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The phorbol ester tetradecanoylphorbol acetate (TPA)
induces promyelocytic leukaemia cells to differentiate
to macrophage-like cells in vitro. During the course of
this differentiation, the cells adhere to the bottom of
the culture dish, a process that requires an increase in
cell surface glycosphingolipids (GSLs). We examined
the cellular content of glucosylceramide (GlcCer), the
simplest of the GSLs, in a TPA-treated leukaemia cell
line, U937. Following TPA treatment, we observed a
3.5-fold increase in GlcCer levels that was caused
by enhanced activity of ceramide glucosyltransferase
(GlcT-1), which catalyses ceramide glycosylation.
Furthermore, in TPA-treated cell GlcT-1 amounts were
increased at both the mRNA and protein levels. We
also found decreased activity of lactosylceramide syn-
thase in TPA-treated cells, which could also contribute
to the increase in cellular GlcCer content.

Keywords: adhesion/ceramide/differentiation/
glucosylceramide/leukaemia.

Abbreviations: DMSO, dimethyl sulfoxide; GlcCer,
glucosylceramide; GM3, sialyl lactosyl ceramide;
GSL, glycosphingolipid; LacCer, lactosyl ceramide;
RT�PCR, reverse transcription�polymerase chain
reaction; TPA, 12-O-tetradecanoylphorbol-13-acetate.

Ceramide glucosyltransferase (UDP-glucose ceramide
glucosyltransferase, GlcT-1, EC.2.4.1.80) catalyses the
first glycosylation step of glycosphingolipid (GSL) syn-
thesis. cDNA cloning of human and mouse GlcT-1
revealed that the protein is composed of 394 amino
acids (44.9 kDa) (1, 2). GlcT-1 transfers glucose from
UDP-glucose to the lipid ceramide to form GlcCer,

which serves as a source for over 300 GSLs (3, 4).
These GSLs play important roles in various cellular
processes including cell recognition, growth and differ-
entiation (5). The lipid substrate of GlcT-1, ceramide,
serves as a second messenger for various cellular
events, including apoptosis (6), and GlcT-1 controls
its intracellular content (7). Recently, GlcT-1 was
also suggested to be implicated in insulin resistance
of lipid cells (8) and cancer cell drug resistance (9).

GSLs, in addition to sphingomyelin, also play im-
portant roles in cellular adhesion to substrata.
Promyelocytic leukaemia U937 and HL-60 cells have
the potential to differentiate into macrophage-like cells
following tetradecanoylphorbol acetate (TPA) treat-
ment (10). One of the phenotypic changes that accom-
pany differentiation is adherence to a culture dish. In
addition, HL-60 cells have increased GlcCer and GM3
content during differentiation (11, 12). Chung et al.
(13) demonstrated that the GM3 synthase promoter is
stimulated via protein kinase C/extracellular signal-
regulated kinases-dependent cAMP responsive element
activation during the course of differentiation, and
contributes to the increase of GM3. It was further de-
monstrated that D-threo-1-phenyl-2-decanoylamino-
3-morpholino-1-propanol (PDMP), a competitive
inhibitor of GlcT-1, blocked TPA-induced adherence
of HL-60 cells (11). Although PDMP blocked cell ad-
herence, it did not inhibit differentiation as determined
by enzyme markers and cell morphology (11). This
result emphasizes the importance of GSLs for cell ad-
herence. Another sphingolipid, sphingomyelin, is also
involved in adherence. Dressler et al. (14) showed that
sphingomyelin is necessary for adherence during
HL-60 cell differentiation. Both GSLs and sphingo-
myelin play roles in the adherence of other cell types,
including the B16 mouse melanoma cell line, which
requires either GSLs or sphingomyelin for adherence
to a dish (15). Here, we show that GlcT-1 is
up-regulated at the mRNA and protein levels during
the course of U937 differentiation, resulting in
increased amounts of GlcCer.

