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Background: Sphingomyelin synthase (SMS) catalyzes the synthesis of sphingomyelin.

Results: Sphingomyelin-deficient cells failed to proliferate in response to transferrin. Transfection of SMS1 enabled these cells
to generate sphingomyelin, promoting clathrin-dependent uptake of transferrin and its dependent proliferation.

Conclusion: SMSI is indispensable for transferrin internalization and cell proliferation.

Significance: Our findings provide new insights into the role of SMS1 in transferrin biology.

Transferrin (Tf) endocytosis and recycling are essential for
iron uptake and the regulation of cell proliferation. Tf and Tf
receptor (TfR) complexes are internalized via clathrin-coated
pits composed of a variety of proteins and lipids and pass
through early endosomes to recycling endosomes. We investi-
gated the role of sphingomyelin (SM) synthases (SMS1 and
SMS2) in clathrin-dependent trafficking of Tf and cell prolifer-
ation. We employed SM-deficient lymphoma cells that lacked
SMSs and that failed to proliferate in response to Tf. Transfec-
tion of SMS1, but not SMS2, enabled these cells to incorporate
SM into the plasma membrane, restoring Tf-mediated prolifer-
ation. SM-deficient cells showed a significant reduction in
clathrin-dependent Tf uptake compared with the parental SM-
producing cells. Both SMS1 gene transfection and exogenous
short-chain SM treatment increased clathrin-dependent Tf
uptake in SM-deficient cells, with the Tf being subsequently
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sorted to Rabll-positive recycling endosomes. We observed
trafficking of the internalized Tf to late/endolysosomal com-
partments, and this was not dependent on the clathrin pathway
in SM-deficient cells. Thus, SMS1-mediated SM synthesis
directs Tf-TfR to undergo clathrin-dependent endocytosis and
recycling, promoting the proliferation of lymphoma cells.

Transferrin (Tf)* is an important molecule regulating cell
proliferation; it is the major iron-transport protein in serum
and provides iron to cells by interacting with membrane Tf
receptors (TfRs), such as TfR1 and TfR2 (1). Malignant cells
highly express TfR and display a hyperactive Tf recycling sys-
tem, reflecting their heightened need for iron for proliferation
and DNA synthesis (2—4). Several studies have suggested that
the TfR itself plays a role in cell proliferation (5-7). Thus, the
T{-TIR system appears to be crucial for cell proliferation.

The internalization of plasma membrane receptors and lip-
ids occurs through the clathrin pathway and/or the lipid-raft
endocytic pathway (8). Protein-lipid and protein-protein inter-
actions are involved in the targeting of signaling molecules to
specialized compartments in those pathways. Numerous stud-
ies have uncovered the proteins that participate in this machin-
ery, including GTPases such as dynamins, coat components,
and different adaptors (9 —12). However, the role of lipid mole-
cules remained relatively underappreciated by researchers until
it was found that membrane lipids such as phosphatidylinositol
4,5-bisphosphate and phosphatidylinositol 4-phosphate are

“The abbreviations used are: Tf, transferrin; TfR, transferrin receptor; SM, sphin-
gomyelin; SMS1, sphingomyelin synthase 1; SMS2, sphingomyelin synthase 2;
SMase, sphingomyelinase; bSMase, bacterial SMase; NBD, 12-(N-methyl-N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)); MBP, myelin binding protein.
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important for this process (13—15). The importance of lipid
molecules was further demonstrated by the finding that endo-
cytosis is regulated by the catalytic action of phospholipid
metabolizing enzymes, such as phospholipase D (16 —18). Addi-
tional evidence for the vital role of lipids is the existence of lipid
binding domains in numerous vesicle-forming proteins (19).

Sphingolipids such as sphingomyelin (SM) and ceramide have
emerged as vital components of cellular membranes and are
involved in diverse cell functions, including cell proliferation,
death, and immunity (20). In contrast to phosphatidyl-
inositols, their role in cellular trafficking has not been thoroughly
investigated. We previously described the role of the SM cycle in
cell differentiation and death, demonstrating a physiologically
important role for the mutual conversion of SM and ceramide in
cell proliferation (21, 22). SM is produced by the catalytic action of
SM synthase (SMS), which is thought to be the sole enzyme
responsible for SM synthesis in mammals (23). SMS catalyzes the
transfer of phosphocholine from phosphatidylcholine to cer-
amide, resulting in the generation of SM and diacylglycerol. In
mammalians, two SMS isoforms (SMS1 and SMS2) have been
shown to account for the synthesis of SM in the lumen of the
trans-Golgi (24, 25). The human genome also contains an SMS-
related gene (SMSr) whose product does not have the ability to
synthesize SM but catalyzes the formation of the SM analog cer-
amide phosphoethanolamine (26, 27). Several lines of evidence
indicate that SM formation by SMS is critical for cell proliferation
and survival (25, 28, 29).

