Premature Ligand-Receptor Interaction

simultaneously in most cancer cell lines, this ligand and recep-
tor are produced in the same secretory pathway. Therefore, this
is a good model to investigate the regulatory mechanism of
protein production in an autocrine secretory pathway. Here, we
developed a new method, ER trapping, which simultaneously
suppressed MK secretion and LRP1 maturation. Utilizing this
and other techniques, we found that MK interacted with LRP1
not only on the cell surface but also in the secretory pathway
during their biosyntheses. We named the latter interaction the
premature ligand-receptor interaction. We found that the pre-
mature ligand-receptor interaction plays a negative regulatory
role in the production of MK and LRP1 within the secretory
pathway. Avoiding this premature interaction may allow cancer
cells to overproduce a growth factor and may be a strategy of
those cells for survival and expansion.

EXPERIMENTAL PROCEDURES

Cells, DNA Constructs, and Antibodies—CHO K1 cells were
cultured in DMEM with 10% fetal bovine serum. TGW cells (a
human neuroblastoma cell line) were cultured in RPMI 1640
medium with 10% fetal bovine serum. CHO-mini-LRP
(mLRP)-I, -mLRP-11, -mLRP-III, -mLRP-1V, and -mLRP-IVm
cells and a series of mLRP expression vectors were generated as
described previously (23-25). The expression vector for mouse
RAP tagged with the FLAG epitope at the C terminus was con-
structed in pIRES-EGFP (Clontech). The expression vector for
human MK was constructed in pcDNA3.1 (Invitrogen). To gen-
erate an ER expression vector (ER-TRAP) for a peptide that
contained SLRP2N-EGF (25) and the ER retention signal
HNEL, the cDNA encoding this peptide was placed under-
neath the cytomegalovirus promoter of pcDNA3 (Invitro-
gen). Anti-HA and -FLAG antibodies were purchased from
Roche Applied Science and Sigma, respectively. Anti-cal-
nexin and anti-phosphotyrosine (Tyr(P)-100) antibodies
were from Stressgen and Cell Signaling, respectively.

Chemical Cross-linking—Radioiodination of MK was per-
formed as described previously (22). The specific activity
obtained was ~5 X 107 cpm/ug. For chemical cross-linking,
cells were washed with ice-cold phosphate-buffered saline con-
taining calcium and magnesium (PBS+) as well as 0.1% bovine
serum albumin (PBS-BSA), and supplied with 5 ml of ice-cold
DMEM with 10% fetal bovine serum. Cells were then incubated
with *?°I-labeled MK (2 X 10’ cpm) at 4 °C for 2 h by gentle
rotation. After washing with PBS-BSA three times and PBS+
once, 5 ml of PBS+ was added. The cross-linking was begun by
adding the water-soluble (BS3; Pierce) or -insoluble (DSS;
Pierce) cross-linker at a final concentration of 0.27 mm and
incubating at 4 °C for 15 min. The reaction was stopped with
detaching buffer (10 mm Tris-HCI (pH 7.5), 10% glycerol, 1 mm
calcium chloride, 1 mm magnesium chloride, and 1 mm PMSE).
Cells were scraped in 500 wul of detaching buffer, collected by
centrifuge, and lysed with 200 pl of Iysis buffer (20 mm Tris-HCl
(pH 7.5), 0.6% CHAPS, 150 mum sodium chloride, 1 mm calcium
chloride, 1 mm magnesium chloride, and 1 mm PMSF). For in
vitro cross-linking, 10 ul of protein solution dialyzed against
appropriate buffers was mixed with 2 ul of ***I-labeled MK
(~10 ng) and was incubated at 20 °C for 1 h. Cross-linking was
started by adding 0.2 ul of 20 mm DSS or BS3 and incubating at
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4.°C for 10 min. The reaction was stopped by adding 1 ul of 1 M
Tris-HCI (pH 7.4) and 4.5 pl of Laemmli 4 X sample buffer.

Sucrose Gradient Analysis—Cells grown in a 10-cm dish were
lysed with 0.5 ml of 1% Triton in PBS+ and centrifuged at
15,000 X g at 4°C for 10 min. The supernatant (0.3 ml) was
layered on a stepwise sucrose gradient (60% 0.5 ml, 25% 1 ml,
20% 1 ml, 10% 1 ml, and 5% 1 ml in 0.1% Triton in PBS+) in a
centrifuge tube (326819 tube; Beckman) and centrifuged at
130,000 X g at 17 °C for 19 h (S§W50.1 rotor; Beckman). Frac-
tionation was performed by collecting 7 drops/fraction from
the bottom of the tube.

Sequential Immunoprecipitation—After the first immuno-
precipitation, the immunoprecipitates were suspended in 100
wl of 1% SDS in the lysis buffer, boiled for 3 min, and diluted
with 1 ml of the lysis buffer. This solution was then subjected to
the second immunoprecipitation.

Generation and Purification of MK-TRAP-Fc—The expres-
sion vector for MK-TRAP-Fc was generated in pFUSE-Fc (Invi-
vogen) and transfected into HEK293T cells. After 5 days, the
conditioned media were collected and centrifuged to remove
cellular debris. A 24-ml aliquot of the supernatants was loaded
onto protein G-Sepharose (GE Healthcare) and washed with 30
ml of 20 mm phosphate buffer (pH 7.0). The bound fraction was
eluted with 3.6 ml of 100 mm glycine HCI (pH 3.0) and neutral-
ized immediately with 0.4 ml of 1.5 m Tris-HCI (pH 8.8). The
purified protein was desalted with PD-10 (GE Healthcare) and
concentrated using an Amicon Ultra-4 device (MWCO 3000;
Millipore).

In Vitro Binding Assay of MK and MK-TRAP—A 100-ul ali-
quot of MK-TRAP-Fc solution was immobilized on a 96-well
assay plate by incubating overnight at 4 °C. The wells were
washed three times with PBS, and varying concentrations of
AP-MK were applied. After 90 min at room temperature,
unbound AP-MK was washed out by washing five times with
HBHA buffer (20 mm HEPES, 0.1% BSA in Hanks’ balanced salt
solution). Bound AP-MK was estimated by enzymatic assay
using p-nitrophenylphosphate as a substrate.

Sample Collection of Human Colorectal Carcinoma Tissues—
The procedures and sources of sample collection under
informed consent were as described previously (26).

Quantitative Real-time RT-PCR—Total RNA was isolated
from colorectal tissues with ISOGEN (Nippon Gene). cDNA
was obtained using a SuperScript III cDNA synthesis kit (Invit-
rogen). Quantitative real-time RT-PCR was performed with a
TagMan probe and ABI PRISM 7700 (Applied Biosystems)
according to the manufacturer’s instructions.

