereas rVAR2-enriched I-ofCS
contained ~39% iduronic acid and R-ofCS contained ~26%
iduronic acid, suggesting that iduronic acid may be present in
the rVAR2 binding motif. Digestion of R-ofCS with chon-
droitinase AC (ChAC), which only cleaves the hexosaminidic
bond to glucuronic acid, showed that the liberated di-
saccharides were ~85% 4-O-sulfated and ~13% 6-O-sulfated
(Fig. 2B). Chondroitinase B (ChB) digestion of R-ofCS, which
cleaves the bond between N-acetylgalactosamine and iduronic
acid, showed that the segments enriched in iduronic acid were
~83% 4-O-sulfated and ~15% 2,4-O-disulfated. However, the
latter only amounted to <1% of the overall dp2 released by
ChABC (Fig. 2B). In a dp12 oligosaccharide, this compositional
analysis would correspond to 1-2 iduronic acid residues.

Digestion of CS with ChABC from Amsbio (A-ChABC)
results in a mixture of dp2, dp4, and dp6 species, whereas
ChABC from Sigma (S-ChABC) digests substrates to
completion (27). These oligosaccharides can be separated and
analyzed by LC-MS2 to distinguish between glucuronic acid-
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Figure 2. Importance of iduronic acid for rVAR2 binding. A, inhibition of rVAR2 binding to Hela cells using commercially available CSA, CSC, and DS
substrates, performed by flow cytometry (N = 3), curve fitted with three parameter dose-response curve. B, disaccharide analysis of Sigma ChABC
(S-ChABCQ), ChAC, and ChB digested R-ofCS, analyzed by LC-MS. C, structural analysis and (D) quantification of S-ChABC digested CS from HeLa WT and
CHST147~ cells, analyzed by LC-MS (N = 3). E, chromatograms of Amsbio ChABC (A-ChABC) resistant dp4 species generated from HelLa WT and CHST147/~
CS. F, titration of rVAR2 to HeLa WT and CHST14™"~ cells, analyzed by flow cytometry (N = 3), and curve fitted with nonlinear 4PL regression. Error bars
indicate mean = SEM. *p < 0.05 by unpaired t test. CHST14, carbohydrate sulfotransferase.

and iduronic acid-containing species. A-ChABC digestion of
R-ofCS revealed two coeluting dp4 species and one or more
dp6 species in the LC-MS chromatogram, in addition to the
D0a4 and D0a6 dp2 (Fig. S1). MS2 analysis of the dp4 species
in R-ofCS and input placental CS showed that the first eluting
dp4 corresponds to an entirely 4-O-sulfated species (D0a4-
GO0a4), while the second eluting dp4 corresponds to an
entirely 4-O-sulfated DS dp4 (D0a4-10a4). Similarly, we iden-
tified two separated tri-sulfated dp6 species in A-ChABC
digested R-ofCS, where MS2 analysis suggested one to be
glucuronic acid-containing and the other iduronic acid-
containing structures (Fig. S2). These data demonstrate that
the rVAR2-binding oligosaccharides in placental ofCS contain
both glucuronic acid and iduronic acid residues.

To obtain CS structures with similar levels of 4-O-sulfation
and varying levels of iduronic acid, we generated CRISPR/
Cas9-targeted clones bearing biallelic mutations in carbohy-
drate sulfotransferase 14 (CHST14) in HeLa cells (Fig. S3).
CHST14 encodes for the dermatan 4-O-sulfotransferase,
responsible for the 4-O-sulfation of GalNAc units to the
reducing side of iduronic acid residues (28). The disaccharide
analysis showed that the CHSTI4”'~ clone C3 contained
similar levels of overall CS and 4-O-sulfation as compared with
wild type, with the expected reduction of D2a4 units and a
small increase in disulfated disaccharide D0al0 (Fig. 2, C and
D). Analysis of CS dp4 released by A-ChABC digestion showed

SASBMB

a significant reduction in the level of DS/CSC dp4 species in
the CHST14™'~ cells, suggesting a reduction in the iduronic
acid/glucuronic acid ratio (Fig. 2E). The CS/DS uronic acid
content was determined by monosaccharide analysis to be 41%
glucuronic acid and 59% iduronic acid in wild type and 100%
glucuronic acid in the CHSTI14™'~ clone C3. Thus, wild-type
and CHST147'~ cells produce similar amounts of cell surface
CS with a similar sulfation pattern and only differ in the
composition of the uronic acids. Notably, rVAR2 binding was
significantly higher to the CHST14™'~ cells compared with the
wild type (Fig. 2F) indicating that high levels of iduronic acid
may actually interfere with rVAR2 binding. The binding was
also significantly higher to a second CHST14™'~ clone C4,
which contained an intermediate amount of iduronic acid
(21%) compared with the wild type and clone C3 (Fig. S4).