The SM recycling system utilizes the clathrin pathway like the
Tf-TfR trafficking system (30). A small percentage of SM is traf-
ficked to lysosomes where it is degraded to ceramide by acid sph-
ingomyelinase (SMase) (31). Hydrolysis of plasma membrane SM
by bacterial SMase (bSMase) rapidly induces the formation of
numerous vesicles, probably containing ceramide, that pinch off
from the plasma membrane in ATP-depleted macrophages and
fibroblasts (32). Alterations in the sphingolipid composition of
trafficking vesicles have the potential to affect the regulation of
endocytosis and trafficking. In this study, we propose that SM for-
mation by SMS1 on the plasma membrane regulates clathrin-de-
pendent endocytosis of Tf and, consequently, cell proliferation.

EXPERIMENTAL PROCEDURES

Materials—Alexa Fluor 488-conjugated Tf, LysoTracker Red
DND99, and Alexa Fluor-conjugated secondary antibody were
purchased from Molecular Probes (Eugene, OR). C,-NBD-SM,
C4-NBD-ceramide, and C4-SM were from Matreya Inc. (Pleas-
ant Gap, PA). Hoechst33342 were obtained from Sigma. Anti-
clathrin heavy chain IgG monoclonal antibody (MA1-065
clone X22) was from Affinity BioReagents (Golden, CO). Defat-
ted bovine serum albumin (BSA) and human Tf were from
Nacalai Tesque (Kyoto, Japan). bSMase was from Higeta Shoyu
(Tokyo, Japan), and anti-MBP monoclonal antibody was from
Upstate Biotechnology (Waltham, MA). Monoclonal mouse
antibodies against Rab11 and the anti-TfR1 mouse monoclonal
antibody were purchased from Zymed Laboratories Inc. (San
Francisco, CA). Horseradish peroxidase-conjugated anti-Tf
antibody was from Abcam (Cambridge, UK). Anti-actin poly-
clonal antibody was from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Horseradish peroxidase-conjugated secondary anti-
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body was purchased from Promega (Madison, WTI). Cell culture
and SM-deficient WR19L/Fas-SM(—) cells were generated in
our laboratory (25). WR19L/Fas-SMS1 and WR19L/Fas-SMS2
cells were established by retroviral transfection of WR19L/Fas-
SM(—) cells using pDON-hSMS1 and pDON-hSMS2, respec-
tively. WR19L/Fas-SM(—) cells transfected with empty vector,
pDON-A] and the parental WR19L/Fas-SM(—) cells had the
same characteristics, so we used WR19L/Fas-pDON-AI cells as
a substitute for WR19L/Fas-SM(—) cells. Cells were cultured at
37 °C in RPMI 1640 medium supplemented with 10% fetal calf
serum, 100 units/ml penicillin, 100 pg/ml streptomycin, and 50
uM B-mercaptoethanol in a 5% CO, atmosphere.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)—
5 ug of total RNA, isolated using a RNA purification kit
(RNeasy, Qiagen, Hilden, Germany), was used in reverse tran-
scription reactions using a cDNA synthesis kit (TaKaRa Shuzo,
Kyoto, Japan). The resulting cDNA was amplified using Premix
TaqPCR kit (TaKaRa) in a PCR thermal cycler. The following
primer sets were used: for glyceraldehyde-3-phosphate dehydro-
genase, forward 5-AAGGCTGTGGGCAAGGTCAT-3" and
reverse 5'-CACCACCCTGTTGCTGTAGC-3'; for human and
mouse SMSI1, forward 5-TTAGCGCATGACCACTACAC-3’
and human reverse 5'-CAAAGTGGGGATCCGACAAA-3' or
mouse reverse 5-CAAAGTGGGGATCCGACAAA-3'; for
mouse SMS2, forward 5-ATTCACCTCGTCACTTCTGG-3’
and reverse 5'-TTGCAGCACGGACTCTTTTG-3'; for human
SMS2, forward 5'-ACTACTCTACCTGTGCCTGG-3' and
reverse 5'-AGCAGCCAGCAGATTAAATG-3'. PCR products
were separated using 5% PAGE and detected with ethidium
bromide staining.

SMS Activity—Cells (2 X 10°/ml) were homogenized in ice-
cold buffer (20 mm Tris-HCl (pH 7.4), 2 mm EDTA, 10 mm
EGTA, 1 mm phenylmethylsulfonyl fluoride, 2.5 pug/ml leupep-
tin, and 2.5 ug/ml aprotinin). 100 ug of protein was mixed with
the reaction solution (10 mm Tris-HCI (pH 7.5), 1 mMm EDTA, 20
M Co-NBD-ceramide, 120 um phosphatidylcholine) and incu-
bated for 1 h at 37 °C. Lipids were extracted (33) and separated
by thin-layer chromatography on silica gel G plates using chloro-
form, methanol, 12 mm MgCl, (65:25:4, v/v/v). For in vivo SMS
activity, 1 X 107 cells were treated with 5 um C,-NBD-ceramide on
ice, washed twice with ice-cold PBS, and incubated for 1 hat 37 °C.
Cell homogenization and lipid extraction was performed as
described for in vitro SMS activity. Fluorescent lipids were visual-
ized by the LAS-1000 system (Fujifilm, Tokyo, Japan).

