
Original Article
Tumor cell E-selectin ligands determine partial
efficacy of bortezomib on spontaneous lung
metastasis formation of solid human tumors in vivo
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Extravasation of circulating tumor cells (CTCs) is critical for
metastasis and is initiated by adhesive interactions between gly-
coligands on CTCs and E-selectin on endothelia. Here, we show
that the clinically approved proteasome inhibitor bortezomib
(BZM; Velcade) counteracts the cytokine-dependent induction
of E-selectin in the lung mediated by the primary tumor,
thereby impairing endothelial adhesion and thus spontaneous
lung metastasis in vivo. However, the efficacy of BZM crucially
depends on the tumor cells’ E-selectin ligands, which determine
distinct adhesion patterns. The canonical ligands sialyl-Lewis A
(sLeA) and sLeX mediate particularly high-affinity E-selectin
binding so that the incomplete E-selectin-reducing effect of
BZM is not sufficient to disrupt adhesion or metastasis. In
contrast, tumor cells lacking sLeA/X nevertheless bind E-selec-
tin, but with low affinity, so that adhesion and lung metastasis
are significantly diminished. Such low-affinity E-selectin
ligands apparently consist of sialylated MGAT5 products on
CD44. BZM no longer has anti-metastatic activity after CD44
knockdown in sLeA/X-negative tumor cells or E-selectin
knockout in mice. sLeA/X can be determined by immunohisto-
chemistry in cancer samples, which might aid patient stratifica-
tion. These data suggest that BZM might act as a drug for in-
hibiting extravasation and thus distant metastasis formation
in malignancies expressing low-affinity E-selectin ligands.

INTRODUCTION
The formation of distant metastases begins with the detachment of in-
dividual cancer cells or small cell clusters from the primary tumor (PT)
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and their invasion across the underlying basement membrane, migra-
tion through the adjacent extracellular matrix (ECM), and subsequent
intravasation into the bloodstream as circulating tumor cells (CTCs).1

During circulation, CTCs are exposed to different intrinsic and extrinsic
selection pressures (anoikis induced by detachment from the ECM of
the PT, mechanical shear stress, immune cells, especially natural killer
[NK] cells).2,3 Therefore, it is widely assumed that the extravasation
of CTCs into the stroma of the organ of the later metastasis represents
a bottleneck step of themetastatic cascade.4,5 The initial event of extrav-
asation is the attachmentofCTCs to the inner liningof the bloodvessels,
the endothelium. In a close analogy to the adhesion cascade of leuko-
cytes in the context of inflammation, this process is controlled by endo-
thelial selection (E-selectin) and other cell adhesion molecules
(CAMs).5 Also, based on leukocyte adhesion, tumor cells seem to use
very similar ligands for binding to E-selectin,6,7 so the relevant literature
summarizes that all E-selectin ligands on tumor cells contain the sialyl-
Lewis A or X (sLeA/X) glyco-epitopes.5 However, neither the full
repertoire of possible E-selectin ligands on human tumor cells nor the
role of other endothelial CAMs is fully known to date.6,8 Several
tivecommons.org/licenses/by/4.0/).
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glycoconjugates have been considered tomediate E-selectin-, ICAM-1-,
or VCAM-1 binding such as sLeA/X,7 gangliosides,9 and integrin aL/M/
b2 or integrina4/b1,

10 respectively. The glycoproteins carrying sLeXand
sLeA are also diverse, including PSGL-1, ESL-1, CD24, CD43, CD44,
LGALS3BP, etc.5 Given this diversity, it seems more logical to target
the more defined groups of selectins and CAMs on the endothelium
to impair CTC adhesion and thus extravasation and metastasis forma-
tion. In this regard, we previously reported that the genetic knock out of
E-selectins in mice drastically impairs spontaneous metastasis forma-
tion in xenograft models of different human tumor types.11–15 There-
fore, we hypothesized that the pharmacologic inhibition of E-selectin
expression should have anti-metastatic potential as well.

The regulation of E-selectin expression differs depending on the
respective organ. For instance, E-selectin is transcriptionally induced
by pro-inflammatory stimuli in the lung,16 which ensures the enhanced
extravasation of leukocytes into inflamed tissues. In contrast, E-selectin
is constitutively expressed on bone marrow endothelium to enable
lymphocyte trafficking under physiologic conditions.17 In the context
of cancer, several studies suggest that the PT itself promotes a systemic
pro-inflammatory environment, which contributes to pre-metastatic
niche formation at distant sites.18 One well-described example is the
focal induction of E-selectin on pulmonary endothelial cells (ECs)
induced by PT-released soluble factors in the pre-metastatic phase.
Metastatic tumor cells are directed to such foci of increased E-selectin
expression in the lung.19 Accordingly, the inhibition of cytokines such
as tumor necrosis factor alpha (TNF-a) or interleukin (IL)-1 reduces
metastatic spread to the lung in vivo,20 and elevated cytokine serum
levels indicate an unfavorable outcome of cancer patients.21

The pro-inflammatory cytokine stimulus mediates phosphorylation
and ubiquitination of IkB, an inhibitory component of the nuclear fac-
tor kB (NF-kB) complex, which is then cleaved from the complex
within the proteasome. Thereby, activated NF-kB translocates to the
nucleus and induces expression of E-selectin and other CAMs of the
leukocyte adhesion cascade.22 The first clinically approved proteasome
inhibitor was bortezomib (BZM; Velcade, formerly PS-341), which has
been used for the treatment of multiple-myeloma patients over the last
15 years. BZM is known for its anti-proliferative, anti-angiogenic, and
pro-apoptotic effects.23 However, being an inhibitor of the proteasome,
BZM should also reduce the cytokine-mediated induction of E-selectin
and other CAMs. We therefore hypothesized that BZM might have
anti-adhesive and thus anti-metastatic efficacy on solid human tumors.
Such efficacy could be beneficial for patients with invasive tumors,
particularly during transient periods of increased CTC and cytokine
release. Such periods occur during medical interventions in patients
with solid tumors such as biopsy and surgery.24–26

RESULTS
BZM impairs cytokine-mediated induction of E-selectin and

other endothelial CAMs but has anti-adhesive efficacy on sLeA/

X-negative tumor cells only

To test our hypothesis, we first investigatedwhether the pre-treatment of
human umbilical vein ECs (HUVECs) with BZM counteracts cytokine-
mediated upregulation of E-selectin and other CAMs. BZM significantly
impaired IL-1a-mediated induction of E-selectin, ICAM-1, andVCAM-
1, as determined by qPCR (Figure 1A) and flow cytometry (Figure 1B).
Similar effectswere observedwith primary humanpulmonarymicrovas-
cular ECs (HPMECs) and after stimulation with TNF-a (Figure S3A).