Materials and Methods

Materials
TPA was obtained from Sigma (Tokyo, Japan). A fluorescent
substrate for GlcT-1, 6-{((N-7-Nitrobenz-2-oxa-1,3-diazol-4yl)-
amino)caproyl}sphingosine (C6-NBD-Cer) was purchased from
Invitrogen (Carlsbad, CA, USA). C6-NBD-LacCer and C6-NBD-
GlcCer were from Matreya, LLC (Pleasant Gap, PA, USA). A
monoclonal antibody to GM3, M2590, was obtained from Cosmo
Bio Co., Ltd. (Tokyo, Japan). A horseradish peroxidase conjugated
anti-mouse immunoglobulin M polyclonal antibody was
from Funakoshi (Tokyo, Japan). All other reagents used were of
analytical grade.
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Cell line and culture conditions
The human promyelocytic leukaemia cell line U937 DE-4, a subline
of U937, was obtained from RIKEN cell bank (Tsukuba, Japan) and
used throughout the experiments (10). The cells were grown in humi-
dified 5% CO2 at 37�C in DMEM medium containing 10% fetal
bovine serum.

Differentiation of U937 cells into macrophage-like cells
To induce differentiation, TPA (10mg/ml in DMSO) was added to
the medium at a final concentration of 10 ng/ml. The differentiation
into macrophage-like cells was evaluated by monitoring non-specific
esterase activity using a-naphthyl butyrate (Sigma) as a substrate
48 h after TPA addition (16).

Lipid analyses
Total lipids were extracted from the cells with CHCl3/CH3OH, 2 : 1
(vol/vol) and evaporated to dryness. The dried lipids were then dis-
solved in a small volume of CHCl3/CH3OH, 2 : 1 (vol/vol), and chro-
matographed on silica gel 60 TLC plates (Merck, Darmstadt,
Germany) in CHCl3/CH3OH/H2O, 65 : 25 : 4 (vol/vol). GSLs on
the plate were visualized by spraying 0.2% orcinol in 2M sulphuric
acid followed by heating at 120�C on a hot plate.

GM3 was analysed by TLC immunostaining (17). Total lipids
were applied onto a Polygram SIL G plate (Macherey & Nagel,
Germany) and developed in CHCl3/CH3OH/H2O, 5 : 4 : 1 (vol/vol).
GM3 was detected by indirect immunostaining using the Konica
Immunostain HRP-1000 kit (Seikagaku Corporation, Tokyo,
Japan).

For quantification of GlcCer and GM3, TLC images were pro-
cessed using NIH ImageJ (Rasband, 1997�2005) software.

Enzyme assay
Enzyme activities of GlcCer-metabolizing enzymes were measured
using NBD labelled fluorescent substrates. After enzyme reactions,
the lipids were extracted with CHCl3/CH3OH, 2 : 1 (vol/vol) and
applied to silica gel TLC plates. NBD lipids were then separated
in the same solvent used for the lipid analysis chromatography
and visualized by UV-B illumination. To quantify enzyme products,
TLC images were processed with NIH ImageJ software. Reaction
conditions for each enzyme assay are as described below.

GlcT-1 activity was measured according to Lipsky and Pagano
(18) with slight modifications (1). A reaction mixture (50 ml) com-
posed of 20mM Tris�HCl (pH 7.5), 500 mM UDP-Glucose, 10 ml
liposomes [C6-NBD-Cer (0.5 mg) and lecithin (5 mg) in water] and
30 mg cell protein was incubated at 25�C for 2 h.

The LacCer synthase reaction was performed using the method of
Nishie et al. (19) with slight modifications. A reaction mixture (50 ml)
composed of 50mM HEPES buffer (pH 7.5), 200 mM UDP-
Galactose, 5mM MgCl2, 5mM MnCl2, 10 ml liposomes
[C6-NBD-GlcCer (0.5 mg) and lecithin (5 mg) in water] and 60 mg
cell protein was incubated at 30�C for 12 h.