Cell Migration Assay—Chemotaxicells (8-um pore; Kurabo,
Osaka, Japan) were coated, unless otherwise indicated, on the
underside surface with 1 ug/ml collagen I in PBS at 37 °C for
1 h. Harvested cells were washed with 10% FBS/DMEM once
and 0.4% FBS/DMEM once, then suspended at 4 X 10° cells/ml
in 0.4% FBS/DMEM. Collagen I-coated chambers were inserted
into wells of a 24-well plate, where each well contained 600 ul of
0.2% BSA and 0.4% FBS/DMEM with or without 50 ng/ml
PDGE-BB, and preincubated at room temperature for 10 min.
Cells (100 ul) were added to each insert and incubated for 4 h in
a CO, incubator. Migrating cells were counted at 200 X mag-
nification for five fields/chamber. Experiments were performed
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in triplicate or quadruplicate for each condition, with the num-
bers of migrating cells being presented as the average * S.E.
Cell Survival Assay—SW620 cells were transfected with
siRNA (siGENOME; Dharmacon) using Lipofectamine 2000
(Ihvitrogen)‘ After 24 h, cells were seeded onto 96-well plates,
and then the medium was switched to 0.5% FBS/F12-K. Viable
cells were estimated with a Cell Counting Kit-8 (DOJINDO).

RESULTS

MK Binds to the Second and Fourth Ligand-binding Domains
of LRP1 on the Cell Surface—LRP1 consists of two heterodi-
meric subunits that are produced through furin-mediated
processing in the trans-Golgi (Fig. 1A). The larger chain («
chain) is extracellular and contains four ligand-binding
domains {clusters of ligand-binding repeats). The shorter chain
(B chain) contains the transmembrane domain and the cyto-
plasmic tail. LRP1 was previously identified as a protein bound
to the MK-affinity column (21). To clarify the physical associa-
tion between these two molecules on the cell surface, here we
used several membrane-bound mLRP constructs (Fig. 14) (23,
24). The difference between mLRP-IV and mLRP-IVm is that
the latter contains a mutation in the intracellular domain. Each
mLRP protein carries an HA tag near its N terminus. Each con-
struct was transfected into LRP1-deficient CHO cells. Cells
were then incubated with **°I-labeled MK and treated with a
water-insoluble chemical cross-linker, DSS.

Asshown in Fig. 1B, a discrete cross-linked band appeared in
wild-type CHO cells (K1) but not in LRP1-deficient CHO cells
(LRP17/7). Notably, mLRP-II, -IV, and -IVm-expressing cells
showed two cross-linked bands. The upper one represents the
unprocessed protein that contains both « and B chains,
whereas the lower band is the processed « chain. Because a
small fraction of the unprocessed protein is localized on the cell
surface,? the cross-linked pattern shown in Fig. 1B suggests that
MK binds to the cell surface a chain containing either the sec-
ond or fourth ligand-binding domains. Immunoprecipitation
with anti-HA antibody confirmed that the cross-linked bands
indeed contained the HA-tagged « chain of each mLRP (Fig.
1C). A water-soluble cross-linker, BS3, showed the same results
(data not shown). Therefore, these data collectively suggest that
MK specifically binds to cell surface LRP1.

These data were also consistent with our previous finding in
experiments using soluble LRP1 fragments: the N-terminal
halves of the second and fourth ligand-binding domains in the
LRP1 moiety show the highest affinity to MK (27). We further
performed Scatchard plot analysis to reveal the affinity between
MK and the N-terminal half of the second ligand-binding
domain of LRP1 (formerly designated MK-TRAP; Fig. 14).
Indeed, MK and MK-TRAP showed a high affinity with a K,
value of 2.7 nm (Fig. 1, D and E).

LRP1 Is Required for Intracellular Retention of MK—W e next
investigated the role of LRP1 in MK production in the secretory
pathway by comparing LRP1-deficient and mLRP-IV-express-
ing cells. In mLRP-IV-expressing cells, co-expression of MK
and the LRP1 chaperone RAP enhanced MK secretion into the
medium compared with MK expression alone (Fig. 24, lanes 5

3 G. By, unpublished data.
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and 6, Medium, MK). In contrast, the effect of RAP on MK
secretion was not seen in LRP1-deficient cells (LRP1~/7) (Fig.
24, lanes 2 and 3, Medium, MK). MK retention in the cell
appeared to be reduced by co-expression with RAP (Fig. 24,
lanes 5 and 6, Cells, MK). Furthermore, translocation of
mLRP-1V to the cell surface of MK-expressing cells was signif-
icantly reduced compared with that in vector-transfected cells
(Fig. 24, lanes 7 and 8). This phenomenon was also restored by
co-expression of RAP (Fig. 24, lanes 8 and 9).

When MK was co-expressed with GFP in mLRP-IV-express-
ing cells, the intracellular MK was densely stained in nearly
detaching, round-shaped cells (Fig. 2B, top row, arrowhead),
whereas MK staining became faint by RAP expression (Fig. 2B,
middle row, arrowheads). Intracellular localization of MK over-
lapped that of mLRP-1V (Fig. 2B, bottom row). Together, these
results suggest that LRP1 is essential for intracellular retention
of MK during biosynthesis: this retention is probably due to
intracellular interaction between MK and LRP1.

Because MK was originally discovered as a retinoic acid-re-
sponsive gene product (2), we next investigated endogenous
MK protein production using this reagent. Retinoic acid
induced MK mRNA expression and consequently intracellular
MK protein production in TGW cells, a neuroblastoma cell line
(Fig. 2C, RNA and Cell). However, surprisingly, it did not
enhance MK protein secretion (Fig. 2C, Medium). After reti-
noic acid treatment, LRP1 was detected not only on the cell
surface (Fig. 2D, arrows), but also as a densely stained intracel-
lular body in nearly detaching, round-shaped cells (Fig. 2D,
arrowheads). MK was similarly stained in round cells (Fig. 2D),
with a pattern reminiscent of MK staining in CHO-mLRP-IV
cells (Fig. 2B). The detaching, round-shaped cells were thought
to be in a state of anoikis, cell death triggered by detachment
from the matrix (28). We then tested the effect of RAP on reti-
noic acid-induced cell death. This chaperone was expected to
relieve the ligand-receptor aggregation, based on the results of
Fig. 2, A and B. Indeed, RAP overexpression significantly
reduced cell death (Fig. 2E).

MK Interacts with Immature LRP1 and Forms Aggregates
during Biosynthesis—We next examined the effect of MK
expression on LRP1 maturation. Pulse-chase metabolic label-
ing revealed that the unprocessed (immature) mLRP-IV
appeared first (Fig. 34, open arrow), and then the processed
(mature) mLRP-1V (@ and B chains) increased after 60 —90-min
chase (Fig. 34, lanes 1-3, asterisks). This profile indicates that
the furin-mediated cleavage of immature LRP1 gives rise to
mature LRP1, which is consequently presented on the cell sur-
face. A forced expression of MK strongly suppressed LRP1 mat-
uration (Fig. 34, lanes 4—6). However, if RAP was co-expressed
with MK, LRP1 maturation was restored (Fig. 34, lanes 7—12).