Next, we analyzed whether the BZM-mediated reduction of E-selectin,
ICAM-1, and VCAM-1 has a functional consequence for the adhesion
of human tumor cells to HUVECs in laminar flow adhesion assays. In
such assays, we distinguished firm adhesion from two types of loose
adhesion, i.e., rolling and tethering (see illustration in Figure 1C). In
our proof-of-concept experiments, we found that two gastrointestinal
adenocarcinoma cell lines (HT29 and PaCa5061) were not impaired
during endothelial adhesion upon BZM treatment of the ECs (BZM-
resistant), while the adhesion of two tumor cell lines of non-epithelial
origin (HOS and MeWo) was significantly reduced (BZM-sensitive;
Figure 1D). Therefore, we hypothesized that the two subsets might
differ in their ligands used for endothelial adhesion. In fact, both
BZM-resistant cells showed notable levels of the canonical E-selectin
ligands sLeA and sLeX, while both BZM-sensitive cells were sLeA/X-
negative (Figure 1E). Due to the lack of sLeA/X expression in the
case of BZM-sensitive cells, it remained to be demonstrated whether
both subsets actually depend on E-selectin for endothelial adhesion.
Using a validated E-selectin-blocking antibody, we observed that
both subsets depended significantly (but to variable extents) on E-selec-
tin during endothelial adhesion (Figure 1F). This finding indicated that
sLeA/X-negative tumor cells can interact with E-selectin. To further
corroborate this observation, we coated the microfluidic chambers
with immobilized recombinant human (rh)E-selectin instead of with
ECs and observed that the sLeA/X-negative cells were indeed able to
develop adhesions on rhE-selectin under shear force conditions. Inter-
estingly, sLeA/X-positive cells developed firm, flow-resistant adhesions
on rhE-selectin, whereas sLeA/X-negative cells showed loose adhesive
events in terms of rolling and tethering (Figure 1G). To test whether the
two subsets were able to bind rhE-selectin under static conditions (in
the absence of shear force), we incubated the tumor cells with fluores-
cence-labeled rhE-selectin and quantified E-selectin binding by flow
cytometry. Importantly, sLeA/X-positive cells bound rhE-selectin while
sLeA/X-negative cells did not (Figure 1H).

By using eight further human tumor cell lines (four sLeA/X-positive
and four sLeA/X-negative), we confirmed that the sLeA/X status of
the tumor cells was consistently associated with the anti-adhesive
efficacy of BZM, the adhesion strength on rhE-selectin under flow,
and the ability to bind rhE-selectin in the absence of shear force (Fig-
ure S1). All tested cell lines depended on E-selectin for adhesion on
ECs (Figure S1). Of note, the myeloma cell lines AMO-1 and IM-9
displayed no cell surface sLeA/X expression and thus showed BZM-
sensitive adhesion (Figure S1).

The anti-adhesive effect of BZM in vitro correlates with anti-

metastatic efficacy of BZM in vivo

Given the partial anti-adhesive potential of BZM in vitro, we
next investigated whether BZM reduces the spontaneous metastasis
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Figure 1. Bortezomib counteracts cytokine-mediated upregulation of E-selectin, ICAM-1, and VCAM-1, but its anti-adhesive efficacy depends on the

adhesive properties of the tumor cells

(A and B) E-selectin, ICAM-1, and VCAM-1 gene expression (A) and protein levels (B) in/on human umbilical vein endothelial cells (HUVEC) treated ± IL-1a, ± BZM. (C)

Laminar flow adhesion assays were performed as illustrated to measure the anti-adhesive potential of BZM. (D) Number of flow-resistant adhesions of indicated tumor cell

lines on ECs treated ± IL-1a, ±BZM. (E) Tumor-cell-surface expression levels of sialyl-Lewis A (sLeA) and sLeX. (F) Number of flow-resistant adhesions of indicated tumor cell

lines on ECs treated with IL-1a ± E-selectin-blocking antibody. (G) Number and quality of adhesive events (legend in C) of indicated tumor cell lines on immobilized rhE-

selectin under laminar flow conditions. (H) Tumor-cell-surface E-selectin binding capacity under static conditions. See Figure S1 for verification of these observations with

multiple human tumor cell lines. Bar charts represent mean ±SD of n = 3; black lines in histograms represent isotype controls (B and E) and binding of human IgG1-Fc (H); *p <

0.05; n.s., not significant. Green indicates sLeA/X-positive tumor cell lines/models with BZM-resistant adhesion/metastasis, and blue indicates sLeA/X-negative tumor cell

lines/models with BZM-sensitive adhesion/metastasis in all figures. Checked bars represent firm (flow-resistant) adhesions, open bars rolling adhesions, and striped bars

tethering adhesions in all figures.

Molecular Therapy
formation of solid human xenograft tumors in vivo. For this purpose,
we injected HT29, PaCa5061 (both showing BZM-resistant adhe-
sion), HOS, and MeWo cells (both showing BZM-sensitive adhesion)
subcutaneously (s.c.) between the scapulae of immunodeficient mice
1538 Molecular Therapy Vol. 30 No 4 April 2022
and applied BZM or PBS intraperitoneally twice a week throughout
the PT growth period (n = 10). The mice were sacrificed when PTs
were �1.5 cm3 and the number of spontaneous lung and bone
marrow metastases was determined (see illustration in Figure 2).
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The PT growth period and the resulting tumor weight were largely
unaltered by the BZM treatment (Figure 2A). Correspondingly, we
observed no effects of BZM on xenograft PT cell proliferation
(Ki67), apoptosis (pH2AX), or angiogenesis (mCD31) as compared
with in the PBS treatment (Figures S2A–S2C). However, despite the
lack of effects on the PTs, the pulmonary metastatic cell load was
significantly reduced upon BZM treatment in the case of xenograft
models that were derived from the sLeA/X-negative cells (HOS and
MeWo) that had shown the BZM-sensitive adhesion pattern
in vitro (Figure 2B). In the HOS model, lung metastases were even
reduced, although the PT growth period was slightly prolonged
(#p < 0.01, analysis of covariance [ANCOVA] including the growth
period as covariate; Figure 2B). In contrast, BZM did not reduce
the lung metastasis formation of xenografts derived from sLeA/X-
positive cells (HT29 and PaCa5061), which had shown the BZM-
resistant adhesion pattern in vitro (Figure 2B). Based on qPCR
analyses, we verified that the applied BZM treatment significantly
reduced Sele (encoding E-selectin), Icam1, and Vcam1 expression in
the lungs of xenograft PT-bearing mice irrespective of whether or
not BZM had anti-metastatic activity (Figure 2C).

