
Accepted Article Preview: Published ahead of advance online publication

E-selectin ligands recognised by HECA452 induce drug

resistance in myeloma, which is overcome by the E-selectin

antagonist, GMI-1271 OPEN

A Natoni, T A G Smith, N Keane, C McEllistrim, C
Connolly, A Jha, M Andrulis, E Ellert, M S Raab, S V
Glavey, L Kirkham-McCarthy, S K Kumar, S C Locatelli-
Hoops, I Oliva, W E Fogler, J L Magnani, M E O’Dwyer

Cite this article as: A Natoni, T A G Smith, N Keane, C McEllistrim, C Connolly,

A Jha, M Andrulis, E Ellert, M S Raab, S V Glavey, L Kirkham-McCarthy, S K

Kumar, S C Locatelli-Hoops, I Oliva, W E Fogler, J L Magnani, M E O’Dwyer,

E-selectin ligands recognised by HECA452 induce drug resistance in myeloma,

which is overcome by the E-selectin antagonist, GMI-1271, Leukemia accepted

article preview 25 April 2017; doi: 10.1038/leu.2017.123.

This is a PDF file of an unedited peer-reviewed manuscript that has been accepted

for publication. NPG are providing this early version of the manuscript as a service

to our customers. The manuscript will undergo copyediting, typesetting and a proof

review before it is published in its final form. Please note that during the production

process errors may be discovered which could affect the content, and all legal

disclaimers apply.

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the credit line; if the material is not
included under the Creative Commons license, users will need to obtain permission from the
license holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/

Received 16 December 2016; revised 31 March 2017; accepted 4 April 2017;
Accepted article preview online 25 April 2017

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

1 
 

E-SELECTIN LIGANDS RECOGNISED BY HECA452 INDUCE DRUG RESISTANCE IN MYELOMA, 

WHICH IS OVERCOME BY THE E-SELECTIN ANTAGONIST, GMI-1271 

 

Role of E-Selectin ligands in Multiple Myeloma 

 

Alessandro Natoni1, Theodore A.G. Smith4, Niamh Keane1,2, Cian McEllistrim2, Caoilfhionn 

Connolly1,2, Alokkumar Jha3, Mindaugas Andrulis5,6, Elena Ellert6, Marc S. Raab7,8, Siobhan V. 

Glavey1,2, Lucy Kirkham-McCarthy1, Shaji K. Kumar9, Silvia C. Locatelli-Hoops4, Isabela Oliva4, 

William E. Fogler4, John L. Magnani4, and Michael E. O'Dwyer1,2  

 

1Apoptosis Research Centre, Biomedical Sciences, National University of Ireland Galway, 

Ireland 

2Dept. of Hematology, Biomedical Sciences, National University of Ireland Galway, Ireland 

3Insight Centre for data analytics, National University of Ireland Galway, Ireland 

4GlycoMimetics, Inc., Rockville, MD 

5Institute of Pathology, University of Ulm, Germany 

6Institute of Pathology, Heidelberg University Hospital, Germany 

7Experimental Therapeutics for Hematologic Malignancies German Cancer Research Center 

(DKFZ), Germany 

8Dept. of Medicine V, Heidelberg University Medical Center, Germany 

9
 Division of Hematology, Mayo Clinic, Rochester, MN, USA 

 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

2 
 

Corresponding Author: Michael E. O’Dwyer, Biomedical Sciences, Newcastle Road, Dangan, 

NUI Galway, Galway, Ireland. Phone +353 (0) 91 494443 and Fax +353 (0) 91 720116. E-mail: 

michael.odwyer@nuigalway.ie. 

 

Conflict of interest disclosure: M.O. and M.S.R. have received research support from 

GlycoMimetics Inc. T.A.G.A, S.C.L-H., I.O., W.E.F. and J.L.M are employees of GlycoMimetics 

Inc. 

 

This study was supported by research funding from the Health Research Board (HRB, 

CSA2012/10) to MO. The data used for Figure 6 were generated as part of the Multiple 

Myeloma Research Foundation Personalized Medicine Initiatives 

(https://research.themmrf.org and www.themmrf.org). GMI-1271 was provided by 

GlycoMimetics Inc. 

 

 

 

 

 

 

  

 

 

 

 

©    2017 Macmillan Publishers Limited. All rights reserved.

mailto:michael.odwyer@nuigalway.ie
http://www.themmrf.org)/


Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

3 
 

Abstract 

 

Multiple Myeloma (MM) is characterized by the clonal expansion and metastatic spread of 

malignant plasma cells to multiple sites in the bone marrow (BM). Recently, we implicated 

the sialyltransferase ST3Gal-6, an enzyme critical to the generation of E-selectin ligands, in 

MM BM homing and resistance to therapy. Since E-selectin is constitutively expressed in the 

BM microvasculature, we wished to establish the contribution of E-selectin ligands to MM 

biology. We report that functional E-selectin ligands are restricted to a minor subpopulation 

of MM cell lines which, upon expansion, demonstrate specific and robust interaction with 

recombinant E-selectin in vitro. Moreover, an increase in the mRNA levels of genes involved 

in the generation of E-selectin ligands was associated with inferior progression free survival 

in the CoMMpass study. In vivo, E-selectin ligand enriched cells induced a more aggressive 

disease and were completely insensitive to Bortezomib. Importantly, this resistance could 

be reverted by co-administration of GMI-1271, a specific glycomimetic antagonist of E-

selectin. Finally, we report that E-selectin ligand bearing cells are present in primary MM 

samples from BM and peripheral blood with a higher proportion seen in relapsed patients. 

This study provides a rationale for targeting E-selectin receptor/ligand interactions to 

overcome MM metastasis and chemoresistance. 
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Introduction 

 

Aberrant glycosylation is a hallmark of cancer cells, playing an important role in tumor 

progression (1, 2). Hypersialylation of glycoproteins and glycolipids has been linked to 

increased immune evasion, drug resistance, tumor invasiveness, and vascular dissemination 

leading to metastases (3). Hypersialylation is largely the result of overexpression of 

sialyltransferases, which catalyze the attachment of sialic acids via different glycosidic 

linkages (2-3; 2-6 or 2-8) to the underlying glycan chain (4).  Overexpression of 

sialyltransferases contributes to an enhanced metastatic phenotype via the generation of 

selectin ligands (5, 6).  Indeed, selectin ligand function requires the expression of Sialyl Lewis 

A or X (SLea/x), which is synthesized by the combined action of -fucosyltransferases, 2-3-

sialyltransferases, -galactosyltransferases, and N-acetyl--glucosaminyltransferases (7-9). 

Three types of selectins have been described so far, the L-, E-, and P-selectins. Selectins are 

type I membrane proteins composed of a N-terminus C-type lectin domain followed by an 

epidermal growth factor (EGF)-like motif, a series of consensus repeats, a transmembrane 

domain, and a short cytoplasmic tail (10, 11). By interacting with SLea/x containing 

glycoproteins and glycolipids, selectins are responsible for the slow tethering and rolling of 

leukocytes on the vascular endothelium that is the first step of leucocyte extravasation 

during inflammation or lymphocyte homing (4).  