Lipid Measurement by High Performance Liquid Chromatog-
raphy-Tandem Mass Spectrometry (LC/MS)—Analysis of SM
and ceramide species in lipid extracts was performed using high
performance liquid chromatography-tandem mass spectrome-
try as described by Bielawski et al. (34). Amounts of ceramide
were expressed as the total of species with various carbon
chains (Cy4 Cig Cig Cigar Coor Cooar Caor Ca Contr Con
C,u1, Coe and Cop ;). Amounts of SM were similarly expressed
as the total of species with various carbon-chains (C,,, C;4, Ci4,
Cis10 Coor Caoar Cazr Conitr Cos Cogas Co and Cogy).

Cell Viability and Proliferation—Cells were washed twice with
serum-free RPMI 1640 medium and seeded at 2 X 10° cells/ml.
Cell viability was counted by the trypan blue exclusion method.
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FIGURE 1. Characterization of WR19L/Fas cell variants for SM synthesis. A, mouse lymphoma cells were kept for 1 h in serum-free medium and washed
twice with PBS, and then mRNA levels of mouse (m) and human (h) isoforms were detected by RT-PCR. The in vitro (B) and in vivo (C) SMS activities were
measured by using C,-NBD-ceramide as a substrate. Data were obtained from at least three independent experiments. Error bars, S.D. D, ceramide (Cer) and SM
levels were determined by LC/MS and normalized by organic phosphates. Values represent the means = S.D. from four experiments. £, cells were fixed, stained
with MBP-conjugated lysenin, and analyzed by confocal microscopy. Scale bars, 10 mm.

Kinetics of Tf Uptake and Recycling—For the Tf transport
assay, cells were incubated in serum-free medium for 60 min at
37 °C to deplete intracellular Tf. The cells were then incubated
with 1 pg/ml [**°I]Tf at 37 °C for the indicated time periods.
Free and plasma membrane-associated Tf were extracted by
washing with PBS and acidic buffer (20 mm MES (pH 5.0), 137
mwm NaCl, 50 um desferal, and 0.1% BSA) at 4 °C. The amount of
internalized ['*°I]Tf was determined using a gamma counter.
For measurement of Tf uptake, cells were preincubated in
serum-free medium for 60 min and treated with 20 ug/ml Alexa
Fluor 488-conjugated Tf for 10 min. Cells were washed twice
with ice-cold PBS and treated with acidic buffer for 10 min at
4 °C. Then cells were washed with ice-cold PBS and fixed with
1% paraformaldehyde for 20 min at 4 °C. Fluorescence was
measured with a fluorescence-activated cell sorter (FACS).

Immunofluorescence—For the detection of plasma mem-
brane SM, cells were washed twice and kept for 1 h in serum-
free RPMI 1640 medium supplemented with 0.2% defatted BSA
at 37 °C to eliminate any lipids acquired from the serum. Cells
were cytospun onto slides and fixed with 2% formaldehyde.
They were probed with lysenin-MBP for 30 min at room tem-
perature and stained with anti-MBP monoclonal IgG followed
by Alexa Fluor 546 conjugated anti-mouse IgG antibodies. For
determining Tf colocalization with clathrin heavy chain, Rab11,
and Lamp2 (lysosomal-associated membrane protein 2), cells
were treated with Alexa Fluor 488-conjugated Tf. Fixed cells
were cytospinned onto glass slides and permeabilized with PBS
containing 0.1% Triton X-100 for 10 min and incubated with
PBS containing 1% BSA for 30 min at room temperature. Cells
were washed with PBS and then incubated with primary anti-
bodies for 2 h at room temperature. After washing with PBS,
Alexa Fluor 546-conjugated anti-IgG antibodies were applied
for 1 h. For studies of Tf colocalization with lysosomes in living
cells, cells were treated with 200 nm LysoTracker Red before 1 h
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of Tf treatment and subsequently treated with Alexa Fluor 488-
conjugated Tf and Hoechst33342 for 5 min. Confocal laser
microscopy was performed using a TCS SP2 microscope
(Leica). Colocalization of proteins was quantified with Co-
Localizer Pro, Version 2.2, using the overlap coefficient accord-
ing to Manders (CoLocalization Research Software, Boise, ID).

Western Blot Analysis—Cells were harvested, washed with
PBS, and dispersed in hypotonic buffer containing 10 mm Tris-
HCI (pH 7.4), 10 mMm KCl, 1.5 mm MgCl,, 0.1% SDS, 1 mMm
PMSE, 10 ug/ml leupeptin, and 10 pg/ml aprotinin. To detect
intracellular Tf, cells (2 X 10° cells) were treated with or with-
out 20 mm NH,Cl for 10 min and then incubated with 50 pg/ml
Tffor 10 min at 37 °C. Cells were then washed with ice-cold PBS
and treated with acidic buffer for 10 min, washed again with
ice-cold PBS, and lysed. The lysates (50 ug of protein) were
subjected to SDS-PAGE. Proteins were transferred to a poly-
vinylidene difluoride membrane (Millipore, Bedford, MA) and
blocked with PBS, 0.1% Tween 20 (PBS-T) containing 5% non-
fat dried milk. Membranes were incubated with primary anti-
bodies and then secondary antibodies in PBS-T containing 5%
nonfat dried milk. Immunoreactive protein bands were visual-
ized using an ECL-peroxidase detection system (Amersham
Biosciences) according to the manufacturer’s instruction. The
bands were quantified with Image J 1.43.