High-molecular-weight CS is upregulated in placental and
tumor tissues

We next investigated the abundance and composition of CS
in tissues and malignant tumors to determine if the level of CS
might play a role in rVAR2 binding. CS was isolated from
human liver, spleen, pancreas, kidney, lung, muscle, brain, and
duodenum and compared with CS extracted from human
placenta and several samples of patient colon tumors (Fig. 3).
CS disaccharide analysis revealed high levels of 4-O-sulfation
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across all tissues (Fig. 3A). Interestingly, the placenta and two
of the colon tumors had high level of 6-O-sulfation. To assess
whether the rVAR2 ofCS binding motif can be found in all of
these human tissues, we purified the I-ofCS fraction (Fig. S5).
The highly 4-O-sulfated ofCS binding motif was found in all
the organs, although at different levels (Fig. S5). Since rVAR2
does not bind these tissues (15), these results suggest that the
amount and/or overall size of CS might vary in the different
organs. Notably, placenta contained approximately 10-fold
more CS per gram of dried tissue compared with other tis-
sues (Fig. 3B). Similarly, the colon tumors expressed >3-fold
more CS than healthy colon (Fig. 3B).

To compare the size of CS across the tissues, samples from
each organ and a mixture of CS from the four colon tumors
were separated by polyacrylamide gel electrophoresis (PAGE)
and stained with Alcian blue (Fig. 3C). Placental and colon
tumor CS appeared to have a higher average MW than CS
from any other tissue (Fig. 3C). Analysis of the length of
rVAR2 purified I-ofCS chains suggested that the rVAR2-
binding motif is primarily present in longer CS chains, which
are found in low abundance in other tissues (Fig. 3C). To
further investigate the difference in CS biology between tu-
mors and healthy tissue, we compared the expression of CS
biosynthesis enzymes across different tumor types with their
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healthy human control tissues (Fig. 3D). Enzymes involved in
the biosynthesis of the CS tetrasaccharide linker region (beta-
1,3-galactosyltransferase 6, beta-1,4-galactosyltransferase 7,
and beta-1,3-glucuronyltransferase 3) and enzymes involved in
the polymerization of the CS backbone (chondroitin poly-
merizing factor [CHPF] and CHPF2) were significantly upre-
gulated in most types of tumors (Fig. 3D), suggesting that the
enhanced expression of high MW CS could be a common
tumor phenotype not specific to colon tumors.

We next generated HeLa cells with inactivating mutations in
CHPF and CHPF2 using CRISPR/Cas9 (Fig. S3). Interestingly,
rVAR2 binding to both mutant cell lines was significantly
reduced compared with WT, with an ~80% reduction to
CHPF'~ and a ~40% reduction to CHPF2'~ (Fig. 4A).
Disaccharide analysis showed no significant difference in the
CS sulfation of the mutant cells (Fig. 4B) and a small increase
in the overall quantity of CS (Fig. 4C) in the CHPF'~ cells.
However, the average chain length was reduced in the mutants
based on radiolabeling studies (Fig. 4D). Radiolabeled CS was
purified from wild-type and mutant cell lines, grown in [*°S]
sulfate-containing media, and separated by size-exclusion
chromatography. The average MW of CS from wild-type,
CHPF'", and CHPF2”'~ cells were determined to be 15.6 +
0.2 kDa (~dp34), 9.2 + 0.1 kDa (~dp19), and 13.7 + 1.5 kDa
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Figure 3. CS structure and expression of CS biosynthesis enzymes in tissues. A, structural analysis (B) and quantification of CS disaccharides produced
from S-ChABC digestion of human tissue CS (N = 3, except colon tumor (T) CS N = 1). Error bars indicate mean + SEM. C, polyacrylamide gel electrophoresis
(PAGE) analysis of human tissue CS, a mix of CS from colon tumor 1-4, and I-ofCS purified from placental CS, stained with Alcian blue. D, heat map
illustrating RNA-Seq differential expression data of CS biosynthesis enzyme upregulated (red) and downregulated (blue) in tumor samples, compared with

patient-matched healthy controls. Error bars indicate mean + SEM.
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Figure 4. Impact of CHPF and CHPF2 inactivation on rVAR2 binding and CS chain length. A, rVAR2 binding to HeLa WT and mutant cell lines, analyzed
by flow cytometry (N = 3). B, structural analysis and (C) quantification of cell surface CS from HeLa WT and mutant cell lines, analyzed by LC-MS (N = 3).
D, size exclusion chromatogram of radiolabeled cell surface CS from WT and mutant cell lines, separated using a 1.5 x 50 cm column packed with Sepharose
6B (N = 2). Error bars indicate mean + SEM. ***p < 0.001 and *p < 0.05 by unpaired t test.

(~dp29), respectively. Thus, the CHPF~'~ and CHPF2™'~ cells
expressed significantly shorter CS chains. Furthermore, the
reduction in overall MW correlated to the difference seen in
rVAR?2 binding to these cells (Fig. 44). Given that there was no
difference in the overall amount of CS and its sulfation, the
alteration in rVAR2 binding was most likely due to the length
of CS produced by the cells.

rVAR2 binds high MW CS chains in a cell-based model of a
complex glycocalyx

To investigate how CS chain length might dictate the
VAR2CSA tropism, we developed a cell-based model to
investigate rVAR?2 binding in the context of a cellular glyco-
calyx of varying thickness (Fig. 54). Erythrocytes are known to
have a thin glycocalyx (~10 nm), whereas human umbilical
vein endothelial cells (HUVECs) have a much more complex
and thicker glycocalyx reaching up to 2.5 um (29, 30).
Furthermore, both erythrocytes and HUVEC cells are ofCS
negative and do not support rVAR?2 binding (15). Thus, these
cells represent two systems of varying glycocalyx complexity in
which we can manipulate CS length and study its impact on
the rVAR?2 interaction.

