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The expression of the pre-B cell receptor (BCR) is confined to the early stage of B cell development, and its dysregulation is asso-
ciated with anomalies of B-lineage cells, including leukemogenesis. Previous studies suggested that the pre-BCR signal might
trigger the autonomous termination of pre-BCR expression even before the silencing of pre-BCR gene expression to prevent sus-
tained pre-BCR expression. However, the underlying mechanism remains ill defined. Here we demonstrate that the pre-BCR
signal induces the expression of lysosome-associated protein transmembrane 5 (LAPTMS5), which leads to the prompt down-
modulation of the pre-BCR. While LAPTMS5 induction had no significant impact on the internalization of cell surface pre-BCR,
it elicited the translocation of a large pool of intracellular pre-BCR from the endoplasmic reticulum to the lysosomal compart-
ment concomitantly with a drastic reduction of the level of intracellular pre-BCR proteins. This reduction was inhibited by lyso-
somal inhibitors, indicating the lysosomal degradation of the pre-BCR. Notably, the LAPTM5 deficiency in pre-B cells led to the

augmented expression level of surface pre-BCR. Collectively, the pre-BCR induces the prompt downmodulation of its own ex-
pression through the induction of LAPTMS5, which promotes the lysosomal transport and degradation of the intracellular pre-
BCR pool and, hence, limits the supply of pre-BCR to the cell surface.

Bcell development in the bone marrow is characterized by the
ordered production of Ig heavy (H) and light (L) chains (2).
At the pre-B cell stage, L chains are not yet produced, and pH
chains are covalently linked to surrogate L (SL) chains composed
of VpreB and N5 to form the pre-B cell receptor (BCR) in a
noncovalent association with signal-transducing Iga-Igp het-
erodimers (4, 16, 30). The pre-BCR does not function as a receptor
for antigen recognition, unlike the BCR on mature B cells. Instead,
the pre-BCR plays a crucial role in B cell development in the fetal
liver and adult bone marrow in an antigen-independent manner.
The deficiency of pre-BCR components or signaling modules such
as BLNK (also known as BASH or SLP-65) results in impaired B
cell differentiation at the pre-B cell stage in both humans and mice
(7, 11). Pre-BCR expression is temporally confined to the large
pre-B cell stage and is promptly downmodulated as cells differen-
tiate toward the small pre-B cell stage, where L chains are pro-
duced (4, 17, 43). This must be tightly regulated, and dysregulated
pre-BCR expression and signal transduction lead to impaired B
cell development, the leukemogenesis of pre-B cells, and auto-
antibody production (9, 10, 15, 19, 24, 25, 35, 41).

The pre-BCR was reported previously to terminate its own
expression through the induction of the transcriptional shutoff of
the N5 and VpreB genes (36). The BLNK-mediated pre-BCR sig-
nal upregulates the expression of the transcription factors inter-
feron regulatory factor 4 (IRF4) and Aiolos, which in turn induce
the silencing of SL chain gene expression (22, 40). In mice defi-
cient for both IRF4 and IRF8, pre-B cells fail to downregulate the
pre-BCR and therefore express higher pre-BCR levels than do
wild-type (WT) pre-B cells (21). Similarly, BLNK-deficient pre-B
cells fail to downregulate the pre-BCR, and the reconstitution of
BLNK in these cells leads to the upregulation of Aiolos and pre-
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BCR downregulation (9, 26, 40, 45). Aiolos competes with early
B-cell factor (EBF), an essential transcriptional activator of the A5
gene, for binding to an overlapping region on the A5 promoter,
thereby silencing A5 transcription (40). Intriguingly, some studies
previously suggested that the downmodulation of the pre-BCR
might be triggered by the pre-BCR signal even before the gene
silencing of the SL chains (37, 45). However, the underlying mech-
anism remains to be investigated.

The pre-BCR complex is distinct from the BCR complex not
only in its composition but also in the topology within the cell.
Only a small fraction (~2%) of the newly synthesized pre-BCR
complex is transported to the cell surface, compared to over 90%
of the BCR in mature B cells, even though the pre-BCR and BCR
show comparable rates of synthesis and assembly of their compo-
nents in the endoplasmic reticulum (ER) (3, 8). In accordance
with this, most of the wH chains produced by pre-BCR-expressing
cells show immature glycosylation, whereas those produced by
BCR-expressing cells possess a Golgi-modified, fully mature form
of polysaccharides. Thus, the vast majority of the pre-BCR com-
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plex is retained in the ER of pre-B cells, in contrast to the domi-
nant expression of the BCR complex on the cell surface. These
observations suggest that the regulation of pre-BCR metabolism
may differ from that of BCR metabolism.

Lysosome-associated protein transmembrane 5 (LAPTM5) isa
transmembrane protein that resides in late endosomes and lyso-
somes and is expressed preferentially in hematopoietic tissues (1,
38). LAPTMS5 contains five membrane-spanning segments, three
polyproline-tyrosine motifs, and a ubiquitin-interacting motif at
its C terminus (33). LAPTM4, structurally related to LAPTMS,
was shown previously to transport and sequestrate various small
molecules, including nucleosides and antibiotics, into the lyso-
some, thereby protecting the cell from their harmful effects (5, 12,
13). Even though the exact function of LAPTMS5 remains ill de-
fined, recent studies demonstrated that LAPTMS5 is involved in the
regulation of antigen receptor expression on the surface of lym-
phocytes after antigen stimulation (31, 32).