Using primary murine pulmonary ECs (MPECs27), we confirmed
that BZM counteracts the cytokine-mediated upregulation of E-selec-
tin at the protein level also in mice (Figure 2D). Furthermore, we
observed the same partial anti-adhesive efficacy of BZM in laminar
flow adhesion assays, as determined before on human ECs (Fig-
ure 2D). In addition, we employed a murine ex vivo lung perfusion
model combined with real-time epifluorescence video microscopy
(setup illustrated in Figure 2E28). Thereby, we validated that a sys-
temic cytokine stimulus facilitates the active, flow-resistant adhesion
of sLeA/X-negative HOS cells to the vessel wall of pulmonary pre-
capillary arterioles. The diameters of such microvessels were approx-
imately twice as large as the diameters of the adhering HOS cells.
When we applied BZM prior to the cytokine stimulus, the HOS cells
got stuck in capillaries with a diameter similar to that of the tumor
cells (Figure 2E). This observation indicated that the BZM pre-treat-
ment prevented the active adhesion of sLeA/X-negative human tumor
cells to the murine lung microvasculature in situ. Furthermore, we
excluded that the reduced pulmonary metastatic cell load upon
BZM treatment was due to impaired metastatic outgrowth (coloniza-
tion) by counting the number of tumor cells per lung metastasis in
histological sections. There was no difference in the average number
of tumor cells per lung metastasis in the PBS- versus BZM-treated
mice in both BZM-sensitive models (Figure S2D). Finally, BZM
had no significant effect on bone metastasis (Figure S2E), even in
the BZM-sensitive models, which is in accordance with the aforemen-
tioned constitutive, but not cytokine-regulated E-selectin expression
in the bone marrow. These findings collectively demonstrated that
the anti-metastatic effect of BZM, if present, was most likely due to
its anti-adhesive activity.

The anti-adhesive activity of BZM is due to the loss of E-selectin

BZM treatment significantly reduced not only Sele, but also Icam1
and Vcam1, expression in the lungs of s.c. xenograft tumor-bearing
mice (Figure 2C) and of E-selectin, ICAM-1, and VCAM-1 protein
levels on ECs in vitro (Figure 1B). In addition, flow adhesion assays
with validated blocking antibodies against ICAM-1 and VCAM-1
demonstrated that ICAM-1 mediates loose adhesions of PaCa5061
(rolling) and MeWo (rolling and tethering) cells on ECs (Figure 3A).
More importantly, however, firm adhesions of both BZM-sensitive
cells (HOS and MeWo) were reduced upon VCAM-1 blockade (Fig-
ure 3B). Based on this observation, it was critically important to
analyze whether the partial anti-adhesive activity of BZM was due
to the loss of E-selectin alone or of ICAM-1 or VCAM-1 as well.
For this purpose, we generated a HUVEC subline with short hairpin
RNA (shRNA)-mediated, stable depletion of E-selectin. These deriv-
atives showed drastically less E-selectin induction upon IL-1a, while
the effects of IL-1a ± BZM on ICAM-1 and VCAM-1 were largely un-
affected (Figure 3C). Importantly, the two sLeA/X-positive (BZM-
resistant) cell lines showed no firm adhesions on E-selectin-depleted
HUVECs anymore (Figure 3D), reflecting the striking effect of the
E-selectin-blocking antibody in the case of these cells (Figure 1F).
In contrast, the two sLeA/X-negative (BZM-sensitive) cell lines devel-
oped a reduced, but clearly detectable, number of adhesions on E-se-
lectin-depleted HUVECs per minute (Figure 3D), reflecting the less
striking effect of the E-selectin blocking antibody in the case of these
cells (Figure 1F). However, these adhesions were not further reduced
by pre-treating the ECs with BZM (Figure 3D). Thus, the “remaining”
(presumably VCAM-1-mediated) adhesions on E-selectin-depleted
HUVECs were not impaired by the BZM-mediated loss of VCAM-
1 expression (Figure 3C). In a proof-of-principle experiment with
one BZM-sensitive xenograft model (3R principle), we observed
that BZM “loses” its anti-metastatic effect on HOS xenografts in
Sele�/– mice (Figure 3E), while its moderate effect on the HOS xeno-
graft tumor growth (slightly prolonged growth period) known from
E-selectin wild-type mice (Figure 2A) was again detectable (Fig-
ure 3E). This effect on the PT was considered a covariate when the
potential difference in lung metastasis numbers was calculated
(ANCOVA).

Tumor cells with BZM-sensitive adhesion show weak

endothelial adhesion strength

All tested cell lines depended (to variable extents) on E-selectin for
endothelial adhesion (Figures 1D and S1), and E-selectin was respon-
sible for the anti-adhesive and anti-metastatic effects of BZM (Figures
3D and 3E). However, only sLeA/X-negative tumor cells showed
impaired endothelial adhesions when the ECs were treated with
BZM (Figures 1C, 1F, and S1). As shown above, these BZM-sensitive
cells developed rather loose adhesions on rhE-selectin under flow and
were unable to bind rhE-selectin in the absence of shear force. There-
fore, we hypothesized that the endothelial adhesions of the BZM-sen-
sitive cells might be less stable than those of BZM-resistant cells so
that, in their case, the incomplete BZM effect on E-selectin (�60%
reduction) was sufficient to reduce the number of firm adhesions
and thus lung metastasis. To test this hypothesis, we next assessed
the stability of the endothelial adhesions formed by BZM-sensitive
versus -resistant cells. Interestingly, most of the endothelial adhesions
of sLeA/X-negative (BZM-sensitive) tumor cells established at the
Molecular Therapy Vol. 30 No 4 April 2022 1539
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Figure 2. The anti-adhesive efficacy of BZM in vitro correlates with anti-metastatic efficacy in vivo

(A and B) Percentage change of subcutaneous primary tumor growth periods and tumor weights (A) as well as absolute numbers of spontaneous lung metastases (B) at

necropsy of indicated human tumor cell line xenografts treated with PBS (control = 100% in A) or BZM as illustrated in the scheme. The minor effect on the tumor growth

period upon BZM treatment (HOS) was considered as a covariate in the statistical analysis of lungmetastasis numbers (ANCOVA, #p < 0.01, B). (C) PulmonarySele (encoding

E-selectin), Vcam1, and Icam1 expression levels in PBS- and BZM-treated xenograft tumor-bearing mice. (D) Isolation of ICAM-2-positive, CD31-positive murine pulmonary