ofCS presentation was achieved by inserting placental CS of
varying MW directly into the cell membrane. Placental CS was
biotinylated at the reducing end and separated by
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size-exclusion chromatography into large and short chains
(P1-6, Fig. 5B). Samples of each fraction were conjugated to
Cy5-Streptavidin and separated by PAGE, which showed the
variation in MW of the CS chains (Fig. 5C). Structural analysis
of the high MW CS (P2) and low MW CS (P4) revealed a
similar sulfation pattern (Fig. 5D). Samples of P2 and P4 pools
were then conjugated to a lipid anchor 1,2-distearoyl-su-
glycero-3-phosphoethanolamine (DSPE) streptavidin. Uncon-
jugated DSPE (D-0), DSPE conjugated to the P2 fraction
(D-P2), and DSPE conjugated to the P4 fraction (D-P4) readily
incorporated into the membrane of erythrocytes, as measured
by exhaustive ChABC treatment and staining with anti-CS
stub antibody (2B6) that detects the tetrasaccharide linker
(Fig. 4E, red bars). More D-P4 was incorporated compared
with D-P2 since the cells were treated with an equal mass of
CS-DSPE conjugate, and the P4 fraction is of lower MW.
Erythrocytes treated with the DSPE conjugates were then
incubated with rVAR2 and analyzed by flow cytometry.
Incorporation of both the D-P2 and D-P4 fractions signifi-
cantly increased rVAR2 binding compared with the control,
with no apparent difference relating to MW (Fig. 5E, black
bars). However, only the D-P2 increased rVAR2 binding to
HUVEC cells, despite showing similar integration of both the
D-P2 and D-P4 fractions (Fig. 5F). We interpret this finding to
suggest that when a complex glycocalyx is present, longer CS
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Figure 5. Cell-based glycocalyx model for the comparison of low and high MW CS. A, diagram showing the glycocalyx model setup. Erythrocytes and
human umbilical vein endothelial cells (HUVECs) were used to compare the effect of a thin or dense glycocalyx, respectively, on r'VAR2 binding to low MW
placental CS (P4) and high MW placental CS (P2). The CS-peptide chains were biotinylated and integrated onto the cell membrane through a 1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE) streptavidin conjugate. B, biotinylated placental CS was fractioned by size exclusion chromatography, and
absorbance (214 nm) was measured on every other fraction, while the carbazole assay was performed on every four fractions for glucuronic acid detection.
The individual fractions were combined into six fractions, as indicated, and designated as P1-P6. C, a portion of the P1-P6 fractions were conjugated to Cy5-
Streptavidin, separated by polyacrylamide gel electrophoresis (PAGE), and detected at 700 nm. D, disaccharide analysis of the P2 and P4 CS fractions by LC-
MS. Unconjugated DSPE (D-0), DSPE-P2 (D-P2), and DSPE-P4 (D-P4) were integrated into the cell membrane of (E) erythrocytes and (F) HUVECs. Half of the
cells were stained with rVAR2, and the other half were ChABC digested and stained with 2B6 antibody, followed by analysis by flow cytometry (N = 3). Error
bars indicate mean + SEM. ***p < 0.001, **p < 0.01, and *p < 0.05 by unpaired t test.

chains may extend beyond this dense glycocalyx barrier and
are more accessible to rVAR2 binding. Thus, CS chain length
may contribute to the placenta and tumor selective tropism of
VAR2CSA.

Discussion

This study aimed to characterize the structural and
biochemical basis for the ofCS-specific tropism of the VAR2-
CSA malarial protein. Several studies have addressed the high
selectivity of VAR2CSA expressing parasites for CS in the
placenta (19, 20, 22, 31, 32). These studies mainly relied on
parasite inhibition assays using purified CS fractions of
different sulfation and length. We have further performed
similar assays using rVAR2 (21). The conclusion from these
studies was that VAR2CSA binding relies on a highly 4-O-
sulfated dpl2 oligosaccharide. However, this structure is not
unique to the placenta or tumors, and thus the exact deter-
minant of the VAR2CSA tropism has remained elusive. Here,
we used immobilized rVAR?2 to affinity purify ofCS and per-
formed detailed structural characterization by mass spec-
trometry. In agreement with previous studies, we found a high
enrichment in 4-O-sulfated CS, a depletion in 6-O-sulfated CS
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and no impact on iduronic acid content (4, 19, 22, 23, 33). In
contrast with earlier findings suggesting that VAR2CSA
expressing parasites interacted with an unusually low sulfated
form of CS, we found the high-affinity rVAR2 purified frac-
tions lacked nonsulfated CS. This discrepancy may be due to
differences in CS preparations or methods used for purifying
the materials (34). A previous study of placental CS may not
have included membrane-bound CSPGs, whereas in the pre-
sent study a large section of the placenta was homogenized and
used for CS isolation. It is also possible that the differences
result from isolate-specific variations among P. falciparum
infected erythrocytes (20). We used ID1-ID2a for our studies
rather than the full-length VAR2CSA protein, which might
have slightly different specificities. However, we have previ-
ously shown that recombinant ID1-ID2a protein retains the
high CS-binding affinity and specificity of the full length
VAR2CSA protein and that both proteins specifically bind to
CS present on placental syncytiotrophoblasts, in the villi
stroma, and in the intervillous space (10, 18). Furthermore, in
our previous studies we used this recombinant fragment to
effectively target cancer cells in vivo and for the retrieval
circulating tumor cells (15, 35). Our findings suggest that the
minimal binding motif for rVAR?2 is a dp12 containing ~5 4-
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O-sulfated N-acetylgalactosamine residues and ~1 6-O-
sulfated N-acetylgalactosamine residues. Iduronic acid may be
present as well, but studies of mutants with diminished idur-
onic acid did not affect binding. Additional studies are needed
to investigate the exact arrangement of sulfated disaccharides
within the dp12 oligosaccharides.