In the present study, we explored the possible mechanism un-
derlying the autonomous downregulation of the pre-BCR on
pre-B cells at the protein level. We found that the BLNK-mediated
pre-BCR signal induces LAPTMS5 expression in pre-B cells. While
the induction of LAPTMS5 did not show any significant impact on
the internalization of cell surface pre-BCR, it promoted the trans-
location of a large intracellular pool of pre-BCR complexes from
the ER to the lysosomal compartment, leading to their lysosomal
degradation. This shut off the supply of the pre-BCR to the cell
surface, resulting in the downmodulation of surface pre-BCR. Im-
portantly, pre-B cells in LAPTM5-deficient mice showed aug-
mented pre-BCR expression levels, illustrating the importance of
LAPTMS5 in the autonomous downmodulation of the pre-BCR.

MATERIALS AND METHODS

Mice. Mice deficient for the membrane exon of the wH chain gene (uWMT
mice) (20), RAG2-deficient mice (39), and LAPTMS5-deficient mice (32)
were bred and maintained under specific-pathogen-free conditions in our
animal facility. All animal studies were approved by the Institutional An-
imal Care and Use Committee of Tokyo Medical and Dental University.

Cell lines and cell culture. An interleukin-7 (IL-7)-independent
BLNK-deficient pre-B cell line, BKO84 (45), and its transfectants were
cultured in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 5% fetal calf serum (FCS), 2 mM L-glutamine, ] mM sodium
pyruvate, 0.1 mM nonessential amino acids, 100 U/ml penicillin-strepto-
mycin, and 5 X 10~° M 2-mercaptoethanol (2-ME) at 37°C in 5% CO,.
The retroviral packaging cell line Plat-E (28) was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FCS, 100
U/ml penicillin-streptomycin, 1 pg/ml puromycin (Sigma-Aldrich), and
10 pg/ml blasticidin (Gibco BRL). The BKO/BASH-ERtm cell line was
established by infecting BKO84 cells with a retroviral vector encoding a
fusion protein consisting of BLNK and a mutated hormone-binding do-
main of mouse estrogen receptor (45). The expression of functional
BLNK was induced by the incubation of BRO/BASH-ERtm cells with 10
nM 4-hydroxytamoxifen (4-OHT; Sigma). The BKO/Ton-LAPTMS5 cell
line was generated by a retroviral infection of BKO cells with pRetroX-
Tet-On-Advanced/BLAST and pRetroX-Tight-Pur/LAPTM5 (prepared
as described below), followed by selection with 0.5 pug/ml puromycin and
25 pg/ml blasticidin. LAPTMS5 expression was induced by the incubation
of BKO/Ton-LAPTMS5 cells with 2 pg/ml doxycycline. In some experi-
ments, cells were incubated with 0.1 uM bafilomycin Al (Sigma), 1 pM
clasto-lactacystin B-lactone (Calbio Chem), or vehicle (dimethyl sulfox-
ide [DMSOQY]) alone as a control.

Construction of retroviral vectors and their infection. A retroviral
vector for pH chain expression, pMX-IRES-GFP/IgpH chain (wH™ and
wHY™), was previously described (18). The wH™ and wH"™ chains differ
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in their variable regions and their abilities to form the pre-BCR. The
former but not the latter is capable of pairing with the SL chain. The
retroviral vector used for doxycycline-induced expression, pRetroX-Tet-
On-Advanced/Blast, was generated by replacing the neomycin-resistant
gene in the pRetroX-Tet-On-Advanced/Neo retroviral vector (Clontech)
with the blasticidin-resistant gene derived from the pCALBLS vector. The
LAPTMS5 expression vectors pRetroX-Tight-Pur/LAPTM5 and pRetroX-
Tight-Pur/Flag-LAPTM5 (WT or Acyto [LAPTMS5 ER retention mutant])
were created by inserting cDNAs encoding LAPTM5 and Flag-tagged
LAPTM5 (WT or Acyto), respectively, into the multiple-cloning site of
the pRetroX-Tight-Pur retroviral vector (Clontech). The LAPTMS5 Acyto
mutant includes amino acids (aa) 1 to 204 of LAPTMS5 but lacks the
cytoplasmic tail. The retroviral vector used for short hairpin RNA
(shRNA) expression, MSCV-LMP8, was generated by replacing the green
fluorescent protein (GFP) gene in MSCV-LMP (Open Biosystems) with
the human CD8 gene (hCD8) from the pMX-IRES-huCD8 vector,
which was a gift from T. Saito (Riken, Yokohama, Japan). The follow-
ing sequences were selected: 5'-CCCTTCAAATAGCTTGCTTAAA
(Laptm5sh-1) and (5'-GGTAAAGTGTCCTGTAGGTT (Laptm5sh-2), as
targets of short hairpin RNA for the LAPTM5 knockdown; 5'-AAGCTC
GAAACTGTTTGGTAA, for the Btk knockdown; and a scramble se-
quence, ATTCAATCGCTATCGCATACTA, as a negative control. Plat-E
cells were transfected with the above-described vectors by using Fugene 6
(Roche). The culture supernatants were collected 48 h later and used to
infect cells in the presence of 1 wg/ml Polybrene in 24-well plates. The
retroviral infection of bone marrow pro-B cells was performed as previ-
ously described (18).

Quantitative RT-PCR analysis. Total RNA was prepared from cells by
using TRIzol (Invitrogen) or a total RNA extraction and purification kit
(JenaBioscience). cDNAs were synthesized with ReverTra Ace (Toyobo),
an oligo(dT) primer (Amersham), and random hexamer primers (Invit-
rogen). Quantitative reverse transcription (RT)-PCR was performed on a
Stepone Plus PCR instrument (Applied Biosystems) with Fast SYBR green
master mix (Applied Biosystems) and the following primer sets for vari-
ous genes: sense primer TGCCGCACAGCCAGTTCATCA and antisense
primer AGGACGGCAGAGCCACCTTGA for Laptm5, sense primer AC
GTGGGAGAAGAGGCAGTA and antisense primer TCTGTCTTTCTGG
TGGGGGA for Btk, and sense primer GTTGGATACAGGCCAGACTTT
GTTG and antisense primer GAGGGTAGGCTGGCCTATAGGCT for
Hprt.

