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Abstract. Mesenchymal stromal cells are an important 
component of the bone marrow microenvironment (niche), 
where they support hematopoiesis via direct cell‑cell 
interactions with hematopoietic stem and progenitor cells, and 
by releasing soluble factors. Glycans, including N‑glycans, 
are involved in numerous biological processes, including 
inflammation, cell‑cell interactions, as well as cancer develop-
ment and progression. Lectin‑based microarray analysis has 
provided a powerful new tool in recent years, for the investiga-
tion of aberrantly expressed N‑glycans and their functions in 
the bone marrow microenvironment. In the present study, we 
used an in vitro stromal/hematopoietic cell co‑culture system 
to examine the effects of stromal‑derived signals on apoptosis 

susceptibility of co‑cultured KG1a hematopoietic cells under 
hypoxic (1% O2) conditions. MALDI‑TOF/TOF‑MS analysis 
was used for the comparative global profiling of N‑glycans in 
KG1a cells and co‑cultured KG1a cells under hypoxia. KG1a 
cells became more susceptible to p53‑dependent apoptosis 
when co‑cultured with HS27A human stromal cells (derived 
from normal bone marrow) under hypoxia. We observed 
enhanced levels of core‑fucosylated N‑glycans (catalyzed by 
FUT8), bisecting GlcNAc (catalyzed by MGAT3), and their 
corresponding genes in co‑cultured cells. In addition we 
observed that overexpressing MGAT3 or FUT8 facilitated 
cell apoptosis in KG1a cells. Collectively, our data revealed 
the profiling of N‑glycans in KG1a cells before and after 
stroma contact. Our findings and future functional studies of 
core‑fucosylated N‑glycans and bisecting GlcNAc, will improve 
our understanding of the bone marrow microenvironment.

Introduction

The bone marrow microenvironment consists of a special-
ized population of cells that play essential roles in regulation, 
self‑renewal and differentiation of adult stem cells (1‑4). The 
microenvironment supports maturation of hematopoietic 
stem cells (HSCs) and hematopoietic progenitor cells (HPCs) 
and their release into the vascular system  (5‑7). Human 
bone marrow‑derived stromal cell lines HS5 and HS27A, 
co‑cultured with myeloid cells, are frequently used in studies 
of crosstalk between cells in the bone marrow microenviron-
ment and hematopoietic cells (8‑13). For example, HS5 and 
HS27A have been used to establish a xenotransplantation 
murine model of myelodysplastic syndromes (MDS), a group 
of clonal hematopoietic disorders characterized by dysregu-
lation of programmed cell death (apoptosis) and ineffective 
hematopoiesis in both normal and clonal (transformed) hema-
topoietic cells (12,14). Kerbauy et al (14) observed engraftment 
of distinct clonal MDS‑derived hematopoietic precursors when 
stromal cells (HS5 and HS27A combined) were co‑injected 
via an intramedullary route. Our previous study found that 
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intravenous co‑administration of HS27A cells (but not HS5 
cells) with HPCs from MDS patients facilitated engraftment 
of clonal CD34+ cells of any karyotype (12), indicating that 
HS27A cells were more effective than HS5 in supporting 
primitive clonal MDS precursors (12).

Glycans, a major category of biomolecules, are commonly 
attached to proteins and lipids to form glycoproteins, 
glycolipids, glycosaminoglycans and other types of glycocon-
jugates (15‑17). Glycans play key roles in a variety of biological 
processes, including cell adhesion, molecular trafficking, 
receptor activation and signal transduction (17,18). They are 
also involved in malignant hematopoiesis. CoCl2 (hypoxia 
mimic) induced expression of cell surface glycans recognized 
by both β‑galactoside‑ and GlcNAc‑binding lectins in HL‑60 
cells (19). Galectin‑3 is developmentally expressed in human 
myeloid cells, and is strongly upregulated on the surface of 
late mature myeloid cells (20). Conversely, it also promotes 
proliferation and angiogenesis of endothelial cells differenti-
ated from bone marrow mesenchymal stem cells  (21). An 
important characteristic of the HSC microenvironment is 
that low oxygen (O2) tension and hypoxia (defined as O2 
tension <2%) is essential for HSC function (22‑25). In vitro 
BM cells are always cultured under hypoxic conditions in 
order to maintain their primitive phenotype and self‑renewal 
ability (26). In addition, the key regulator of cellular adaptation 
to hypoxic stress, hypoxia‑inducible factor 1 α (HIF‑1α) can 
be stabilized under hypoxia  (25,26). No study to date has 
included global analysis of the expression of N‑glycan in 
hematopoietic cells co‑cultured with vs. without stromal cells 
under hypoxia.