Statistical Analysis—Comparison between two groups was
carried out using the unpaired Student’s ¢ test.

RESULTS

Characterization of WRI19L/Fas Cell Variants—To examine
the role of SMSs in Tf trafficking and cell proliferation, we
employed SM-defective murine lymphoma WRI19L/Fas-
SM(—) cells that were established from SM-rich WR19L/Fas-
SM(+) cells (35). The parent cells, but not WR19L/Fas-SM(—)
cells, constitutively expressed mRNA for SMS1 (Fig. 1A).
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FIGURE 2. SMS1-mediated SM synthesis promotes Tf-mediated cell proliferation. A, cells (1 X 10° cells/ml) were kept in serum-free medium supplemented
with 5 pg/ml Tf. After 24 or 48 h, viable cell numbers were counted by the trypan blue exclusion method. *, p < 0.001 versus WR19L/Fas-SM(—) cells.
B, WR19L/Fas-SM(—) (black-filled column) or WR19L/Fas-SMS1 cells (red-filled column) were treated with 10 um C4-SM or 10 milliunits/ml bSMase, respectively.
Cells were fixed, stained with MBP-conjugated lysenin, and analyzed by confocal microscopy. Scale bars, 10 um. C, WR19L/Fas-SM(—) and WR19L/Fas-SMS1
cells were treated with or without 10 um C4,-SM and then stimulated with Tf for 24 h. Viable cell numbers were counted by the trypan blue exclusion method.
D, WR19L/Fas-SMS1 cells were treated with the indicated concentrations of bSMase and then incubated with Tf for 24 h.*, p < 0.001. Data were obtained from

at least three independent experiments. Error bars, S.D.

WR19L/Fas-SM(—) cells were stably transfected with human
SMS1 or SMS2 genes to generate WRI19L/Fas-SMS1 or
WR19L/Fas-SMS2 cells, respectively. The respective mRNAs
were detected in these cells (Fig. 14). Next, we determined SMS
activities in vitro and in vivo. WR19L/Fas-SM(—) cells were
defective in in vitro (Fig. 1B) and in vivo (Fig. 1C) SMS activities,
and cells overexpressing hSMS1 or hSMS2 showed in vitro SMS
activities to a similar extent (Fig. 1B). The in vivo activity in
WR19L/Fas-SMS1 cells was 150 pmol/10” cells/h, similar to the
parental WR19L/Fas-SM(+) cells. SMS2-overexpressing
WRI19L/Fas-SMS2 cells showed only a slight increase in activity
compared with WR19L/Fas-SM(—) cells (Fig. 1C). Further-
more, we determined the cellular content of the SMS substrate,
ceramide, and the product, SM, by LC/MS. Introduction of the
SMS1 gene dramatically augmented SM content to 32.05 =
3.23 pmol/nmol of lipid phosphate from 3.18 = 1.85 pmol/
nmol of lipid phosphate in WR19L/Fas-SM(—) cells, but SMS2-
overexpressing WR19L/Fas-SMS2 cells displayed only modest
increases in SM. The modest elevation in in vivo activity by
SMS2 gene introduction and the robust increase in in vitro
activity was closely correlated to SM levels in WR19L/Fas-
SMS2 cells. However, there was no significant difference in cel-
lular ceramide levels among these cells (Fig. 1D). Immunocyto-
chemical detection of cell surface SM by lysenin showed that
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plasma membrane SM was detectable only in SMS1-expressing
cells (WR19L/Fas-SM(+) and WR19L/Fas-SMS1 cells; Fig. 1E).
Thus, SMS1 appears to play an important role in forming SM,
particularly at the plasma membrane.

SMS1 Involvement in Tf-dependent Cell Proliferation—The
Tf-TfR system plays an important role in cell proliferation, and
we previously proposed that SMS1-generated SM is required
for cell proliferation by insulin and Tf (25). However which
SMS isoenzymes contribute to Tf-dependent cell proliferation
remained unknown. As shown in Fig. 24, SM-deficient
WR19L/Fas-SM(—) cells failed to proliferate in response to Tf.
Notably, only SMS1-expressing and SM-rich cells (WR19L/
Fas-SMS1 and WR19L/Fas-SM(+) cells) displayed Tf-depen-
dent proliferation, indicating an important role for SMS1-gen-
erated SM in Tf-dependent cell proliferation. Moreover, we
examined the effects of exogenous short chain C,-SM or
bSMase on Tf-dependent cell proliferation. In WR19L/Fas-
SMS1 cells, bSMase treatment reduced cell surface SM, and
Cs-SM-treated WR19L/Fas-SM(—) cells had increased amounts
of SM on the cell surface (Fig. 2B). As shown in Fig. 2C, C,-SM
treatment imparted on WR19L/Fas-SM(—) cells the ability to
proliferate in response to Tf. Conversely, the degradation of cell
surface SM by bSMase suppressed Tf-induced proliferation of
WRI19L/Fas-SMS1 cells (Fig. 2D). These results suggest that
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Tf-induced cell proliferation requires SM at the cell surface and
is dependent on the catalytic activity of SMS1.