 

In Multiple Myeloma (MM), P-selectin glycoprotein ligand-1 (PSGL-1), an L, P and E selectin 

ligand (12-19), has previously been shown to regulate homing to the Bone Marrow (BM), 

proliferation and resistance of malignant plasma cells to therapy mainly through its 

interaction with P-selectin (20, 21). However, in a recent study, a role of E-selectin together 
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with P-selectin has been suggested during rolling of MM onto the BM microvasculature in 

vivo (22). We recently reported that overexpression of ST3 β-Galactoside α2-3-

Sialyltransferase 6 (ST3Gal-6) is linked with BM homing, disease progression and poor 

outcome in MM (23). Because ST3Gal-6, together with ST3Gal-4, is critical to the generation 

of functional E-selectin ligands (24, 25), we postulated that ST3Gal-6 may have an important 

role in the synthesis of E-selectin ligands on MM cells, which could explain its negative 

influence on prognosis, given that E-selectin is constitutively expressed by the BM 

microvasculature (26, 27). Indeed, a proportion of MM cells from the MM1S and RPMI8226 

lines demonstrated positive staining for Heca452, a monoclonal antibody that recognizes 

SLex related structures that bind to E-selectin (28-31). Although knocking down ST3Gal-6 

completely abolished the Heca452 reactivity, it had only a modest effect on P-selectin 

rolling in vitro (23).  This led us to extend our work to obtain a more complete 

understanding of the role of E-selectin and its ligands in MM biology. Our results reveal the 

existence of an important subpopulation of MM cells expressing functional E-selectin 

ligands, which appear to be enriched at relapse, implicate E-selectin binding in bortezomib 

resistance in vivo and demonstrate the potential of a small molecule E-selectin inhibitor 

GMI-1271 to overcome this resistance.  

 

Material and Methods 

 

Development of RPMI8226 and MM1S Heca452 enriched cells 

Using flow sorting and immunomagnetic beads we were able to enrich MM1S and 

RPMI8226, respectively, for expression of Heca452 (see Supplementary Methods).  The 

Heca452 enriched cells from both RPMI8226 and MM1S were stable during routine 
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subculturing and periodically checked for their Heca452 status. Cultured cells older than one 

month were discarded and a fresh aliquot was defrosted and used for further experiments. 

 

Primary Myeloma samples 

Patient MM samples were obtained with informed consent and ethical approval of the local 

Ethics Committee in accordance with the Declaration of Helsinki.  PB mononuclear cells 

were separated using density sedimentation and immediately stained for flow cytometry 

analysis. Patient characteristics are reported in Supplementary Table 1. A retrospective 

single-center cohort of 132 patients with a monoclonal gammopathy was investigated by 

immunohistochemistry (IHC). In total, the series consisted of formalin-fixed paraffin-

embedded (FFPE) bone marrow (n = 83) or soft-tissue biopsies (n = 49). Bone marrow 

biopsies were available from 33 patients with newly diagnosed multiple myeloma (NDMM) 

and 50 relapsed/refractory MM (RRMM) patients who relapsed from previous lines of 

therapy containing at least one immunomodulatory drug (IMiD) and one proteasome 

inhibitor. The median age and disease stage at diagnosis was comparable in NDMM and 

RRMM patients.  

 

Immunohistochemistry 

The Heca452 antibody (BD Bioscience) was used to screen for Heca452 expression in plasma 

cells by IHC.  Detailed methodology is provided in Supplementary Methods.   

 

Animal Study 

Tumorigenicity.  MM1s parental (MM1spar) or the high Heca452 expressing population 

(MM1sHeca452) were injected intravenously (IV) into SCID/Beige (C.B-17/IcrHsd-PrkdcSCID)  
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female mice (Harlan Laboratories, Indianapolis, US) at 5x106, 5x105 and 5x104 tumor 

cells/mouse (n=8 mice/group).  The mice were followed for weight loss and clinical signs of 

tumor progression.  Lifespan was used as the primary endpoint to quantify tumorigenicity. 

 

Treatment.  5 x 106 MM1spar or MM1sHeca452 cells were injected IV into SCID mice.  Five days 

post-injection, mice were assigned to one of four treatment groups (n=8/group): (1) PBS 

q.d. for 21 days, (2) 40 mg/kg/day (q.d.) GMI-1271 for 21 days, (3) 0.75 mg/kg/day 

bortezomib once a week (q.w.) for 3 weeks, or (4) the combination of 40 mg/kg (q.d.) GMI-

1271 for 21 days plus 0.75 mg/kg/day bortezomib q.w. for 3 weeks.  All treatments were 

given by intraperitoneal (IP) administration.  Lifespan was used as the primary endpoint to 

quantify activity and log rank tests determined the significance of differences between 

survival curves, at p<0.05. 

 

Mobilization.  5 x 106 MM1sHeca452 cells were injected IV into SCID mice.  Thirty days post-

injection, mice were injected IP with saline, 40 mg/kg GMI-1271 or 5 mg/kg AMD-3100 

(CXCR4 inhibitor).  Blood was collected 1, 2, 4, and 8 h post injection and the percentage of 

human CD138 cells determined by flow cytometry.  

 

CoMMpass Data set  

RNA Cufflinks gene-level FPKM values of 549 patients in the IA8 cohort of the Multiple 

Myeloma Research Foundation (MMRF) CoMMpass trial (NCT145429) were employed to 

generate Kaplan Meier plots and compared statistically using log-rank test integrated with 

the MMRF tool (https://research.themmrf.org and www.themmrf.org).  

 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

8 
 

Results 

 

E-selectin binding is restricted to a minor subpopulation of MM population identified by 

the Heca452 antibody 

We screened nine MM cell lines for the presence of E-selectin ligands using the Heca452 

monoclonal antibody, known to bind the E-selectin carbohydrate ligand SLea/x (28). The 

Acute Myeloid Leukemia (AML) cell lines U937 and KG1A cells were used as positive controls 

while the T-lymphoblast cell line Jurkat cells served as a negative control. The Heca452 

antibody strongly reacted with U937 and KG1A and did not bind Jurkat cells (Figure 1A). In 

MM cell lines, a minority of RPMI8226 and MM1S cells showed positivity for Heca452 

(11.2% and 2.4 % respectively), while all the other MM cell lines were negative (Figure 1A); 

moreover, the staining pattern was quite heterogeneous with cells spanning between 10^2 

and 10^4 log in fluorescence intensity. Importantly, Neuraminidase treatment, which 

removes sialic acid residues, abolished Heca452 reactivity in MM cells as well as in U937 

indicating that Heca452 recognizes sialic acid containing epitopes (Figure 1B).  

