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1. Introduction 

   Acute myeloid leukemia (AML) is a heterogeneous aggressive disease that accounts for 

approximately 12% of all hematologic malignancies (1). AML is characterized by the 

expansion of an abnormal stem cell clone and accumulation of immature blasts in the bone 

marrow (2). Over the past decade, accumulating evidence has suggested that leukemogenesis 

is a process in which multiple events involving independent genetic alterations in proto-

oncogene or suppressor genes, together with epigenetic or environmental factors, contribute 

to the development of a full malignant phenotype (3-7). 

   Fms-like tyrosine kinase 3 (FLT3) is a proto-oncogene expressed in both normal 

hematopoietic cells and AML cells. FLT3 plays a pivotal role in hematopoiesis through 

regulating hematopoietic cell proliferation, survival, and differentiation (8-12). Internal 

tandem duplication (ITD) of the juxtamembrane domain of FLT3 is the most frequent kinase 

mutation in human AML (affecting 20–30% of adult AML), and is significantly associated 

with leukocytosis and a poor prognosis (11, 13, 14). The predominant point mutation within 

the tyrosine kinase domain (TKD) is D835Y mutation, which is found in 5-10% of AML 

patients (15, 16), as shown in Fig1 (17).  

 

 

 

 

 

Figure1. Structure presentation of the FLT3 receptor. 
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FLT3-ITD and FLT3-TKD are known to induce ligand-independent cell proliferation in 

cytokine-dependent Ba/F3 and 32D cells via the display of different signaling properties (18-

21). The most significant difference in these signaling properties is STAT5, which FLT3-

ITD strongly and constitutively activates (18, 20). FLT3-ITD mutations lead to an 

endoplasmic reticulum (ER)-retained intracellular localization, and a change in the 

maturation of surface glycosylation and autophosphorylation of the receptor results in 

efficient activation of STAT5 (22, 23), as shown in Fig2 (24).  

 

 

 

             

 

 

 

 

                

Figure2. Signaling pathway activation of FLT3 or FLT3-ITD mutant. 

Mass spectrometry analysis exhibited 9 potential N-glycosylation sites in the extracellular 

domain of FLT3 (25). These facts strongly suggest that surface glycosylation changes in the 

FLT3 receptor may affect the function and downstream signaling of FLT3. 

   N-Glycosylation plays critical roles in folding, stability, and a vast degree of biological 

functions of glycoproteins (26-28). These different effects on glycoproteins mainly result 
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from the different N-linked glycan structures determined by various glycosyltransferases. 

Among these, α1,6-fucosyltransferase (Fut8) is the only enzyme that catalyzes the transfer 

of a fucose from GDP-fucose to the innermost GlcNAc residue via α1,6-linkage to form α1,6-

fucosylation in mammals (29), as shown in Fig3.  

 

 

 

 

 

 

Figure3. Reaction of α1,6-fucosyltransferase (Fut8). 

The resulting core fucosylated N-glycans are widely distributed in a variety of glycoproteins 

(30). Accumulating data suggests that Fut8 and its products may play important roles in 

various physiological and pathological processes, such as tumor formation (31, 32), 

inflammation and immune response (33-35), as well as in central nervous system diseases 

(36-38). Core fucosylation is known to be crucial for the ligand-binding affinity of 

transforming growth factor (TGF)-β1 receptor (39), epidermal growth factor (EGF) receptor 

(40), and integrin α3β1 (41) for their downstream signaling. Conversely, a deficiency in core 

fucose leads to a marked enhancement of complex formation such as in activin receptors (42) 

and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPAR) (37), which 

constitutively activates intracellular signaling. Depletion of the core fucosylation of IgG1 is 

reported to be the most critical role in the enhancement of antibody-dependent cellular 
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cytotoxicity (43, 44). Recently, the blocking of core fucosylation in programmed cell death 

protein-1 (PD-1) was shown to reduce the cell-surface expression of PD-1 and enhance T cell 

activation, which led to more efficient tumor eradication (45). Those studies clearly suggest 

that core fucosylation plays important roles in cell-signal transduction. 

   In the present study, to clarify the impact of core fucosylation on FLT3, we employed a 

CRISPR/Cas9 system to knockout (KO) Fut8 gene in the Ba/F3 cell line, an interleukin-3 

(IL-3) dependent hematopoietic progenitor cell (46). We found that a deficiency of Fut8 

increased the FLT3 dimeric formation and intracellular signaling, which led to IL-3 

independent cell growth of the FLT3-WT cells, but greatly chemosensitized the cells to 

PKC412, a tyrosine kinase inhibitor. These novel findings suggest that core fucosylation 

plays a pivotal role in both normal and malignant FLT3 signaling. 
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2. Materials and Methods 

2.1 Antibodies and reagents  

   Experiments were performed with the following antibodies: p-STAT5 (#4322S), ERK1/2 

(#9102), p-ERK1/2 (#4370), AKT (#9272), p-AKT (#4060) and FLT3 (#3462S), all of which 

were acquired from Cell Signaling Technology (Danvers, MA, USA); Total STAT5 (#13-

3600) was from Thermo Fisher, and monoclonal antibody against α-tubulin was acquired 

from Sigma (St. Louis, MO, USA). Rabbit polyclonal antibody against glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (#sc-25778) and Mouse monoclonal antibodies against 

FLT3 (#sc-19635), p-Tyr (sc-7020) and p-Tyr agarose (sc-508 AC), all were from Santa Cruz 