An in  vitro model in which KG1a hematopoietic cells 
were co‑cultured with HS27A cells under hypoxia condi-
tions (1% O2) was used in the present study. We examined 
the apoptosis rate of the KG1a cells, and the related apoptotic 
pathway. N‑glycans linked to glycoproteins were released 
by PNGase F and analyzed by MALDI‑TOF/TOF‑MS, and 
selectively altered N‑glycans were further analyzed by lectin 
staining. By presenting global analysis of patterns of altered 
N‑glycans in hematopoietic cells before and after stroma 
contact under hypoxia, the present study provides valuable 
information for future investigations of the bone marrow 
microenvironment.

Materials and methods

Cell culture. KG1a cells (derived from acute myeloid leukemia) 
and bone marrow‑derived stromal cell line HS27A are generous 
gifts from Professor H. Joachim Deeg (Fred‑Hutchinson 
Cancer Research Center, Seattle, WA, USA). KG1a and 
HS27A were grown, propagated and subjected to experiments 
between passages 8  and 24, as previously described  (27). 
Multiple aliquots from early passages were cryopreserved for 
later use.

Total protein extraction. Cells were harvested and lysed 
with T‑PER Tissue Protein Extraction reagent (Thermo 
Fisher Scientific, Hudson, NH, USA) according to the 
manufacturer's protocol. In brief, cells were trypsinized, 
resuspended in phosphate‑buffered saline (PBS), added with 
T‑PER reagent containing 1% protease inhibitor cocktail 

(Biotool Ltd., Houston, TX, USA), incubated on ice for 30 min 
and homogenized. The sample was centrifuged for 15 min at 
13,000 x g (4˚C), and the supernatant was collected and stored 
at ‑80˚C.

Enzyme‑linked immunosorbent assay (ELISA). Concentrations 
of secreted tumor necrosis factor α (TNFα) in culture super-
natants were determined (in triplicate) using an ELISA kit 
(R&D Systems, Minneapolis, MN, USA) for human TNFα 
(detection limit 0.5 pg/ml). Color intensity of the chromogenic 
reaction was determined at 490 nm by a plate reader (Bio‑Rad 
Laboratories, Hercules, CA, USA).

Western blot analysis. Proteins from each sample were 
separated by 10% SDS‑PAGE and transferred onto polyvi-
nylidene fluoride (PVDF) membranes using the Trans‑Blot 
Turbo Transfer System (Bio‑Rad Laboratories). Membranes 
were soaked in 5% (w/v) skim milk in TBST (20  mM 
Tris‑HCl, 150 mM NaCl, 0.05% Tween‑20, pH 8.0) for 2 h 
at 37˚C, probed with primary antibodies against HIF‑1α 
(1:1,000; cat.  no.  3716; Cell Signaling Technology, Inc., 
Beverly, MA, USA), p53 (1:1,000; cat. no. 2524; Cell Signaling 
Technology, Inc.), Bax (1:1,000; cat. no. 2774; Cell Signaling 
Technology, Inc.), Bcl‑2 (1:1,000; 2872; Cell Signaling 
Technology, Inc.), caspase‑3 (1:1,000; cat.  no.  9662; Cell 
Signaling Technology, Inc.), caspase‑8 (1:1,000; cat. no. 9746; Cell 
Signaling Technology, Inc.), caspase‑9 (1:1,000; cat. no. 9502; 
Cell Signaling Technology, Inc.), NF‑κB (1:1,000; cat. no. 8242; 
Cell Signaling Technology, Inc.), phospho‑NF‑κB (1:1,000; 
cat. no. 3031; Cell Signaling Technology, Inc.) and β‑tubulin 
(1:5,000; cat.  no.  T7816; Sigma‑Aldrich; Merck  KGaA, 
Darmstadt, Germany) overnight at 4˚C, and incubated with the 
appropriate HRP‑conjugated secondary antibody (1:5,000; cat. 
nos. A0208 and A0216; Beyotime Institute of Biotechnology, 
Shanghai, China). Bands were visualized using enhanced 
chemiluminescence detection kit Westar Nova (Cyanagen Srl, 
Bologna, Italy) with imaging by ChemiDoc™ XRS+ (Bio‑Rad 
Laboratories).