For glucocerebrosidase assays, a reaction mixture (50 ml) com-
posed of 50mM sodium acetate buffer (pH 5.2), 10 ml liposomes
[C6-NBD-GlcCer (0.5 mg) and lecithin (5 mg) in water] and 50 mg
cell protein was incubated at 37�C for 30min.

Klotho-related protein (neutral glycoceramidase) reactions were
carried out according to Hayashi et al. (20) with slight modifications.
A reaction mixture (50 ml) composed of 50mMMES buffer (pH 6.0),
0.08% deoxycholate, 10 ml liposomes [C6-NBD-GlcCer (0.5 mg) and
lecithin (5mg) in water] and 7 mg cell protein was incubated at 37�C
for 30min.

Reverse transcription-polymerase chain reaction
Total RNA was purified from the cells using TRIzol Reagent
(Invitrogen). The cDNA was synthesized from total RNA (2.5 mg)
using MMLV reverse transcriptase (Invitrogen). Polymerase
chain reaction (PCR) was performed with the Expand High
Fidelity PCR system (Roche Diagnostics, Manheim, Germany)
according to the manufacturer’s instruction with the cDNA as a
template. Glyceraldehyde-3-dehydrogenase (G3PDH) primers were
used for amplification of G3PDH cDNA as a normalization control.
The following primers and thermal cycling conditions were used.

GlcT-1:
GlcT-1 forward primer: 50-ATGATGATCCAGCCATTGATGTA

TGT-30

GlcT-1 reverse primer: 50-TCAATTTCTCAGTTTCAATCCAGA
ATG-30

94�C for 1min, 61�C for 1min and 68�C for 2min, 29 cycles.
G3PDH:
G3PDH forward primer: 50-TCTTTTGCGTCGCCAGCCGAGC-30

G3PDH reverse primer: 50-GAAGGCTGGGGCTCATTTGCAGG-30

94�C for 1min, 67�C for 1min and 68�C for 2min, 18 cycles.
Glucocerebrosidase:
GBA forward primer: 50-TACTGTGACTCCTTTGACCCC-30

GBA reverse primer: 50-CAGGTCTGGTGGTAGATGTCT -30

94�C for 1min, 57�C for 1min and 68�C for 2min, 24 cycles.
Klotho-related protein:
KLrP forward primer: 50-AAAAGGCCCTTGTGTCTGGGA-30

KLrP reverse primer: 50-AAAAGCAGACGCCTCTCCTGT-30

94�C for 1min, 57�C for 1min and 68�C for 2min, 30 cycles.
b-1,4-galactosyltransferase V (LacCer synthase):
B4GALT5 forward primer: 50-TGCTCAGGTTTATGAGCAGGT-30

B4GALT5 reverse primer: 50-ATAGTTGCGATCACTTTCCGG-30

94�C for 1min, 57�C for 1min and 68�C for 2min, 26 cycles.
b-1,4-galactosyltransferase VI (LacCer synthase)
B4GALT6 forward primer: 50-GTACAAGCTCGAGGTATAATG-30

B4GALT6 reverse primer: 50-AGGTTGTGTGCCAGTCTGTTC-30

94�C for 1min, 57�C for 1min and 68�C for 2min, 26 cycles.
GM3 synthase (Sialyltransferase I):
SAT1 forward primer: 50-TTTGGGTTCCGGAAGTTCTCC-30

SAT1 reverse primer: 50-CGAAGTAGTGCAAAGGTGTTC-30

94�C for 1min, 57�C for 1min and 68�C for 2min, 27 cycles.
For semi-quantitative analysis of amplified cDNA fragments, agar-

ose gel images were processed with NIH ImageJ software.

Promoter analysis
To search for transcription factor binding sites, the promoter se-
quence of the human GlcT-1 gene was subjected to TFSEARCH
program (Yutaka Akiyama, http://mbs.cbrc.jp/research/db/
TFSEARCHJ.html) (21).

Western blot analysis
Generation of anti-GlcT-1 antibody and western blot analysis of
GlcT-1 were performed according to Watanabe et al. (22).