(Santa Cruz, CA, USA). Biotinylated aleuria aurantia lectin (AAL) and wheat germ 

agglutinin (WGA) were obtained from the Seikagaku Corp (Tokyo, Japan). Biotinylated 

pholiota squarrosa lectin (PhosL), which specifically recognizes core fucosylated N-glycans, 

was a generous gift from Dr. Yuka Kobayashi (J-oil Mills, Tokyo, Japan). TO-PRO-3 

(#T3605) was obtained from Molecular Probes, Inc. (Thermo Fisher, Waltham, MA, USA); 

The peroxidase-conjugated goat antibodies against mouse and rabbit IgG were from Cell 

Signaling Technology; Goat anti-mouse/rabbit IgG Alexa Fluor 568, goat anti-rabbit/mouse 

IgG Alexa Fluor 488, streptavidin-conjugate Alexa Fluor 647 and 488 were purchased from 

Invitrogen (Carlsbad, CA, USA). Recombinant murine IL-3 was obtained from PeproTech 

(London, United Kingdom). Neomycin (G418) was purchased from Nacalai Tesque (Kyoto, 

Japan). BS3 linker (A39266, 2 mg×10) was obtained from Thermo scientific; PKC412 

(#M1323) and DMSO were (#276855) from Sigma; and 2-fluoro-L-fucose (2FF) was from 

Synchem, Inc., IL, USA. 
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2.2 Cell line and cell culture  

   Parental Ba/F3 cells (CTR) were maintained in RPMI with 10% heat-inactivated fetal 

bovine serum, 1 ng/ml recombinant murine IL-3, and 50 µmol/L of 2-mercaptoethanol. The 

stably transduced Ba/F3-FLT3-WT cell lines were maintained in RPMI containing 10% fetal 

bovine serum (FBS), 1 ng/ml recombinant murine IL-3, 400 µg/ml G418 and 50 µmol/L 2-

mercaptoethanol (47). Ba/F3-FLT3-ITD and Ba/F3-FLT3-TKD cells were grown with 400 

µg/ml G418 in RPMI containing 10% heat-inactivated FBS and 50 µmol/L 2-

mercaptoethanol (47). 

   The 293T (Human embryonic kidney cells) cell line was obtained from the RIKEN cell 

bank (Tsukuba, Japan). The 293T cells were grown in Dulbecco modified Eagle medium 

containing 10% FBS. Cells were cultured at 37 °C in a humidified 5% CO2 atmosphere. 

2.3 Expression plasmids and transfection 

   To confirm the glycosylation status of FLT3 proteins, we transfected them with 

expression pcDNA3.1 vectors containing human FLT3-WT(48), FLT3-ITD (49) or FLT3-

TKD (47) in 293T cells using PEI MAX (molecular weight, 40 kDa; Polysciences Inc., PA) 

and followed the dictates of the U.S. patent document (US20110020927A1) with minor 

modifications. Briefly, 12 h prior to transfection, 5x106 cells were seeded on a 10 cm dish. 

Each expression vector (12 µg dissolved in 1 ml of dilution buffer (20 mM CH3COONa, 

pH=4.0, 150 mM NaCl) and PEI MAX (36 µg dissolved in 36 µl of 0.2 M HCl and then 

diluted with the dilution buffer to 1 ml) were mixed and incubated at room temperature (RT) 

for 20 min, and then 2 ml of the mixture was gently transferred to the cell cultured dish for 
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transfection. After incubation for 6 h, the conditioned medium was replaced with a normal 

culture medium for further incubation for 48 h (50). At 48 h post transfection, the cell lysates 

were treated with or without peptide-N-glycosidase F (PNGase F) (New England BioLabs, 

Ipswich, MA, USA) according to the manufacturer’s instructions. Then, the digested cell 

lysates were analyzed by Western blotting. For immunoprecipitation, cell lysates (1 mg) were 

immunoprecipitated with anti-FLT3 antibody (1.25 µg) and 5 µl of Ab-Capcher MagTM 

beads (P-050-1, Protenova). The immunoprecipitates were analyzed by Western blotting. 

2.4 Plasmid constructions and establishment of Fut8KO cells   

   The pSpCas9 (BB)-2A-GFP plasmid was purchased from Addgene (PX458: Addgene 

#48138), which was deposited by Dr. Feng Zhang (51). The target vector of mouse Fut8 gene 

was constructed as previously described (52). The plasmid was transfected into cells 

according to the manufacturer's instructions (Amaxa Cell Line Nucleofector kit V). After 2 

days of transfection, GFP-positive cells were sorted using a FACSAria II (BD Bioscience). 

Following 3 weeks of culture, Fut8KO cells were sorted by PhosL lectin, and confirmed by 

FACS analysis and lectin blotting as described above. Fut8 expression was rescued by 

electroporating the Fut8KO cells with the pcDNA3.1 vector containing the Fut8 gene as 

previously described (42).   

   To establish a stable rescue cell line, CSIV-TRE-RfA-CMV-KT-Fut8-lentivirus 

production and infection were performed as described previously (53). In brief, the CSIV-

TRE-RfA-CMV-KT-Fut8 vectors were co-transfected with pCAG-HIVgp and pCMV-VSV-

G-RSV-Rev into 293T cells via a calcium phosphate transfection method. After transfection 
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for 48 h, the lentivirus supernatants were collected. The Fut8KO FLT3-WT Ba/F3 cells were 

infected with the CSIV-TRE-RfA-CMV-KT-Fut8-lentivirus. First, the infected cells were 

selected via Kusabira Orange marker and then were sorted twice with PhosL lectin using 

FACS Aria II. The stable cell lines were used in the subsequent studies.  