It is known that LRP1 aggregates are formed via intermolec-
ular disulfide bonds and appear at the top of the separation gel
under nonreducing conditions (29). In the present study, the
aggregates increased in cells expressing MK alone but
decreased in cells co-expressing MK and RAP (Fig. 34, Nonre-
ducing). Taken together, these data suggest that the intracellu-
lar MK-LRP1 interaction affects LRP1 maturation.

We next addressed the question of whether or not both MK
and LRP1 were involved in aggregate formation. In a sucrose
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and -IVmutant. mLRP-IVm has an intracellular domain mutation within its endocytosis signal, which results in cell surface accumulation of this mutantreceptor.
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kinetics of MK and MK-TRAP-Fc. Scatchard plot analysis yielded a K, value of 2.7 nm.
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FIGURE 2. RAP enhances MK secretion. A, CHO LRP1™/~ or CHO-mLRP-IV
cells were transfected with a combination of MK, RAP, or control vector ().
Results of Western blot analyses are shown. Graphs represent the relative
density of each MK band appearing in the Medium. B, CHO-mLRP-IV cells were
transfected with MK and IRES-EGFP (RAP—) or MK and RAP-IRES-EGFP (RAP+)
and then stained with anti-MK antibody. Arrows indicate transfected cells. In
the bottom row, CHO-mLRP-1V cells were transfected with MK-vector. C, TGW
cells, a human neuroblastoma cell line, were treated with 106 mretinoic acid
for 24 h. RNA and protein expressions were examined by Northern and West-
ern blot analyses, respectively. D, LRP1 and MK localization in TGW cells
treated with 107° M retinoic acid is shown. E, TGW cells were co-transfected
with GFP- and RAP- or control vector and then treated with 10™° M retinoic
acid for 48 h. The population of GFP-expressing cells, which represented
RAP- or control vector-transfected cells, among detached (dying) cells was
determined by FACS. The expression efficiency as estimated on the day after
transfection was comparable (~17%) between the RAP and control vectors. *,
p = 0.015 (Student’s t test).

density gradient segregation of cellular proteins, bands at the
top of the separation gel and smears underneath were detected
in void fractions that contained higher molecular mass proteins
under a nonreducing condition (Fig. 3B, fractions 1-5). It has
previously been shown that the unprocessed and processed
mLRP-IV bands migrate separately under a nonreducing con-
dition (29), and in the present study these bands were detected
in fractions 5-11 (open arrow and asterisk, respectively). MK
was detected in the first fraction in addition to the later frac-
tions under the reducing condition, suggesting that MK was
also a component of the aggregates (Fig. 3B).

To examine the MK-LRP association, we performed immu-
noprecipitation (IP). When pulse-chase-labeled proteins were
precipitated with anti-HA antibody (namely, mLRP-IV was
precipitated), the unprocessed and processed mLRP-1V were
detected at the 90-min chase (open arrow and asterisks, respec-
tively in Fig. 3C, lane 6). In contrast, anti-MK antibody co-pre-
cipitated the unprocessed mLRP-IV but not the processed one
at the 90-min chase (Fig. 3C, lane 2). Importantly, when RAP
was co-expressed with MK, the MK-mLRP association was
strongly suppressed (Fig. 3C, lanes 3 and 4). Fig. 3, B and C,
suggests that MK and immature LRP1 formed a complex dur-
ing biosynthesis.
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To confirm the MK-immature LRP association further,
pulse-chase-labeled proteins were sequentially immunopre-
cipitated by two different antibodies. Fig. 3D shows that RAP
formed a complex with immature mLRP-IV but not mature
mLRP-1V (Fig. 3D, lane 2). Similarly, the general ER chaperone
calnexin as well as MK alone was associated with immature
mLRP-1V (Fig. 3D, lanes 3 and 4).

ER-resident LRP1 Fragment Suppresses MK Secretion and
LRPI Maturation—As shown in Fig. 1E, the N-terminal half of
the second ligand-binding domain of LRP1 (MK-TRAP) has a
high affinity for MK. MK-TRAP traps extracellular MK, blocks
MK binding to cell surface LRP1, and consequently suppresses
MK function (27). We next utilized this fragment to investigate
the biological role of the immature ligand-receptor interaction
during biosynthesis. To this end, MK-TRAP was connected
with an ER-retrieval signal found in RAP (the amino acid
sequence is HNEL), so that MK-TRAP was retained in the ER.
We named this construct ER-TRAP (Fig. 14). Because RAP also
shows high affinity for the LRP fragment corresponding to MK-
TRAP (25), ER-TRAP was expected to trap both MK and RAP
in the ER, leading to the suppression of MK secretion and LRP1
maturation.

Asshownin Fig. 44, MK-TRAP could be detected in both the
cell and the medium, whereas ER-TRAP was only detected in
the cell, indicating that ER-TRAP was properly produced as
expected. Immunoprecipitation revealed that ER-TRAP bound
to both MK and RAP (Fig. 4B). ER-TRAP almost completely
trapped MK in the cell, leading to cessation of MK secretion,
whereas RAP reversed this phenomenon (Fig. 4C). ER-TRAP
also significantly suppressed endogenous MK secretion in the
osteosarcoma cell line, UMR106 (data not shown).

We next examined the effect of ER-TRAP on endogenous
LRP1 production. NIH3T3 cells are known to express endoge-
nous LRP1 but not MK. ER-TRAP strongly suppressed the cell
surface LRP1 production, as estimated by immunoprecipita-
tion after cell surface biotinylation (Fig. 4D). To evaluate the
biological significance of this phenomenon, we next examined
PDGF-mediated migration because LRP1 is known to suppress
PDGF receptor B function, as revealed by a study in which vas-
cular smooth muscle cell-specific knock-out of LRP1 induced
increased phosphorylation of PDGF receptor 8 and enhanced
atherosclerosis (30). Although PDGF-BB did not significantly
induce migration of NIH3T3 cells when administered alone, it
did so in the presence of coated collagen I (Fig. 4E). ER-TRAP-
transfected cells showed significantly enhanced migration
compared with vector-transfected cells, whereas no difference
was observed in collagen I-mediated migration (Fig. 4E). More-
over, PDGF receptor 3 phosphorylation in response to exoge-
nous PDGF-BB was induced to a larger extent in ER-TRAP-
transfected cells compared with vector-transfected cells (Fig.
4F). These results suggest that reduction of cell surface LRP1
reverses LRP1-mediated suppression of PDGF receptor 3
function.