Flow cytometric analysis and cell sorting. Cells were stained with the
following antibodies: fluorescein isothiocyanate (FITC)-labeled anti-
CD19, anti-GL7, and anti-B220 antibodies; biotin-labeled anti-CD43
(S7) and anti-human CD8 antibodies; phycoerythrin (PE)-labeled anti-
CD43 antibody (S7); and anti-IL-7Ra chain antibody, peridinin chloro-
phyll protein (PerCP)-Cy5.5-labeled anti-IgM antibody, and allophyco-
cyanin-labeled anti-CD19 antibody and streptavidin. All of these reagents
were purchased from BD PharMingen. The monoclonal antibody (MADb)
specific for the pre-BCR (SL156) (44) was biotinylated in our laboratory.
Stained cells were analyzed with a FACSCalibur or FACSCanto II system
(BD Biosciences). In some experiments, GFP-positive (GFP™) cells were
sorted with a FACSVantage or FACSAria II system (BD Biosciences). In
some experiments, B220" cells were isolated with B220-iMag beads (BD
Biosciences).

Immunofluorescence microscopic analysis. Cells were placed onto
silane-coated glass slides, fixed with 4% paraformaldehyde for 10 min,
and permeabilized with 0.1% Tween 20 in phosphate-buffered saline
(PBS) for 10 min. After being blocked with 5% goat serum and 2% bovine
serum albumin (BSA) in PBS, the cells were incubated for 1 h with rat
anti-mouse LAMP1 antibody (1D4B; eBiosciences), biotinylated goatanti-
IgwH Fab (Jackson ImmunoResearch), rabbit anti-LAPTM5 antibody
(32), or mouse anti-Flag M2 antibody (Sigma), followed by Alexa Fluor
488-labeled streptavidin, Alexa Fluor 405-labeled anti-mouse IgG, Alexa
Fluor 555-labeled anti-rat IgG, or Alexa Fluor 647-labeled anti-rabbit IgG
(Molecular Probes). Single-plane images were acquired with an A1R con-
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FIG 1 The lysosomal pathway is involved in BLNK-mediated pre-BCR downmodulation. (A) BKO/BASH-ERtm cells were cultured with 4-OHT (filled
histograms in top panels) or control ethanol (open histograms in top panels) for 24 h (top) or for the indicated time periods (bottom) and analyzed for the surface
expression of pre-BCR and CD19. Dashed histograms in the top panels show control staining with an isotype-matched antibody. Bottom panels show the time
course of the relative level (mean fluorescence intensity) of pre-BCR and CD19 expressions (means * standard errors of the means; n = 4 for each time point)
(3, P < 0.05, **, P << 0.01), where the level of expression before the culture (0 h) is set as 100%. (B) BKO/BASH-ERtm cells were cultured with 4-OHT (filled bars)
or ethanol (open bars) for 7 h and subjected to surface pre-BCR labeling with anti-wH Fab antibodies, followed by further culturing with 4-OHT (filled bars) or
ethanol (open bars) for the indicated time periods after labeling. The relative expression level of labeled pre-BCR on the cell surface at each time point is shown
(means = standard errors of the means; n = 3 each), in that the level of expression before the start of measurements (0 min) is set as 100% for both experimental
groups (with and without 4-OHT treatment, respectively) for easier comparisons of the rates of pre-BCR internalization between them. Note that as shown in
panel A, the actual level of pre-BCR on 4-OHT-treated cells was ~70 to 80% of that on untreated control cells before the start of the measurements (0 min), that
is, 7 h after treatment with or without 4-OHT. (C) BKO/BASH-ERtm cells were cultured for 12 h with 4-OHT (filled bars) or ethanol (open bars) in the presence
of the indicated reagents or vehicle (DMSO) alone and then analyzed for the expression of surface pre-BCR. The relative expression level of pre-BCR in each
group is shown (means = standard errors of the means; n = 3 each) (*, P < 0.05), in that the level of expression on control cells cultured with ethanol is set as

100%. Data shown in panels A to C are representative of data from three or four independent experiments.

focal laser scanning microscope (Nikon Instech) equipped with a 60X oil
objective lens and processed with NIS-Elements C software (Nikon In-
stech).

Immunoblot analysis. Immunoprecipitation and immunoblotting
were performed with the following antibodies: goat polyclonal anti-wH
chain antibody (Jackson ImmunoResearch); rabbit polyclonal anti-Iga
antibody; goat polyclonal anti-\5 antibody (V-20; Santa Cruz); mouse
anti-a-tubulin antibody (Sigma-Aldrich); mouse anti-protein disulfide
isomerase (anti-PDI) antibody (Abcam); and rabbit polyclonal antibodies
specific for Lyn (sc-15; Santa Cruz), extracellular signal-regulated kinase 1
(ERK1) (C-16; Santa Cruz), phosphorylated ERK1/2 (Cell Signaling
Technology), Syk (Cell Signaling Technology), phosphorylated Syk (Cell
Signaling Technology), and LAPTM5 (32).

Labeling and monitoring of pre-BCR on the cell surface. To measure
the rate of pre-BCR internalization from the cell surface, BKRO/BASH-
ERtm (or BKO/Ton-LAPTMS5) cells were incubated with or without
4-OHT (or doxycycline) for 7 h, followed by the labeling of surface pre-
BCR with biotinylated anti-wH Fab (10 pg/ml) at 4°C for 10 min. After
washing, the labeled cells were further cultured with or without 4-OHT
(or doxycycline) for the indicated time periods and then harvested and
fixed with 1% paraformaldehyde to stop pre-BCR internalization. The
levels of pre-BCR remaining on the cell surface at the indicated time
points were measured by staining the cells with allophycocyanin-labeled
streptavidin.

Statistical analysis. Statistical analyses were performed by using a
two-tailed unpaired Student ¢ test. A P value of <0.05 was considered
statistically significant.