Tf and TfR complexes internalized via clathrin-coated pits
pass through early endosomes and recycling endosomes, and
this process is important for cell proliferation. To examine the
involvement of clathrin-dependent internalization of Tf in cell
proliferation, we employed a pharmacological approach using
chlorpromazine (36, 37), which is known to suppress clathrin-
dependent internalization. Chlorpromazine treatment inhib-
ited Tf-induced cell proliferation of SMS1-expressing and SM-
rich WR19L/Fas-SM(+) cells in a dose-dependent manner
(Fig. 34), and the treatment blocked Tfinternalization (Fig. 3B).
The TR family consists of two isoforms, TfR1 and TfR2 (1, 38).
As we failed to detect significant expression of TfR2 in WR19L/
Fas-SM(+) cells (supplemental Fig. S1), TfR1 is likely the major
isoform in these cells, accounting for Tf-induced cell prolifera-
tion. Thus, the data suggest that clathrin-dependent Tf-TfR1
internalization is important for cell proliferation.

Effects of Individual SMS Isoforms on Tf Internalization and
Recycling— A recent study of trafficking organelles using synap-
tic vesicles as a model revealed that clathrin-containing vesicles
are composed of various lipids, including SM (39). Thus, SM-
deficient cells lacking SMSs were presumed to have impair-
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ments in clathrin-coated vesicle. Indeed, SMS-deficient cells
were impaired in Tf-mediated cell proliferation (Fig. 2). We
measured Tf uptake and recycling in all cell types. Cells were
incubated with [**’I]Tf for the indicated time periods. Tf
uptake increased with time and then plateaued after 10 min,
but amounts of Tf uptake after 10 and 20 min were signifi-
cantly reduced in SM-deficient cells compared with SM-rich
cells expressing SMS1 (Fig. 4A4). Although cellular and/or
cell surface expression of TfR1 possibly affected Tf uptake,
there were no significant differences in expression levels
between the WR19L/Fas variants (supplemental Fig. S1).
These results suggest that SMS1-mediated SM synthesis is
crucial for Tf uptake.

We also determined the rate of Tf recycling in these cells.
Cells were incubated for 10 min at 37 °C, and cell surface
[*2°I) Tf was dissociated from plasma membrane TfR1 using an
acidic buffer at 4 °C. Recycling of internalized [*?°I]Tf into the
medium was measured during re-incubation of the cells at
37 °C. Although ['*’I]Tf was inefficiently internalized by SMS-
SM-deficient WR19L/Fas-SM(—) cells (Fig. 44), the amount of
intracellular label sufficed for recycling measurements. The
rate of recycling was not significantly affected by deficits in
SMS1-mediated SM synthesis (Fig. 48).
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FIGURE 5. SMS1-mediated SM synthesis promotes clathrin-dependent Tf internalization. A, WR19L cells were kept in serum-free medium at 37 °C for 60
min, and then the medium was replaced with K* depletion buffer or 10 mm KCl-containing buffer. After 30 min, cells were treated with or without 10 um C,-SM
for 10 min and then incubated with ['>°ITf at 37 °C for 10 min. After washing with PBS and acidic buffer (pH 5.0), the radioactivity of intracellular ['?*I]Tf was
counted with a gamma counter. The values are expressed as the inhibition rate of ['2°I]Tf internalization by 10 mm KC| (means = S.D.). B, cells were kept in
serum-free medium at 37 °C for 60 min and then pretreated with 80 um dynasore at 37 °C for 10 min. Cells were incubated with 2 ug/ml Alexa Fluor
488-conjugated Tf at 37 °C for 10 min. Internalization was measured with FACS. The values are expressed as the inhibition rate of intracellular Alexa Fluor
488-conjugated Tf in vehicle treated cells (mean = S.D.). *, p < 0.005; **, p < 0.05 versus WR19L/Fas-SM(—) cells. #. p < 0.005 versus WR19L/Fas-SMS2 cells.

Requirement of SMS1-mediated SM Synthesis for Clathrin-
dependent Internalization of Tf—In light of the results above,
SMS1-mediated SM synthesis likely controlled clathrin-depen-
dent Tf internalization. To examine this possibility, we tested
the effects of SM on clathrin-dependent endocytosis of Tf (Fig.
5A). K* depletion (40) is known to abolish clathrin-dependent
endocytosis, similar to chlorpromazine, thereby inhibiting Tf
uptake. More than 50% of Tf internalization was sensitive to K*
depletion in both SM-rich WR19L/Fas-SM(+) and WR19L/
Fas-SMSI1 cells, whereas SM-deficient cells such as WR19L/
Fas-SM(—) and WR19L/Fas-SMS2 showed less sensitivity to
K™ depletion. Most importantly, the addition of 1 um C4-SM
significantly restored the susceptibility of SM-deficient
WR19L/Fas-SM(—) cells to inhibition of Tf internalization by
K™ depletion by more than 2-fold, suggesting that SM is a key
lipid that allows Tf to be internalized through clathrin-coated
vesicles.