We next evaluated the E-selectin binding activity of the cell lines under shear stress, which 

mimics physiologic blood flow. U937 and KG1A rolled efficiently on recombinant E-selectin 

while rolling of Jurkat cells was virtually absent (Figure 1C). These results correlated well 

with the Heca452 profile of these cells (Figure 1A). In the MM cell lines, rolling of H929 and 

KMS11 cells on recombinant E-selectin was almost undetectable (Figure 1C). Rolling of 

RPMI8226 and MM1S cells was extremely poor suggesting that only a minor subpopulation 

could interact with the recombinant E-selectin. In the remaining MM cell lines, rolling cells 

were undetectable. Importantly, the expression levels of putative E-selectin ligands such as 
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CD44, PSGL-1 and CD147 did not correlate with the rolling ability of MM cell lines 

(Supplementary Figure 1). To test whether rolling was confined to the Heca452 positive 

subpopulation, we sorted the RPMI8226 cell line into Heca452 negative and positive 

fractions (Heca452- and Heca452+ respectively) and repeated the rolling assay on sorted 

cells. Strikingly, rolling cells were only detectable in the Heca452+ fraction, strongly 

suggesting that the rolling cells consisted of the Heca452 positive cells (Figure 1D). 

Furthermore, when RPMI8226 cells were grown under hypoxic conditions, the percentage 

of the Heca452 positive cells increased (Supplementary Figure 2) suggesting an important 

contribution of the hypoxic microenvironment in the generation of E-Selectin ligands. Taken 

together, these results indicate that in the MM cell lines tested, E-selectin ligands are 

restricted to a minority of the total population detected by the Heca452 antibody, which 

may be more pronounced under hypoxic conditions and suggest the specific interaction of 

the positive subpopulation with E-selectin. 

 

Stably Heca452 enriched cells display robust and specific rolling and adhesion on E-

selectin 

To get better insights into the biology of E-selectin ligands in MM, we established Heca452 

enriched cell lines from the parental RPMI8226 and MM1S cells by labelling the cells with 

the Heca452 antibody and sorting the cells using either magnetic beads or Fluorescence 

Activated Cell Sorter (FACS) respectively. Flow cytometry analysis of the cell lines obtained 

from these procedures, termed RPMI8226 and MM1S Heca452 enriched, demonstrated 

high enrichment of cells expressing the carbohydrate determinant recognized by the 

Heca452 antibody (≥ 80% in both cell lines) which was stably maintained during subculturing 

(Figure 2A-B). We then performed in vitro rolling assays on recombinant E-selectin to 
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functionally assess the phenotype of the Heca452 enriched cells.  In accordance with their 

Heca452 status, a significantly higher proportion of RPMI8226 and MM1S Heca452 enriched 

cells showed efficient rolling on recombinant E-selectin compared to their parental 

counterparts (P=0.028 and 0.0047 respectively, Figure 2C-D). The rolling of the enriched 

cells on recombinant E-selectin was specific as it could be inhibited by an E-selectin blocking 

antibody (P<0.001, Figure 2E-F). Pre-treatment of the Heca452 enriched cells with ethylene 

diamine tetraacetic acid (EDTA) or Neuraminidase completely abolished rolling, 

demonstrating that the interaction with the recombinant E-selectin was calcium and sialic 

acid dependent (P<0.001, Figure 2E-F). Importantly, the small glycomimetic molecule GMI-

1271, which inhibits the interaction between E-selectin and E-selectin ligands, blocked 

rolling on E-selectin in both RPMI8226 and MM1S enriched cells (P<0.001, Figure 2E-F). 

Similar results were also obtained under static conditions (Supplementary Figure 3A-B).   

To analyze the growth properties of the parental and the Heca452 variants, we performed 

proliferation experiments using cell counting and the Cell Titer Glow assay, which measures 

proliferation as well as metabolic activity. In both assays, the parental and Heca452 

enriched cells had comparable growth rates which were independent of E-Selectin 

stimulation (Supplementary Figure 4 A-F). To test the clonogenic potential and stem-like 

properties of the Heca452 enriched cells, we performed clonogenic and side population 

detection assays on both parental and Heca452 enriched cells (32). While MM1S did not 

form colonies, RPMI8226 cells demonstrated clonogenic potential independent of their 

Heca452 status (Supplementary Figure 5A). The clonogenic potential of RPMI8226 Heca452 

enriched cells was not influenced by the presence of E-Selectin (Supplementary Figure 5B). 

Moreover, Parental and Heca452 enriched RPMI8226 cells displayed comparable side 

populations (Supplementary Figure 5C-F) whereas neither parental nor Heca452 enriched 
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MM1S cells exhibited a side population (Supplementary Figure 5G-H).  In addition, we 

looked at the mRNA expression levels of putative stem cells genes such as POU5F1, SOX2 

and NANOG in the parental and Heca452 enriched MM1S cells and found no difference in 

their expression (Supplementary Figure 6A). Stimulation with recombinant E-Selectin had no 

effect suggesting that E-selectin does not trigger a stem cell phenotype in vitro 

(Supplementary Figure 6B). Taken together, our results indicate that MM Heca452 enriched 

cells express functional E-selectin ligands and exhibit enhanced rolling and adhesion 

capabilities on E-selectin, which are amenable to therapeutic intervention. Moreover, these 

Heca452 enriched cells do not exhibit an enhanced clonogenic potential or stem-like 

properties in vitro.  

 

Heca452 enriched cells generate a more aggressive disease and are resistant to 

bortezomib in vivo, but this can be reverted with a specific E-selectin inhibitor GMI-1271 

To assess the significance of these results in vivo, parental or Heca452 enriched MM1S cells 

were injected intravenously (i.v.) into SCID beige mice. Notably, mice transplanted with 

Heca452 enriched cells had a significant shorter survival compared to those transplanted 

with parental MM1S (Figure 3A). This effect is unlikely to be due to a different proliferation 

rate between the Parental and Heca452 enriched MM1S cells in vivo as they have 

comparable proliferation and clonogenic capacity in vitro (Supplementary Figure 4 and 5). In 

a second cohort of mice, beginning five days post injection the survival impact of treatment 

with saline, GMI-1271, Bortezomib and a combination of both was also determined. As 

expected, Bortezomib treatment significantly prolonged survival of mice transplanted with 

parental MM1S (Figure 3B). Although GMI-1271 alone did not have any effect on survival, 

when combined with Bortezomib led to a significant improvement in survival of the parental 
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MM1S engrafted mice over Bortezomib alone (P=0.0363, Figure 3B). In contrast to the 

parental MM1S line, the effect of Bortezomib in mice transplanted with MM1S Heca452 

enriched cells was extremely poor with a median survival time (MST) of 24 days compared 

to 42 days in the MM1S parental group (Figure 3C). This chemoresistance was not due to a 

differential sensitivity of the MM1S parental and the Heca452 enriched cells to Bortezomib 

as they responded similarly to the drug when tested in vitro (Supplementary Figure 7). 