ECs (MPECs), E-selectin expression after IL-1a ± BZM treatment, and number of flow-resistant adhesions of the indicated cell lines on MPECs. (E) Adhesive behavior of

human tumor cells in different segments of the murine pulmonary microcirculation after cytokine stimulation ± BZM pre-treatment (ex vivo lung perfusion model). Bar charts

represent mean ± SD; scale bars in (E) represent 25 mm; *p < 0.05. See Figure S2 for potential off-target effects of BZM in vivo (primary tumors, metastatic outgrowth, and

bone marrow metastasis). FACS, fluorescence-activated cell sorting; ICC, immunocytochemistry; FC, flow cytometry.
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Figure 3. The anti-adhesive and anti-metastatic effects of BZM depend on E-selectin, and the endothelial adhesion strength depends on the tumor cells’

E-selectin ligand statuses

(A and B) Number and quality of dynamic adhesions of indicated tumor cell lines on ECs after cytokine-stimulation ± ICAM-1 (A) or VCAM-1 blockade (B). (C) E-selectin,

ICAM-1, and VCAM-1 cell-surface protein expression on ECs (treated ± IL-1a ± BZM) after stable (shRNA-mediated) depletion of E-selectin or control transduction. (D)

Number of flow-resistant adhesions of indicated tumor cell lines on control or E-selectin-depleted ECs, treated ± IL-1a ± BZM. (E) s.c. HOS xenograft primary tumor growth

(legend continued on next page)
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physiological flow rate (8 mL/h) could be broken by increasing the
laminar flow to a maximum (200 mL/h). In contrast, the adhesions
of sLeA/X-positive (BZM-resistant) tumor cells were largely non-
detachable (Figure 3F). To quantify the tumor-endothelium-binding
stability more precisely, we additionally applied single-cell force spec-
troscopy to determine the maximum adhesion force required for re-
tracting tumor cells from ECs. Interestingly, the maximum adhesion
force strongly increased upon cytokine stimulation of the ECs in
the case of sLeA/X-positive, but not sLeA/X-negative, cells
(Figure 3G).

Endothelial adhesion of BZM-resistant versus -sensitive tumor

cells is mediated by distinct classes of pro-adhesive glycans

Next, we aimed to characterize the different E-selectin ligands deter-
mining the anti-adhesive and anti-metastatic efficacy of BZM in
further detail. Briefly, pre-treatment of the tumor cells with neur-
aminidase (ND) notably reduced endothelial adhesion of all tested
cell lines (Figure 4A), suggesting a still-important role of sialic acid
for EC binding also in the case of sLeA/X-negative tumor cells.
Accordingly, both cell lines showed detectable levels of cell surface
a-2,3-sialic acid (determined by Maackia amurensis lectin II
[MAA-II] using flow cytometry), while HOS, but not MeWo, cells
additionally carried a-2,6-sialic acid residues (determined by Sambu-
cus nigra (SNA-I) lectin). ND treatment specifically reduced a-2,3-
sialic acid residues but not a-2,6 sialic residues (Figure S3B). In the
case of sLeA/X-positive cells, ND treatment also reduced sLeA
expression and static rhE-selectin binding (Figure 4A, histograms).
Inhibition of O-GalNAc-glycosylation with GalNAc-a-O-benzyl
(GOB) reduced the endothelial adhesion of HT29 and PaCa5061 cells
(accompanied by decreased sLeA expression and static rhE-selectin
binding), while the adhesion of HOS and MeWo cells remained un-
altered (Figure 4B). Vice versa, the inhibition of N-glycosylation
with swainsonine (Sw) reduced the adhesion of HOS and MeWo cells
but did not impair the adhesion of HT29 and PaCa5061 cells (Fig-
ure 4C). In the case of HT29 cells, inhibition of N-glycosylation
even improved endothelial adhesion (Figure 4C). The efficacy of
the used Sw treatment protocol (inhibition of N-glycosylation in
the Golgi) was verified by demonstrating decreased cell surface
poly-N-acetyllactosamine (poly-LacNAc) (detected by the binding
of Datura stramonium lectin [DSL]) and b-1,6-GlcNAc-branches
(detected by the binding of Phaseolus vulgaris leukoagglutinin
[PHA-L]) (Figure 4C). b-1,6-GlcNAc-branches are commonly ex-
pressed on tumor cells and represent N-linked scaffolds for poly-Lac-
NAc-chains.29 Non-specific cleavage of cell-surface glycoproteins
using pronase remarkably reduced the endothelial adhesion of HOS
and MeWo but not of HT29 and PaCa5061 cells (Figure 4D). Con-
cerning sLeA expression and static rhE-selectin binding, only
PaCa5061 cells showed a partial reduction of sLeA expression upon
pronase treatment (Figure 4D).
periods and tumor weights as well as spontaneous lung metastasis numbers at necrops

as in Figures 2A and 2B. The effect on the tumor growth period was considered as a cov

endothelial adhesions of indicated tumor cell lines on cytokine-stimulated ECs. (G) Maxim

from control versus cytokine-stimulated ECs. Bar charts represent mean ± SD of n = 3
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Taken together, sLeA/X-positive tumor cells with the BZM-resistant
adhesion pattern (HT29 and PaCa5061) mainly depended on O-Gal-
NAc-glycosylation, while sLeA/X-negative tumor cells with the
BZM-sensitive adhesion (HOS and MeWo) mainly depended on N-
glycosylation for adhesion. Given this clear dichotomy, we next pro-
filed glycosyltransferase expression levels in HOS and MeWo cells
each in comparison to HT29 cells. By this approach, we determined
a strikingly decreased expression of the core 2 O-glycan synthase
C2GNT2 (GCNT3) in both sLeA/X-negative cells (Figures 4E and
4F; see Table S1 for the entire profiler dataset). Therefore, we inves-
tigated whether sLeA/X synthesis can be impaired by shRNA-medi-
ated depletion of C2GNT2. Intriguingly, sLeA expression and static
rhE-selectin binding capacity were notably reduced upon C2GNT2
depletion in HT29 cells (Figure 4G) while sLeX was increased. The in-
serted box in Figure 4 illustrates key glycosylation steps and targets of
the chosen inhibitors/knockdowns relevant to this study.