RESULTS

The BLNK-mediated signal induces rapid pre-BCR downmodu-
lation in a lysosome-dependent manner. To explore the molec-
ular mechanism underlying the autonomous termination of pre-

BCR expression, we first employed a pre-BCR-expressing cell line,
BKO/BASH-ERtm. This pre-B cell line was originally derived
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from BLNK-deficient mice and engineered to stably express a fu-
sion protein consisting of BLNK and a mutant hormone-binding
domain of mouse estrogen receptor so that pre-BCR signal trans-
duction via BLNK can be turned on by the treatment of cells with
4-hydroxytamoxifen (4-OHT) (45). The surface pre-BCR expres-
sion level was reduced by 4-OHT treatment down to 20% of the
control level by 24 h, whereas the surface expression levels of
CD19 and CD43 remained unchanged (Fig. 1A; not all data
shown), demonstrating that the BLNK-mediated pre-BCR signal
selectively downregulated pre-BCR expression.

The BLNK-induced downmodulation of the pre-BCR could
not be attributed to accelerated pre-BCR internalization from the
cell surface, because 4-OHT treatment had no significant impact
on pre-BCR internalization (Fig. 1B). Of note, the downmodula-
tion of the pre-BCR was almost completely abolished by the treat-
ment of cells with a lysosomal inhibitor, bafilomycin or NH,CI,
but not with a proteasome inhibitor, lactacystin (Fig. 1C), suggest-
ing that the BLNK-mediated pre-BCR signal induces the down-
modulation of the pre-BCR in a manner dependent on the func-
tion of the lysosome.

The BLNK-mediated pre-BCR signal induces the expression
of a lysosomal protein, LAPTMS5, that is crucial for the down-
modulation of the pre-BCR. We next compared the expression
profiles of genes, particularly those associated with the lysosome,
of 4-OHT-treated and control BKO/BASH-ERtm cells. RT-PCR
analysis revealed that Laptm5 gene expression was upregulated by
4-OHT treatment (Fig. 2A), and immunoblot analysis further
demonstrated the induction of LAPTMS at the protein level (Fig.
2B). When shRNAs specific to Bruton’s tyrosine kinase (Btk) were
expressed in BRO/BASH-ERtm cells, the induction of Laptm5 by
treatment with 4-OHT was significantly suppressed, in parallel
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FIG 2 BLNK-induced LAPTMS5 expression is crucial for pre-BCR downmodulation. (A) BKO/BASH-ERtm cells were cultured with 4-OHT (filled bars) or
control ethanol (open bars) for the indicated time periods and subjected to RT-PCR analysis. The relative expression level of Laptm5 mRNA at each time point
is shown (means * standard errors of the means; n = 3 each) (**, P < 0.01), in that the level of Laptm5 mRNA expression in untreated cells is set as 1. (B)
Immunoblot analysis of LAPTM5 and a-tubulin proteins in BRO/BASH-ERtm cells that were cultured with 4-OHT for the indicated time periods. (C, top)
BKO/BASH-ERtm cells were infected with an hCD8-expressing retroviral vector carrying Btk shRNA or an irrelevant control shRNA, and hCD8™" cells were
subjected to RT-PCR analysis for the expression of Btk (top). The level of Btk expression in cells infected with control shRNA is set as 1 (means * standard errors
of the means; n = 3 each) (%, P < 0.01). (Bottom) hCD8™" cells were cultured for 24 h with or without 4-OHT and subjected to RT-PCR analysis for the
expression of Laptm5 mRNAs. The level of Laptm5 expression in cells that were infected with control shRNA and cultured without 4-OHT is set as 1 (means *=
standard errors of the means; n = 3 each) (*x, P < 0.01). (D and E) BKO/BASH-ERtm cells were infected with an hCD8-expressing retroviral vector carrying
Laptm5 shRNA (Laptm5sh-1 or Laptm5sh-2) or an irrelevant control shRNA. Two days after infection, the cells were cultured for 24 h with 4-OHT (filled bars)
or the control (open bars) and were subjected to flow cytometric analysis for pre-BCR expression (representative profiles are shown in panel D, and all data are
summarized at the top of panel E) and immunoblot analysis for LAPTMS5 expression (bottom of panel E). The top of panel E shows the relative expression level
of pre-BCR in each group (means = standard errors of the means; n = 3 each) (s, P < 0.01), in that the level of expression on control cells cultured with ethanol

is set as 100%. Data shown in panels A to E are representative of data from three or four independent experiments.

with the reduction in the Btk expression level (Fig. 2C). Thus, the
BLNK-mediated pre-BCR signal induces LAPTMS5 expression via
Btk. To explore the possible link between LAPTMS5 and pre-BCR
downmodulation, shRNAs specific for LAPTM5 were expressed
in BKO/BASH-ERtm cells (Fig. 2D and E). shRNA expression
showed no significant impact on the basal level of pre-BCR ex-
pression in control (vehicle-treated) BRO/BASH-ERtm cells (Fig.
2D). Importantly, the inhibition of 4-OHT-induced LAPTMS5 ex-
pression by the shRNAs (Fig. 2E, bottom) resulted in the suppres-
sion of the 4-OHT-induced downmodulation of the pre-BCR
(Fig. 2D and E, top). These results suggested that the BLNK-
mediated pre-BCR signal induces the expression of LAPTMS,
which in turn promotes the downmodulation of the pre-BCR.
We next examined whether the downmodulation of the pre-
BCR can be achieved by LAPTMS5 alone or in cooperation with
other molecules induced by the BLNK-mediated pre-BCR signal.
To this end, we established a cell line, designated BKO/Ton-
LAPTMS5, by engineering the BLNK-deficient pre-B cell line
BKO84 so that the expression of LAPTMS5 proteins can be induced
by treatment with doxycycline (Fig. 3A). Doxycycline-induced
LAPTMS5 expression elicited no detectable tyrosine phosphoryla-
tion of the signal-transducing molecules Syk and ERK (Fig. 3B),
demonstrating that the induction of LATPMS5 by itself does not
trigger pre-BCR signaling. Nevertheless, doxycycline-induced
LAPTMS expression led to the downmodulation of the pre-BCR
but not CD19 on the cell surface, even in the absence of BLNK
(Fig. 3C). Thus, among the BLNK-elicited events, LAPTM5 in-
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duction appears to be critically important for pre-BCR down-
modulation.