One hypothesis to account for the high specificity of
VAR2CSA for placental and tumor-derived CS is that the ofCS
motif contained a novel modification or a specific sequence of
sulfated sugars (15). The evidence presented here suggests that
this hypothesis may be oversimplified. Here, we provide
compelling data suggesting that the specificity of VAR2CSA
also relies on the accessibility of CS as well as overall CS
amounts. The placental and tumor tissue, in general, contained
more CS and CS of higher MW, compared with other tissues.
In fact, the placenta contained ~10-fold more CS than any
other tissue, and this CS was of significantly higher MW.
Interestingly, recent studies have reported high expression of
the CS polymerizing factor CHPF in cancers, such as adeno-
carcinomas of the lung (36, 37), melanoma (38), and gliomas
(39), and that CHPF knockdown inhibits proliferation and
migration. Here, we found that several CS biosynthesis en-
zymes, including CHPF and CHPF2, were upregulated in a
diverse set of cancer types. Furthermore, inactivation of CHPF,
and to a lesser extent CHPF2, resulted in a reduction in CS
chain length and in loss of rVAR2 binding. Collectively, these
findings suggest that the placenta and malignant tumors ex-
press increased quantities of high MW CS. Whether a unique
sequence of sulfation is also required remains to be fully
determined.

The luminal surface of vascular endothelial cells is lined by a
dense glycocalyx, consisting of various glycoproteins and
proteoglycans, which act as a barrier to pathogen adhesion
(40, 41). The thickness of this layer is approximately
0.5-5.0 pm depending on the cell type or tissue (42-44).
Although we have shown that the minimal binding motif of
rVAR?2 is a dp12, parasite attachment may require longer CS
chains that extend beyond the glycocalyx barrier. The cell-
based glycocalyx model reported here allowed a comparison
of rVAR2 binding to low and high MW placental CS in the
context of different glycocalyces. We found that rVAR2 almost
exclusively bound the high MW CS when imbedded in dense
glycocalyx (HUVEC), suggesting that steric hindrance by gly-
cocalyx components may prevent rVAR2 from adhering to
other tissues. While CS is a component of the vascular
endothelial glycocalyx, HS account for ~80% of the sulfated
GAGs found here (45). Furthermore, the permeability of the
apical glycocalyx is largely determined by hyaluronan and al-
lows for little to no access to infected erythrocytes (46). In
contrast, staining experiments suggest that placental syncy-
tiotrophoblasts and cytotrophoblasts produce very little hya-
luronan, suggesting that infected erythrocytes could have
greater access to interact with CS (47). The density of CSPGs is
likely another major factor for the rVAR2 tropism, as high
CSA density has been shown to correlate with increased
VAR2CSA binding (48). Other, factors may play a role in
attachment, such as shear stress and tumor/placental biology
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not considered in the single cell models described here. Several
studies have used transmission electron microscopy for visu-
alizing the endothelial glycocalyx; however, the main hurdle
lies in preserving its native state (41). While newer methods
have been developed to preserve the architecture of the gly-
cocalyx, it is unclear whether these provide an accurate rep-
resentation of the original tissues (49).

This study aimed at isolating and structurally character-
izing ofCS in the human placenta and malignant tumors.
The results suggest that the structural determinant for
VAR2CSA binding is 4-O-sulfation and that the parasite
tropism may be determined more by accessibility to the CS
ligand at the cellular and tissue level than a specific
structural motif. These results provide important insights
into the biology of the VAR2CSA-ofCS interaction, with
implications for both placental malaria prevention and
cancer therapy.