2.5 Flow cytometry analysis of cells 

   Flow cytometric analysis was performed as previously described (52). Briefly, cells that 

indicated a semi-confluency were collected from the 10 cm culture dishes and centrifuged at 

90×g, for 10 min. Subsequently, collected cells were washed with chilled phosphate-buffered 

saline (PBS) and stained with biotinylated PhosL (1:1,000) for 1 h on ice, followed by 

incubation with streptavidin-conjugate Alexa Fluor 647 for 1 h. During incubation, the cells 

were mixed gently every 10 min by flicking. After incubation, cells were washed 3 times 

with ice-cold PBS and then analyzed using a FACS Calibur flow cytometer (BD Biosciences, 

San Jose, CA, USA). 

2.6 RT-PCR for detection of mRNA expression levels 

   Total RNAs of Ba/F3 cell lines were extracted by Trizol reagent (Invitrogen), and then 

reverse-transcribed using a Prime Script RT Reagent kit with gDNA Eraser (Takara, Japan) 

according to the manufacturer’s instructions. The specific primers used for the PCR 

amplification are listed in Table 1. The GAPDH mRNA served as a control. The obtained 

reaction products were then subjected to 1.2% agarose gels containing ethidium bromide for 

electrophoresis. 
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Table 1.  Primer sequences and annealing temperatures (Tm) for RT-PCR 

Gene 
names Sense primer (5’–3’)    Antisense primer (5’–3’) Tm 

(℃) 

FLT3 CCCAGTCAATCAGCTTTGGT  CCTGGCTGGTGCTTATGATT  55  

Fut8 AGATCTGACAGAGCTGGTCCAG  TCTGTGCGTCTGACATGGACTC  56  

GAPDH ACCCAGAAGACTGTGGATGG  CACATTGGGGGTAGGAACAC  56  

2.7 Western blotting and lectin blotting  

   Western blot analysis was performed as described previously (52). To prepare the cell 

lysate, cells were washed with chilled PBS three times and then lysed with cold lysis buffer 

(20 mM Tris-HCl (pH=7.4), 150 mM NaCl, 1% TritonX-100) containing proteases and 

phosphatase inhibitor cocktail (Nacalai Tesque). After being subjected to a rotor shaker for 

40 min at 4 °C, cell lysates were cleared by centrifugation at 15,000 rpm, for 15 min at 4 ˚C, 

and the supernatant was transferred to new marked tubes. The protein concentration was 

determined using a PierceTM BCA protein assay kit (Thermo Fisher Scientific, Munich, 

Germany). Equal amounts of protein lysate were resolved by reducing SDS-PAGE. After 

electrophoresis, separated proteins were transferred to PVDF membranes (Millipore, 

Billerica, MA, USA) and incubated with indicated primary and secondary antibodies or with 

biotinylated lectins as indicated, and immunoreactive bands were detected using either an 

Immobilon Western Chemiluminescent HRP Substrate (Millipore) or a Vectastain ABC kit 

(Vector Laboratories, Burlingame, CA, USA), according to the manufacturer's instructions. 



10 
 

2.8 Cell proliferation assay 

   After washing three times with pre-warmed PBS, Ba/F3 parent cells then resuspended 

with the RPMI 1640 medium containing 10% FBS, 1 ng/ml recombinant murine IL-3, and 

50 µmol/L of 2-mercaptoethanol. Ba/F3-FLT3-WT cells were then resuspended with the 

RPMI 1640 medium containing 10% FBS, 1 ng/ml recombinant murine IL-3, 400 µg/ml 

G418 and 50 µmol/L of 2-mercaptoethanol. Ba/F3-FLT3-ITD and Ba/F3-FLT3-TKD cells 

were maintained with RPMI 1640 medium containing 10% FBS, 400 µg/ml G418 and 50 

µmol/L of 2-mercaptoethanol. At daily intervals, following staining with trypan blue, the 

viable cell number was calculated by counting the unstained cells with a hemocytometer. 

Experiments were performed in biological triplicates. 

2.9 Confocal microscopy analysis 

   Cells were processed for immunofluorescence microscopy as previously described (54). 

Briefly, cells were washed and suspended in cold PBS containing WGA lectin for 30 min at 

4 °C to stain the cell membrane. For intracellular staining, cells were fixed with 4% 

paraformaldehyde for 20 min at RT, and washed twice with wash buffer (0.3% BSA in PBS). 

Cells were plated on poly-L-lysine coated slides for 20 min at RT. To block non-specific 

staining, 400 µl of blocking buffer (10% normal donkey serum, 0.3% TritonX-100) was 

added with incubation for 45 min at RT. Cells were then stained with FLT3 antibody in 

dilution buffer (PBS, 1% bovine serum albumin, 1% normal donkey serum, 0.3% TritonX-

100, and 0.01% sodium azide) overnight at 4 °C followed by washing with wash buffer and 

incubation in secondary antibody and with TO-PRO-3. Slides were rinsed with PBS and 
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mounted using coverslips, and fluorescence was detected via sequential excitation using an 

Olympus FV1000 laser-scanning confocal microscope with an UPlanSApo×60/1.35 oil 

objective and high-sensitivity gallium arsenide phosphide detector units operated by F10-

ASW version 4.02 software. 