Reporter gene assay
The 1.3 and 2.4 kb human GlcT-1 promoter fragments were ampli-
fied by PCR using a pair of hPF1 and hPR1 primers (1.3 kb), or a
pair of hPF2 and hPR1 primers (2.4 kb). RPCI11.C DNA carrying
the GlcT-1 gene (Life Technologies Japan, Tokyo Japan) was used
as a template.

hPF1: 50-ATCTCGAGTTGAGTACTAGCATCTTCTTG-30 (be-
tween positions �1407 and �1387 when A of the initiator
ATG is numbered as 0)

hPF2: 50-ATCTCGAGACTATAGGTGCCATAACCATG-30 (be-
tween positions �2428 and �2408 when A of the initiator
ATG is numbered as 0)

hPR1: 50-ATAAGCTTGGGAGGCGAGAGGAAGGT-30 (be-
tween positions �98 and �115 when A of the initiator
ATG is numbered as 0).

The amplified DNA fragments were double digested with XhoI
and HindIII, and cloned into the pGL4.17 vector carrying the luci-
ferase gene (Promega, Tokyo Japan). The resulting constructs were
transfected into U937 cells using the Lipofectamine 2000 transfec-
tion reagent (Invitrogen) and selected with 400 mg/ml G418 for two
weeks. Luciferase activity was measured by a luminometer using the
Luciferase Enzyme Assay System (Promega).

DNA manipulation
DNA manipulation was carried out according to Sambrook and
Russell (23).

Protein assay
Total protein amounts were assayed using the BCA protein assay
reagent kit according to the manufacturer’s instructions (Pierce,
Rockford, IL, USA).
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Results

Forty-eight hours after treatment with TPA (10 ng/ml),
490% of the U937 cells adhered to the dish and differ-
entiated into macrophage-like cells as assessed by non-
specific esterase activity (data not shown). Adherence
began 8 h after treatment initiation and most of the
cells had adhered within 20 h. Since GSLs are known
to stimulate adhesion of cells to a dish, we analysed the
lipid content of cell lysates from the TPA-treated cells

after 20 h treatment. The major GSLs in U937 cells
were GlcCer and GM3. LacCer levels were too low
to be detectable. As shown in Fig. 1A and B, TPA
treatment increased GlcCer and GM3 levels to
3.5- and 1.3-times, respectively, higher than that seen
in untreated cells. We postulated that this increased
GSL content was due to enhanced GlcT-1 activity
and therefore we directly assessed GlcT-1 enzyme ac-
tivity. As expected, GlcT-1 activity in TPA-treated cell
lysates was �2-fold higher than that of untreated con-
trol cells (Fig. 2A and B). The same level of activation
was observed for lysates obtained from cells 48 h after
treatment (data not shown). To determine if the
observed activity increase was caused by an activator
in TPA-treated cells, we mixed cell lysates from
TPA-treated and TPA-untreated cells and estimated
the enzyme activity. The GlcT-1 activity of the mixture
was essentially the average of the individual treated
and untreated lysates (Fig. 3A and B), indicating that
no activator was present in TPA-treated cell lysates.
Since the increased GlcT-1 activity was likely not
caused by alterations in enzyme properties, we esti-
mated the GlcT-1 mRNA levels by semi-quantitative
RT�PCR. As expected, mRNA levels were much
higher in TPA-treated cells [Fig. 4A(a) and A(b)],
whereas no difference was seen in G3PDH mRNA ex-
pression [Fig. 4B(a) and B(b)]. Thus, we examined
transcriptional activation of human GlcT-1 promoter
using a reporter gene assay. Fragments from human
GlcT-1 promoter region (1.3 kb and 2.4 kb) were
ligated to the luciferase gene and stably transfected
into U937 cells (Fig. 5A). Unexpectedly, luciferase
activities of the stable transfectants were not altered
when cell lysates were tested 20 h after TPA treatment
(Fig. 5B). In addition, luciferase activities were not
increased, but rather decreased 48 h after TPA add-
ition (data not shown). Since the elevated GlcT-1
mRNA level could be due to a reduction in the
mRNA degradation, we analysed GlcT-1 mRNA deg-
radation. The de novo synthesis of mRNA was blocked
by actinomycin D and decreases in GlcT-1 mRNA
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levels in TPA-treated and TPA-untreated cells were
compared. The degradation rate was faster for TPA-
treated cells (data not shown), indicating that the in-
crease of cellular GlcT-1 mRNA content was not
caused by a reduced mRNA degradation rate.
We also examined GlcT-1 protein content in the