Experimental procedures
Substrates and enzymes

Dp4 standards for LC-MS analysis were purchased from
Iduron (Catalog #CSO04 and #DSO04) and dp2 standards
were purchased from Sigma. Chondroitinase ABC was pur-
chased from Sigma-Aldrich (S-ChABC) and from Amsbio
(A-ChABC). IBEX chondroitinase AC (ChAC) and chon-
droitinase B (ChB) were kindly gifted by IBEX pharmaceuti-
cals. All lyases were reconstituted as previously described (27),
aliquoted, and snap-frozen immediately. Chondroitin sulfate A
from bovine trachea and chondroitin sulfate C from shark
cartilage were obtained from Sigma-Aldrich, and porcine in-
testinal mucosa dermatan sulfate was obtained from Celsus
Laboratories Inc. As previously described, rVAR2 tagged with
SpyTag was expressed in SHuffle T7 Express Competent
E. coli (NEB) (15). SpyCatcher (SpyC) was produced in the
E. coli BL21(DE3) strain and multibiotinylated using NHS
biotin, as described (50). Both proteins were purified in two
steps using (1) HisTrap columns from GE Healthcare and (2)
cation exchange chromatography (rVAR2, HiTrap SP HP) or
anion exchange chromatography (SpyC, HiTrap QHP) and
formulated in PBS. Purity of the proteins was estimated by
SDS-PAGE and tested for binding on Myla cells using flow
cytometry. Free thiol groups were estimated using Ellman’s
Reagent (Thermo Scientific). rVAR2 fluorescent conjugate was
generated by incubation of SpyC with AFDye 647 NHS Ester
(Fluoroprobes) in a 1:1.2 M ratio in PBS at RT. After 1 h, the
conjugation was deactivated with 2 mM ethanolamine for
10 min, and excess dye was washed away on a 10 kDa spin
column (Sigma Aldrich). Prior to cell staining, the AFDye 647-
SpyC was incubated with SpyTag-rVAR2 for 1 h at room
temperature.

Patient samples

The collection of human tissue in this study abided by the
Helsinki Principles and the General Data Protection Regula-
tion (GDPR) of individual member states. Placental tissue was
obtained from three pregnant women delivering at
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Rigshospitalet University Hospital, Copenhagen, Denmark.
Human tissue stem was from individuals who had bequeathed
their bodies to science and education at the Institute of
Cellular and Molecular Medicine (ICMM), University of
Copenhagen, according to Danish legislation (Health Law
#546, §55 and §188). The study was approved by the head of
the Body Donation Program at ICMM. Ethical committee
permission is not necessary, as the individuals have donated
their bodies for scientific purposes. Permission from the Data
Protection Agency is also not necessary, as the donators are
anonymized. The colon cancer samples were obtained from
patients undergoing intended curative surgery at the Depart-
ment of Surgery, Zealand University Hospital, Kage, Denmark.
All participants provided informed consent for the tissue to be
used for research purposes. The enrollment of patients was
approved by the Regional Ethics Committee, Region of Zea-
land, Denmark (approval no. SJ-492), and the Danish Data
Protection Agency (approval no. REG-141-2015). All samples
were deidentified entirely before transfer to the researchers,
and this did not need specific IRB approval.

GAG purification from tissues

Upon retrieval, tissues were washed in dPBS (Gibco) to
remove residual blood and stored at —80 °C. The tissues were
lyophilized until dry, powderized with a spatula, and resus-
pended in dPBS. The tissue was treated with 1 mg/ml Pronase
(from Streptomyces griseus, Sigma Aldrich) in 10 mM CaCl,
and 0.1% Triton X-100 at 37 °C, overnight, shaking. The
samples were centrifuged at 20,000¢ for 20 min, and super-
natants were filtered through a 5 ym membrane filter (Sigma)
and mixed 1:10 with equilibration buffer (50 mM sodium ac-
etate, 0.2 M NaCl, 0.1% Triton X-100, pH 6.0). 0.5 ml bed
volume DEAE Sephacel (GE healthcare) in disposable columns
(2 ml bed volume Poly-Prep Chromatography Columns, Bio-
Rad) were equilibrated in equilibration buffer, and samples
were loaded onto the column. The columns were washed in
20 ml wash buffer (50 mM sodium acetate, 2.0 M NaCl, pH
6.0) and GAGs were eluded in 2.5 ml elution buffer (50 mM
NaOAc, 0.2 M NaCl, pH 6.0). After elution, samples were
added 99% ethanol saturated with sodium acetate (1:3, V:V) in
a 1:3 ratio and stored at -20 °C overnight. GAGs were
precipitated by centrifugation at 20,000g, 4 °C, for 20 min.
Residual ethanol was evaporated in a centrifugal evaporator,
and the remaining pellets were reconstituted in 100 uL DNase
buffer (50 mM Tris, 50 mM NaCl, 2.5 mM MgCl,, 0.5 mM
CaCl2, pH 8.0). The samples were digested with 20 kU/ml
DNasel (Deoxyribonuclease I from Bovine Pancreas, Sigma
Aldrich) for 2 h at 37 °C, shaking, and supplemented with
10 pl 10x heparinase buffer (400 mM ammonium acetate and
33 mM calcium acetate, pH 7.0) and 200 mU/ml heparinase -
III + 20 U/ml hyaluronidase (from Streptomyces hyalurolyticus,
Sigma Aldrich), following a 4 h incubation at 37 °C. The
samples were B-eliminated overnight at 4 °C in 0.4 M NaOH
and then neutralized with acetic acid. Finally, the CS was
purified over a DEAE column and ethanol precipitated as
described previously.
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rVAR?2 dffinity chromatography