Cell sorting. KG1a cells were co‑cultured with HS27A cells 
for 24 h and added together with CD45+ magnetic beads. KG1a 
cells were isolated by magnetic‑activated cell sorting (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to the manu-
facturer's protocol. Cell purity was assessed by staining with 
fluorescent‑tagged anti‑CD45 antibody and quantified by 
flow cytometry with the purity of sorted cells reaching >95%. 
Apoptosis was assessed by flow cytometry.

Caspase activity assay. Caspase activity assay was performed 
according to the manufacturer's instructions (Beyotime 
Institute of Biotechnology). Briefly, after treatment, isolated 
KG1a cells were lysed with lysis buffer and the supernatants 
were incubated with Ac‑DEVD‑pNA (200  µM) substrate 
for caspase‑3 and Ac‑IETD‑pNA (200  µM) substrate for 
caspase‑8, respectively. The reaction was assessed with a plate 
reader at 405 nm wavelength.

Quantitative real‑time PCR. Total RNA was extracted as 
previously described  (28). Primers were designed using 
the Primer‑BLAST program (https://www.ncbi.nlm.nih.
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gov/tools/primer‑blast/). First‑strand cDNA was synthesized 
from total RNA using a OneScript Plus cDNA Synthesis kit 
(Abm Canada, Milton, ON, Canada). Quantitative real‑time 
PCR was performed by SYBR-Green I dye detection with 
BrightGreen Express 2X qPCR Master Mix (Abm Canada). 
Gene expression was quantified by the 2‑ΔΔCq method (29). All 
primer sequences are provided in Table I.

Apoptosis assay. Apoptosis of hematopoietic cells was assayed 
by Annexin  V staining. KG1a cells were cultured under 
hypoxia for 24 h with or without HS27A stroma contact, on 
the basis of our previous studies (9,11). Twelve‑well plates 
were centrifuged at 1,200 rpm (300 x g), the supernatant was 
discarded, and cells in each well were washed with cold PBS 
containing 2% bovine serum albumin (BSA) and assayed using 
an Annexin V‑fluorescein isothiocyanate (FITC) apoptosis kit 
(Beyotime Institute of Biotechnology). Cells were then labeled 
with Allophycocyanin (APC)‑conjugated anti‑CD45 antibody 
(1:20; cat. no. 368512; BioLegend, San Diego, CA, USA) to 
distinguish hematopoietic cells (myeloid cells, CD45+) from 
stromal (CD45‑), and apoptosis was assayed by flow cytometry 
(model BD Accuri C6; BD Biosciences, San Jose, CA, USA) 
using Annexin V‑FITC and propidium iodide (PI).

N‑glycan mass profiling. N‑glycans were separated as 
described in our previous study  (30). In brief, we used a 
size‑exclusion spin ultrafiltration unit (Amicon Ultra‑0.5 
10 KD; EMD Millipore; Merck KGaA, Darmstadt, Germany) 
to concentrate 2 mg total proteins. Proteins were denatured, 
centrifuged and then further digested with PNGase F (New 
England BioLabs, Ipswich, MA, USA) overnight at 37˚C. 
Released N‑glycans were collected and desalted using 
Sepharose 4B (Sigma‑Aldrich; Merck  KGaA, Darmstadt, 
Germany), as previously described  (31), then character-
ized by MALDI‑TOF/TOF‑MS (ultrafleXtreme; Bruker 
Daltonik GmbH, Bremen, Germany) in positive‑ion mode. 
Data were analyzed using the FlexAnalysis software 
program (Bruker Daltonik GmbH) and annotated using the 
GlycoWorkbench software program (http://code.google.com/p/
glycoworkbench/). The stability of MS was estimated using 

coefficient of variation (CV) percentages based on relative 
intensity values. The relative variation was calculated by 
dividing the amount of a given type of N‑glycan by the total 
N‑glycan amount (30).