CD44 is a major carrier of non-canonical E-selectin ligands

Next, we aimed to determine the glycoprotein carrier(s) of non-ca-
nonical E-selectin ligands in the case of the BZM-sensitive cell lines
(HOS and MeWo), both of which depended on glycoprotein-bound
N-glycans for adhesion, as determined by the pronase and Sw treat-
ments. Based on the literature, CD44, CD24, ESL-1, PSGL-1, CD43,
MUC1, and LGALS3BP are the most commonly described glycopro-
tein carriers of E-selectin ligands.5 Interestingly, HOS andMeWo dis-
played particularly strong expressions of CD44 but rather weak
(HOS) or even no (MeWo) expression of CD24 (in comparison to
HT29 and PaCa5061 cells; Figure 5A), while CD43, ESL-1,
LGALS3BP, MUC-1, and PSGL-1 were not detectable on these cell
lines (data not shown). Therefore, we stably depleted CD44 in HOS
and MeWo cells by shRNA (Figure 5B), which abrogated their adhe-
siveness on ECs under flow conditions (Figure 5B). Consistently,
PNGaseF and ND treatment of HOS and MeWo protein extracts re-
sulted in downward mobility shifts of CD44 in western blot (WB) an-
alyses (Figure 5C). Likewise, pre-treating the cells with Sw prior to
protein extraction also led to a detectable downward mobility shift
of CD44 (Figure 5C). These findings demonstrated that CD44 of
both cell lines was sialylated and N-glycosylated. To further address
the question of whether normal N-glycan maturation adds b-1,6-
GlcNAc-branches and poly-LacNAc chains (both of which were
reduced on the less adhesive HOS andMeWo cells after Sw treatment;
Figure 4C) specifically to CD44 in the case of these two cell lines,
similar amounts of protein extracts from Sw-treated and control cells
were incubated with PHA-L agarose (binding to b-1,6-GlcNAc-
branches30) or DSL-agarose (binding to poly-LacNAc31). Interest-
ingly, by this lectin pull down approach, we could precipitate notable
amounts of CD44 with both lectins from both cell lines, and we
observed significant reductions of precipitated CD44 after Sw treat-
ment (Figure 5D). Golgi b1,6-N-acetylglucosaminyltransferase V
y in PBS- (control) or BZM-treated Sele�/- SCID mice. This treatment was carried out

ariate in the statistical analysis of lung metastasis numbers (ANCOVA). (F) Stability of

um adhesion force required for retracting single tumor cells of the indicated cell lines

(A, B, and D) and n R 3 (G); *p < 0.05.



Figure 4. Pro-adhesive glycans on tumor cells with BZM-sensitive versus BZM-resistant adhesion

(A–D) Percentage changes of flow-resistant adhesions on cytokine-stimulated ECs as well as absolute changes in static E-selectin binding capacity and different tumor-cell-

surface carbohydrate residue levels before and after indicated treatments of tumor cells from the different cell lines. (E) Human glycosyltransferase gene expression profiler

array. (F) Differential protein levels of C2GNT2 in the indicated tumor cell lines. (G) Tumor-cell-surface sLeA/X expression and static E-selectin binding capacity after shRNA-

mediated knock down of C2GNT2. The inserted box represents key glycosylation steps relevant to this study. Arrows in (A)–(D) highlight changes in E-selectin binding, sLeA

expression, or b-1,6-GlcNAc (lectin PHA-L binding site) and poly-LacNAc (lectin DSL binding site) levels upon treatments. ND, neuraminidase; GOB, GalNAc-a-O-benzyl;

SW, swainsonine; PHA-L, Phaseolus vulgaris leukoagglutinin; DSL, Datura stramonium lectin. Bar charts represent mean ± SD of three replicates; *p < 0.05
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Figure 5. Pro-adhesive glycoproteins on tumor cells with BZM-sensitive adhesion

(A) Cell-surface CD24 and CD44 levels on the indicated tumor cell lines. (B) shRNA-mediated depletion of CD44 and numbers of adhesive events of control and CD44

knockdown tumor cells on ECs. (C) CD44WB of total protein extracts from the annotated tumor cell lines. PeptideN-glycosidase F (PNGaseF) and neuraminidase (ND) were

used to treat extracted proteins prior to WB; swainsonine (Sw) was used to treat tumor cells prior to protein extraction. (D) CD44 protein quantification in lectin precipitates

(LPs) from protein extracts of tumor cells treated ± swainsonine. (E) Generation of control and MGAT5 knockdown derivatives of indicated cell lines and CD44 protein

quantification in LPs pulled down from extracts of the respective derivative. (F) s.c. xenograft primary tumor growth periods and tumor weights as well as spontaneous lung

(legend continued on next page)
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(MGAT5) is the key enzyme for the biosynthesis of b-1,6-GlcNAc-
branched N-glycans. Therefore, we knocked down MGAT5 in HOS
andMeWo cells (Figure 5E) and observed that much less CD44 could
be precipitated with DSL- and PHA-L from cell extracts of MGAT5
knockdown cells (Figure 5E). These findings demonstrate that
CD44 is a substrate of MGAT5 and carries b-1,6-GlcNAc-branches,
presumably elongated by poly-LacNAc chains.

Furthermore, CD44 depletion abrogated the spontaneous pulmo-
nary metastasis formation of HOS and MeWo xenografts in vivo.
This effect was highly significant despite concurrent effects of the
CD44 knockdown at the PT level (ANCOVA test including growth
period [MeWo] and tumor weight [HOS] as covariates; Figure 5F).
Ultimately, we observed that BZM again lose sits anti-metastatic
effect on HOS and MeWo xenografts when CD44 is depleted (Fig-
ure 5G). Here, the BZM treatment slightly improved PT formation
in the case of the HOS-shCD44 model, but lung metastasis was
nevertheless unchanged (ANCOVA test including tumor weight
as a covariate; Figure 5G).

sLeA and sLeX determine the efficacy of BZM in additional cell-

line-based and patient-derived models

Next, we aimed to validate the apparent correlation between the anti-
adhesive efficacy of BZM in vitro and its anti-metastatic efficacy
in vivo by testing additional sLeA/X-positive versus sLeA/X-negative
cells from the confirmatory experiments of Figure S1. We chose
GC5023 gastric cancer and SW2 small-cell lung cancer cells as
another sLeA/X-positive and sLeA/X-negative model, respectively.
In accordance with the divergent anti-adhesive efficacy of BZM on
these cell lines, we observed no anti-metastatic activity of BZM on
GC5023 xenografts but did on SW2 xenografts (Figure 6A). The
only detectable pulmonary metastasis phenotype of SW2 xenografts
in both the PBS and BZM groups were single-cell metastases as deter-
mined by anti-neural cell adhesion molecule (NCAM) immunostain-
ings (Figure S4A). Therefore, the reduced pulmonary metastatic
burden upon BZM treatment was again not due to impaired metasta-
tic colonization/outgrowth.

In addition, we chose SKOV3 ovarian cancer cells for spontaneous
metastasis experiments in vivo as these cells also fulfilled all criteria
of the BZM-sensitive tumor subset in vitro (Figure 6B). Unexpectedly,
however, BZM had no anti-metastatic activity on SKOV3 xenografts
in vivo (Figure 6C). Intriguingly, in contrast to in-vitro-cultured cells,
in-vivo-grown SKOV3 xenograft tumors did show a considerable
expression of sLeA (Figure 6D). In the view of the aforementioned
data, this upregulation of sLeA in vivo might explain the switch
from the BZM-sensitive behavior in vitro to the BZM-resistant
behavior of the SKOV3 model in vivo. Such sLeA induction in vivo
metastasis numbers at necropsy of shControl versus shCD44 derivatives of the indicated

tumor growth period as a covariate, ANCOVA). (G) s.c. xenograft primary tumor grow

necropsy of shCD44 derivatives of the indicated cell lines treated with PBS (control) or B

weight (HOS-shCD44) was considered as a covariate in the statistical analysis of lung m

black lines in histograms represent isotype controls; black lines in scatterplots represe
was not observed in the case of HOS, MeWo, and SW2 xenografts
(Figure S4B).