A HiTrap NHS HP 1 ml or 5 ml column (GE Healthcare)
was activated according to vendor specifications and immo-
bilized with 700 pg/ml SpyCatcher in dPBS. The column was
inactivated with ethanolamine and washed according to
vendor specifications. The column was equilibrated in five
column volumes of dPBS and loaded with 1 mg/ml SpyTag-
rVAR2 in dPBS. After 1 h incubation, the column was
washed with five column volumes dPBS. 200 pg/ml purified
tissue CS in dPBS was loaded onto the column and allowed to
incubate for 15 min. The flow-through was reloaded an
additional three passages and followed by a five column vol-
ume dPBS wash. For purification of on-column digested ofCS
(R-ofCS), 200 mU/ml S-ChABC in digestion buffer (50 mM
Tris, 50 mM ammonium acetate, pH 8.0) was loaded onto the
column and incubated for 1.5 h. The column was washed with
3 ml digestion buffer, and this was collected for analysis of
liberated ofCS (L-ofCS). For purification of intact ofCS
(I-ofCS) the digestion step was omitted. Finally, the column
was washed with five column volumes dPBS, three column
volumes 0.25 M NaCl, and R- or I-ofCS were eluted with three
column volumes 2 M NaCl. Eluents were precipitated by
ethanol as described above.

For analytical chromatography analysis, AMAC-labeled
R-ofCS was applied to the 1 ml HiTrap SpyCatcher-rVAR2
column. The column was washed with 5 ml dPBS and
bound CS was eluted with a gradient of 0.15-2.0 M NaCl,
containing 20 mM HEPES, pH 7.4, using a NGQ Quest 10 Plus
chromatography system. Fluorescence intensity was detected
on eluded fractions and plotted using GraphPad Prism v8. For
fractionation followed by dp2 analysis, R-ofCS bound to a 1 ml
HiTrap SpyCatcher-rVAR2 column was washed with 0.25 M
NaCl and eluded in four fractions of 3 ml 0.4 M, 0.6 M, 0.8 M,
and 1.0 M NaCl.

CS biotinylation and size-exclusion chromatography (SEC)

To generate biotinylated peptide-CS, CS was purified as
previously described, but (-elimination was omitted. The
peptide-CS was incubated with a 50 M excess of EZ-Link
Sulfo-NHS-LC-Biotin (Thermo Scientific) in dPBS for 1 h.
The biotin-CS was size-fractionated by SEC using a 1.5 x
50 cm column packed with Sepharose 6B (GE healthcare). The
mobile phase consisted of the wash buffer described above.
Five milligram sample was loaded onto the column and 80
1.5 ml fractions were collected under gravity. Asj4nm values
were measured on every other fraction and the carbazole assay
was performed on every four fractions.

Carbazole assay

CS fractions obtained from SEC were quantified by the
carbazole assay (51). D-glucuronic acid standards (Sigma-
Aldrich) were weighed out and dissolved in ddH,O at a con-
centration of 1 mg/ml. Duplicates of these, ranging from 0 to
10 pg, were diluted in wash buffer (100 pl), and 100 ul of every
four GAG fractions were used for analysis. The samples were
added 10 pl 4 M ammonium sulfamate (Sigma-Aldrich) and
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0.5 ml 25 mM sodium tetraborate (Sigma Aldrich) in 98%
sulfuric acid (Sigma-Aldrich). The samples were heated for
5 min in a 100 °C water bath, cooled, and mixed with 20 ul
0.1% carbazole (Eastman Organic Chemicals) in methanol.
The samples were incubated at 100 °C for 15 min, cooled, and
transferred to a 96-well plate. Absorbance at 520 nm was
measured on an EnSpire Multimode Plate Reader (Perki-
nElmer), and a standard curve was derived by plotting absor-
bance of the uronic acid standards against their concentrations
using GraphPad Prism v8 software.

AMAC labeling and length analysis

Labeling with 2-Aminoacridone (AMAC) and length anal-
ysis were done as previously described (27). Briefly, CS was
labeled with AMAC (Sigma Aldrich) and reduced with sodium
cyanoborohydride (Sigma Aldrich). The samples were lyophi-
lized, dissolved, and precipitated with acetone over three
rounds. The samples were reconstituted in 2% acetonitrile and
fluorescence intensity was measured (excitation A = 428 nm,
emission A = 525 nm). A standard curve was derived from the
AMAC-labeled D0a4 standard (Sigma Aldrich). The ratio of
the quantified CS, determined by MS analysis, to the con-
centration of chains, determined by AMAC labeling, was used
to calculate the average molecular mass of the substrates.

GAG-preparation for LC-MS analysis

For CS/DS quantification and dp2 analysis, purified CS was
digested with 50 mU/ml S-ChABC for 2 h at 37 °C in lyase
buffer (50 mM Tris and 50 mM NaCl, pH 8.0). For tetra-
saccharide analysis, the CS samples were digested with A-
ChABC, and for CS and DS analysis, the samples were digested
with ChAC and ChB, respectively. The samples were dried in a
SpeedVac centrifuge and tagged by reductive amination with
[2Cglaniline, as described (26).