Importantly, although GMI-1271 alone did not impact survival of mice transplanted with the 

Heca452 enriched cells, when administered in combination with Bortezomib, GMI-1271 

broke the chemoresistance and significantly restored and enhanced the anti-MM activity of 

Bortezomib (P=0.0123, Figure 3C).  

 

GMI-1271 mobilizes Heca452 positive human MM cells from the murine BM into the PB  

To determine whether E-selectin inhibition could mobilize MM cells from the BM niche, 

MM1S Heca452-engrafted mice were injected with GMI-1271 and the PB was analyzed for 

the presence of human CD138+ cells.  Within 60 min following a single injection of GMI-1271 

the number of human CD138+ cells in the PB increased, and persisted increasing for at least 

24 hours (2.37% v. 0.03%, p <0.001, Figure 4). This effect was consistent with GMI-1271 

disrupting the tumor microenvironment and mobilizing MM1S Heca452 enriched cells from 

the BM niche, with extended mobilization kinetics compared to CXCR4 inhibition. 

 

Heca452 positive cells are present in primary MM cells with a higher proportion in 

relapsed patients 

Next, we evaluated the presence of MM Heca452 positive cells in primary BM samples from 

MM patients. Using IHC we observed Heca452 expression on a minor subpopulation (<1% of 
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all tumor cells) of malignant plasma cells in the BM of patients with MM (Figure 5A-B). 

Heca452 positive plasma cells were found more frequently in BM biopsies from 

relapsed/refractory MM (RRMM) patients compared to newly diagnosed MM (NDMM) 

patients (14 / 50 vs 1 / 33, p=0.009; Figure 5C). Interestingly, the Heca452 positive cells 

were more frequently observed in BM biopsies of RRMM patients compared to biopsies at 

extramedullary sites of EMM (14 / 50 vs 4 / 49, p=0.02; Figure 5D). The reduced ability of 

EMM to interact with E-selectin may reflect their increased independence from the BM 

microenvironment, as homing to the BM is no longer required. Next, we analyzed PB 

samples from MM patients for the presence of Heca452 positive malignant plasma cells by 

flow cytometry. To this end, the CD138/CD38 plasma cells were identified using a previously 

established gating strategy (33). Using this approach, Heca452 positive cells were 

consistently found in the BM and PB of patients with MM. The percentage of Heca452 

positive cells in the PB was variable ranging from 2.3% to 79.10% Heca452 positive cells with 

a median of 15.80% (Figure 5E). Importantly, the percentage of Heca452 positive cells was 

higher in the PB of patients with RRMM, all of whom had relapsed following prior 

bortezomib treatment (P=0.0289; Figure 5F). In a separate cohort, we observed that the 

Heca452 positive CD138 CD38 plasma cells were significantly enriched in the CD45 positive 

fraction which may indicate a more immature phenotype (Supplementary Figure 8) (34). 

Taken together, these data indicate that a proportion of primary MM cells express E-selectin 

ligands and have the potential to bind E-selectin and these cells are more abundant in 

RRMM patients. 

 

Gene expression of genes involved in E-selectin ligand synthesis is associated with poor 

outcome in patients with MM 
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Examining RNA sequencing (seq) data from the CoMMpass study we observed that 213 

from a total of 549 patients (representing 38.8% of the cohort) exhibited RNA expression of 

either ST3Gal-6 or ST3Gal-4 and FUT7 greater than the median.  These patients had 

significant inferior Progression Free Survival (PFS) compared to patients with normal RNA 

expression of these glycosyltransferases (HR = 1.37, p = 0.02; Figure 6).  Further analysis 

indicated this to be the case irrespective of the presence of Bortezomib in the treatment 

regimen (Supplementary Figure 9).  This indicates poorer outcome in patients with the 

glycomachinery necessary to make E-selectin ligands.  These findings were validated in the 

Shaughnessy dataset (GSE2658, Supplementary Figure 10) (35). 

 

Discussion 

Our work highlights for the first time a specific role for E-selectin and its ligands in MM. 

Using the Heca452 antibody, we identified a small subpopulation of MM cells capable of 

interacting with E-selectin.  Whereas little or no rolling of unsorted MM cells was seen, 

Heca452 enriched MM cells rolled strongly and specifically on recombinant E-selectin.  

Moreover, Heca452 is the most informative marker predicting the ability of MM cells to 

interact with E-selectin. Indeed, all MM cell lines tested uniformly express PSGL-1 and 

CD147 and are variably CD44 positive, all potential glycoforms to express E-selectin ligands 

(17, 30, 31, 36, 37). Thus, it is possible that multiple known glycoprotein and/or glycolipids 

function as E-selectin ligands on MM cells. Despite the nature of the scaffold, our data 

strongly suggest that carbohydrate determinants recognized by the Heca452 antibody are 

required to interact with E-selectin in MM cells since E-selectin binding is sensitive to 

Neuraminidase treatment, which abolishes Heca452 binding.  Rolling, and to a lesser extent 

static adhesion, on E-selectin was significantly reduced by GMI-1271, a potent and specific 
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E- but not P-selectin inhibitor (data not shown).   

 

The survival of mice transplanted with purified Heca452 MM1S cells was inferior to that of 

mice transplanted with parental MM1S cells, in keeping with our previous finding that 

knockdown of ST3Gal-6 improved survival (23).  Whereas the survival of mice transplanted 

with parental MM1S cells was significantly improved by treatment with Bortezomib alone, 

the survival of mice transplanted with purified Heca452 MM1S cells was not, clearly 

indicating resistance to Bortezomib.  

 

Although E-selectin is known to regulate hematopoietic stem cell (HSC) dormancy in the BM 

niche, we were unable to show any differences in proliferation, clonogenicity or stem cell 

properties of Heca452 enriched versus parental cell lines.  Additionally, we were unable to 

see any E-selectin dependent protection of MM cells from killing by Bortezomib in vitro 

(data not shown). However, in vivo, E-selectin becomes an important component of 

Bortezomib resistance as demonstrated by the reversion of this resistance using the specific 

E-selectin inhibitor GMI-1271. These data also suggest that E-selectin mediated Bortezomib 

resistance is purely dependent on the tumor microenvironment.  Interestingly, it was 

recently described that E-selectin plays an important role in facilitating entry of breast 

cancer cells to the BM, where they are then retained by CXCR4 (38).  We believe that E-

selectin may play a similar role in MM enabling the homing of MM cells to the BM in 

cooperation with CXCR4, inducing chemoresistance via cell adhesion mediated drug 

resistance (CAM-DR).  However, MM cells are not static and are continuously trafficking 

through the PB from one BM site to another with the hypoxic conditions encountered by 

MM cells away from the vascular niche, believed to promote this dissemination (39-42).  
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Indeed, we observed that hypoxia markedly induced upregulation of Heca452.  We 

speculate that inhibition of E-selectin may block the re-entry of trafficking MM cells into the 

BM, effectively preventing CAM-DR.  Consistent with this hypothesis, treatment with GMI-

1271 mobilized MM1S cells into the PB (with extended mobilization kinetics compared to 

CXCR4 inhibition), but as a single agent did not improve survival in these mice.  However, 

combination treatment with Bortezomib greatly improved survival, strongly implicating E-

selectin binding in the BM as an important potential mechanism in the induction of 

Bortezomib resistance in MM.   