Increased RAP Expression Is Closely Associated with MK
Expression in Human Colorectal Carcinomas—Human carci-
nomas frequently overproduce MK, and serum MK levels are
elevated in cancer patients (9, 10, 13, 26). Based on our findings,
we hypothesized that a mechanism preventing MK-LRP1 intra-
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FIGURE 3. MK binds to unprocessed LRP1 during biosynthesis. A, CHO-mLRP-IV cells were co-transfected with MK- and RAP-vector or control vector (—).
Pulse-chase-labeled proteins were immunoprecipitated with an anti-HA antibody that detects mLRP-IV. Open arrow, unprocessed mLRP-IV; asterisks, pro-
cessed mLRP-IV. B, sucrose gradient analysis was performed for CHO-mLRP-IV cells transfected with an MK-vector as described under “Experimental Proce-
dures.” Western blot analysis was performed using anti-HA (upper panel, mLRP-IV) or anti-MK antibody (lower panel). The open arrow and asterisk indicate
unprocessed and processed mLRP-IV, respectively. C, CHO-mLRP-IV cells were transfected with expression vectors as indicated. Inmunoprecipitation was
performed with anti-MK or anti-HA antibody. Open arrow, unprocessed mLRP-IV; asterisks, processed mLRP-IV. D, CHO-mLRP-IV cells were transfected with
expression vectors as indicated. Pulse-chase labeling was performed, and then a sequential immunoprecipitation was performed with the indicated antibod-

ies. Open arrow, unprocessed mLRP-1V; asterisks, processed mLRP-IV.

cellular aggregation is involved in carcinogenesis. We exam-
ined the protein expression of MK and RAP in human colorec-
tal carcinomas and corresponding adjacent normal tissues. In
most of the cases examined (33 of 39), MK and RAP were
strongly expressed in carcinoma tissues (Fig. 5, A left, and B). As
controls for MK (a ligand of LRP1) and RAP (an ER chaperone),
apolipoprotein E (apoE) and calnexin, respectively, were also
examined. These control molecules did not show any difference
of expression between carcinoma and adjacent normal tissues
(Fig. 54, left). Real-time RT-PCR examination of the mRNA
expression of LRP1 in carcinoma tissues revealed that there
were few cases in which the LRP1 expression was reduced com-
pared with the adjacent normal tissue. Thus, among the 20
cases examined, there were 12 cases of up-regulation, 6 cases of
no change, and 2 cases of down-regulation (the data of 5 cases
corresponding to those in Fig. 5 left are shown in Fig. 5 right).
These results indicate that the MK-LRP1 autocrine loop was
activated, and the enhanced expressions of RAP and MK are
closely associated in human colorectal carcinomas. To con-
firm the idea that RAP plays a pivotal role in tumor propa-
gation by preventing premature interaction between MK
and LRP1, we performed knockdown experiments for RAP of
the human colorectal adenocarcinoma cell line SW620. Suc-
cessful knockdown of RAP resulted in intracellular retention
of MK and suppression of MK secretion and consequently in
the suppression of cell survival under low serum conditions
(Fig. 5D).
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DISCUSSION

Since the initial proposal of the concept of “autocrine secre-
tion” by Sporn and Todaro (31), an increasing body of evidence
has confirmed its biological significance. In the late 1980s, a
biologically productive premature interaction, i.e. signal trans-
duction via intracellular ligand-receptor binding, was reported
for artificially ER-retained interleukin-3 and PDGF (32-34).
These were the first demonstration that the premature interac-
tion might have a biological role. However, our present data
appear to be in conflict with these reports. The importance of
our findings is that a growth factor and its receptor come to
contact during biosynthesis, and this premature interaction
negatively regulates their production within the secretory path-
way. Avoiding this premature interaction may allow cells to
overproduce a growth factor and thus to acquire a growth
advantage. Indeed, here, we found that the LRP chaperone RAP
blocks the premature MK-LRP1 interaction/aggregate forma-
tion and that increased RAP expression is closely associated
with MK expression in human colorectal carcinomas. Consis-
tent with this, serum MK levels have been shown to be elevated
in human colorectal carcinoma patients (10). Thus, our find-
ings highlight the biological significance of a premature inter-
action in the autocrine secretory pathway.

LRP1 is the fastest endocytosis receptor among the LDL
receptor family members (35), and its endocytosis-dependent
function has been intensively studied. For example, it has been
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FIGURE 4. ER-TRAP traps MK in the cell. A, the indicated expression vectors were transfected into CHO K1 cells. Proteins from cell lysates or media were
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expression vectors into CHO-mLRP-IV cells. Proteins were then detected by Western blot analysis. D, NIH3T3 cells were transfected with ER-TRAP or control
vector. Cell surface proteins were labeled with biotin, immunoprecipitated (/P) with anti-LRP1 antibody, and separated under 5% SDS-PAGE. Biotinylated LRP1
was detected with HRP-conjugated streptavidin. £, NIH3T3 cells were transfected with ER-TRAP or control vector. Cell migration analysis was then performed.
* p < 0.001 (Student's t test). F, NIH3T3 cells transfected with ER-TRAP or control vector were incubated in 0.2% BSA in DMEM for 3 h and stimulated with 50
ng/ml PDGF-BB for 10 min. Phosphorylation of PDGF receptor was detected with anti-phosphotyrosine antibody (Tyr(P)-100).

determined that LRP1-mediated endocytosis of MK leads to
nuclear targeting by endocytosed MK, which is, at least in part,
responsible for MK-induced cell survival (22). The production
and clearance of amyloid-B (AB), a pathogenic peptide of
Alzheimer disease, are also dependent on the LRP1-mediated
endocytosis. Thus, amyloid precursor protein (APP), a mem-
brane protein, is intracellularly bridged with LRP1 by FE65 (36,
37). APP also binds to LRP1 extracellularly (38). The conse-
quent APP-LRP1 complex is endocytosed and is further pro-
cessed to produce AB. In regard to clearance of Af3, extracellu-
lar A binds directly to LRP1 and also binds indirectly to LRP1
through AB-binding molecules, including apoE (39 —41); after
these interactions, the AB is degraded intracellularly. In this
context, our study has highlighted another function of LRP1, ie.
regulation of ligand biosynthesis. To the best of our knowledge,
this is the first demonstration of a receptor playing an essential
role in the biosynthesis of its ligand. We demonstrated that MK
overexpression leads to the formation of aggregates between
MK and LRP1, thereby suppressing MK secretion. Endogenous
MK induced by retinoic acid treatment is also co-localized with
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LRP1 within the cell and thus is not secreted. The premature
MK-LRP interaction may occur under both physiological and
pathological conditions. It is conceivable that MK secretion
may parallel its mRNA and protein expression until RAP is
capable of blocking the premature MK-LRP1 interaction, but it
may be impaired once MK protein expression overcomes RAP
capacity (Fig. 6).