LAPTMS5 promotes the translocation of pH chains from the
ER to the lysosomal compartment. The induced expression of
LAPTMS5 in BKO/Ton-LAPTMS cells did not show any significant
impact on the rate of internalization of cell surface pre-BCR (Fig.
4A), as observed when the BLNK-mediated pre-BCR signal was
turned on in BKO/BASH-ERtm cells (Fig. 1B). Moreover, no sig-
nificant recycling of the internalized pre-BCR back to the cell
surface was detected in BKO/Ton-LAPTMS5 cells, regardless of
LAPTMS5 induction (data not shown). No recycling was also dem-
onstrated in the pre-T cell receptor (TCR), a functional analogue
of the pre-BCR in pre-T cells (6). To understand the mechanism
underlying LAPTM5-mediated pre-BCR downmodulation, we
next examined the intracellular localization of LAPTMS5 and the
pre-BCR by using confocal microscopy (Fig. 4B). In untreated
BKO/Ton-LAPTMS5 cells, most of the wH chains were detected in
the ER, in accordance with data from a previous report (3). Nota-
bly, when LAPTMS5 was inducibly expressed by doxycycline treat-
ment, WH chains changed their intracellular localization and were
colocalized with LAPTMS5 proteins that were also colocalized with
LAMP-1 proteins, a lysosomal marker (Fig. 4B). This LAPTM5-
associated translocation of pwH chains from the ER to the lyso-
somal compartment was also observed when BLNK was inducibly
expressed in BKO/BASH-ERtm cells with 4-OHT (data not
shown). Conversely, the localization of wH chains was shifted
from the lysosomal compartment to the ER concomitantly with
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FIG 3 LAPTMS expression elicits the downmodulation of the pre-BCR in the absence of BLNK. (A and B) BKO/Ton-LAPTMS5 cells were cultured with
doxycycline (Dox) for the indicated time periods or stimulated with pervanadate (PV) for 5 min and subjected to immunoblot analysis for the expressions of
LATPMS5 and Lyn (A) and Syk, ERK, and their phosphorylated forms (B). Note that in the sequential blotting, the bands of Syk and ERK in pervanadate-
stimulated cells did not show up well due to strong signals for the phosphorylated proteins in the first blotting. (C) BKO/Ton-LAPTMS5 cells were cultured with
doxycycline (filled histograms) or control H,O (open histograms) for 24 h (top) or for the indicated time periods (bottom) and analyzed for the surface
expression of pre-BCR and CD19 as described in the legend to Fig. 1A (means = standard errors of the means; n = 4 for each time point) (*#, P < 0.01). Data

shown in panels A to C are representative of three independent experiments.

the upregulation of surface pre-BCR expression when LAPTM5
expression was knocked down in 70Z/3 cells, a pre-B cell line that
constitutively expresses the pre-BCR and LAPTMS5 (Fig. 4C to
E).Of note, in 70Z/3 cells, wH chains were coprecipitated with
LAPTMS5 (Fig. 4F), demonstrating the association of these two
proteins.

Collectively, LAPTMS5 appears to escort wH chains along the
way from the ER to the lysosomal compartment. Indeed, the
translocation of wH chains from the ER to the lysosomal compart-
ment was not observed when a LAPTM5 ER retention mutant
(Acyto) lacking the cytoplasmic tail crucial for sorting to the lys-
osomal compartment (33) was inducibly expressed in the BKO84
cell line (Fig. 4H). Importantly, the downmodulation of surface
pre-BCR was observed when the wild-type but not the mutant
LAPTMS5 proteins were expressed in the BKO84 cell line (Fig. 4G),
suggesting that the lysosomal translocation of wWH chains is essen-
tial for the downmodulation of surface pre-BCR.

LAPTMS5 promotes the lysosomal degradation of the intra-
cellular pool of pre-BCR. We next examined the fate of wH chains
that were subjected to lysosomal translocation upon BLNK-
mediated LAPTMS5 expression. Western blot analyses revealed
thatin 4-OHT-treated BKRO/BASH-ERtm cells, LAPTMS5 proteins
were inducibly produced, while the amounts of pre-BCR compo-
nents, including the wH chain, A5 proteins, and Iga, were drasti-
cally reduced compared with levels in the ethanol (EtOH)-treated
controls (Fig. 5A). The Laptm5 gene knockdown inhibited the
reduction in the levels of the pre-BCR proteins in 4-OHT-treated
cells (Fig. 5A). Intriguingly, the reduction in the levels of WH chain
proteins in 4-OHT-treated cells was observed not only for their
mature form (cell surface type) but also for their immature form
(ER retention type) (Fig. 5A). This was also the case when
LAPTMS5 was inducibly expressed in BKO/Ton-LAPTMS5 cells
(Fig. 5B and C), indicating that LAPTMS5 is involved in the mas-
sive pre-BCR-induced reduction of the intracellular pool of pre-
BCR. Because the amount of protein disulfide isomerase (PDI), a
typical ER-resident protein, remained unaffected by LAPTMS5 ex-
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pression (Fig. 5A and B), it is unlikely that LAPTM5 nonselectively
induced the reduction of the bulk of the ER-resident proteins.
Notably, treatment with bafilomycin abolished the LAPTM5-in-
duced reduction in the levels of wH chains (Fig. 5C). These results
suggest that LAPTM5 promotes the translocation of pre-BCR
complexes from the ER to the lysosomal compartment, leading to
the lysosomal degradation of the intracellular pool of pre-BCR
and, hence, limiting the new supply of pre-BCR to the cell surface.