2.10 MTT assay 

   To evaluate the cytotoxic effects of PKC412, an MTT (#341-01823, Dojindo) assay was 

performed. The WT Ba/F3 cells expressing FLT3 were pre-treated with or without 2FF (100 

μM) for 3 days. After 3 days, the WT Ba/F3 cells were plated in quintuplicate at 2×104 cells 

per well in 96-well plates under normal media containing 2FF and PKC412 at indicated 

concentrations for another 48 hours. Then, a 10 μl MTT solution (5 mg/ml in PBS) was added 

to each well and let stand for 4 h at 37 °C. The plate was then centrifuged at 2,000 rpm, for 

10 min. Subsequently, the supernatant was removed and 100 μl DMSO was added to each 

well at 37 °C, which was let stand for 10 min. Finally, absorption at 570 nm was measured 

using a microplate reader (Infinite® M1000, TECAN, Japan).  

2.11 Chemical cross-linking of FLT3 

   To assay the dimerization of FLT3, a cross-linking experiment was performed as 

previously described (55). Briefly, 12 h prior to transfections 1x106 cells were seeded on a 6 

cm dish, and were then transfected with the FLT3-WT expression vector (1 μg) in 293T or 

Fut8KO 293T cells (42) using PEI MAX as described above. Then, the 293T cells were 

serum-starved for 8 h before incubation with or without human FLT3 ligand (FL) at 100 

ng/ml for 30 min at 4 °C. Cross-linking was performed via incubation with 1 mM BS3 for 15 
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min at 4 °C. The reaction was stopped by adding glycine-HCl (pH=7.5) to a final 

concentration at 150 mM and incubating for 5 min. After washing three times with chilled 

PBS, these cells were harvested with RIPA buffer (Tris-HCl (pH=7.5), 150 mM NaCl, 1% 

TritonX-100, 0.1% SDS). The cell lysates were subjected to 7.5% SDS-PAGE and analyzed 

by Western blotting with anti-FLT3 antibody. 

2.12 Statistical analysis 

   Results are reported as the Means ± S.E.M. Statistical analyses were performed using an 

unpaired Student’s t test with Welch’s correction (one-tailed) using GraphPad Prism 5.0 

software (GraphPad Software Inc.). p< 0.05 was regarded as statistically significant.  
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3. Results 

3.1 Comparing of the glycosylation status of WT with that of FLT3 mutants 

   Glycosylation of proteins often results in a heterogeneous pattern on Western blotting. 

Two forms of human FLT3 are known to exist. One is a mature form at around 150 kDa, 

which is thought to be completely glycosylated at the N-linked glycosylation sites of the 

extracellular domain of the Golgi apparatus to form complex types of N-glycans, and is then 

expressed on the cell surface. The other is an immature form around 130 kDa, which is 

incompletely glycosylated to form a high mannose type of N-glycans, and is mainly localized 

in the ER (23). To confirm the differences in the glycosylation status of FLT3 wild type and 

mutants, we transfected 293T cells with expression plasmids encoded with FLT3-WT (48), 

FLT3-ITD (49) or FLT3-TKD (47), and extracted cell lysates after 48 hours for Western 

blotting. The bands of FLT3-WT that migrated on SDS-PAGE were totally different from 

the other two mutants (Fig.4A), which could be neutralized by the removal of N-glycans via 

treatment with PNGase F. All bands of FLT3 were shifted to around 120 kDa upon PNGase 

F treatment. On the other hand, we also were curious about the effects of FLT3 on 

glycosylation. The expression levels of core fucosylation confirmed by AAL lectin, which 

preferentially recognizes core fucosylated N-glycans (42, 52), were enhanced by expression 

of FLT3 either WT or mutants (Fig.4B), whereas the reactive abilities with WGA lectin, 

which recognizes GlcNAc-containing total glycans were similar among those cells (Fig.4C). 

To determine if the FLT3 was modified by core fucosylation, we performed 

immunoprecipitation with anti-FLT3 antibody in Ba/F3 cells. Unfortunately, the detection of 

FLT3 protein expression failed in the Ba/F3 cells. Therefore, we used the 293T cells instead 
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to improve the protein expression levels, and found FLT3 was core fucosylation, which was 

confirmed by AAL lectin blotting, as shown in Fig. 1D. To explore whether the increased 

core fucosylation was due to a promotion of Fut8 expression by FLT3, semi-quantitative RT-

PCR was performed and showed that FLT3 was not expressed in the CTR cells (Fig.4E). 

Overexpression of either WT- or mutant-FLT3 greatly induced Fut8 mRNA expression (Fig. 