 

The ability of  GMI-1271 to overcome drug resistance was previously observed in a patient 

derived AML xenograft model (43).  A first in human experience with GMI-1271 

demonstrated favorable safety together with no mobilization of HSC’s (44). Based on these 

results, a clinical trial to determine the safety, pharmacokinetics and efficacy of GMI-1271 in 

combination with chemotherapy in AML is currently ongoing (ClinicalTrials.gov 

NCT02306291) with promising results (45).   

 

To address the clinical significance of our findings we examined plasma cells from patients 

with MM.  Using IHC, a higher percentage of Heca452 positive cells was observed in BM 

biopsies of RRMM patients compared to NDMM patients. Significantly, the former had all 

relapsed following previous lines of therapy containing at least one immunomodulatory 

drug (IMiD) and one proteasome inhibitor.  Similarly, in AML the expression of E-selectin 

ligands is higher in relapsed compared to newly diagnosed patients (43). Using flow 

cytometry we were able to detect E-selectin ligands on MM cells from the PB and BM of 

both NDMM and RRMM patients. Interestingly, we observed a statistically significant 
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increase in HECA452 positivity in the CD45 positive fraction (p<0.0001).  CD45 is 

predominantly expressed by less mature plasma cells and its expression has been reported 

to be associated with worse outcome in MM (34). Moreover, the prevalence of Heca452 

positive cells in the CD45 positive fraction may be favored under the hypoxic environment 

of the BM, which, at least in mice, seems to be advantageous for the CD45 positive MM cells 

(46). Finally, samples from RRMM patients showed a significantly higher percentage of 

Heca452 positive cells in the PB compared to those from NDMM patients. These data 

suggest a dynamic modulation of selectin ligands expression as the disease develops to a 

more aggressive phenotype, contributing to resistance. However, once MM cells become 

independent of the BM microenvironment, they may lose E-Selectin ligands, as evidenced 

by the lower Heca452 positivity at sites of EMM. This may also explain the variable 

expression of Heca452 we observed in MM cell lines since MM cell lines are derived from 

extramedullary disease.  In contrast to our findings with IHC, by Flow Cytometry we did not 

observe a higher percentage of Heca452 positive cells in the BM of RRMM compared to 

NDMM (data not shown). This discrepancy might be due the different methodologies 

employed to identify Heca452 positive cells. The IHC may be less sensitive than Flow 

Cytometry but has the advantage of analyzing the cells in their microenvironmental context. 

Thus it is possible that the Heca452 epitopes are downregulated once the cells leave the BM 

and are exposed to normoxic conditions (BM aspirate) as previously seen for CXCR4 (39). 

 

We previously showed that high levels of ST3Gal-6 gene expression were an independent 

risk factor for poor survival (47).  We now report that within the CoMMpass study, 38.8% of 

patients have high RNA levels of either ST3Gal-6 or ST3Gal-4 along with high levels of FUT7, 

all of which are critical genes involved in E-selectin ligand synthesis (24, 48-50).  Thus, it is 
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likely that these patients would have increased E-selectin ligand expression with a higher 

percentage of Heca452 positive MM cells. These patients have significantly inferior PFS, 

irrespective of whether they received Bortezomib containing therapy or not, suggesting that 

E-selectin binding may associated with microenvironmental drug resistance in general. 

Conceivably, the outcome of patients with this gene signature could be improved by 

targeting E-selectin and its ligands with strategies such as GMI-1271.  

 

Overall, our data provide compelling evidence that E-selectin and its ligands play an 

important role in disease progression and drug resistance in MM. There is a strong rationale 

for clinical strategies targeting E-selectin and its ligands to improve patient outcome in MM.  

This concept, evaluating GMI-1271 as an adjunct to Bortezomib based therapy, is currently 

being tested in the clinic (ClinicalTrials.gov NCT02811822). 

 

Acknowledgments 

This study was supported by research funding from the Health Research Board (HRB, 

CSA2012/10) to MO. The data used for Figure 6 were generated as part of the Multiple 

Myeloma Research Foundation Personalized Medicine Initiatives 

(https://research.themmrf.org and www.themmrf.org). GMI-1271 was provided by 

GlycoMimetics Inc. The authors acknowledge the facilities and technical assistance of the 

Flow Cytometry and Functional Genomics Core Facilities at NUI Galway. The authors would 

like to thank all the Patients who kindly donated samples to support this study. 

 

Conflict of interest disclosure 

©    2017 Macmillan Publishers Limited. All rights reserved.

http://www.themmrf.org)/


Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

19 
 

 M.O. and M.S.R have received research support from GlycoMimetics Inc. T.A.G.A, S.C.L-H., 

I.O., W.E.F. and J.L.M are employees of GlycoMimetics Inc. 

 

Authorship 

Contribution: A.N. designed and performed experiments, analyzed data and prepared the 

manuscript. T.S. derived MM1S cell lines, performed experiments and analyzed data. N.K. 

and C.ME. analyzed and acquired primary samples for FACS. C.C. and A.J analyzed the 

MMRF CoMMpass trial data. M.A., E.E. and M.S.R. performed and analyzed the IHC data. 

S.G. analyzed data and revised the manuscript.  S.L.-H. performed experiments and analyzed 

data.  I.O. designed and performed experiments.  L.K.-M. performed qRT PCR. S.K. provided 

the CD45 primary samples data. W.F. designed and performed experiments, analyzed data 

and revised the manuscript.  J.M. designed experiments, interpreted experimental results, 

and is an inventor of GMI-1271. M.O. designed the experiments, analyzed data, prepared 

the manuscript and supervised the research.  