Dynamin is a GTPase that is essential for clathrin-dependent
vesicle formation (41), and the selective inhibitor dynasore has
been shown to inhibit the clathrin-dependent internalization of
Tf (42). Similar to K™ depletion, Tf internalization in SM-rich
WR/Fas-SM(+) and SMSI1 cells was sensitive to dynasore treat-
ment compared with SM-deficient cells (Fig. 5B). Thus, SM
appears to be required for dynamin-dependent internalization
of Tf, and dynamin is unlikely to significantly contribute to the
clathrin-independent pathway.

When internalized, Tf-TfR complexes are packed into clath-
rin-coated vesicles. To examine the effects of SMS1 introduc-
tion on the compartmentalization of Tf-TfR complexes into
clathrin-coated vesicles, we performed confocal microscopy
using Alexa Fluor 488-conjugated Tf and clathrin heavy chain
antibodies. After 2 min of Tf chase, the colocalization of Tf with
clathrin heavy chain in SM-deficient cells was 20.8%, and the
restoration of SM by SMS1 introduction significantly increased
colocalization (WR19L/Fas-SMSI1 cells, 48.1%; Fig. 6, A and B).
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No colocalization was observed after 5 min (data not shown),
which matches the mode of Tf internalization and traffic in
other cell types (41). Furthermore, we tested whether manipu-
lating SM content at the plasma membrane affected the inter-
nalization of Tf with clathrin. The loading of exogenous C,-SM
onto WRI19L/Fas-SM(—) cells significantly restored early
Tf/clathrin colocalization to 43.2% from 20.8%, and conversely,
SM hydrolysis by bSMase led to the loss of early colocalization
in WR19L/Fas-SMSI cells, down to 20.8% from 48.1% (Fig. 6, A
and B). No significant difference in protein levels of TfR1 and
clathrin heavy chain between SM-rich and -deficient cells was
found, suggesting that changes in protein expression were not
involved in regulating the Tf internalization pathway from
being primarily clathrin-dependent to being clathrin-inde-
pendent or vice versa. Tf was colocalized with TfR1 in all
WR19L/Fas variants (supplemental Fig. S1C), indicating that Tf
compartmentalization is similar to that of TfR1. These data
suggest that SMS1-mediated SM synthesis plays a key role in
promoting the packaging of Tf-TfR1 complexes into clathrin-
coated vesicles at the plasma membrane. Consistent with the
results in Fig. 5, these results also suggest that SM deficiency
directs Tf to the endocytic pathway instead of the clathrin
pathway.

SM Synthesis by SMS1 Promotes Tf Sorting into Recycling
Endosomes—Tf internalized along with other clathrin-coated
cargo is sequentially sorted to Rabl1-positive recycling endo-
somes (43). We examined the involvement of SMS1-mediated
SM synthesis in the sequestration of Tf into these recycling
endosomes. In SM-deficient WR19L/Fas-SM(—) cells, 9.4% of
internalized Tf was colocalized with Rab11 at 5 min (Fig. 7), and
no significant colocalization was observed at later time points
(7 and 10 min, data not shown). Surprisingly, SM-rich WR19L/
Fas-SMSI1 cells showed significantly increased colocalization
compared with SM-deficient WR19L/Fas-SM(—) cells. Those
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FIGURE 6. Involvement of SMS1-mediated SM synthesis on the sorting of Tf into clathrin-positive compartments. A, cells were treated with or without
10 um C4-SM or 50 milliunits/ml bSMase for 10 min at room temperature and then incubated with Alexa Fluor 488-conjugated Tf (green) for 2 min. Cells were
fixed, stained with clathrin heavy chain antibody (red), and analyzed by confocal microscopy. Nuclei were stained with Hoechst33342 (blue). Scale bars, 5 pm.
B, Tf colocalization with clathrin was determined using the Manders’ colocalization coefficient as described under “Experimental Procedures.” The values are
expressed as percentages of colocalized Tf and clathrin heavy chain. Error bars, S.D.*, p < 0.001 versus WR19L/Fas-SMS1 cells; #, p < 0.001 versus WR19L/Fas-
SM(—) cells. C, TfR and clathrin heavy chain levels in cells were determined by Western blot analysis.
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FIGURE 7. Involvement of SMS1-mediated SM synthesis on the sorting of Tf into Rab11-positive recycling endosomes. A, WR19L/Fas-SM(—) or WR19L/
Fas-SMS1 cells were treated with or without 10 um C4-SM or 50 milliunits/ml bSMase for 10 min. Cells were then incubated with Alexa Fluor 488-conjugated Tf
(green) for 5 min, fixed, and stained with Rab11 antibody (red). Nuclei were counterstained with Hoechst33342 (blue). Images were obtained by confocal
microscopy. Scale bars, 5 um. B, shown are percentages of colocalized Tf and Rab11. Error bars, S.D. *, p < 0.005; **, p < 0.005.