MK and apoE are LRP1 ligands. Interestingly, both MK and
apoE can bind to AB, and MK, apoE, and LRP1 are found in
senile plaques (39, 41— 44). In addition, MK and apoE also show
similar characteristics from the point of view of premature
interaction with LRP1: overexpression of apoE or MK sup-
presses LRP1 maturation and induces LRP1 aggregation, which
is restored by RAP expression (20; this study). In contrast, we
found that the associated protein expressions are observed
for RAP and MK, but not apoE, in human colorectal carci-
nomas. This indicates that MK and apoE have distinct bio-
logical significance and suggests that the biosyntheses of MK
and apoE are differentially regulated, at least in these cancer
cells.
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FIGURE 5. Productions of MK and RAP are closely associated in human
colorectal carcinomas. A, human colorectal carcinomas and adjacent nor-
mal tissues were subjected to Western blot analysis for MK, RAP, apoE, and
calnexin protein expression and quantitative real-time RT-PCR for LRP1
mRNA expression. Five of 39 cases examined are shown here. C, carcinoma
tissue; N, adjacent normal tissue. B, statistical analysis. C, SW620 cells were
transfected with the indicated siRNAs. After 48 h, cells were harvested,
and proteins were analyzed by immunoblotting. D, SW620 cells trans-
fected with the indicated siRNAs were seeded, and the cell numbers were
monitored by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. ¥, p < 0.01 (¢ test). siRAP1 also gave similar results with
siRAP3 (data not shown).
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FIGURE 6. Mechanisms of biosynthetic regulation for MK and LRP1. Under
physiological conditions, RAP promotes folding of LRP1 and prevents prema-
ture interaction between LRP1 and MK. If RAP becomes insufficient under
pathological conditions, such as overproduction of MK during carcino-
genesis, aggregate formation involving LRP1 and MK takes place. ER-TRAP
may competitively occupy RAP, leading to aggregate formation of LRP1.
ER-TRAP also directly binds and traps MK in the ER. Consequently, ER-TRAP
suppresses both LRP1 maturation and MK secretion. MK-TRAP is the N-ter-
minal half of the second ligand-binding domain of LRP1, which corre-
sponds to SLRP2N-EGF (see “Experimental Procedures”). ER-TRAP is the
MK-TRAP plus HNEL (an ER-retrieving signal).
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It should be noted that other LRP1 ligands, such as tPA,
urokinase, and plasminogen activator inhibitor-1, do not
induce LRP1 aggregation (20). As discussed previously (20),
formation of ligand-receptor aggregation may require poly-
merization of the ligand itself and/or ability of the ligand to bind
to multiple ligand-binding domains of the receptor. A previous
study reported that MK forms a homodimer (45), and our pres-
ent data indicate that MK binds to the second and fourth
ligand-binding domains of LRP1. It is known that apoE can
form small multivalent lipoprotein particles and binds to three
ligand-binding domains of LRP1. In contrast, tPA and PAI-1
may bind to a single site of LRP1 (46). This could be a reason
why MK forms an aggregate with LRP1 within the secretory
pathway. However, the precise mechanisms underlying the pre-
mature ligand-LRP1 interaction remain to be elucidated.

The results of ER-TRAP not only support the significance of
the premature interaction in the biosynthesis of MK and LRP1,
but also provide an intriguing strategy by which simultaneous
repression of a growth factor and its receptor can be achieved.
This strategy allows efficient trapping of a growth factor and a
chaperone specialized for its receptor within the ER (Fig. 6). It
may be applicable to certain disease treatments aimed at the
suppression of ligand and/or receptor expression.
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Basigin/CD147 Promotes Renal Fibrosis after
Unilateral Ureteral Obstruction

Noritoshi Kato,*' Tomoki Kosugi,*t Waichi Sato,
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Regardless of their primary causes, progressive renal
fibrosis and tubular atrophy are the main predictors
of progression to end-stage renal disease. Basigin/
CD147 is a multifunctional molecule-it induces matrix
metalloproteinases and hyaluronan, for example-and
has been implicated in organ fibrosis. However, the
relationship between basigin and organ fibrosis has
been poorly studied. We investigated basigin’s role in
renal fibrosis using a unilateral ureteral obstruction
model. Basigin-deficient mice (Bsg ™/ ") demonstrated
significantly less fibrosis after surgery than Bsg*’*
mice. Fewer macrophages had infiltrated in Bsg™’~
kidneys. Consistent with these in vivo data, primary
cultured tubular epithelial cells from Bsg™/~ mice
produced less matrix metalloproteinase and exhib-
ited less motility on stimulation with transforming
growth factor B. Furthermore, Bsg™/~ embryonic fi-
bro blasts produced less hyaluronan and a-smooth
muscle actin after transforming growth factor f stim-
ulation. Together, these results demonstrate for the
first time that basigin is a key regulator of renal fibro-
sis. Basigin could be a candidate target molecule for

the prevention of organ fibrosis. (4m J Patbol 2011, .

178:572-579; DOIL: 10.1016/j.ajpath.2010.10.009)

Regardless of the primary disease process, renal interstitial
fibrosis is the key determinant of chronically diseased kid-
ney and the main prognostic predictor of renal function.”
Excessive accumulation of extracellular matrix (ECM) leads
to dysfunction of the organ and state of fibrosis.? ECM
turnover is regulated by the activity of matrix metalloprotein-
ases (MMPs). Although transforming growth factor B
(TGF-B) stimulates a-SMA expression as well as ECM pro-

572

duction by fibroblasts, it also regulates the expression of
MMPs.3“ Conversely, some MMPs, such as MMP-2,
MMP-9, and MT1-MMP, activate latent TGF-B.5° Therefore,
ECM synthesis and degradation are intricately regulated by
TGF-B8, MMPs, and others. In this context, it should also be
noted that hyaluronan plays a crucial role in the TGF-B-
driven differentiation of fibroblasts into myofibroblasts.”~*°
Endogenous hyaluronan is necessary for fibroblast differ-
entiation and maintenance of the myofibroblast phenotype
through autocrine TGF-g action.™

Basigin (Bsg)/CD147 (Bsg is the name of the mouse
gene) is a glycosylated transmembrane protein that be-
longs to the immunoglobulin superfamily. It is expressed
by many types of cells, including hematopoietic, epithe-
lial, endothelial, and tumor cells."®™ It is well docu-
mented that Bsg induces MMPs, so it is also known
as an extracellular matrix metalloproteinase inducer
(EMMPRIN). ™ It is highly up-regulated in many malignant
cancer cells and is thought to contribute to cell survival,
invasion, metastasis, and multidrug resistance.® Studies
targeting Bsg to prevent tumor growth using BNAI tech-
niques have achieved successful outcomes.'®~'® Along
with MMPs, Bsg is also involved in the production of
vascular endothelial growth factor and hyaluronan.?°=2
Bsg interacts with a wide range of binding partners.?® For
example, it binds to caveolin, cyclophilin, monocarboxylate
transporter, and Bsg itself 262° Through the interaction with
monocarboxylate transporter, Bsg plays a role in lactate
metabolism. Furthermore, Bsg promotes the differentiation
of fibroblasts into myofibroblasts by inducing a-SMA ex-
pression in corneal fibroblasts.*®

We previously generated Bsg-deficient mice (Bsg™'")
and reported several abnormalities, including male and fe-
male sterility, progressive retinal degeneration, increased
cell proliferation on mixed lymphocyte culture, decreased
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memory function, and abnormal sensory function.®'-2 Most
recently, we also found that Bsg is an E-selectin ligand and
is involved in renal ischemia/reperfusion injury.®*

In this study, we focused on Bsg functions in renal
fibrosis induced by unilateral ureteral obstruction (UUO).
Bsg orchestrates renal fibrosis formation through MMPs,
hyaluronan production, and macrophage infiltration. To
the best of our knowledge, this is the first report on the
critical role of Bsg in renal fibrosis.