Crucial role for LAPTMS5 in the downmodulation of the pre-
BCR in primary pre-B cells. We next explored whether pre-BCR-
mediated LAPTMS5 induction followed by the lysosomal translo-
cation and degradation of the intracellular pre-BCR pool observed
for the pre-B cell lines indeed recapitulates the mechanism under-
lying the autonomous downmodulation of the pre-BCR in pri-
mary pre-B cells. We previously showed that the cross-linking of
IgB on pro-B cells mimics pre-BCR signaling, and the in vivo
administration of anti-Igf3 MADb induces pro-B-to-pre-B cell dif-
ferentiation even in the absence of wH chains (23, 29). The treat-
ment of wH chain-deficient wMT mice with anti-IgB antibody
induced the upregulation of Laptm5 mRNA in B220 ™" pro-B cells,
along with the upregulated expression of a differentiation marker,
CD25 (Fig. 6A), suggesting that the pre-BCR signal can induce
LAPTMS5 expression in primary pre-B cells. Indeed, the level of
Laptm5 mRNA was greatly upregulated when wH chains capable
of forming pre-BCR (wH™) but not those incapable of forming
pre-BCR (wHY™) were expressed in pro-B cells isolated from uMT
mice (Fig. 6B). LAPTMS5 proteins were microscopically detected
to be colocalized with LAMP-1 when wH™ proteins were ex-
pressed in primary pro-B cells (Fig. 6C). In contrast, the expres-
sion of WHY" proteins failed to induce LAPTMS5 expression, indi-
cating that the formation of pre-BCR but not the expression of the
pwH chain by itself can elicit LAPTM5 expression. In accordance
with the observations for the cell lines (Fig. 4), wH™ proteins were
detected in the lysosomal compartment as being colocalized with
LAPTM5 and LAMP-1, whereas WHY" proteins were detected in
the ER compartment (Fig. 6C). Importantly, surface pre-BCR ex-
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FIG 4 LAPTMS5 promotes the translocation of wH chains from the ER to the lysosomal compartment. (A) BKO/Ton-LAPTMS5 cells were cultured with
doxycycline (filled bars) or control H,O (open bars) for 7 h and subjected to surface pre-BCR labeling with anti-H Fab antibodies, followed by further culturing
with doxycycline (filled bars) or control H,O (open bars) for the indicated time periods after labeling. The relative expression of labeled pre-BCR on the cell
surface at each time point is shown, as described in the legend to Fig. 1B (means * standard errors of the means; n = 3 each). Representative data from two
independent experiments are shown. (B) BKO/Ton-LAPTMS5 cells were cultured with doxycycline or control H,O for 24 h. The cells were stained simultaneously
for intracellular LAPTMS5 (green), LAMP1 (red), and the pH chain (blue) and subjected to confocal microscopy analysis. Representative images from three
independent experiments are displayed in pseudocolor processed with NIS-Elements software. Right panels show merges of all images overlaid with transmitted
light. Scale bars indicate 5 wm. (C to F) 70Z/3 pre-B cells were infected with an hCD8-expressiong retroviral vector carrying Laptm5 shRNA (Laptm5sh-1) or an
irrelevant control sShRNA. (C) hCD8 * -infected cells were subjected to immunoblot analysis for LAPTMS5 expression to confirm knockdown by Laptm5sh-1. WB,
Western blot. (D) hCD8™ cells infected with the Laptm5sh-1 vector (filled histogram) or the control vector (open histogram) were analyzed for surface pre-BCR
expression. The dashed histogram indicates the staining profile with an isotype-matched control antibody. (E) hCD8 " -infected cells were subjected to confocal
microscopy analysis for the expression of the intracellular wH chain (green) and LAMP1 (red), as described above for panel B. (F) Cell lysates of hCD8 * -infected
cells were subjected to immunoprecipitation with anti-LAPTM5 antibody or control rabbit IgG, followed by immunoblotting (IB) with anti-wH chain or
anti-LAPTMS5 antibody. Filled and open arrowheads indicate the LAPTM5 band and the nonspecific one, respectively. As a control, the whole lysates (without
immunoprecipitation) were subjected to immunoblotting with anti-wH chain antibody. Data shown in panels C to F are representative of data from at least three
independent experiments. (G) The BKO/Ton-FlagLAPTM5 (WT) and BKO/Ton-FlagLAPTMS5 (Acyto) cell lines were cultured for 12 h with doxycycline (filled
histograms) or control H,O (open histograms) and analyzed for their pre-BCR expression on the cell surface. Dashed lines show the staining profile of the
isotype-matched control. (H) The BKO/Ton-FlagLAPTM5 (WT) and BKO/Ton-FlagLAPTM5 (Acyto) cell lines were cultured for 12 h with doxycycline and
subjected to confocal microscopy examination, as described above for panel B. Data shown in panels G and H are representative of data from three independent
experiments.