 

Supplementary information is available at Leukemia’s website 

 

 

 

 

 

 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

20 
 

 

 

1. Munkley J, Elliott DJ. Hallmarks of glycosylation in cancer. Oncotarget. 2016. 
2. Stowell SR, Ju T, Cummings RD. Protein glycosylation in cancer. Annual review of 
pathology. 2015;10:473-510. 
3. Bull C, Stoel MA, den Brok MH, Adema GJ. Sialic acids sweeten a tumor's life. Cancer 
Res. 2014;74(12):3199-204. 
4. Glavey SV, Huynh D, Reagan MR, Manier S, Moschetta M, Kawano Y, et al. The 
cancer glycome: carbohydrates as mediators of metastasis. Blood Rev. 2015;29(4):269-79. 
5. Julien S, Ivetic A, Grigoriadis A, QiZe D, Burford B, Sproviero D, et al. Selectin ligand 
sialyl-Lewis x antigen drives metastasis of hormone-dependent breast cancers. Cancer Res. 
2011;71(24):7683-93. 
6. Perez-Garay M, Arteta B, Llop E, Cobler L, Pages L, Ortiz R, et al. alpha2,3-
Sialyltransferase ST3Gal IV promotes migration and metastasis in pancreatic 
adenocarcinoma cells and tends to be highly expressed in pancreatic adenocarcinoma 
tissues. Int J Biochem Cell Biol. 2013;45(8):1748-57. 
7. Kannagi R. Molecular mechanism for cancer-associated induction of sialyl Lewis X 
and sialyl Lewis A expression-The Warburg effect revisited. Glycoconj J. 2004;20(5):353-64. 
8. Magnani JL. The discovery, biology, and drug development of sialyl Lea and sialyl Lex. 
Arch Biochem Biophys. 2004;426(2):122-31. 
9. Varki A. Selectin ligands: will the real ones please stand up? J Clin Invest. 
1997;100(11 Suppl):S31-5. 
10. Patel KD, Cuvelier SL, Wiehler S. Selectins: critical mediators of leukocyte 
recruitment. Seminars in immunology. 2002;14(2):73-81. 
11. Sperandio M. Selectins and glycosyltransferases in leukocyte rolling in vivo. The FEBS 
journal. 2006;273(19):4377-89. 
12. Moore KL, Eaton SF, Lyons DE, Lichenstein HS, Cummings RD, McEver RP. The P-
selectin glycoprotein ligand from human neutrophils displays sialylated, fucosylated, O-
linked poly-N-acetyllactosamine. J Biol Chem. 1994;269(37):23318-27. 
13. Moore KL, Stults NL, Diaz S, Smith DF, Cummings RD, Varki A, et al. Identification of a 
specific glycoprotein ligand for P-selectin (CD62) on myeloid cells. J Cell Biol. 
1992;118(2):445-56. 
14. Norgard KE, Moore KL, Diaz S, Stults NL, Ushiyama S, McEver RP, et al. 
Characterization of a specific ligand for P-selectin on myeloid cells. A minor glycoprotein 
with sialylated O-linked oligosaccharides. J Biol Chem. 1993;268(17):12764-74. 
15. Sako D, Chang XJ, Barone KM, Vachino G, White HM, Shaw G, et al. Expression 
cloning of a functional glycoprotein ligand for P-selectin. Cell. 1993;75(6):1179-86. 
16. Asa D, Raycroft L, Ma L, Aeed PA, Kaytes PS, Elhammer AP, et al. The P-selectin 
glycoprotein ligand functions as a common human leukocyte ligand for P- and E-selectins. J 
Biol Chem. 1995;270(19):11662-70. 
17. Goetz DJ, Greif DM, Ding H, Camphausen RT, Howes S, Comess KM, et al. Isolated P-
selectin glycoprotein ligand-1 dynamic adhesion to P- and E-selectin. J Cell Biol. 
1997;137(2):509-19. 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

21 
 

18. Norman KE, Katopodis AG, Thoma G, Kolbinger F, Hicks AE, Cotter MJ, et al. P-
selectin glycoprotein ligand-1 supports rolling on E- and P-selectin in vivo. Blood. 
2000;96(10):3585-91. 
19. Xia L, Sperandio M, Yago T, McDaniel JM, Cummings RD, Pearson-White S, et al. P-
selectin glycoprotein ligand-1-deficient mice have impaired leukocyte tethering to E-selectin 
under flow. J Clin Invest. 2002;109(7):939-50. 
20. Muz B, Azab F, de la Puente P, Rollins S, Alvarez R, Kawar Z, et al. Inhibition of P-
Selectin and PSGL-1 Using Humanized Monoclonal Antibodies Increases the Sensitivity of 
Multiple Myeloma Cells to Bortezomib. Biomed Res Int. 2015;2015:417586. 
21. Azab AK, Quang P, Azab F, Pitsillides C, Thompson B, Chonghaile T, et al. P-selectin 
glycoprotein ligand regulates the interaction of multiple myeloma cells with the bone 
marrow microenvironment. Blood. 2012;119(6):1468-78. 
22. Martinez-Moreno M, Leiva M, Aguilera-Montilla N, Sevilla-Movilla S, Isern de Val S, 
Arellano-Sanchez N, et al. In vivo adhesion of malignant B cells to bone marrow 
microvasculature is regulated by alpha4beta1 cytoplasmic-binding proteins. Leukemia. 
2016;30(4):861-72. 
23. Glavey SV, Manier S, Natoni A, Sacco A, Moschetta M, Reagan MR, et al. The 
sialyltransferase ST3GAL6 influences homing and survival in multiple myeloma. Blood. 
2014;124(11):1765-76. 
24. Yang WH, Nussbaum C, Grewal PK, Marth JD, Sperandio M. Coordinated roles of 
ST3Gal-VI and ST3Gal-IV sialyltransferases in the synthesis of selectin ligands. Blood. 
2012;120(5):1015-26. 
25. Mondal N, Buffone A, Jr., Stolfa G, Antonopoulos A, Lau JT, Haslam SM, et al. ST3Gal-
4 is the primary sialyltransferase regulating the synthesis of E-, P-, and L-selectin ligands on 
human myeloid leukocytes. Blood. 2015;125(4):687-96. 
26. Schweitzer KM, Drager AM, van der Valk P, Thijsen SF, Zevenbergen A, Theijsmeijer 
AP, et al. Constitutive expression of E-selectin and vascular cell adhesion molecule-1 on 
endothelial cells of hematopoietic tissues. Am J Pathol. 1996;148(1):165-75. 
27. Sipkins DA, Wei X, Wu JW, Runnels JM, Cote D, Means TK, et al. In vivo imaging of 
specialized bone marrow endothelial microdomains for tumour engraftment. Nature. 
2005;435(7044):969-73. 
28. Berg EL, Robinson MK, Mansson O, Butcher EC, Magnani JL. A carbohydrate domain 
common to both sialyl Le(a) and sialyl Le(X) is recognized by the endothelial cell leukocyte 
adhesion molecule ELAM-1. J Biol Chem. 1991;266(23):14869-72. 
29. Borges E, Pendl G, Eytner R, Steegmaier M, Zollner O, Vestweber D. The binding of T 
cell-expressed P-selectin glycoprotein ligand-1 to E- and P-selectin is differentially regulated. 
J Biol Chem. 1997;272(45):28786-92. 
30. Dimitroff CJ, Lee JY, Rafii S, Fuhlbrigge RC, Sackstein R. CD44 is a major E-selectin 
ligand on human hematopoietic progenitor cells. J Cell Biol. 2001;153(6):1277-86. 
31. Fuhlbrigge RC, Kieffer JD, Armerding D, Kupper TS. Cutaneous lymphocyte antigen is 
a specialized form of PSGL-1 expressed on skin-homing T cells. Nature. 1997;389(6654):978-
81. 
32. Jakubikova J, Adamia S, Kost-Alimova M, Klippel S, Cervi D, Daley JF, et al. 
Lenalidomide targets clonogenic side population in multiple myeloma: pathophysiologic and 
clinical implications. Blood. 2011;117(17):4409-19. 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