Materials and Methods

Animals and Experimental Design

Mice deficient in Bsg were generated as described
previously.®® Because Bsg™/~ mice were hardly born
through ordinary mating, we established the following
protocol. Bsg*'™ mice with 129/SV background were
backcrossed with C57BL/6J mice to produce F1 hybrid
offspring (reverse F1 hybrid). By intercrossing these
mice, mixed reverse F2 mice were generated, and were
used in this study. All experiments were performed with
Bsg™'* and Bsg~/~ littermates. We used 96 mice (48
mice in each genotype, respectively), which were 8- to
12-week-old males weighing 20 to 25 g. These mice were
divided into seven groups at each time point (n = 8/each
group on day 0, 7, and 14; n = 6/each group on day 1, 2,
3, and 5, respectively). The mice were housed under
controlled environmental conditions and maintained with
standard food and water.

In Bsg** and Bsg™/~ mice sedated by general anes-
thesia, an incision was made in the right side of the back,
and complete ureteral obstruction was performed by
double-ligating the right ureter using 4-0 silk. Sham-op-
erated mice had their ureters exposed but not ligated.
Mice were sacrificed at different time points as indicated
after surgery. Kidneys were removed for examination.
Blood and urine samples were collected on the day of
sacrifice. Kidney tissues were processed for histology
and protein extraction. All of the animal experiments were
performed in accordance with the animal experimenta-
tion guidelines of Nagoya University School of Medicine.

Histology

The removed kidneys were fixed in 4% paraformaldehyde,
embedded in paraffin, and then cut into 4-um sections. The
sections were stained with polyclonal goat anti-human type
Il collagen (Southern Biotech, Birmingham, AL) and poly-
clonal goat anti-mouse Bsg (R&D Systems, Minneapolis,
MN) followed by detection with biotin-conjugated rabbit
anti-goat 1gG (Nichirei, Tokyo, Japan). Immunostaining
was performed by the streptavidin (Chemicon Interna-
tional, Temecula, CA) -biotin immunoperoxidase method.
The staining was visualized with 3,3’-diaminobenzidine
(Dako, Carpinteria, CA), a brown color being produced.
Negative controls involved replacement of the primary
antibodies with species-matched antibodies.

The sections were stained with periodic acid-Schiff re-
agent (PAS). Tubular dilation was assessed by counting the
number of dilated tubules in the cortex of each section.®®
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They were also stained with a terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) as-
say kit according to the manufacturer’s instructions (Roche
Applied Science, Indianapolis, IN). The number of apop-
totic cells was examined in the cortex of each section.
Parts of the kidney tissues were snap-frozen in liquid
nitrogen. Sections (2-um thick) were cut with a cryostat
and then fixed in acetone. The cryosections were stained
with rat anti-mouse monocyte-macrophage marker F4/80
(Serotec, Oxford, UK) followed by detection with fluores-
cein isothiocyanate rabbit anti-rat IgG (Zymed Laborato-
ries, San Francisco, CA). Macrophages positive for F4/80
were counted by examining 10 fields of the cortex under
a microscope at X200 magnification in a blind manner.

Real-Time PCR

Mouse kidney tissues were snap-frozen in liquid nitro-
gen for total mRNA isolation. To perform mRNA extrac-
tion and cDNA synthesis, we used the RNeasy Mini Kit
and QuantiTect Reverse Transcriptional Kit (Qiagen,
Hilden, Germany) according to the manufacturer's in-
structions. Real-time PCR analysis was performed with an
Applied Biosystems Prism 7500HT sequence detection
system using TagMan gene expression assays accord-
ing to the manufacturer’s specifications (Applied Biosys-
tems, Foster City, CA). TagMan probes and primers for
type Il collagen (Col3a1; Mm00802331_m1), TGF-B,
(Tgfb1, MM00441724_m1), hyaluronan synthase 2 (Has2;
Mm00515089_m1), a-SMA (Acta2; Mm01546133_m1),
B-actin (Actb; Mm00607939_s1), and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh; Mm39999915_g1)
were used. Amplification data were analyzed with Applied
Biosystems Sequence Detection software version 1.3.1.

Western Blot Analysis

Mouse kidney tissues were snap-frozen in liquid nitrogen
for protein isolation and then lysed in radio-immunopre-
cipitation assay buffer (50 mmol/L Tris-HCI, 150 mmol/L
NaCl, 1% Nonidet P, 1% deoxycolic acid, and 0.05%
SDS). Western blot analysis was performed as described
previously.®”

Briefly, we separated the samples by 10% SDS-PAGE
and then transferred them to a nitrocellulose membrane
(Whatman, Florham Park, NJ). We blocked the mem-
branes with 5% (w/v) dry fat-free milk in PBS with 0.1%
Tween for 60 minutes at room temperature. The blots
were subsequently incubated with goat anti-mouse Bsg
antibody (R&D Systems), monoclonal anti-g actin anti-
body (Sigma Aldrich, St. Louis, MQO), or rat anti-mouse
E-selectin antibody (R&D Systems), followed by incuba-
tion with peroxidase-conjugated anti-goat IgG, rat 1gG,
and mouse IgG (Jackson Immunoresearch Laboratories,
West Grove, PA). Proteins were visualized with an en-
hanced chemiluminescence detection system (Amer-
sham Pharmacia, Amersham Biosciences, Piscataway,
NJ). The density of each band was measured using the
public domain National Institutes of Health image pro-
gram.
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Gelatin Zymography

Kidney tissue homogenates and cultured media of TECs
were subjected to gelatin zymography of the MMP proteo-
lytic activity. Gelatin zymography was performed using
commercial kit (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. Briefly, the homogenates were
loaded into 7.5% SDS-polyacrylamide gel containing 1
mg/ml gelatin. After electrophoresis, the gel was incubated
in 2.5% Triton X-100 at room temperature for 30 minutes
with gentle shaking and then at 37°C for 24 hours in a
developing buffer containing CaCl, Tris-HCI. The gel was
stained with Coomassie blue. Proteinase activity was
detected as unstained bands on a blue background,
representing areas of gelatin digestion. The density of
gach band was measured using the public-domain
National Institutes of Health image program.