Flow cytometric (FACS) analysis of lectin binding affinity. 
Cells were harvested to a single cell suspension with 
trypsin or 0.2% EDTA, and washed three times with PBS. 
Aliquots (106  cells) were resuspended in 100  µl diluting 
Cy3‑conjugated lectin (cat. no. L‑1000, L‑1020, L‑1040 and 
L‑1120; Vector Labs, Peterborough, UK) and APC‑conjugated 
anti‑human CD45 antibody (1:20; cat. no. 368512; BioLegend) 
in 0.1% BSA/PBS, and incubated on ice for 30 min in the 
dark. Lectins were used at a final concentration 100 µg/ml. 
Cells were washed twice with 1 ml PBS and analyzed by flow 
cytometry as above‑mentioned.

Lectin staining. Lectin staining was performed as previously 
described (30). Cells were spun onto a microscope slide for 
5 min at 300 x g, immobilized with 2% fresh paraformaldehyde 
for 15 min at room temperature, and blocked with 5% BSA 
in 1X PBS for 1 h at 37˚C. Fixed cells were incubated with 
20 µg/ml Cy3‑conjugated lectin (LCA, PHA‑E) in 5% BSA for 
3 h in the dark, washed with 1X PBS, stained with 20 µg/ml 
DAPI in 1X PBS for 10 min, washed again with 1X PBS, and 
images were captured with a fluorescence microscope (model 
Eclipse E600; Nikon, Tokyo, Japan) at the same exposure time 
and gain factor.

Statistical analysis. Data are presented as the mean ± SEM. 
Statistical significance of differences between the means of 
two groups was evaluated by Student's t‑test. Multiple group 
comparisons were evaluated by ANOVA with Bonferroni's 
post hoc test.

Results

Co‑culture with stromal cells enhances susceptibility of KG1a 
cells to apoptosis under a hypoxic condition. Hematopoietic 
cell line KG1a is resistant to apoptosis  (32,33). However, 
apoptosis of KG1a was significantly increased when they were 
co‑cultured with HS27A stromal cells under a hypoxic condi-
tion (Fig. 1A and B). We investigated the apoptosis of KG1a 
cells before and after co‑culture with HS27A in the presence 
of 100 µM CoCl2. Treatment with CoCl2 mimics hypoxic 
conditions by inhibiting prolyl‑4‑hydroxylases involved 
in the degradation of HIF‑1α (34,35). CoCl2 was used as a 
positive control in the present study. Apoptosis of KG1a cells 
co‑cultured with HS27A cells was also increased by CoCl2 
treatment (Fig. 1C and D). Concentration of TNFα, another 
factor that enhances susceptibility of KG1a cells to apoptosis, 
was increased in the co‑culture system under hypoxic condi-
tions (Fig. 1E). TNF receptor I (TNFR1) was also increased 
in KG1a cells following co‑culture with stromal cells under 
hypoxic conditions (Fig. 1F and G).

Hypoxia induces the p53‑dependent pathway in co‑cultured 
KG1a cells. Our previous studies demonstrated upregulation 
of p53 levels in hematopoietic cells and primary MDS marrow 
cells in stromal contact culture (8,9). To investigate the possible 

Table I. Quantitative real‑time PCR primer sequences.