Finally, we aimed to validate our cell-line-based observations with pa-
tient-derived models. We chose colorectal cancer (CRC) because
sLeA (CA19-9) is a prognostic tumor marker in this disease.32 In
accordance with the cell-line data, the sLeA-positive CRC PT model
PT1003 (see Supplemental information for further information) was
capable of binding rhE-selectin under static conditions and adhered
firmly on immobilized rhE-selectin under flow. It strongly depended
on E-selectin for endothelial adhesion but was not impaired by the
anti-adhesive BZM treatment (Figures 7A–7C). In contrast, the
sLeA/X-negative CRC PTmodel PT457 did not bind rhE-selectin un-
der static conditions and interacted only loosely with E-selectin under
flow. Nevertheless, it depended on E-selectin for endothelial adhesion
and was impaired by BZM (Figures 7A–7C). Different sLeA expres-
sion levels could be determined on primary patient material as
exemplarily shown for colon and ovarian cancer surgical specimens
(Figure S4C); therefore, patients could possibly be stratified for the
anti-metastatic BZM treatment based on anti-sLeA immunohisto-
chemistry (IHC) as a first step.

DISCUSSION
This study demonstrates that the clinically approved proteasome in-
hibitor BZM (Velcade) counteracts the induction of E-selectin
expression in pulmonary microvessels in the presence of s.c. xeno-
graft PTs in mice (by�60%). This incomplete inhibitory effect is suf-
ficient to reduce the endothelial adhesion and spontaneous metastasis
of tumor cells/xenografts lacking the canonical E-selectin ligands
sLeA and sLeX but is obviously insufficient to reduce the adhesion
and metastasis of sLeA/X-positive tumors that are characterized by
marked E-selectin binding affinity.

These glycan epitopes are widely considered to be essential for
E-selectin binding on human tumor cells.5–7 However, we observed
that antibody blockade and shRNA-mediated depletion of E-selectin
significantly impairs the endothelial adhesion of sLeA/X-negative tu-
mor cells as well. Moreover, such cells are able to roll and tether on
isolated rhE-selectin under flow conditions. These findings demon-
strate that sLeA/X-negative cells do interact with E-selectin so that
“non-canonical” ligands (other than sLeA/X) apparently exist on hu-
man tumor cells. However, compared with sLeA/X-positive tumor
cells, the E-selectin blockade and depletion effects are less striking
and the dynamic adhesions on rhE-selectin and ECs are less stable
in the case of sLeA/X-negative tumor cells. Additionally, sLeA/X-
negative tumor cells are specifically unable to bind rhE-selectin under
static conditions. Therefore, we conclude that the non-canonical li-
gands bind E-selectin with low affinity and are functional under
cell lines (F, #p < 0.05 considering tumor weight as a covariate; xp < 0.05 considering

th periods and tumor weights as well as spontaneous lung metastasis numbers at

ZM. This treatment was carried out as in Figures 2A and 2B. The effect on the tumor

etastasis numbers (ANCOVA). Bar charts represent mean ± SD of three replicates;

nt means; *p < 0.05.
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Figure 6. SLeA and/or sLeX determine the efficacy of BZM in additional cell-line-based and patient-derived, organoid-based models

(A) s.c. primary tumor growth periods and tumor weights as well as spontaneous lung metastasis numbers at necropsy of indicated human tumor cell line xenografts treated

with PBS or BZM. This treatment was carried out as in Figures 2A and 2B. The minor effect on the tumor growth period upon BZM treatment (GC5023) was considered as a

covariate in the statistical analysis of lung metastasis numbers (ANCOVA). (B) Number of adhesive events of SKOV3 cells on ECs treated ± IL1a ± BZM ± E-selectin-blocking

antibody and on immobilized rhE-selectin. Representative histograms of tumor-cell-surface sLeA/X expression and static E-selectin binding capacity of SKOV3 cells. (C) s.c.

primary tumor growth periods and tumor weights as well as spontaneous lung metastasis numbers at necropsy of SKOV3 xenografts treated with PBS or BZM. This

treatment was carried out as in Figures 2A and 2B. (D) Anti-sLeA immunostainings of in-vitro-cultivated versus in-vivo-grown SKOV3 cells versus xenograft tumors,

respectively. (E) Representative histograms of tumor-cell-surface sLeA/X expression and static E-selectin binding capacity on patient-derived, organoid-based colorectal

cancer models as indicated. (F and G) Numbers of adhesive interactions of single-cell suspensions of these models on immobilized rhE-selectin (F) and ECs treated ± IL-1a ±

BZM ± E-selectin-blocking antibody (G). Bar charts represent mean ± SD of n = 10 (A and C) or three replicates (B, F, and G); black lines in histograms represent isotype

controls or binding of human IgG1-Fc (C); *p < 0.05.
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flow conditions only. This low affinity might explain why the incom-
plete effect of BZM on E-selectin expression is sufficient to block
adhesion and thus metastasis specifically in this subset of tumor
models. The observation that the non-canonical E-selectin ligands
require flow conditions for functionality can be explained by the
catch-bond effect, which means that lectin-sugar interactions are
strengthened in the presence of (shear) force.33 This shear-force-
dependent catch-bond effect likely explains why sLeA/X-negative tu-
mor cells, which do not bind to rhE-selectin under static conditions,
do adhere under dynamic conditions.

Our proof-of-principle biochemical assays reveal that the adhesive-
ness of two BZM-sensitive tumor cell lines on ECs is reduced upon
cleavage of terminal sialic acid (sialidase) after removing cell-surface
glycoproteins (pronase) and after inhibiting N-glycosylation in the
Golgi apparatus (Sw). The latter approach is accompanied by a
reduced cell-surface presentation of b-1,6-GlcNAc branches and
poly-LacNAc chains. Moreover, we demonstrate that these carbohy-
drates decorate CD44, a glycoprotein whose depletion strikingly ab-
rogates endothelial adhesion and reduces pulmonary metastasis of
the BZM-sensitive cells. We further show that CD44 is a substrate
of MGAT5, the key enzyme of the biosynthesis of b-1,6-GlcNAc-
branches, which are commonly elongated by poly-LacNAc.29 Intrigu-
ingly, the same carbohydrate structure, i.e., sialylated poly-LacNAc,
has already been described as a flow-dependent E-selectin ligand on
human myeloid leukemia cells.34 Therefore, sLeA/X-negative tumor
cells appear to mimic properties of cells of the myeloid lineage for
E-selectin binding. CD44 has been in the focus of cancer research
for decades due to its multiple roles in tumor progression and inva-
sion;35–37 in particular, CD44 has been described as a mediator of
adhesion of prostate and breast cancer cells to bone marrow endothe-
lium38 and as amajor E-selectin ligand on breast39,40 and colon cancer
cells.41 Here, we provide direct functional evidence for its pro-meta-
static role using the most rigorous in vivometastasis models available
to date, i.e., spontaneous metastasis xenograft models.