LC-MS2 analysis with collision-induced dissociation

The [**Cg]aniline tagged samples were mixed with 20 pmol
of [**CgJaniline-labeled mixed dp2 standards and analyzed by
LC-MS/MS with collision-induced dissociation (CID), as pre-
viously described (26, 27). The samples were separated using
5 mM of the ion-pairing agent dibutyl amine (Sigma-Aldrich)
on a reverse-phase column (TARGA C18, 150 mm x 1.0 mm
diameter, 5 um beads, Higgins Analytical, Inc). The ions were
monitored in negative mode using the same capillary tem-
perature, gradient, and spray voltage as described (26). The
analysis was done on a LTQ Orbitrap Discovery electrospray
ionization mass spectrometer (Thermo Scientific) equipped
with an Ultimate 3000 quaternary HPLC pump (Dionex). For
CID analysis of CS tetrasaccharides (496.6, z = 2), ions were
selected using a 2-atomic mass unit window and activated with
35% normalized collision energy.

Length analysis by Fourier transform mass spectrometry

Full-length R-ofCS GAG chains were analyzed ona 9.4 T
Bruker Apex Qe Fourier transform mass spectrometer
equipped with an Infinity cell. The instrument was externally
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calibrated to approximately 1 ppm prior to analysis. Samples
were diluted to ~0.1 mg/ml in 50:50 aqueous methanol prior
to ionization by static nano-electrospray (nanoESI). Ions
were externally accumulated for 0.5 s prior to detection over
the range of 200-2000 m/z. Thirty-six, 1 M-word acquisi-
tions were coadded to produce each mass spectrum. The
assignment of R-ofCS chain compositions was based on ac-
curate mass measurement and determined with in-house
software.

Monosaccharide analysis

Monosaccharide analysis of CS/DS samples was performed
as previously described (27). Briefly, samples were dissolved in
Milli-Q water and 4 M trifluoroacetic acid, vortexed, and
capped. The samples were hydrolyzed at 100 °C for 4 h and
centrifuged, followed by evaporation of the supernates. When
fully dried, the samples were dissolved in 50% isopropanol and
solvents were evaporated. Finally, the samples were dissolved
in Milli-Q water and analyzed by high-performance anion-
exchange chromatography (HPAEC) with pulsed ampero-
metric detection (PAD) using a Dionex ICS-3000 system
equipped with a strong anion-exchange column (Dionex
CarboPac PAl1 column 4 mm x 250 mm, with a 4 mm x
50 mm Guard). The samples were monitored with a pulsed
amperometer using quadruple potential waveform and using
the same gradient as previously described (27).

Polyacrylamide gel electrophoresis (PAGE)

Ten microgram CS sample was dissolved in 40 pl 50%
sucrose and 0.01% bromophenol blue (Sigma Aldrich) and
loaded on a 10-20% (w/v) Tris-Glycine polyacrylamide gel
(Invitrogen). Electrophoresis was performed at 150 V for 2 h
in a 25 mM Tris-HCl/0.2 M glycine buffer. The gel was
stained with 0.5% Alcian Blue 8GX (Sigma Aldrich) in 2%
acetic acid for 2 h and subsequently destained with 2% acetic
acid overnight before visualization. For the detection of bio-
tinylated CS, the CS was preconjugated to Cy5-Streptavidin
for 20 min, followed by PAGE, and the fluorescence signal
was detected at 700 nm using an imaging system (Odyssey,
Li-Cor Inc).

Tissue culture

HEK293 T cells (ATCC CRL-3216) and HeLa cells (ATCC
CCL-2) were grown in DMEM medium containing 10% FBS
and 100 IU/ml of penicillin and 100 pg/ml of streptomycin
sulfate. HUVEC (ATCC CRL-1730) cells were grown in EGM-
2 endothelial cell growth media (VWR International, LLC)
containing 2% FBS and VEGF. The HUVEC cells were grown
on gelatin-coated plates for ~12 days before lifting for flow
cytometry analysis. All cells were grown under an atmosphere
of 5% CO, and 95% air. Cells were passaged before 70—-80%
confluence was reached and seeded as explained for the indi-
vidual assays. Turkey red blood cells (Lampire biological lab-
oratories) were stored at 4 °C and used within a month of
receipt.
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Cell line generation

To generate a Cas9 lentiviral expression plasmid, 2.5 x 10°
HEK293 T cells were seeded on a 10-cm diameter plate in
DMEMY/FBS. The following day, the cells were cotransfected
with the psPAX2 packaging plasmid (Addgene plasmid
#12260), pMD2.g envelope plasmid (Addgene plasmid
#12259), and lenti-Cas9 plasmid (Addgene plasmid #52962) in
DMEM supplemented with Fugene6 (Promega). Lentivirus-
containing media was collected after 3 days and used to
infect HeLa WT cells, which were subsequently cultured with
4 pg/ml blasticidin to select for stably transduced cells.

A single guide RNA (sgRNA) targeting CHST14 (5'-CTG
TCCGCACACCGCCCGCA-3'), CHPF (5-GGAACACC ACA
CGCTCCAGC-3'), or CHPF2 (5'-CAGTGAAGTAGAGT
AACCGA-3') was cloned into the lentiGuide-Puro plasmid
(Addgene plasmid #52963) following published procedure (52).
The lentiviral sgRNA construct was generated in HEK293T
cells, using the same protocol as for the Cas9 expression
plasmid, and used to infect HeLa-Cas9 cells and generate
CRISPR/Cas9-mediated mutant cell lines. After infection, the
cells were cultured with 2 pg/ml puromycin to select for cells
with stably integrated lentivirus. After 7 days of selection, cells
were serially diluted into 96-well plates for single colony
expansion (Corning). DNA was extracted from individual clones
using the DNeasy Blood and Tissue Kit (Qiagen). The DNA was
sequenced (Genewiz Inc), and proper editing was analyzed using
the online ICE tool from Synthego (Fig. S3).