Genes	 Primer sequences 

FUT8	 F: 5'‑TGTCCTGTACTTCATGCGCT‑3'
	 R: 3'‑TCCATGACCCTAATGGTCTTTT‑5'
MGAT2	 F: 5'‑AAAGAACACCTGCAGAACCG‑3'
	 R: 3'‑GGAATTGACAACGTCCTCGT‑5'
MGAT3	 F: 5'‑AGGAAGGAGATGAGGCACAG‑3'
	 R: 3'‑TTGCTGAGACCCAGCGG‑5'
MGAT4B	 F: 5'‑TCACTGCCGAAGTGTACTGTG‑3'
	 R: 3'‑CTGACACTCTGCACTCGCTC‑5'
MGAT5	 F: 5'‑GTGAGGGTAGCCGTCCATAG‑3'
	 R: 3'‑CAGCTTGGTTGCACTTGAGA‑5'

F, forward; R, reverse.
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involvement of a p53‑dependent pathway in hypoxia‑induced 
apoptosis in co‑cultured KG1a cells, we examined expres-
sion of p53, caspase‑3, caspase‑8, caspase‑9 and NF‑κB in 
KG1a cells after co‑culture with HS27A cells under hypoxic 
conditions and CoCl2 treatment. In co‑cultured KG1a cells, 
p53, caspase‑8, caspase‑9 and phosphorylated NF‑κB levels 
were elevated and caspase‑3 and caspase‑8 were cleaved and 
active (Fig. 2A and B). We further observed that the activities 
of caspase‑3 and caspase‑8 were also elevated in co‑cultured 
KG1a cells, which appeared to be relevant with the increase 
in TNF‑α and TNFR1 (Fig. 2C). Bax and Bcl‑2 levels were 
respectively upregulated and downregulated in the co‑cultured 
cells, as expected since their expression was affected by p53 
through transcriptional regulation (36,37).

MALDI‑TOF/TOF‑MS profiles of N‑glycans in KG1a cells 
before and after co‑culture under hypoxic conditions. 
N‑glycans are involved in a variety of biological processes, 
including cell‑cell and cell‑matrix interactions, receptor‑medi-
ated functions and specific protein functions. Many types of 
tumor cells display aberrant N‑glycosylation patterns, and 
cancer‑associated N‑glycans are potential biomarkers for 
early detection and diagnosis of cancer (38). We compared 
MALDI‑TOF/TOF‑MS profiles of total N‑glycans in KG1a 
cells before vs. after co‑culture with HS27A cells under hypoxic 
conditions. MALDI‑TOF/TOF‑MS spectra of N‑glycans 
with signal‑to‑noise ratios >5 from total glycoproteins were 
annotated using the GlycoWorkbench program (Fig. 3). Eight 
distinctive N‑glycans were observed in KG1a cells before vs. 
after co‑culture, at m/z 1257.476, 1419.534, 1485.526, 1581.592, 

1688.598, 1743.650, 1905.711 and 2067.687, corresponding to 
eight proposed N‑glycan structures including high‑mannose, 
bi‑antennary and tri‑antennary types (Fig. 4). There were eight 
N‑glycan structures found in both KG1a cells and co‑cultured 
KG1a cells, two structures unique to co‑cultured KG1a cells, 
and one structure unique to KG1a cells. Co‑cultured KG1a 
cells showed enhancement of two complex type N‑glycan 
structures with fucosylation.

Validation by real‑t ime PCR of N‑glycan biosyn‑
thesis‑related genes. On the basis of our MS data, we 
examined the expression of N‑glycan biosynthesis‑related 
genes by real‑time PCR. The glycosyltransferase genes 
involved in the synthesis of the N‑glycan structures listed 
in Fig. 4 are α1,6‑fucosyltransferase (FUT8) and β1,4‑N‑a
cetylglucosaminyltransferases 2, 3, 4A, 4B and 5 (MGAT2, 
MGAT3, MGAT4A, MGAT4B and MGAT5)  (Fig.  5A). 
Among these six genes, FUT8, MGAT3 and MGAT5 
showed increased expression in co‑cultured KG1a cells, 
whereas the expression of MGAT2 and MGAT4B was 
not notably altered. These findings were consistent with 
our MS results. We then applied flow cytometric  (FACS) 
analysis with specific lectins to further examine differ-
entially expressed N‑glycans in KG1a cells co‑cultured 
with HS27A cells under hypoxic conditions. Co‑cultured 
cells showed increased expression of N‑glycan structures 
recognized by PHA‑E (i.e., bisecting GlcNAc structures), 
LCA (core Fucα1‑6GlcNAc) and WGA (multivalent Sia 
and (GlcNAc)n structures), and reduced expression of struc-
tures recognized by ConA (terminal mannose) (Fig. 5B‑D).