Cell Culture

Tubular epithelial cells (TECs) were isolated from the
kidneys of adult Bsg*/* or Bsg™'~ mice, as described
previously.®® Briefly, the renal cortex divided from the
medulla was resolved with collagenase (Wako Chemi-
cals, Miyazaki, Japan) and the lysate was then filtered
through 38-um strainer, using a mesh sieving method.
The fluid was centrifuged to pellet the various renal cells,
which were plated with cultured media for 1 hour of
incubation. To avoid the contamination of mesangial cells
and various cells, adherent cells were removed, and a
supernatant solution including numerous TECs was incu-
bated to another plate for 72 hours in K1 medium [224.25
ml Ham's F12; 226.25 ml Dulbecco’s modified Eagle’s
medium (DMEM); and 12.5 ml HEPES] containing 10%
fetal bovine serum (GIBCO BRL, Gaithersburg, MD) and
hormones [epidermal growth factor (50 pg/ml); insulin-
transferrin-sodium selenite media supplement (0.12 1U/
ml), prostaglandin E; (1.25 ng/ml), hydrocortisone (18
ng/ml); T3 (34 pg/ml)]. The fourth and fifth passages were
used for experiments. These cells isolated from the kid-
neys were determined to be of proximal tubular origin by
means of immunofluorescence histochemistry; cells were
stained positively for cytokeratin (ENZO Diagnostics,
Farmingdale, NY); brush border vesicle (BBV; gift from
Dr. G. Andres)®®; desmin (Progen, Heidelberg, Ger-
many), and Phalloidin (Invitrogen). These staining pat-
terns were the same as those previously reported.*°

Subconfluent tubular epithelial cells were incubated in
serum-free medium for 24 hours to arrest and synchro-
nize cell growth. After that, the medium was changed to
fresh serum-free DMEM containing 5 ng/ml recombinant
TGF-B (R&D Systems) for 0, 1, 3, 6, 12, and 24 hours in
the time-course study. The culture medium was subjected
to gelatin zymography.

Mouse embryonic fibroblast (MEF) was established
from the embryos of Bsg™/™ and Bsg™~ mice and then
cultured in DMEM containing 10% fetal bovine serum.*’
After the cells were starved for 24 hours, the medium was
changed to fresh serum-free DMEM containing 5 ng/ml
recombinant TGF-B (R&D Systems). Cells were then used

for the collection of MRNA, and culture medium was used
for hyaluronan ELISA.

Cell Invasion Assay

To compare cell migration capacity between Bsg*/*

TECs and Bsg™~, we used the Cultrex Cell invasion/
Migration Assay according to the manufacturer’s instruc-
tions (Trevigen, Gaithersburg, MD) to mimic in vivo the
tubular basement membrane microenvironment and the
renal interstitium and to screen compounds that influence
cellular digestion and migration across ECM. This assay
used a simplified Boyden chamber design with an 8-mi-
cron polyethylene terephthalate membrane coated with
basement membrane extract. The bottom wells of a 96-
well Boyden chamber were filled with DMEM containing 5
ng/ml TGF-B (R&D Systems). Bsg*'* and Bsg~/~ TECs
were labeled with calcein-AM beforehand, and then 5.0 X
10* cells/well were added to the upper chamber. The Boy-
den chamber was incubated for 24 hours at 37°C to allow
the possible migration of cells into the lower chamber. The
number of migrated cells was estimated as fluorescence
using Fluoroskan AscentCF (Labsystems, Helsinki, Fin-
land).

Statistical Analysis

All values are expressed as means * SD. Statistical
analysis was performed with the unpaired, two-tailed Stu-
dent’s t-test for single comparisons. Values of P < 0.05
were considered to indicate statistically significant differ-
ences.

Results

Bsg ™/~ Mice Have Less Tubulointerstitial
Fibrosis

To determine the role of Bsg in renal fibrosis, we sub-
jected Bsg™'* and Bsg™/~ mice to UUO surgery and
compared the degrees of type Ill collagen deposition
in the tubulointerstitium. At 7 days after UUO operation,
both genotypes exhibited increased expression of type
11l collagen on immunohistochemistry (Figure 1A). This
deposition became more diffuse and remarkable at 14
days in the interstitium of Bsg™* mice, whereas
Bsg™'~ mice showed only a little more fibrosis. Consis-
tent with the immunohistochemical findings, type Il
collagen mRNA expression also increased at 14 days
in Bsg™/* mice compared with Bsg™'~ mice, which was
revealed by quantitative RT-PCR (Figure 1B).

PAS staining revealed marked tubular dilation and
atrophy in both genotypes at 14 days (Figure 1C). ltis
likely that the infiltration of inflammatory cells was
prominent in Bsg*’* mice. To verify the tubular dam-
age, we assessed the number of dilated tubules at 7
and 14 days. There was no significant difference be-
tween the two genotypes (Figure 1D), suggesting that
both groups operated on had the same extent of renal
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Figure 1. Histological evaluation of the kidneys of Bsg and Bsg™/~
mice after UUO. A: Type III collagen expression in the tubulointerstitium
at 0, 7, and 14 days after UUO operation. Scale bar = 50 um. B: Type Il
collagen mRNA expression, determined by quantitative reverse transcriptase
PCR. Each value was standardized by GAPDH mRNA content as an internal
control. Data are means (columns) = SD (bars); white bar, Bsg*/™; black bar,
Bsg™/~; **P < 0.01; n = 6. C: The tubulointerstitium at 14 days is shown by
PAS staining. Scale bar = 50 um. D: The number of dilated tubules (counts/
mm?). Data are means + SD; white bar, Bsg*/™; black bar, Bsg™/~; N.S., not
significant; 7 = 8. E: The number of apoptotic cells (counts/mm?®), assessed
by TUNEL assay. Data are means * SD; white bar, Bsg+/+; black bar,
Bsg/T;m=8.

damage. We further performed TUNEL assay to exam-
ine the effect of Bsg on apoptosis of tubular injuries.
But, no obvious difference was observed between the
two genotypes (Figure 1E).

o
e L
L

w
8 g
e 5

Macrophage infiltration >
3 2
=3 <

ol
Dayd Bay7 Dayis
30 m
o
= 25
e
g 20
%
g
-~ S 49
& P &
LR -
Dayl Day?  Dayi4d

o H i
Day8 Day3 Day? Day14

+/+ -

Figure 2. Macrophage infiltration in Bsg and Bsg mouse kidneys
after UUO. A: The numbers of macrophages that had infiltrated into the
tubulointerstitium at 3, 7, and 14 days were counted. Data are means *
SD; white bar, Bsg™/™; black bar, Bsg™/~; *P < 0.05; n = 6. B: Immuno-
fluorescence staining with F4/80 antibody at 7 days. Scale bar = 50 um.
C: Western blotting of E-selectin expression in the kidney after UUO. D:
TGF-B mRNA, determined by real-time PCR. Each value was standardized
by GAPDH mRNA content as an internal control. Data are means * SD;
white bar, Bsg*/*; black bar, Bsg™/~; *P < 0.05; n = 6.
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Macrophage Infiltration Is Lower in Bsg™~ Mice

Macrophage infiltration is a key event for the pathogen-
esis of renal fibrosis.*24% Both Bsg™™* and Bsg™/~ mice
exhibited only slight macrophage infiltration at day 3 (Fig-
ure 2A). Macrophage infiltration into the interstitium be-
came prominent at day 7, and increased more at day 14
(Figure 2, A and B). The infiltrating macrophage number
was significantly higher in the Bsg™™ kidneys (Figure 2A).