4F). On the other hand, the increased levels of core fucosylation in those FLT3 expressing 

cells were inhibited by PKC412 (Fig. 4G), a FLT3 kinase inhibitor, suggesting the FLT3-

mediated signaling may induce Fut8 expression. That result suggested that core fucosylation 

is specifically increased by the expression of either wild type or mutant FLT3. 
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Figure 4. Glycosylation patterns of FLT3 proteins and the effects on fucosylation 

expression. A) The 293T cells were cultured at 70% confluency, and then transfected with 

plasmids containing human FLT3-WT, FLT3-ITD or FLT3-TKD. At 48 h post transfection, 

the cell lysates were treated with or without PNGase F, and analyzed by Western blotting 

with anti-FLT3 antibody. The effects of FLT3 WT or mutants on core fucosylation in Ba/F3 

cells were examined by AAL lectin blot B) or WGA lectin blot C). The same amounts of cell 

lysates were separated on 7.5% SDS-PAGE, and the membranes were probed with AAL (top 

panel), and then re-probed with anti-GAPDH antibody (bottom panel), which was used as a 

loading control. D) The same amounts of cell lysates from those indicated transfected 293T 

cells were immunoprecipitated with anti-FLT3 antibody, and then the immunoprecipitates 

were probed with AAL lectin (upper panel) and re-probed with anti-FLT3 antibody (lower 

panel) as a loading control. E) RT-PCR using total RNA extracted from different Ba/F3 cells 

were carried out to examine the mRNA levels of FLT3. GAPDH was used as control. F) RT-

PCR was carried out to examine the mRNA levels of Fut8 in different Ba/F3 cells as indicated. 

GAPDH was used as control. G) The same amounts of cell lysates from the different Ba/F3 

cells treated with or without PKC412 (1 nM) for 48 h, were separated on 7.5% SDS-PAGE, 

and the membranes were probed with AAL (top panel), and then re-probed with anti-GAPDH 

antibody (bottom panel), which was used as a loading control. 

3.2 Establishment of FLT3-expressed Fut8KO Ba/F3 cells 

   To understand the mechanisms of induction for core fucosylation by FLT3, we 

established Fut8KO cell lines using a murine Ba/F3 cell line, an IL-3-dependent cell line that 

exhibits IL-3 independence in the presence of oncogenic signals such as FLT3-ITD and -
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TKD (18). The pSpCas9 (BB)-2A-GFP vector containing target sequences were transduced 

into those Ba/F3 cell lines as indicated by electroporation, and stable cell lines were 

established by positive and negative sorting with GFP and PhosL lectin as described in the 

“Methods and Materials” section. Finally, we successfully confirmed stable Fut8KO cell 

lines by flow cytometric analysis using biotinylated PhosL lectin (Fig. 5A) and lectin blotting 

with AAL (Fig.5B), which specifically recognizes core fucosylated N-glycans (52, 56).   

 

 

 

 

 

 

 

 

Figure 5. Established Fut8 deficient Ba/F3 cells. A) The parent (CTR), FLT3 WT and 

mutants of Ba/F3 cells, and Fut8KO cells were collected and incubated with (bold line) or 

without (gray shadow) the PhosL lectin, which preferentially recognizes core fucosylated N-

glycans, followed by incubation with Biotinylated Alexa Fluor 647 streptavidin and flow 

cytometric analysis. The vertical dashed lines indicate the peak reacted with PhosL lectin 

expression in CTR cells. B) Equal amounts of cell lysates from CTR and stably expressed 

FLT3-WT or mutants were analyzed by immunoblot with AAL lectin; GAPDH served as a 

loading control. Asterisks represent non-specific bands. 



17 
 

3.3 IL-3 independent proliferation in Fut8 knockout- FLT3-WT Ba/F3 cells 

   FLT3 plays a crucial role in normal hematopoietic processes such as proliferation, 

differentiation, and survival (8, 12). To test whether Fut8KO regulates cell proliferation, we 

compared the viable cell number in different Ba/F3 cell lines. Fut8KO slightly increased cell 

proliferation in the presence of IL-3 in the CTR (Fig. 6A). Quite interestingly, Fut8KO 

induced cell proliferation in FLT3-WT cells even in the absence of IL-3 (Fig. 6B), whereas 

the Fut8KO CTR showed no IL-3-independent proliferative activity (Fig. 6A). Furthermore, 

the restoration with Fut8 gene in the Fut8KO WT cells (Rescue cell) resulted in IL-3-

dependent cell growth (Fig. 6B). The cell proliferation of the rescue cells was completely 

blocked in the absence of IL-3. These results suggest that FLT3 expression is necessary for 

Fut8KO-induced IL-3-independent cell proliferation. In addition, ablation of Fut8 partially 

blocked ITD (Fig. 6C) and TKD (Fig. 6D) cell proliferation. These results suggest that the 

lack of core fucosylation dramatically activates FLT3-WT. To clarify FLT3 receptor 

activation mechanisms related to core fucosylation depletion, we mainly focused on the 

FLT3-WT in subsequent studies. 
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Figure 6. Influences of core fucosylation on Ba/F3 cell proliferation. A) The parent Ba/F3 

cells (CTR) and CTR Fut8KO cells were cultured under normal culture media with or without 

IL-3 at 1 ng/ml final concentration, and the cell numbers of living cells were measured by 

trypan blue exclusion assay at indicated times. CTR KO with IL-3 versus CTR KO without 

IL-3. B) The parent cells expressing FLT3-WT (WT) or Fut8KO cells expressing FLT3-WT 

(WT KO), and the WT KO cells restored with Fut8 gene (WT Rescue) were cultured. Cell 

numbers were counted as described above. WT KO and WT Rescue with IL-3 versus WT 

KO and WT Rescue without IL-3, respectively. The parent or Fut8KO cells expressing FLT3-

ITD (C) or FLT3-TKD (D) were also cultured under normal culture media without IL-3 for 

24, 48 and 72 hours. The numbers of living cells were measured by trypan blue exclusion 

assay. Data represent the average of three independent experiments. All values are Means ± 