pression was augmented (approximately 2-fold in terms of the
mean fluorescence intensity) when LAPTMS5-specific shRNAs
were expressed in wWH'"'-expressing pro-B cells (Fig. 6D). Further-
more, GL7" pre-B cells freshly isolated from LAPTM5-deficient
mice expressed significantly higher (approximately 2.5-fold) lev-
els of surface pre-BCR than did those from wild-type mice, while
the levels of CD19 and GL7 expression were comparable (Fig. 7;
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not all data shown). These results clearly demonstrated that
LAPTMS5 induced by pre-BCR formation plays an important role
in the autonomous downmodulation of the pre-BCR in vivo. Of
note, in the presence of LAPTMS5, the level of surface pre-BCR
expression was higher in pro-B cells expressing wH"™ (Fig. 6D)
than in freshly isolated pre-B cells (Fig. 7), even though the extents
of pre-BCR upregulation in the absence of LAPTMS5 were compa-
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FIG 5 LAPTMS5 promotes lysosomal degradation of the intracellular pool of pre-BCR. (A) BKO/BASH-ERtm cells infected with an hCD8-expressing retroviral
vector carrying Laptm5 shRNA (Laptm5sh-1) or an irrelevant control shRNA were cultured for 24 h with 4-OHT or control ethanol, as described in the legend
to Fig. 2D and E, and subjected to immunoblot analysis for the detection of the indicated proteins. Open and filled arrowheads indicate mature and immature
forms of wH chains, respectively. Data shown are representative of data from three independent experiments. (B) BKO/Ton-LAPTMS5 cells were cultured for 24
h with doxycycline or control H,O and subjected to immunoblot analysis for the detection of the indicated proteins. (C) BKO/Ton-LAPTMS5 cells were cultured
with doxycycline or control H,O for 12 h, and bafilomycin or vehicle (DMSO) was included in the culture medium during the last 4-h period, followed by
immunoblot analysis, as described above for panel B. Data shown in panels B and C are representative of data from five independent experiments.

rable (~2- to 2.5-fold). This can be explained by the facts that the
former cells express a selected wH chain (wH™), which confers the
highest level of pre-BCR on pro-B cells (18), and were cultured
with IL-7, which kept cells alive and also increased the pre-BCR
expression level.

DISCUSSION

Previous studies reported that the pre-BCR autonomously termi-
nates its expression through the BLNK-mediated induction of the
transcriptional silencing of the SL chain genes (22, 36, 40). In the
present study, we have identified a novel mechanism for promot-
ing prompt pre-BCR termination at the protein level. The BLNK-
mediated pre-BCR signal induced the expression of LAPTMS,
which in turn promoted the topological change of the intracellular
pool of pre-BCR complexes, leading to their lysosomal degrada-
tion. The LAPTM5 deficiency resulted in the augmentation of
pre-BCR expression on pre-B cells. Thus, the temporal expression
of the pre-BCR at the early stage of B cell development is tightly
guaranteed by the autonomous termination of pre-BCR expres-
sion via the LAPTM5-mediated degradation of existing pre-BCR
proteins, in addition to SL chain gene silencing.

LAPTMS5 is structurally related to LAPTM4, a lysosomal
protein that is widely expressed in many cell types in mammals,
insects, and nematodes. LAPTM4 was shown previously to trans-
port and sequestrate various small molecules, including nucleo-
sides and antibiotics, into the lysosome, thereby protecting the cell
from their harmful effects (5, 12, 13). This finding suggests that
LAPTMS5 may also function as an intracellular transporter to the
lysosome. In the present study, we demonstrated that the expres-
sion of wild-type LAPTMS5 but not its ER retention mutant pro-
motes the translocation of the large pre-BCR pool from the ER to
the lysosomal compartment, indicating that LAPTMS5 escorts the
pre-BCR from the ER to the lysosome. On the other hand,
LAPTMS5 expression did not accelerate the internalization of the
pre-BCR from the cell surface (Fig. 1B and 4A) and showed little
or no inhibitory effect on pre-BCR recycling back to the cell sur-
face or the transcription of any pre-BCR components (data not
shown). Moreover, LAPTMS5 expression did not stimulate pre-
BCR signaling. Collectively, LAPTMS5 appears to induce the
prompt downmodulation of surface pre-BCR expression, mainly
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by accelerating the lysosomal transport and degradation of the
large pool of intracellular pre-BCR and, hence, limiting the new
supply of pre-BCR to the cell surface.

It was demonstrated previously that LAPTMS5 in T cells targets
the homodimer of CD3zeta but not other components of the TCR
for degradation (32). In contrast, our data in the present study
suggest that LAPTMS5 in pre-B cells promotes the degradation of
the whole complex of the pre-BCR. Although the exact mecha-
nism of the interaction between LAPTMS5 and the pre-BCR re-
mains to be determined, it is possible that LAPTM5 associates
with the pre-BCR via the Iga-IgB heterodimer, a functional ana-
logue of CD3. Alternatively, LAPTM5 may interact indirectly with
the pre-BCR and CD3zeta through a chaperone-like molecule that
recognizes a particular structure shared by these molecules.