Figure 1. Apoptosis of KG1a cells with and without co‑culture with HS27A cells under hypoxic conditions. (A) Flow cytometric (FACS) analysis of the apoptosis 
rate of KG1a cells alone and KG1a cells co‑cultured with HS27A cells under hypoxic (1% O2) conditions. KG1a cells were sorted using CD45+ magnetic beads. 
Apoptosis rate was assessed by Annexin V staining. (B) Quantification of the apoptosis rate of cells in panel A. (C) Flow cytometric analysis of the apoptosis 
rate of KG1a cells and co‑cultured KG1a cells under 100 µM CoCl2 culture condition. Procedures were performed as described in panel A. (D) Quantification 
of the apoptosis rate of cells in panel C. (E) TNF‑α concentration, assessed by ELISA, in culture medium secreted by KG1a cells and co‑cultured KG1a cells. 
(F) Western blot analysis of TNFR1 in KG1a cells and co‑cultured KG1a cells. (G) Quantification of TNFR1 expression in KG1a cells and co‑cultured KG1a 
cells. The data shown are representative of three independent experiments. *P<0.05, **P<0.01. Error bars, SEM. KG1a (HS27A), co‑cultured cells.
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Figure 2. Protein expression in KG1a cells and co‑cultured KG1a cells under hypoxia. (A) Protein lysates from KG1a cells and co‑cultured KG1a cells under 
1% O2 hypoxia or 100 µM CoCl2 conditions were separated on 4 to 12% Bis‑Tris gels, and immunoblotted with antibodies against HIF‑1α, p53, Bax, Bcl‑2, 
caspase‑3, caspase‑8, caspase‑9, NF‑κB, and phospho‑NF‑κB. β‑tubulin was used as loading control. (B) Quantification of caspase‑3, caspase‑8 and caspase‑9. 
(C) Activity assay of caspase‑3 and caspase‑8. The data shown are representative of three independent experiments. *P<0.05, **P<0.01. KG1a (HS27A), 
co‑cultured cells.

https://www.spandidos-publications.com/10.3892/or.2018.6548
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Figure 3. (A) MALDI‑TOF/TOF‑MS spectra and (B) corresponding MS/MS spectra of N‑glycans from KG1a cells and co‑cultured KG1a cells under hypoxia. 
Representative spectra from triplicate experiments are shown. Detailed glycan structures were analyzed using the GlycoWorkbench program. Proposed 
structures and their m/z values are shown for each peak. KG1a (HS27A), co‑cultured cells.
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Figure 4. Proposed structures and their molecular ions in MALDI‑TOF/TOF‑MS spectra of N‑glycans in KG1a before and after co‑culture with HS27A cells. 
KG1a (HS27A), co‑cultured cells.

Figure 5. Comparative glycogene expression and differential glycopatterns of KG1a cells vs. co‑cultured KG1a cells. (A) Gene expression of FUT8, MGAT2, 
MGAT3, MGAT4B and MGAT5 was analyzed by real‑time PCR in triplicate experiments. Relative expression was analyzed by the 2‑ΔΔCq method and presented 
as Log2 relative expression for KG1a vs. co‑cultured KG1a cells, with Log2(3/2) and Log2(2/3) as threshold values. Values above Log2(3/2) and below Log2(2/3) 
indicate significant upregulation and downregulation, respectively. (B‑D) Differential glycopatterns in KG1a and co‑cultured KG1a. The four indicated 
lectins, conjugated with Cy3, were used. (B) Flow cytometric analysis. (C) Quantification of intensity. (D) Lectin staining was performed. The data shown are 
representative of three independent experiments. *P<0.05, ***P<0.001. Error bars, SEM. KG1a (HS27A), co‑cultured cells.