S.E.M (n=3). *p< 0.05. **p< 0.01. 
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3.4 Effects of Fut8KO on cellular signaling in the FLT3-WT Ba/F3 cells  

   Next, we performed Western blotting to analyze the activation status of STAT5, AKT, 

and ERK signaling, which are important pathways for FLT3 WT and mutant downstream 

signaling (18, 20, 57). Consistently, FLT3-WT could not induce phosphorylation of STAT5 

in the absence of IL-3. However, Fut8KO greatly induced phosphorylation of STAT5 even 

without IL-3 (Fig. 7A). The activation of AKT and ERK was also observed in the Fut8KO 

cells (Fig. 7A). Importantly, these inductions were blocked by the re-expression of Fut8 in 

the KO cells (Fig. 7A). The core fucosylation was confirmed by AAL lectin blotting (Fig. 

7B). 

 

 

 

 

 

 

Figure 7. Effects of core fucosylation on intracellular signaling. The wild type (WT), 

Fut8KO (KO), or restoration of Fut8 in the KO cells (Res) of Ba/F3 cells expressing FLT3 

were cultured under normal culture media with (+) or without IL-3 (-) for 24 h. A) The same 

amounts of cell lysates were separated on 7.5% SDS-PAGE, and Western blotting with the 

indicated antibodies including both total and phospho-STAT5, ERK and AKT. B) The 

expression levels of core fucosylation in these cells were blotted with AAL (top panel) and 

re-probed with anti-GAPDH (low panel). GAPDH served as a loading control. 
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3.5 Deficiency of core fucosylation did not affect FLT3 intracellular localization  

   Changes in FLT3 localization are known to influence downstream signaling. Mutations 

of FLT3 receptor result in localization in the endoplasmic reticulum, which affects surface 

glycoprotein maturation and activates STAT5, while ligand-activated wild type FLT3 is 

mainly localized on the cell surface and activates MAP kinase (22, 58, 59). Therefore, we 

next performed immunostaining with FLT3 antibody to examine the effects of core 

fucosylation on FLT3 intracellular localization. The FLT3-WT proteins were mainly 

localized on the cell surface, and co-localized with WGA staining (Fig. 8, upper panel). In 

Fut8KO cells, the FLT3-WT proteins were also localized on the cell surface (Fig. 8, middle 

panel). The localization pattern was quite different from that of FLT3-ITD, in which FLT3-

ITD proteins were mainly localized in the intracellular domain (Fig. 8, lower panel), 

presumably in the ER, as previously described (22, 60). These results suggest that the 

underlying molecular mechanism for the induction of FLT3-WT by Fut8KO may be different 

from activation in FLT3-ITD mutation.  
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Figure 8. Effects of core fucosylation on FLT3 intracellular localization. The indicated 

cells were stained for plasma membrane using WGA lectin (Green), fixation and then adhered 

to slides coated with poly-L-lysine for further staining with FLT3 (Red) and TO-PRO-3 

(Blue). Slides were visualized by immunofluorescence microscopy using an Olympus 

FV1000 laser-scanning confocal microscope as described in Methods and Materials. Bar 

shows 30 µm. 

3.6 Deficiency of core fucosylation increased cellular tyrosine phosphorylation levels 

and dimerization of FLT3 

   Following the revelation that Fut8KO resulted in the activation of FLT3-WT downstream 

signaling, we next examined the tyrosine phosphorylation levels of FLT3. The intracellular 

domain of FLT3 has 10 potential tyrosine phosphorylation sites (61, 62). The cell lysates and 

immunoprecipitates with p-Tyr agarose (PY20) from indicated cells were examined. As a 
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result, ablation of core fucosylation potently increased total tyrosine phosphorylation levels 

(Fig. 9A). There is evidence that the dimerization of FLT3-WT is an initial and essential 

event in ligand-induced signal transduction (63). Therefore, we compared FLT3 dimerization 

in 293T and Fut8KO 293T cells with or without FLT3 ligand (FL). As shown in Fig. 9B, the 

dimer formation of FLT3 in wild type or Fut8KO 293T cells could be induced by FL. 

Interestingly, dimerization was observed in the Fut8KO 293T cells even without FL, but not 

in the wild type 293T cells. In addition, the upper band of FLT3 (around 150 kDa, so-called 

mature form) rather than the lower band (around 130 kDa, so-called immature form) 

participated in the dimer formation. Collectively, these data suggest that the deficiency of 

core fucosylation promotes the dimerization of FLT3 and results in the aberrant activation of 

FLT3-WT-mediated signaling such as p-STAT5, p-ERK and p-AKT, which induces an IL-

3-independent cell proliferation pathway in the Ba/F3 cell system.  

 

Figure 9. Deficiency of core fucosylation increased cellular tyrosine phosphorylation 

levels and dimerization of FLT3. The wild type (WT) and Fut8KO (KO) of Ba/F3 cells 
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expressing FLT3 were cultured under normal culture media with or without IL-3 for 48 h, 

respectively. A) The same amounts of cell lysates and immunoprecipitates with p-Tyr 

agarose (PY20) were separated on 7.5% SDS-PAGE, and the membranes were blotted with 

anti-p-Tyr (PY99) and re-probed with anti-α-tubulin, as a loading control. B) The FLT3-WT 

plasmid was transfected into 293T or Fut8KO 293T cells. After 48 hours, cells were treated 

for chemical cross-linking as described under “Materials and methods”. Cell lysates were 

separated on 7.5% SDS-PAGE, and blotted with anti-FLT3 antibody to detect FLT3 

monomer and dimer. α-Tubulin was used as a loading control. 