TPA-treated cells by western blot analysis and found
that GlcT-1 levels were increased (Fig. 6).

Since increased GlcCer levels might also be caused
by alterations in other GlcCer-metabolizing enzymes,
we analysed the mRNA levels and activities of those
enzymes. As shown in Fig. 7, mRNA expression of
the LacCer synthases, b-1,4-galactosyltransferse V
(B4GALT5) (24) and b-1,4-galactosyltransferase VI
(B4GALT6), (25) were dramatically decreased. On
the other hand, a large increase in GM3 synthase
mRNA was observed as was also reported previously
for HL-60 cells (Fig. 7) (13). In addition, we examined
mRNA levels of the GlcCer-degrading enzymes, glu-
cocerebrosidase and Klotho-related protein and de-
tected a slight and moderate increase in mRNAs for
glucocerebrosidase and Klotho-related protein, re-
spectively (Fig. 8). Since alterations in these mRNA
levels of the enzymes were observed, we next measured
their enzyme activities. LacCer-synthesizing activity,
comprised of b-1,4-galactosyltransferse V and b-1,
4-galactosyltransferase VI, was measured and a large
decrease in activity was detected in TPA-treated cells
(Fig. 9). On the other hand, glucocerebrosidase and
Klotho-related protein activities were increased by
1.7- and 2.4-fold, respectively (Fig. 10).

Discussion

For macrophage-like cells, both GSLs and sphingo-
myelin play important roles in cellular adherence to
the substratum (11, 14). Although the detailed mech-
anism is not clear, lipid rafts containing these lipids
may serve as platforms for cell adhesion molecules
such as integrins. Since the increase of GlcCer was
much greater than that of GM3, GlcCer might be the
most important lipid involved in this adhesion.
Previously, Kan et al. (11) demonstrated that the
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GlcT-1 inhibitor PDMP inhibits adherence during
TPA-induced macrophage-like differentiation of
HL-60 cells. They also observed an increase in cellular
GSLs, including GlcCer and GM3. Chung et al. (13)
showed that GM3 synthase is up-regulated during the
differentiation of HL-60 cells. Although the involve-
ment of GSLs in adhesion has been established, the
mechanisms responsible for this increase have not
been fully elucidated. Thus, we examined the mechan-
ism underlying the increase of GSLs, including GlcCer,

during cellular differentiation. In our studies of U937
cells, the increase in GlcCer was due to increased
GlcT-1 activity. We assume that the activation of
GlcT-1 stimulates cellular adhesion via this increased
total GSL content.