Autophagy is a crucial clearance mechanism that prevents
the accumulation of protein aggregates and abnormal organ-
elles (27,46). Recent studies demonstrated that the overexpres-
sion of LAPTM5 and LAPTM4b in a neuroblastoma cell line
and a retinal pigment epithelial cell line, respectively, results in
an altered autophagic process (14, 42). In the present study,
we found that bafilomycin or NH,CI efficiently inhibited
LAPTMS5-induced pre-BCR downmodulation and degrada-
tion, whereas neither 3-methyladenine, an inhibitor of phos-
phatidylinositol 3-kinase (PI3K), nor the shRNA-mediated
knockdown of Atg5 showed any significant effect on pre-BCR
metabolism (data not shown). Thus, the autophagic process
does not seem to be significantly involved in LAPTM5-medi-
ated pre-BCR degradation. Ubiquitin-dependent proteasomal
degradation is involved in the downmodulation of the pre-
TCR, a functional analogue of the pre-BCR in pre-T cells (34).
Pre-TCR degradation is reduced in pre-T cells by treatment
with proteasome inhibitors or the expression of dominant neg-
ative c-Cbl, a ubiquitin ligase. In accordance with this, the
surface expression level of the pre-TCR on immature thymo-
cytes is increased in c-Cbl-deficient mice. Thus, c¢-Cbl-medi-
ated ubiquitination followed by proteasomal degradation is
important for pre-TCR downmodulation. In contrast, we
found that the BLNK- and LAPTMS5-mediated downmodula-
tion of the pre-BCR was not counteracted by proteasome in-
hibitor treatment (Fig. 1C) or the knockdown of ¢c-Cbl (data
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FIG 6 Crucial role for LAPTMS5 in pre-BCR downmodulation in primary pre-B cells. (A) puMT mice were left untreated or treated with an intraperitoneal
injection of anti-Ig antibody or control Ig. The anti-IgB antibody-mediated stimulation of pro-B cells was confirmed by the increased CD25 expression levels
among the B220" bone marrow pro-B cells on day 7 postinjection (top), in that the level of CD25 expression on pro-B cells isolated from untreated mice is set
as 1. The top panel shows the relative expression level of Laptm5 mRNA in B220* bone marrow pro-B cells isolated 1 day after injection, where the level of Laptm5
mRNA in cells from untreated mice is set as 1. Data shown are the means * standard errors of the means (n = 3) and are representative of two independent
experiments (*, P < 0.05; ##, P < 0.01). (B) B220™ pro-B cells freshly isolated from bone marrow of uMT mice were infected with a GFP-expressing retroviral
vector encoding the pH chains capable (WH™) or incapable (WH"™) of forming pre-BCR or with a control vector, cultured with a low dose (10 ng/ml) of IL-7
in vitro for 24 h, and analyzed for the expressions of surface pre-BCR (n = 5 each) (top) and Laptm5 mRNA (n = 3 each) (bottom) in CD19" GFP™ cells. The
level of expression in cells infected with the control vector is set as 1. Data shown are the means = standard errors of the means and are representative of three
independent experiments (%, P < 0.01). (C) B220™ pro-B cells freshly isolated from bone marrow of RAG2-deficient mice were infected with the vectors and
then cultured as described above for panel B. GFP™ cells were intracellularly stained and subjected to examination by confocal microscopy, as described in the
legend to Fig. 4B. (D) Pro-B cells from wMT mice were first infected with an hCD8-expressing retroviral vector encoding Laptm5 shRNA (Laptm5sh-1) or a
control shRNA vector and subsequently infected with a GFP-expressing retroviral vector encoding the wH"'™ chain. One day after the second infection, the cells
were cultured with 10 ng/ml of IL-7 for 24 h and then analyzed for the surface expression of pre-BCR on GFP(wH)" hCD8(Laptm5 shRNA)™ cells (filled
histograms) and GFP(wH) " hCD8(control shRNA) ™ cells (open histograms), as shown in the left panel. All the data are summarized in the right panel, which
shows the relative expression level of pre-BCR (means * standard errors of the means; n = 3), where the expression level on GFP(wH) ~ hCD8(control shRNA) ™
cells is set as 1. Data shown in panels C and D are representative of data from three independent experiments.

not shown). Therefore, the mode of pre-BCR degradation does
not seem to be identical to that of the pre-TCR, although it
remains to be determined whether LAPTMS5 has some contri-

sion on LAPTM5-deficient pre-B cells, suggesting that LAPTM5 is
not the major contributor to the basal-level degradation of anti-
gen receptors. The cross-linking of the antigen receptors induces

bution to the downmodulation of the pre-TCR.

In the present study, we found that the expression of the
Laptm5 gene is upregulated through the pre-BCR signal in pre-B
cells, unlike in mature B and T cells, in which it is transiently
downregulated upon the cross-linking of antigen receptors (32).
Although it remains to be clarified what makes the difference in
Laptmb gene regulation between pre-B cells and mature lympho-
cytes, this differential gene regulation appears to be reasonable,
given the fact that pre-BCR expression is transient and should be
terminated, while BCR and TCR expression returns to the basal
level following their downregulation upon cross-linking. The
steady-state level of the antigen receptor on mature lymphocytes
remains unchanged regardless of the presence or absence of
LAPTMS5 (31, 32), in contrast to the augmented pre-BCR expres-
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their downmodulation, regardless of the presence or absence of
LAPTMS5. However, the level of the antigen receptors after the
cross-link is higher on LAPTM5-deficient lymphocytes than on
wild-type lymphocytes, particularly during the phase of recovery
to the basal level. Therefore, it is thought that LAPTMS5 facilitates
the lysosomal sorting of the antigen receptors that are internalized
from the cell surface after cross-linking, leading to their degrada-
tion in the lysosomes. Notably, the vast majority of the pre-BCR
produced by pre-B cells is retained in the ER, in sharp contrast to
the dominant expression of the BCR on the cell surface of mature
B cells. We demonstrated in the present study that pre-BCR-
mediated LAPTMS5 induction in pre-B cells has a great impact on
the catabolism of intracellular pre-BCR rather than cell surface
pre-BCR.
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FIG 7 Augmented pre-BCR expression on large pre-B cells in LAPTM5-defi-
cient mice. Bone marrow cells isolated from wild-type (WT) and Laptm5~/~
(knockout [KO]) mice were stained for pre-BCR, CD19, CD43, and GL7 on
the cell surface. Filled histograms in the top panels show representative stain-
ing profiles for pre-BCR and CD19 expressed on large pre-B cells (CD19"
CD43" GL7"), while open histograms indicate control staining with an iso-
type-matched control antibody. All the data are summarized in the panels,
which show the mean fluorescence intensity (MFI) values (means = standard
errors of the means; #n = 4 each) for pre-BCR and CD19 staining (*, P < 0.05;
N.S., not significant).

In conclusion, we demonstrated in the present study that the
pre-BCR signal induces LAPTMS5 expression, which in turn pro-
motes the lysosomal transport and degradation of the intracellular
pre-BCR pool. This regulation at the protein level, together with
the transcriptional silencing of the SL chain genes, ensures the
obligatory downmodulation of the pre-BCR at the early stage of B
cell development.
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