3.7 PKC412 efficiently inhibited cell proliferation of Fut8KO cells in a relatively lower 

dose  

   Since Fut8KO greatly induced tyrosine phosphorylation as described above, we 

examined the effects of PKC412, a tyrosine kinase inhibitor, on cell proliferation. In fact, it 

was reported that the inhibitory effects of PKC412 on cell proliferation could be observed 

with usage at 500 nM, but even at 100 nM in Ba/F3 cells expressed FLT3 (64). However, it 

was interesting, that PKC412 significantly inhibited cell proliferation even at 1 nM, but did 

not affect cell proliferation of the WT cells (Fig.10A). A fluorinated analog of fucose, 2FF, 

functions as a metabolic fucosylation inhibitor, which is taken up by cells and converted to 

GDP-2FF through endogenous salvage pathways (65, 66). Therefore, 2FF could be 

considered a specific inhibitor for fucosylation. In fact, a treatment with 2FF at 100 µM 

suppressed core fucosylation in HepG2 cells (32). We also confirmed the inhibitory effect on 

Ba/F3 cells. Similar to the Fut8KO cells, the sensitivities for the inhibitory effects of PKC412 

on cell proliferation were also increased in the cells pretreated with 2FF (Fig. 10B). These 
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results suggested that a deficiency of core fucosylation induces a novel signal pathway, but 

not like the IL-3-dependent signal pathway, which is more sensitive to treatment with a 

tyrosine kinase inhibitor. 

 

Figure 10. Loss of core fucosylation chemosensitized the cells to PKC412, a tyrosine 

kinase inhibitor. A) The wild type (WT) and the Fut8KO (KO) of Ba/F3 cells expressing 

FLT3-WT were cultured in the presence of PKC412 at indicated concentrations, and then 

cell numbers were examined after 48 hours. The WT and KO cells were cultured with or 

without IL-3, respectively. The inhibitory ratio was normalized to that of each group without 

the inhibitor as 1. Data are Means ± S.E.M (n=3). *p<0.05. B) The WT Ba/F3 cells expressing 

FLT3 were pre-treated with or without 2FF (100 μM) for 3 days, and then cultured under 

normal media containing 2FF and PKC412 at indicated concentrations for another 48 hours. 

The cell numbers were measured using MTT assay. The inhibitory ratio was normalized to 

that of each group without the inhibitor as 1. Data are Means ± S.E.M (n=3). *p<0.05. 
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4. Discussion 

   FLT3 signaling is important for normal and oncogenic hematopoiesis, but the 

downstream effect from the modification of FLT3 surface glycoprotein remains to be 

elucidated. In the current study, we used the CRISPR/Cas9 system to establish Fut8KO Ba/F3 

cell lines, and found that a deficiency of Fut8 resulted in cell proliferation in an IL-3 

independent manner in FLT3-expressing cells, but not in FLT3-negative cells, which 

suggests that this cell proliferation is dependent on FLT3 expression (Fig. 11). Of course, we 

could not exclude the influences of Fut8KO from other receptors including the IL-3 receptor. 

We revealed a novel effect for a deficiency of core fucosylation for FLT3 homodimerization 

and activation of several downstream signaling pathways in the absence of a ligand. 

Furthermore, blockage of core fucosylation by Fut8KO or 2FF, a fucosylation inhibitor, 

greatly increased sensitivities for the suppression of cell proliferation when using PKC412, 

a tyrosine kinase inhibitor. Therefore, the manipulation of core fucosylation could provide 

valuable direction for the development of drugs that could be effective in treating AML. 

   As mentioned above, core fucosylation is an important regulator for receptor-mediated 

signaling. Our group recently reported that Fut8 deficiency increases sensitivities to 

inflammatory stimulators such as IFN-γ or IL-6 in glial cell lines (52), and sensitivities for 

postsynaptic depolarization by enhancing the heteromerization of AMPARs (37), suggesting 

that without core fucosylation these receptors might exist in an active state. In contrast, core 

fucosylation represses several receptor functions as well. Deletion of core fucosylation down-

regulated the EGF-induced phosphorylation of EGF receptor (40) and TGF-β1 receptor-

mediated Smad activation (39). Sialylation and fucosylation of EGF receptors suppresses 



26 
 

their function and activation in lung cancer cells (67). These data suggest that core 

fucosylation either positively or negatively affects receptor functions. In the present study, 

we also found that the effect of core fucosylation differs between WT and FLT3 mutant 

receptors. Considering the FLT3-TKD or -ITD mutant could activate downstream signaling 

pathways through different mechanisms such as conformation change, intracellular 

localization and/or modification status, which might be quite different from wild type FLT3. 

Therefore, we could speculate that the disruption of Fut8 affects other glycoproteins, and 

interferes with FLT3 signaling to down-regulate cell proliferation. Further clarifying the 

mechanisms of how fucosylation inhibition activates/suppresses FLT3 receptors may be 

helpful in developing novel targeted therapies for hematological malignancies.  

   Several important residues in FLT3 activation have been reported, which includes 

tyrosine residues 589 and 591 for ligand-dependent activation of FLT3-WT Ba/F3 cells (68). 