Increased activity of GlcT-1 has been reported
previously for normal differentiation of human kera-
tinocytes (22) and neuronal differentiation of the pheo-
chromocytoma cell line PC12 (26). In the case of PC12
differentiation induced by TPA, the cells up-regulate
expression of the proto-oncogene c-fos and its protein
product, c-Fos. c-Fos can directly bind to and activate
GlcT-1 (26). Since the up-regulation of c-Fos expres-
sion during U937 differentiation was reported previ-
ously (27), we analysed the c-Fos content in TPA-
treated cells under our experimental conditions and
confirmed that c-Fos levels did indeed increase (data
not shown). However, the increase in GlcT-1 activity is
presumably not due to direct interaction of c-Fos and
GlcT-1 because cell lysates from TPA-treated cells did
not stimulate the activity in untreated cell lysates
(Fig. 3A and B), although it is also possible that
there was insufficient free c-Fos present in the TPA
lysate to activate GlcT-1. On the other hand,
RT�PCR revealed an increase in GlcT-1 mRNA in
TPA-treated cells [Fig. 4A(a) and (b)]. Kitamura
et al. (28) investigated mRNA profiles in the cytoplas-
mic fraction of U937 cells before and after TPA stimu-
lation using microarrays with 15107 oligonucleotide
probes and detected a 2.7-fold increase of GlcT-1
mRNA, which supports our RT�PCR data. Since
this increase could be the consequence of enhanced
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transcriptional activity, we examined GlcT-1 promoter
activity using a reporter gene assay. Both mouse (29)
and human GlcT-1 promoters contain multiple Sp1
binding sites as basal elements and several putative
regulatory elements, including NF-kB and cAMP
responsive element-binding protein (CRE-BP) binding
sites. In addition to those elements, the human GlcT-1
promoter contains a site for AP1 binding (Fig. 5A).
c-Fos is known to bind to the AP1 motif to stimulate
transcription and CRE-BP is also known to be acti-
vated by TPA. Therefore, we examined the promoter
activity of a 1.3 kb human GlcT-1 promoter fragment
containing these motifs. Unexpectedly, no enhance-
ment of luciferase activity was observed in the
TPA-treated cells (Fig. 5B), suggesting that the puta-
tive AP1, CRE-BP and NF-kB motifs found in this
1.3 kb promoter region are not functional and the se-
quence responsible for the enhanced mRNA synthesis
was not present in this fragment. Since sequences fur-
ther upstream from this promoter fragment could be
responsible for the enhanced GlcT-1 activity, we exam-
ined a 2.4 kb promoter fragment carrying an additional
1.1 kb of 50 sequences that lie upstream of the 1.3 kb
fragment. Again, no enhancement of luciferase activity
was observed. This result indicates that the regulatory
sequences do not exist in this 2.4 kb promoter frag-
ment. Sequences further upstream from this 2.4 kb
fragment are unlikely to be responsible for the increase
in GlcT-1 mRNA because this region lies too distal
from the GC-rich region containing putative Sp1 bind-
ing sites. In addition, the increase in GlcT-1 mRNA
was not due to a reduced rate of mRNA degradation
(data not shown). This discrepancy is presumably
caused by differences between exogenous and authen-
tic (endogenous) promoters. The local change of the
chromatin structure around the authentic GlcT-1

promoter might be responsible for the increase in
GlcT-1 mRNA and this change during cell differenti-
ation could enhance the accessibility of the promoter
to transcription factors and/or RNA polymerase II. So
far, the mechanism of the GlcT-1mRNA increase is
not entirely clear and requires further study.
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Since the increase in cellular GlcCer content might
be caused by alterations in other GlcCer-metabolizing
enzymes, we analysed mRNA levels and activities of
those enzymes. We found decreases in mRNA levels
and activity of LacCer synthase in TPA-treated cells
(Figs 7 and 9). As GlcCer is a substrate for LacCer
synthase, the decrease in LacCer synthase activity
might also contribute to the increased GlcCer content
in TPA-treated cells. Unexpectedly, we observed large
increases in mRNA levels and activities of the

GlcCer-degrading enzymes glucocerebrosidase and
Klotho-related protein in TPA-treated cells (Figs 8
and 10). Why these increases in enzyme activity did
not reduce cellular GlcCer content is unclear, but lyso-
somal localization of glucocerebrosidase could require
GlcCer to be transported to lysosomes for degrad-
ation. Glucocerebrosidase also requires other proteins
such as saposins for its activation in vivo, which may
not have been available in sufficient amounts.
Klotho-related protein is located in the cytosol and
GlcCer is also synthesized on the cytoplasmic side of
the Golgi apparatus. GlcCer, however, is translocated
to the lumenal side of the organelle by flippase activity.
Presumably, this translocation is rapid and most of
GlcCer may be translocated in advance of the
enzyme degradation.
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