GAG purification from cells

Cells were grown to 70—80% in a 10-cm diameter plate and
washed with dPBS, lifted with 4 ml trypsin (Gibco), and
centrifuged for 5 min at 500g. The trypsin supernatants were
collected for GAG purification, and the cell pellets were
washed in complete media, followed by a dPBS wash, and
saved for BCA analysis (Pierce BCA Protein Assay Kit, Thermo
Fisher), according to vendor specifications. The trypsin-
released GAGs were Pronase digested and purified by
DEAE-Sephacel chromatography, as described above. The
GAGs were desalted using PD-10 columns (GE Healthcare),
digested with DNase, B-eliminated, and purified over a second
DEAE-Sephacel and PD-10 column.

Radiolabeling and CS length analysis

HeLa-Cas9 or CHPF/CHPF2 mutant cells (1 x 10° were
radiolabeled with [**S]sulfate (250 uCi per plate) in F12 media
containing 10% dialyzed FBS for 24 h at 37 °C. Cell surface CS
was purified and analyzed by SEC using the methods described
above. Radioactivity in each fraction was detected using the
Beckman LS6500 instrument. CS average molecular mass was
determined based on previous size determinations using a
Sepharose 6B column (53).

Flow cytometry

HeLa cells were detached wusing 10 mM Ethyl-
enediaminetetraacetic acid (EDTA, Sigma Aldrich) in dPBS
and seeded in a 96-well U-bottom plate (100,000 cells/well).
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The cells were incubated with 20 nM AFDye 647-rVAR2
conjugate in 2% FBS in dPBS (PBS2) for 20 min at 4 °C. The
cells were stained for 30 min at 4 °C, washed twice in PBS2,
and analyzed by flow cytometry on a FACSCalibur (BD Bio-
sciences) instrument. For inhibition assays, the rVAR2 con-
jugate was preincubated with the CS/DS substrate for 10 min
at room temperature prior to cell staining. All experiments
were performed in triplicates. The data were analyzed using
Flowjo v7.6 software (BD Biosciences) and binding was
quantified by the geometric mean of the fluorescence intensity
(MEFTI).

DSPE-CS conjugation and binding analysis

0.5 uM 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE) streptavidin conjugate (Nanocs Inc) was incubated
with or without biotinylated CS (1:2, molar ratio) in dPBS for
1 h. Erythrocytes, at a concentration of 5%/ml, and HUVECs,
at a concentration of 107 cells/ml, were incubated with the
DSPE conjugates in dPBS for 40 min at 37 °C, shaking. After
two PBS2 washes, 10° HUVEC cells/well or 100 pl 0.5%
erythrocytes/well were seeded into a 96-well plate. Half of the
wells were incubated with 500 nM preconjugated AFDye 647-
rVAR?2, for 30 min at 4 °C. The other half were digested with
200 mU/ml S-ChABC in dPBS for 10 min at room tempera-
ture, washed, and stained with anti-CS Delta Di-4S superna-
tant (Clone 2B6, Amsbio) at 1:200 in PBS2, for 30 min at 4 °C.
The 2B6-stained cells were washed twice and stained with
FITC conjugated Goat Anti-Mouse IgG Polyclonal Antibody
(Neta Scientific) at 1:1000 in PBS2, for 30 min at 4 °C. The
cells were washed twice in PBS2 and analyzed by flow
cytometry, as described above.

Differential gene expression analysis in cancer versus healthy
RNA-seq data

We retrieved RNA-seq gene expression data for 19 cancer
subtypes encompassing 17 cancer types by histology (bile duct
cancer, bladder cancer, blood cancer, brain cancer, breast
cancer, colorectal cancer, head and neck cancer, liver cancer,
lung cancer, esophageal cancer, ovarian cancer, pancreatic
cancer, prostate cancer, renal cell carcinoma, skin cancer,
stomach cancer, thyroid cancer, and uterine cancer). Read
count tables were retrieved for 16 of these subtypes from the
Cancer Genome Atlas (TCGA) project (https://gdc-portal.nci.
nih.gov/). RNA-seq data from primary tumor tissue samples
and matched normal tissue samples were retrieved for each
cancer subtype.

The gene expression data were preprocessed as previously
described (54) using the limma R-package (55). Differential
gene expression analysis to assess changes in transcriptional
regulation between tumor and normal samples was performed
separately for each cancer subtype using the voom R-package
(56). For a given gene, changes in transcriptional regulation in
either direction, e.g, upregulation or downregulation, from
normal tissues were considered statistically significant if we
observed a false discovery rate g < 0.001 and a minimum
absolute fold-change in expression level >50%.
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Statistics

Sample sizes are indicated in the figure legends (***p < 0.001;
**p < 0.01; *p < 0.05; #p < 0). All statistical analysis were done
using unpaired ¢ test and performed in GraphPad Prism v8.

Data availability

All data generated in this study are contained within the
manuscript (and its supporting information files).
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