Tyrosine 589 and 591 are also reported to play important roles in STAT5 activation and 

transformation by FLT3-ITD (69). Masson et al. (61) reported that tyrosines 768, 955 and 

969 of FLT3, as phosphorylation sites and mediators of growth factor receptor binding 

protein (Grb2) interactions, lead to the association of Grb2-associated binder 2 (Gab2), which 

contributes to proliferation and survival. That study revealed that these residues are important 

for the activation of STAT5 and AKT (61). STAT5 is mainly activated by FLT3-ITD 

signaling via aberrant localization in the ER of FLT3-ITD, but it is barely activated by FLT3-

WT signaling (22). We observed that the depletion of core fucosylation did not change the 

transmembrane localization of FLT3-WT. However, FLT3-WT activates not only ERK and 

AKT, but also activates STAT5 in the Fut8KO cells (Fig. 11). We postulate that the activation 
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of STAT5 via the depletion of core fucosylation happens not by an intracellular localization 

change in FLT3, but either by phosphorylation or by some modifications of the important 

residues of FLT3. The activation mechanisms of FLT3 receptor via the depletion of core 

fucosylation should be clarified in the future. 

   FLT3 is reported to undergo glycosylation in the endoplasmic reticulum (23), and several 

glycosylation inhibitors were examined for their effect on the functions of FLT3. One of 

these compounds is fluvastatin, which has already been approved by the FDA and is a 

clinically applied inhibitor of mevalonate synthesis. Apart from blocking cholesterol 

synthesis, fluvastatin also inhibits N-glycosylation by depleting the cells of 

dolicholphosphate, thus leading to a loss of surface expression and the induction of cell death 

in Ba/F3 cells (54). The other compound is 2-deoxy-D-glucose, which not only depletes cells 

of ATP but also impairs N-glycosylation (70). A possible reason for the selective inhibition 

of FLT3-ITD-positive cells by compounds affecting glycosylation may be a further shift of 

FLT3-ITD towards intracellular localization, thereby abrogating signaling from the cell 

surface and in turn cell transformation. Tunicamycin is a bacterial antibiotic, which 

specifically inhibits the transfer of activated sugars to dolichol phosphate, an essential step 

in the N-glycosylation of proteins in the ER (71, 72). These effects are partly mediated by 

arresting FLT3-ITD in an under-glycosylated state and thereby attenuating FLT3-ITD-driven 

AKT and ERK signaling (73). Because FLT3 plays a very important role in the pathogenesis 

of AML, various FLT3 inhibitors have been developed (74). However, their duration of 

clinical response is short because of the rapid development of resistance (75). We found that 

depletion of fucosylation by Fut8KO in combination with PKC412 efficiently decreases the 
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factor-independent growth of FLT3-WT cells. Inhibition of N-glycosylation may be a 

possible approach for cancer therapy. Theoretically, however, inhibition of core fucosylation 

inhibitors is less harmful and should have fewer side effects. To date, several fucosylation 

inhibitors have been developed (65, 66, 76), and there are many good examples of 

combination therapy with FLT3 inhibitors for AML (77-79). Therefore, the modulation of 

FLT3 glycosylation could provide hints for the development of new therapies for different 

types of FLT3-mediated hematological malignancies. 
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Figure 11. A working model for the role of core fucosylation in regulating FLT3 activity 

in Ba/F3 cells. As described previously, FLT3 is a member of the class III receptor tyrosine 

kinase family, which exists in the extracellular (EC) domain that contains 9 potential N-

glycosylation sites, a transmembrane (TM), a juxtamembrane (JM), and tyrosine kinase (TK) 

domains (25). Ba/F3 cells are an IL-3-dependent cell line, and in the presence of IL-3, STAT5 

is potently activated (80) (shown in green arrow and green letters). The FLT3-WT signal 

mainly activates the ERK and AKT pathway in the absence of FLT3 ligand (17) (red arrow 

and red letters). In the present study, the deficiency of core fucosylation induced an IL-3-

independent cell proliferation pathway in the Ba/F3 cell system, in which the expression of 

FLT3 is essential. A lack of core fucosylation triggers ligand-independent FLT3 dimerization 

on the cell surface, resulting in aberrant activation of FLT3-mediated signaling such as p-

STAT5, p-ERK and p-AKT (yellow arrow), which are different from the observations in the 

FLT3-ITD and -TKD mutants. Those two mutants are mainly expressed in the ER, and 

participate in activation of the STAT5 signaling pathway, rather than the ERK and AKT 

signaling pathways (22). Thus, the underlying molecular mechanism for the induction of 

FLT3-WT by Fut8KO could be different from the activation in the FLT3-mutants, which 

could provide valuable direction for the development of drugs that could be effective in the 

treatment of AML.   
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6. Abbreviations  

 

AAL Aleuria Aurantia Lectin 

AML acute myeloid leukemia 

EGF epidermal growth factor 

ER endoplasmic reticulum 

FBS fetal bovine serum 

FLT3 Fms-like tyrosine kinase 3 

Fut8 α1,6-fucosyltransferase 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

IL-3 interleukin-3 

ITD internal tandem duplication 

KO knockout 

PBS phosphate buffered saline 

PhosL  Pholiota Squarrosa Lectin 

PNGase F  peptide-N-glycosidase F; 

TKD tyrosine kinase domain 

WGA wheat germ agglutinin 

WT wild type 
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