https://www.spandidos-publications.com/10.3892/or.2018.6548
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Validation by f low cytometry of N‑glycan expression 
dif ferences in co‑cultured KG1a cells under hypoxic 
conditions. To verify the function of FUT8 and MGAT3, we 
overexpressed these two genes in KG1a cells (Fig. 6A). Flow 
cytometric data revealed that the corresponding bisecting 
N‑glycan or core fucosylation in KG1a cells that overexpressed 
MGAT3 or FUT8 was enhanced (Fig. 6B). Our data showed 
an enhanced apoptosis rate in KG1a cells that overexpressed 
MGAT3 or FUT8 under both hypoxic conditions and CoCl2 
treatment (Fig. 6C and D). We suggest that modulation of glyco-
genes may play a role in regulating the apoptosis in KG1a cells.

Discussion

Tumor/stromal cell interactions are frequently part of cell 
social networks, play essential roles in tumor development 
and growth, and provide useful therapeutic targets. Our 2010 
studies were focused on an in vitro co‑culture system involving 
two stromal cell lines (HS5 and HS27A) derived from a healthy 
bone marrow donor. Cells from patients with advanced MDS 
showed increased susceptibility to TNFα‑induced apoptosis 
following stromal contact (8,9). Our 2013 in vivo study, based 
on the in vitro observations, involved injection of HS5 or 
HS27A cells, together with primary MDS marrow cells, into 
NOD.Cg‑Prkdcscid Il2rgtm1Wjl (NSG) mice (12). HS27A cells, but 
not HS5 cells, facilitated the engraftment of clonal MDS cells 
in vivo. The present study focused on the crosstalk that occurs 

between hematopoietic and HS27A cells (but not HS5). Among 
the numerous factors present in the tumor microenvironment, 
hypoxia is a common feature of myeloid malignancies and 
has been shown to affect such HSC behaviors as apoptosis, 
proliferation, differentiation and resistance to chemotherapy. 
The role of hypoxia and its downstream signaling in hemato-
poiesis is controversial, since both promoting and inhibitory 
effects have been reported  (39). Velasco‑Hernandez  et  al 
found that deletion of HIF‑1α in mouse hematopoietic cells 
promoted acute myeloid leukemia progression  (40). Other 
studies indicated that hypoxia promoted leukemogenic niche 
metabolism and cytokine secretion  (41,42). In the present 
study, we compared the apoptosis rates of hematopoietic KG1a 
cells alone or co‑cultured with HS27A cells under hypoxic 
conditions. Our data clearly indicated that elevated caspase 
8 activities were found in co‑cultured KG1a cells. However, 
cleaved caspase‑9 had no significant changes in co‑cultured 
KG1a cells, even though the total amount of caspase-9 was 
increased, indicating that the co‑culture may trigger the 
expression of total caspase‑9 which possibly make the 
co‑cultured KG1a cells becoming more sensitive to cell death 
signals (43‑45). Increased levels of p53 in the co‑cultured cells 
revealed that the apoptotic pathway was p53‑dependent.

Functional proteins in both normal and malignant cells 
are maintained by post‑translational modifications (PTMs), 
which include phosphorylation, ubiquitination, methylation, 
N‑acetylation and glycosylation (30). Glycosylation, the most 

Figure 6. Overexpression of FUT8 and MGAT3 in KG1a cells and their apoptosis rate as measured by flow cytometry. (A) Validation of the overexpression of 
FUT8 and MGAT3 in KG1a cells. (B) Flow cytometric analysis to verify the corresponding bisecting N‑glycan and core fucosylation in KG1a cells overex-
pressing MGAT3 and FUT8, respectively. (C and D) Apoptosis rate in KG1a cells overexpressing FUT8 or MGAT3 under 1% O2 hypoxia or 100 µM CoCl2 by 
flow cytometry. The data shown are representative of three independent experiments. **P<0.01, ***P<0.001. Error bars, SEM. KG1a (HS27A), co‑cultured cells.
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common PTM, is involved in a wide variety of biological 
processes. Glycosylation of proteins (giving rise to glycopro-
teins) in eukaryotic cells is classified on the basis of various 
linkages of glycans to protein core regions e.g., N‑linked 
glycan (GlcNAc linkage to Asn), O‑linked glycan (O‑GalNAc 
linkage to Ser/Thr), and other O‑linked glycan varieties (e.g., 
O‑linked mannose, O‑linked GlcNAc)  (30). Biological 
processes mediated by glycans include signal transduction, 
inflammation, virus/bacteria‑host interactions, cell‑cell 
interactions and cancer development and progression. Our 
MS analyses of N‑glycan profiles of co‑cultured KG1a cells 
under hypoxia revealed increases in bi‑ and tri‑antennary type, 
GlcNAc type and fucose type N‑glycans.