22 
 

33. Leung-Hagesteijn C, Erdmann N, Cheung G, Keats JJ, Stewart AK, Reece DE, et al. 
Xbp1s-negative tumor B cells and pre-plasmablasts mediate therapeutic proteasome 
inhibitor resistance in multiple myeloma. Cancer Cell. 2013;24(3):289-304. 
34. Gonsalves WI, Timm MM, Rajkumar SV, Morice WG, Dispenzieri A, Buadi FK, et al. 
The prognostic significance of CD45 expression by clonal bone marrow plasma cells in 
patients with newly diagnosed multiple myeloma. Leuk Res. 2016;44:32-9. 
35. Shaughnessy JD, Jr., Zhan F, Burington BE, Huang Y, Colla S, Hanamura I, et al. A 
validated gene expression model of high-risk multiple myeloma is defined by deregulated 
expression of genes mapping to chromosome 1. Blood. 2007;109(6):2276-84. 
36. Handa K, Stroud MR, Hakomori S. Sialosyl-fucosyl Poly-LacNAc without the sialosyl-
Lex epitope as the physiological myeloid cell ligand in E-selectin-dependent adhesion: 
studies under static and dynamic flow conditions. Biochemistry. 1997;36(41):12412-20. 
37. Kato N, Yuzawa Y, Kosugi T, Hobo A, Sato W, Miwa Y, et al. The E-selectin ligand 
basigin/CD147 is responsible for neutrophil recruitment in renal ischemia/reperfusion. J Am 
Soc Nephrol. 2009;20(7):1565-76. 
38. Price TT, Burness ML, Sivan A, Warner MJ, Cheng R, Lee CH, et al. Dormant breast 
cancer micrometastases reside in specific bone marrow niches that regulate their transit to 
and from bone. Sci Transl Med. 2016;8(340):340ra73. 
39. Azab AK, Hu J, Quang P, Azab F, Pitsillides C, Awwad R, et al. Hypoxia promotes 
dissemination of multiple myeloma through acquisition of epithelial to mesenchymal 
transition-like features. Blood. 2012;119(24):5782-94. 
40. Hu J, Handisides DR, Van Valckenborgh E, De Raeve H, Menu E, Vande Broek I, et al. 
Targeting the multiple myeloma hypoxic niche with TH-302, a hypoxia-activated prodrug. 
Blood. 2010;116(9):1524-7. 
41. Colla S, Storti P, Donofrio G, Todoerti K, Bolzoni M, Lazzaretti M, et al. Low bone 
marrow oxygen tension and hypoxia-inducible factor-1alpha overexpression characterize 
patients with multiple myeloma: role on the transcriptional and proangiogenic profiles of 
CD138(+) cells. Leukemia. 2010;24(11):1967-70. 
42. Martin SK, Diamond P, Gronthos S, Peet DJ, Zannettino AC. The emerging role of 
hypoxia, HIF-1 and HIF-2 in multiple myeloma. Leukemia. 2011;25(10):1533-42. 
43. Chien S, Haq SU, Pawlus M, Moon RT, Estey EH, Appelbaum FR, et al. Adhesion Of 
Acute Myeloid Leukemia Blasts To E-Selectin In The Vascular Niche Enhances Their Survival 
By Mechanisms Such As Wnt Activation. Blood 2013;122. 
44. Devata S, Sood SL, Hemmer MV, Flanner H, Kramer W, Nietubicz C, et al. First in 
Human Phase 1 Single Dose Escalation Studies of the E-Selectin Antagonist GMI-1271 Show 
a Favorable Safety, Pharmacokinetic, and Biomarker Profile. Blood  2015;126. 
45. DeAngelo DJ, O'Dwyer ME, Becker PS, Liesveld JL, Bixby DL, Magnani JL, et al. Results 
of a Phase I Study of Gmi-1271, a Novel E-Selectin Antagonist in Combination with Induction 
Chemotherapy in Relapsed/Refractory Aml: A Novel, Well-Tolerated Regimen with a High 
Remission Rate. Haematologica. 2016;101:43-4. 
46. Asosingh K, De Raeve H, de Ridder M, Storme GA, Willems A, Van Riet I, et al. Role of 
the hypoxic bone marrow microenvironment in 5T2MM murine myeloma tumor 
progression. Haematologica. 2005;90(6):810-7. 
47. Glavey S, Wu P, Murillo LS, Loughrey C, Roccaro AM, Morgan GJ, et al. Low 
Expression Of The FUCA1 Gene Is An Adverse Prognostic Factor In Myeloma and Combined 
With High Sialytransferase Gene Expression Identifies Patients At Increased Risk Of Early 
Disease Progression and Death. Blood. 2013;122(21). 

©    2017 Macmillan Publishers Limited. All rights reserved.



Natoni et al.      Role of E-Selectin ligands in Multiple Myeloma 
 

23 
 

48. Knibbs RN, Craig RA, Natsuka S, Chang A, Cameron M, Lowe JB, et al. The 
fucosyltransferase FucT-VII regulates E-selectin ligand synthesis in human T cells. J Cell Biol. 
1996;133(4):911-20. 
49. Maly P, Thall A, Petryniak B, Rogers CE, Smith PL, Marks RM, et al. The 
alpha(1,3)fucosyltransferase Fuc-TVII controls leukocyte trafficking through an essential role 
in L-, E-, and P-selectin ligand biosynthesis. Cell. 1996;86(4):643-53. 
50. Wagers AJ, Lowe JB, Kansas GS. An important role for the alpha 1,3 
fucosyltransferase, FucT-VII, in leukocyte adhesion to E-selectin. Blood. 1996;88(6):2125-32. 