results show that introduction of the SMS1 gene promoted the  decrease in Tf-Rab11 colocalization down to 26.0% from 36.4%
sorting of Tf into Rab11-positive compartments. in SM-rich WR19L/Fas-SMS1 cells, suggesting that SM pro-

Treatment of SM-deficient WR19L/Fas-SM(—) cells with  motes the sequestration of Tfto Rab11-positive recycling endo-
exogenous C,-SM restored the colocalization of Tf with Rab11l  somes (Fig. 7). These results demonstrate that not only is
by 28.7%, whereas bSMase hydrolysis of cell surface SMledtoa SMS1-mediated SM synthesis required for promoting Tf pas-
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FIGURE 8. The sorting of Tf into LysoTracker-positive endolysosomal compartments in SM-deficient cells. A, cells were preincubated with 200 ng/ml
LysoTracker Red DND99 (red) at 37 °C for 60 min and then treated with or without 10 um C4-SM or 50 milliunits/ml bSMase for 10 min. The cells were treated with
Alexa Fluor 488-conjugated Tf (green) and Hoechst3342 (blue) for 5 min. Living cells were analyzed by confocal microscopy. Scale bars, 5 um. B, effects of NH,Cl
on Tf trafficking are shown. Cells were treated with 20 mm NH,Cl for 10 min and then incubated with 50 wg/ml Tf for 10 min. After washing with ice-cold PBS
and acidic buffer (pH 5.0) to remove membrane-bond Tf, intracellular Tf was detected by Western blot analysis and quantified with Image J 1.43. Value are
expressed as the -fold increase over vehicle-treated WR19L/Fas-SM(—) cells (n = 3, mean = S.D.). *, p < 0.005; **, p < 0.005.

sage thorough recycling endosomes but also that Tf exits from
the recycling endosome pathway in SM-deficient cells.

Tf Trafficking to the Lysosomal Degradation Pathway in SM
Deficiency—Cargo-specific sorting leads to distinct cargo traf-
ficking. Cargo can be routed from early endosomes to late
endosomes and lysosomes for degradation or to recycling
endosomes that bring the cargo back to the plasma membrane.
In SM-deficient cells, internalized Tf was less colocalized with
Rab11-positive compartments compared with SM-rich cells,
thereby passing into the degradation pathway. We examined
possible routes of Tf movement to lysosomes in SM-deficient
cells. Tf was colocalized with lysosomes (LysoTracker Red) in
SM-deficient cells, and treatment of those cells with C,-SM
decreased colocalization (Fig. 84), whereas bSMase treatment
of SM-rich cells increased colocalization. Moreover, approxi-
mately half of the Tf was colocalized with Lamp2 in SM-defi-
cient cells at 5 min (SM(—), 46.8%; SMS2, 52.1% colocalization),
although SM-rich WR19L/Fas-SMSI cells displayed only 26.3%
colocalization (supplemental Fig. S2), suggesting that SM defi-
ciency promotes the re-directing of Tf to lysosomes.

Lysosomes are acidic organelles that play an important role
in the degradation of proteins and lipids. Inhibition of lyso-
somal function by NH,Cl (44) increased cellular Tf in SM-de-
ficient cells but decreased cellular Tf in SM-rich cells (Fig. 8B),
indicating that Tf might be degraded in the lysosomal compart-
ment of SM-deficient cells. These results suggest that SM defi-
ciency induces the sequestration of internalized Tfinto the lyso-
somal compartment for degradation. Why the reduction by
NH,CI treatment occurs in SM-rich cells remains unclear, but
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pH neutralization of the early endosomes by NH,Cl is thought
to inhibit the internalization of Tf.

DISCUSSION

We previously reported on the biological role of SMS, which
is one of most important enzymes regulating hematopoietic cell
proliferation, differentiation, and death through “SM cycle” (21,
45-47). Up-regulation of SMS promotes cell proliferation in
lymphocytes, hepatocytes, astrocytes, and fibroblasts (48 —50).
In contrast, inhibition of SMS activity is involved in inducing
apoptosis of TNF-a-treated Kym-1 cells (51) and Fas-cross-
linked Jurkat cells (47). Our group (25) and that of Holthuis and
co-workers (24) discovered the SMS genes, but the biological
role of SMS1 and SMS2 in Tf-mediated cell proliferation
remained poorly understood. Here we demonstrate a role for
SMS1-mediated SM synthesis in clathrin-dependent endocyto-
sis of Tf-TfR1 complexes and cell proliferation. It also appears
that the complexes on SM-deficient membranes could be re-di-
rected to lysosomal compartments for degradation.