In contrast, sLeA and/or sLeX are consistently present on tumor cells
that exhibit the BZM-resistant phenotype. Such cells bind rhE-selec-
tin under static conditions and adhere firmly on rhE-selectin under
flow. The endothelial adhesions of these cells are much more stable
than that of sLeA/X-negative tumor cells, suggesting a high-affinity
E-selectin binding in the presence of sLeA/X. E-selectin binding,
endothelial adhesion, and sLeA presentation on these cells mainly
depend on O-GalNAc glycosylation. Correspondingly, these cells
show a comparatively high expression of a core 2 O-glycan synthase
(C2GNT2) and, after depletion of C2GNT2, sLeA expression and
rhE-selectin binding are significantly reduced in our proof-of-princi-
ple experiment with one BZM-resistant cell line. Taken together, a
Figure 7. Summary and graphical abstract

(A) Characteristics of human tumor cells with BZM-resistant versus BZM-sensitive endo

rhE-selectin binding capacity, adhesion strength on rhE-selectin under flow, static adhes

adhesiveness on E-selectin-depleted ECs. Functional (pro-adhesive) role of a-2,3-siali

glycoproteins (cleaved by pronase [Pron]), and of CD44 (depleted by shRNA). n.d., not
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considerable proportion of sLeA is apparently carried by core 2 O-
glycans on these cells. The core 2 structure has been described as a
common scaffold for sialylated Lewis structures,42 and these have
been shown to have enhanced E-selectin binding affinity when linked
to core 2.43 Therefore, the putative linkage of sLeA to core 2 could
explain the high-affinity E-selectin binding of the sLeA-positive cells
in the present study. Thus, C2GNT2 might be an attractive therapeu-
tic target for tumors with BZM-resistant adhesion. However, this
interpretation of the findings is complicated by the fact that the tested
tumor cell lines with BZM-resistant adhesion do not respond to the
pronase treatment. If sLeA was the key mediator of adhesion and car-
ried by glycoprotein-bound O-glycans, pronase should have reduced
sLeA, E-selectin binding, and endothelial adhesion of these tumor
cells. Therefore, glycolipids should be considered as potential carriers
of sLeA/high-affinity E-selectin ligands on tumor cells with BZM-
resistant adhesion in future experiments. Moreover, it might well
be that alterations in O-glycan maturation (upon treatment with
GOB or depletion of C2GNT2) affect glycolipid synthesis and thereby
sLeA expression, E-selectin binding, or endothelial adhesion.8

The role of sLeA as the determinant of the efficacy of BZM is further
supported by our experiments using SKOV3 ovarian cancer cells.
In vitro, SKOV3 cells lack sLeA/X and therefore show BZM-sensitive
adhesion. In vivo, however, SKOV3 xenografts do express sLeA and
therefore show BZM-resistant lung metastasis formation. The molec-
ular basis for the sLeA induction in vivo remains to be explained but
could simply be due to an influence of the 2D (in vitro) versus the 3D
(in vivo) growth conditions on the glycosylation machinery of the tu-
mor cells.44,45 Similar observations have been made with gastric can-
cer spheroids by Balmana et al., who even demonstrated that the
glycosylation patterns under 3D conditions more closely reflected
the real patient situation.46 Furthermore, we validated our cell-line-
based observations by using PTmodels of human CRCs and observed
the same relationship between sLeA/X expression, adhesiveness on
rhE-selectin under flow, and BZM sensitivity, indicating that our
findings have translational relevance.

One major issue of this study was to demonstrate the direct link be-
tween the anti-adhesive and anti-metastatic efficacy of BZM in vitro
and in vivo, respectively. Of course, it is technically challenging to
obtain such evidence since it would require real-time monitoring of
spontaneous lung metastasis formation in vivo. To this end, we
demonstrate the anti-adhesive efficacy of BZM on isolated murine
lung ECs in vitro and within the pulmonary microcirculation in
situ. Moreover, we exclude “off-target” effects of BZM at the PT
site (no reduced tumor proliferation, angiogenesis, or increased
apoptosis) and on metastatic outgrowth (no reduced number of cells
per metastasis in the remaining lung metastases). Importantly, BZM
thelial adhesion (from left to right): tumor-cell-surface sLeA/X expression and static

ion strength on ECs, susceptibility of adhesions to E-selectin- or VCAM-1-blockade,

c acid (cleaved by ND), O-glycans (reduced by GOB), N-glycans (reduced by SW),

determined. (B) Graphical abstract.
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has no effect on the metastatic burden in the bone marrow, which is
known to constitutively express E-selectin independent of proteaso-
mal activation.17 Finally, the opposing findings with the SKOV3
model (in vitro versus in vivo) strongly support the presumed link
as does the loss of anti-metastatic efficacy of BZM on CD44-depleted
xenografts. In our view, these data provide convincing evidence that
the anti-metastatic effect of BZM is due to its anti-adhesive activity.
One remaining question is whether BZM affected cytokine levels in
the circulation. If so, such an off-target effect would most likely
have also led to reduced endothelial CAM expression.

Another issue was demonstrating that the anti-adhesive effect of BZM
is due to the loss of E-selectin, particularly since the BZM-sensitive
tumor cells not only depend on E-selectin but also on VCAM-1 for
adhesion. Consistent with our hypothesis that the efficacy of BZM
is determined by the E-selectin ligands on the tumor cells, we show
that the remaining adhesions of BZM-sensitive cells on E-selectin-
depleted ECs are not further reduced by BZM (although the EC treat-
ment with BZM leads to reduced VCAM-1 expression). Ultimately,
BZM loses its anti-metastatic efficacy when the xenograft experiment
is conducted in E-selectin-knockout mice.