 

 

 

 

 

FIGURE LEGENDS 

Figure 1. Heca452 positive myeloma cells roll on recombinant E-selectin. (A) The MM cell 

lines RPMI8226, MM1S, H929, KMS11, U266 B1, SKMM2, KMS-18, INA-6 and JJN3 together 

with the myeloid cell lines U937 and KG1A and the T leukemia cell line Jurkat were 

stained/mock stained with the Heca452-PE antibody and analyzed by flow cytometry using 

the BD FACS Canto II. Data are presented as a FSC-H/Heca452-PE dot plot overlay of the 

fluorescence minus one (FMO, black dots) control and the Heca452-PE stained sample (grey 

dots). Gates were set according to the FMO controls. Numbers indicate the Heca452 

positive cells within the gates. Results are representative of at least four independent 

experiments. Data were acquired and analyzed using the FACS DIVA and Flow Jo 10 

respectively. (B) U937, RPMI8226 and MM1S were treated/mock treated with 

Neuraminidase (100 mU) for 45 min and then analyzed by flow cytometry as described 

above. Bars represent mean ± SEM (standard error of the mean) of three independent 

experiments. The one tailed unpaired t test was used to determine statistical significance. *, 
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** and *** represent P values less than 0.05, 0.01 and 0.001 respectively. (C) Eighty µl of 

the indicated cell lines were loaded onto E-selecting coated microfluidic channels and rolling 

assay was performed at 0.5 dyne/cm2 at RT using the Mirus Evo NanoPump. Rolling cells 

were imaged using an A-Plan 10X/0.25 objective of an A10 Vert.A1 microscope equipped 

with a 01 QIClick F-M-12 Mono camera. Images were acquired using the Vena Flux Assay 

software and analyzed using the Image-Pro Premiere. Bars represent the mean ± SEM of 

three independent experiments performed in duplicate. The one way ANOVA test following 

the Dunnett post hoc test comparing all the bars to Jurkat  was used to determine statistical 

significance. ns = non significant. (D) RPMI8226 cells were sorted in Heca452 positive and 

negative fractions using a BD FACSAria II sorter. Rolling assay was performed on sorted cells 

as described above. Bars represent mean ± SEM of four independent experiments 

performed in triplicate. Statistical analysis was performed using Prism GraphPad Version 5 

 

Figure 2. Myeloma Heca452 enriched cells display robust and specific rolling on 

recombinant E-selectin. FSC-H/Heca452-PE dot plot analysis of the RPMI8226 (A) and 

MM1S (B) parental and Heca452 enriched cells. Flow cytometry analysis was performed as 

described before. Data are representative of at least four different experiments. Rollin assay 

performed on parental and Heca452 enriched RPMI8226 (C) and MM1S (D) on recombinant 

E-selectin coated channels. Rolling assay was carried out as described before. Bars represent 

mean ± SEM of three independent experiments performed in duplicate. The one tailed 

unpaired t test was used to determine statistical significance. * and ** represent P values 

less than 0.05 and 0.01 respectively. Rolling assay performed on RPMI8226 (E) or MM1S (F) 

Heca452 enriched cells on recombinant E-selectin coated channels. Cells were treated/mock 

treated with the indicated concentration of GMI 1271 or Neuraminidase for 1 h or rolling 
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assay was performed in presence of 5 mM EDTA or on channels that were blocked for 1 h 

with 15 µg/ml of the anti-E-selectin blocking antibody. Bars represent mean ± SEM of four 

independent experiments performed in duplicate. The one way ANOVA test following the 

Dunnett post hoc test comparing all the bars to control (CTRL) was used to determine 

statistical significance. *** represent P values less than 0.001. Statistical analysis was 

performed using Prism GraphPad Version 5 

 

Figure 3. MM1S Heca452 positive cells give rise to a more aggressive disease compare to 

the parental cells. (A) Seven-week old female scid mice were injected i.v. with 5x10^5 

MM1s parental (blue) or MM1s Heca452 variant (red) myeloma cells (n=8 mice/cell line) 

and the animals were observed daily for clinical signs of tumor progression (morbidity and 

weight loss).  The results are summarized as percent survival over time. P value was 

calculated using the Log-rank (Mantel-Cox) test. Seven-week old female scid mice were 

injected i.v. with 5x10^6 MM1s parental (B) or MM1s Heca452 variant (C) myeloma cells 

and beginning 5 days post tumor injection were treated i.p. over 21 days with daily saline 

alone (red line); daily 40 mg/kg GMI-1271 alone (blue line); once weekly 0.75 mg/kg 

bortezomib alone (black line); or the combination of GMI-1271 and bortezomib.  Mice were 

observed daily for clinical signs of tumor progression (morbidity and weight loss) and the 

results are summarized as percent survival over time.  The data were analyzed for statistical 

significance by Tukeys multiple comparisons test. 

 

Figure 4. Mobilization of MM1S Heca452 enriched cells from BM to PB following GMI-1271 

treatment. Seven-week old female scid mice were injected i.v. with 5x10^6 MM1s Heca452 

variant myeloma cells and 30 days post tumor injection were treated i.p. with a single 
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injection of saline, 40 mg/kg GMI-1271 or 5 mg/kg AMD-3100.  Peripheral blood was 

collected by intracardiac puncture at 1, 2, 4 and 24 hrs post injection of saline or GMI-1271 

(n=3 mice/time point) and at 4 and 24 hrs post injection of AMD-3100.  The number of 

MM1s Heca452 myeloma cells was determined by flow cytometry using an anti-human 

CD138 antibody. Bars represent standard deviation. The two tailed t test was used to 

determine statistical significance between GMI-1271 and AMD-3100 and between GMI-

1271 and saline at 4 and 24 h. ** and *** represent P values less than 0.01 and 0.001 

respectively. ns = non significant. 

 

Figure 5. Heca452 positive cells are present within the CD138 CD38 compartment of 

primary myeloma cells. Representative bone marrow sections of RRMM demonstrating a 

high grade infiltration by neoplastic plasma CD138 positive cells (A) and Heca452 expression 

in a subpopulation of tumor cells (B). Bar represents 100 µm. Heca452 positive BM biopsies 

in newly diagnosed vs relapsed (C) and relapsed vs extramedullary (D) patients. The Chi 

square test was used to determine statistical significance in the Heca452 positive cells 

between groups of patients. ** and * represent P values less than 0.01 and 0.05 

respectively. (E) Quantification of the Heca452 positive cells by FACS. Cells were first 

selected based on their morphology (FSC-A/SSC-A) and viability status (7AAD negativity). 

Cells positive for CD2, CD14 and CD235a were excluded and CD38/CD138 double positive 

cells were selected to screen for the presence of the Heca452 positive cells. Each empty 

circle represents percentage of Heca452 positive cells within the CD38/CD138 double 

positive fraction for each PB samples from myeloma patients (N=15). (F) Comparison 

between the percentages of the Heca452 positive cells within the CD38/CD138 double 

positive fraction from the PB of diagnoses vs relapse patients. Lines represent the median 
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with interquartile range. Statistical significance was determined using the Mann-Whitney 

Test. * represent P values less than 0.05. 

 

Figure 6. RNA expression of either ST3Gal-4 or ST3Gal-6 and FUT7 greater than the median 

correlates with inferior survival outcomes.  Kaplan-Meier estimates of PFS in MM patients 

with RNA expression of either ST3Gal-4 or ST3Gal-6 and FUT7 greater than the median 

(blue) and the remainder of the patients (red) show statistically significant inferior overall 

progression free survival times (p-value 0.02), with a Hazard ratio of 1.37.  Data were 

generated from the CoMMpass trial.  X-axis represents time to progression in days and Y-

axis represents proportion of patients without progression.  
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