Ding et al. (52) demonstrated that both SMS1 and SMS2 in
THP1-derived macrophages are involved in generating plasma
membrane SM. However, SMS2 introduction into WR19L/Fas-
SM(—) cells showed little increase in in vivo SMS activity and
SM levels, whereas enrichment of cellular and plasma mem-
brane SM in SMS1-overexpressing WR19L/Fas-SMS1 cells
resulted in increases in both in vivo and in vitro SMS activity
(Fig. 1). Consistent with those results, mouse embryonic fibro-
blasts obtained from SMS2 knock-out mice, which still
expressed SMS1, showed higher amounts of SM in the plasma
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membrane compared with embryonic fibroblasts from SMS1
knock-out mice (data not shown), suggesting that SMS1 is the
primary enzyme maintaining SM levels in the plasma
membrane.

Why SMS2 overexpression in WR19L/Fas-SM(—) cells failed
to fully generate SM in the plasma membrane remains unclear.
It is possible that SMS2 activity is suppressed by an inhibitory
molecule(s) in lymphoma cells, although the biological regula-
tion of SMS2 activity remains poorly understood.

Tfand TR are involved in the regulation of cell proliferation
(53). Cells treated with anti-TfR antibodies could internalize Tf
via the non-TfR/clathrin pathway, inhibiting cell proliferation
(53). In addition, the inhibition of clathrin-dependent internal-
ization of Tf suppressed cell proliferation (Fig. 3). Tf-T{R1 com-
plexes are delivered to early endosomes where the low pH facil-
itates the dissociation of iron from receptor/ligand complexes
(54), making iron biologically available. Iron-containing pro-
teins (e.g. cytochromes, mitochondrial aconitase, and Fe-S pro-
teins of the electron transport chain) catalyze key reactions
involved in energy metabolism and DNA synthesis (e.g. ribonu-
cleotide reductase) (54). In light of the requirement for iron in
cell proliferation, the biological availability of this metal plays
an important role in Tf-induced cell proliferation. Therefore,
the present study suggests that SMS1-mediated SM synthesis
plays a key role in generating the biological activity of Tf.

SM deficiency is likely to decrease Tf colocalization with
Rab11 (Fig. 7) and redirects Tf to the lysosomal compartment
(Fig. 8) without affecting the rate of Tf recycling (Fig. 4).
Although these results seem to be inconsistent, we can specu-
late why SM deficiency had no effect on the Tf recycling rate.
Internalized Tf may simply not pass through early endosomes.
It has been shown that () internalized Tf is recycled directly
back from early endosomes to the plasma membrane (55), and
(b) Tfis recycled in the absence of perinuclear recycling endo-
somes (44). In WR lymphoid cells, the majority of internalized
Tf might be transported from early endosomes to the plasma
membrane. Thus, SM deficiency is suggested to have no effects
on the rate of Tf recycling.

We propose that SMS1 activity accounts for the majority of
SM synthesis. Although SM is a possible constituent of trans-
port vesicles and plays a role in the clathrin-dependent traffick-
ing of Tf, its mechanism of function still remains largely
unknown. SMase hydrolyzes SM, generating ceramide. The
levels of ceramide in SM-deficient cells were similar to those in
SM-rich cells (Fig. 1). Furthermore, in contrast to SM in the
present study, ceramide has been shown to prevent classical
PKC-dependent sequestration of Tf into the recycling endo-
some-like compartment, the pericentrion, by activating cera-
mide-activated protein phosphatases (56). Those rule out the
involvement of ceramide. Thus, SM, but not ceramide, is likely
to be the key lipid regulating the clathrin-dependent internal-
ization of Tf.

SM deficiency disrupts the clathrin-dependent uptake of Tf.
LDL and cholera toxin subunit B are internalized through
clathrin-dependent and independent pathways, respectively
(57). SM deficiency had no significant effects on their uptake
(supplemental Fig. S3). Thus, SM is specifically required for the
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clathrin-dependent internalization of Tf in mouse lymphoma
cells.

Plasma membrane receptors are not always degraded by
lysosomes; some are recycled back to the plasma membrane
after endocytosis (58). For example, Tf and TfR are internalized
and recycled back to the cell surface through recycling endo-
somes. However, this does not imply that Tf-TfR complexes are
always recycled and used endlessly. TR itself undergoes degra-
dation and is degraded by a Rab12-dependent pathway (59). Tf
is directed to lysosomal compartments close to perinuclear
regions in SM-deficient cells (Fig. 84). Although we failed to
detect the degradation products of Tf and/or TfR1 (data not
shown), Tf-TfR1 complexes are presumed to undergo degrada-
tion. The molecular mechanisms underlying the redirection of
Tf to lysosomal compartments in SM-deficient cells remain
unknown.

In summary, SM synthesized by SMS1 plays a pivotal role in
the clathrin-dependent internalization of Tf-T{R and promotes
cell proliferation. SM deficiency (e.g due to a lack of SMSI)
facilitates the sequestration of Tf into endolysosomal compart-
ments, thereby reducing the biological availability of Tf-derived
iron and its ability to enhance cell division.
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