Synthesis of N‑glycans is catalyzed by various enzymes 
termed glycosyltransferases. Fucosylation is catalyzed by FUT8, 
which transfers a fucose (Fuc) moiety from GDP‑β‑L‑Fuc to 
the innermost GlcNAc residue of an N‑glycan, resulting in 
α1,6‑Fuc residue as core Fuc. FUT8 activity is upregulated 
during epithelial‑mesenchymal transition  (EMT) through 
transactivation of β‑catenin/lymphoid enhancer‑binding 
factor‑1 (LEF‑1) (46). The glycosyltransferase MGAT3 catalyzes 
transfer of GlcNAc to the core β‑mannose residue of N‑glycans 
having β1,4‑linkage. Addition of bisecting GlcNAc residue 
to core β‑mannose by MGAT3 inhibits activities of manno-
sidase II and other GlcNAc transferases (MGAT2, MGAT4). 
Li et al and Xu et al reported reduced levels of MGAT3 and 
its product (bisecting N‑glycans) in a TGF‑β1‑induced EMT 
model (16,47). Takahashi et al observed that MGAT3 overex-
pression reduced the amount of poly‑N‑acetyllactosamine on 
N‑glycans of EGFR, indicating that specific terminal structures 
of N‑glycans regulated EGFR endocytosis through interaction 
with carbohydrate recognition molecules (48). MGAT3 exerts 
a stabilizing effect on E‑cadherin at the cell membrane by 
inducing a delay in the turnover rate of the protein, thereby 
contributing to stable and functional adhesion, and blocking 
clathrin‑dependent E‑cadherin endocytosis (49). Remodeling of 
glycans by MGAT3 contributes to the retention of E‑cadherin 
in membrane by mesalamine  (5‑ASA)  (50). In contrast, 
MGAT5 promotes destabilization of E‑cadherin, leading to its 
mislocalization, formation of unstable junctions and impair-
ment of cell‑cell adhesion (49). Inhibition of MGAT5 activity 
reduced liver fibrosis and suppressed TGF‑β1‑induced EMT in 
hepatocytes, as evidenced by reversal of EMT markers. Our 
model (co‑cultured KG1a under hypoxia) showed increased 
expression of FUT8, MGAT3 and MGAT5, but no notable 
change of MGAT2 or MGAT4B. Increased binding affinity of 
lectins PHA‑E and WGA in our model revealed elevated levels 
of bisecting‑GlcNAc and  (GlcNAc)n structures, in striking 
contrast to N‑glycan structures in co‑cultured KG1a under 
normoxia (data not shown). We then overexpressed FUT8 and 
MGAT3 genes in KG1a cells to ascertain whether modified 
glycogenes could impact the cell apoptosis of KG1a cells under 
hypoxia. Our data suggested that modified glycogenes of both 
FUT8 and MGAT3 could enhance cell apoptosis in KG1a cells. 
Our further studies will focus on the functional role of FUT8 
and MGAT3 in primary cells, as well as the microenviron-
mental niche.

In conclusion, the present study provided the first demon-
stration of hypoxia‑induced apoptosis in KG1a hematopoietic 
cells following contact with HS27A stromal cells, and N‑glycan 

profiles of KG1a cells before and after stromal contact under 
hypoxia. Our findings are useful references for future studies 
based on co‑culture models, and may help elucidate the roles 
of hematopoietic and stromal cells in bone‑related diseases. 
Our ongoing studies will focus on the functions of N‑glycans in 
co‑culture systems and the clinical relevance of these N‑glycans.
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