Detection of sLeA is feasible on cancer specimens (Figure S4C) so that
patients could be stratified for the BZM treatment. While a negativity
for sLeA can provide a first indication of the potential effectiveness of
BZM at best, the inclusion of a positive marker indicating the pres-
ence of a particular low-affinity E-selectin ligand would certainly be
more informative regarding patient stratification. Based on our
data, this could be N-linked poly-LacNAc on CD44, the detection
of which cannot yet be routinely collected. Such anti-metastatic
BZM treatment could become relevant during periods associated
with increased risk of CTC release such as surgery or biopsy24–26 or
for patients with a pathologic complete response of the PT but with
detectable CTC counts in the neoadjuvant setting.47 CTC counts
also indicate worse prognosis in M1 patients,48,49 so oligo-metastatic
patients with detectable CTCs might benefit from the BZM-induced
blockade of extravasation as well. BZM has been in clinical practice
for more than 15 years and is considered to be well tolerated with
manageable toxicity.50

Our findings (summarized in Figure 7) support the well-known,
crucial role of the E-selectin-ligand interaction for distant metastasis
formation and suggest BZM as a therapeutic option for solid cancers
to reduce PT-induced E-selectin expression in the lung and thus lung
metastasis. BZM has anti-adhesive, anti-metastatic potential on tu-
mors lacking sLeA/X, which bind E-selectin through non-canonical,
low-affinity, flow-dependent ligands. CD44 is one major determinant
of adhesion and pulmonary metastasis of such tumor cells and binds
E-selectin most likely through b-1,6-GlcNAc-branched N-glycans
elongated with poly-LacNAc. Instead, inhibition of the core 2 O-
glycan synthase C2GNT2 is useful to block sLeA synthesis in human
tumors with BZM-resistant adhesion. SLeA/X mediate high-affinity,
flow-independent E-selectin binding.
MATERIALS AND METHODS
For detailed information, please see the Supplemental information.
Spontaneous metastasis xenograft experiments

1 � 106 tumor cells (HT29, PaCa5061, HOS, HOS-shControl, HOS-
shCD44, MeWo, MeWo-shControl, MeWo-shCD44, GC5023, SW2,
or SKOV3) were s.c. injected below the right scapula of 12-week-old
SCID (CB17/Icr-Prkdcscid/IcrIcoCrl) or SCID Sele–/– mice (STOCK-
Prkdcscid Seletm2Hyn/Uke) in a volume of 200 mL as described.12 For
the treatment studies, mice received intraperitoneal injections of
PBS (solvent control) or BZM (1.25 mg/kg body weight) starting on
day 1 (d1) after tumor engraftment twice a week for the whole tumor
growth period as illustrated in Figure 2. The general physical status of
the animals was regularly monitored, and mice were sacrificed when
the tumor reached maximal growth (up to 10% of the initial mouse
body weight) or started to ulcerate. PTs and lungs were excised at nec-
ropsy for subsequent histology or DNA extraction. The femora and
tibiae of mice from the HT29, PaCa5061, HOS, and MeWo xenograft
models were flushed with 500 mL 0.9% NaCl solution to harvest the
bone marrow for DNA extraction. The spontaneous metastatic cell
loads in the lungs and bone marrow were quantified by Alu-PCR as
described.51 These in vivo experiments were approved by the local an-
imal experiment approval committee (project nos. G19/21, G11/65,
G15/19, G09/88).
Ex vivo lung perfusion model

For direct observations of the BZM-mediated effect on the dynamic
adhesion of HOS cells to pulmonary microvessel endothelium, we
used a murine ex vivo lung perfusion model as described28 and as
illustrated in Figure 2E. For a brief description, please see the Supple-
mental information. The ex vivo lung perfusion animal experiments
were approved and assigned to the project no. G10/100.
Selectin/CAM expression on ECs, flow adhesion, and static

E-selectin binding assays

Confluent monolayers of ECs were cultured in the presence or
absence of 10 ng/mL rhTNFa or rhIL-1a (Peprotech) with or without
pre-incubation with 10 mMBZM (Velcade, Janssen-Cilag) for 30 min
(solvent control: PBS). After 4 h of cytokine stimulation, ECs were de-
tached, and CAM expression was assessed by flow cytometry as
described.51 From additional EC samples, RNA was isolated, and
cDNA was subjected to RT2 qPCR profiler arrays for human ECM/
CAM genes (Qiagen).

The adhesiveness of tumor cells on ECs (± rhTNFa or rhIL-1a, ±
BZM) or rhE-selectin (rhE-selectin/immunoglobulin G [IgG]-Fc
chimera, R&D Systems) was analyzed under physiological flow con-
ditions in ibidiTreat m-slide IV0.4

flow chambers as described.52 For
adhesive events, we distinguished firm adhesion from rolling and
tethering interactions (see illustration in Figure 1 and Richter
et al.52). Endothelial proteins of interest were blocked using vali-
dated blocking monoclonal antibodies (mAbs) against E-selectin
Molecular Therapy Vol. 30 No 4 April 2022 1549
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(HAE-1f, BioLegend), ICAM-1 (BBIG-I1), and VCAM-1 (BBIG-
V1) (both from R&D Systems) at concentrations indicated by the
manufacturer, which were given to cytokine-stimulated ECs
30 min prior to the flow adhesion assay. The stability of endothelial
adhesions was challenged by raising the laminar flow rate to a
maximum of 200 mL/h. The static rhE-selectin binding capacity
of native and pre-treated tumor cells was assessed by flow cytometry
as previously described.14

Determination of pro-adhesive carbohydrate structures at the

tumor cell surface and their alteration by enzymatic, chemical,

and pharmacologic treatments

The canonical E-selectin ligands were analyzed at the tumor cell sur-
face by flow cytometry using mAbs against sLeX (CSLEX1) or sLeA
(121SLE) as described.51 b-1,6-GlcNAc branches and poly-LacNAc
were determined using biotinylated PHA-L and DSL, respectively
(Vector Labs). As “isotype” controls, lectins were applied after sugar
inhibition with bovine thyroglobulin (Sigma) and chitin hydrolysate
(Vector Labs), respectively. Lectins were labeled with streptavidin-
APC (Sigma) for flow cytometry.

To test their functional importance for endothelial adhesion and E-
selectin binding, sialic-acid-containing sugar residues were enzymat-
ically cleaved using 10 mU/mL ND (from Clostridium perfringens,
Roche) added to the tumor cell culture at 37�C for 1h under
serum-free conditions. Likewise, glycoproteins were cleaved by
1 mg/mL pronase (from Streptomyces griseus) added to the tumor
cell culture at 37�C for 45 min under serum-free conditions. O-Gal-
NAc-glycosylation was chemically inhibited by adding 2 mM GOB
(Sigma) for 72 h to the culture medium (solvent control: cell culture
medium). N-glycosylation was inhibited using 2 mM synthetic Sw
(Sigma) for 72 h (solvent control: methanol). Detrimental effects of
all treatments on tumor cell viability were excluded by propidium io-
dide uptake analyses (flow cytometry [FC]).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.01.017.
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