Macrophage infiltration in the post-obstructed kidney
requires adhesion molecules.** However, little informa-
tion about E-selectin is available. Because Bsg acts as an
E-selectin ligand on inflammatory celis,>* we next exam-
ined E-selectin expression in the kidney. We found that
E-selectin expression was upregulated in the kidney after
UUO surgery, but the expression levels were comparable
between the genotypes (Figure 2C).

TGF-B serves as a profibrogenic cytokine by directly
stimulating the synthesis of extracellular matrix compo-
nents and indirectly stimulating other profibrogenic fac-
tors such as connective tissue growth factor.*® TGF-8 is
produced by many types of cells in the UUO model, and

A
MMP-2

Day 0 3 714 0 3 7 14

Bsg+i+  Bsg-l-

B

8

&

¢

o

&

o

=

5

2

B

< " "Dayd Day3 Day? Dayid
C
MMP-2

Day 0 3 714 0 3 7 14

Bsg+l+  Bsg-l-

D 5, N .

- —

a4

& 3

@

2

=

3

b4

Day0 Day3 Day? Dayid

Figure 3. Induction of renal MMPs in the Bsg*/* and Bsg™'~ mouse kidneys

after UUO. A: Zymographic analysis of whole kidney lysates indicating
MMP-2 induction. B: The intensity of active-MMP-2 bands. Data are means *
SD; white bar, Bsg*/*; black bar, Bsg™ ™; *P < 0.05; n = 6. C: A represen-
tative photo of MMP-9 activation in gelatin zymography. D: The intensity of
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macrophage is one of the major sources.***® We found
that TGF-B8 was equally up-regulated in both genotypes
until 7 days after UUO surgery (Figure 2D). Then TGF-8
expression in Bsg™* exceeded that in Bsg~™/~ mice at
day 14 (Figure 2D).

MMP-2 and MMP-9 Activities Are Suppressed
in Bsg™~ Mice

Bsg is known as an inducer of MMP-2 and MMP-9, and
they play a key role in maintaining a balance between
ECM deposition and degradation. In addition, the increased
synthesis of MMPs has been shown to increase in various
kidney diseases.*®*” Therefore, we next investigated MMP
activity in the kidney after UUO. Gelatin zymography dem-
onstrated that the activity of MMP-2 was gradually in-
creased, but was always less in Bsg™'~ mice: the difference
between the genotypes became apparent 3 days after sur-
gery (Figure 3, A and B). On the other hand, the activation
of MMP-9 strikingly increased at 3 days after UUO operation
in both genotypes, but to lower extents in Bsg™/~ mice at 3
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Figure 4. Basigin expression in the UUO model. A: Immunohistochem-
ical staining of Bsg in the kidney. Scale bar = 50 pm. B: Time course of
basigin expression in the UUO model. Bsg protein was determined by
Western blotting. C: The intensity of Bsg bands was normalized as to
B-actin. Data are means * SD; *P < 0.05; n = 6.
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Figure 5. Bsg on TECs contributed to MMP-2 induction and upregulated
migration capacity under TGF-B stimuli. A: Zymographic analysis indicates
MMP-2 production in the culture medium of tubular epithelial cells after
TGF-B stimulation. B: Migration of tubular epithelial cells was evaluated by
cell invasion assay. The number of tubular epithelial cells that had migrated
into the lower chamber through basement extract-extracts coated membrane
by TGF-B stimulation is indicated. Data are means = SD; **P < 0.03; n = 30.

days and 14 days (Figure 3, C and D). Their induction
remained higher until 14 days in both groups.

Bsg Expression Is Transfently Upregulated
During Acute Phase of Tubulointerstitial Injury

We next examined Bsg expression during the pathogen-
esis of renal fibrosis. Bsg expression was detected on the
basolateral side of the proximal and distal tubules in
Bsg™*’* mice before UUQ operation (Figure 4A), consis-
tent with a previous report.*® UUO operation transiently
and slightly enhanced Bsg expression, reaching the
maximum level at day 1 (Figure 4A). However, Bsg ex-
pression decreased thereafter, and became very low at
day 14 (Figure 4A). Bsg expression was detected in
tubular epithelial cells and infiltrating inflammatory cells.
The expression reduction was probably attributable to a
loss of tubular epithelial cells due to cell death induced
by UUO. Western blot data confirmed this observation
(Figure 4, B and C). We did not observe any Bsg expres-
sion in the kidney of Bsg™'~ mice (Figure 4A).

TGF-B Response Is Lower in Primary
Bsg™~ TECs

Our in vivo data showed an apparent association between
Bsg and renal fibrosis induced by UUO. To understand
the underlying mechanism, we performed in vitro experi-
ments. Based on the results shown in Figures 2 and 3, we
addressed the effects of Bsg of TECs on MMP-2 produc-
tion under TGF-g stimulation in vitro. When subjected to
gelatin zymography, culture media showed that MMP-2
production was indeed induced on TGF-B administration,
but the extent of the induction was much lower in Bsg™~
TECs (Figure 5A).

We also examined the invasive capacity of Bsg*/* and
Bsg™~ TECs. In the upper chamber, transwell mem-
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Figure 6. Bsg promoted hyaluronan synthesis and was related to a-SMA
induction. A: Hyaluronic acid synthase 2 (HAS2) mRNA determined by
real-time PCR in MEF under TGF-B stimulation. Each value was standardized
by B-actin mRNA content as an internal control. Data are means * SD; white
bar, Bsg™*; black bar, Bsg™'~; *P < 0.05; **P < 0.01; n = 3. B: Hyaluronan
(HA) production in MEF under TGF-B stimulation. White bar, Bsg™*; black
bar, Bsg™/™; **P < 0.01. C: a-SMA mRNA determined by real-time PCR in
MEF under TGF-8 stimuli. Each value was standardized by B-actin mRNA
content as an internal control. Data are means =+ SD; white bar, Bsg™/*; black
bar, Bsg™/™; **P < 0.01; N.S., not significant; n = 3.

branes were coated with basement membrane extract,
and then TECs were seeded on the membrane. TGF-8
was added in the lower chamber. As shown in Figure 5B,
Bsg™/~ TECs exhibited a lower ability to transmigrate.

Bsg Contributes to Hyaluronan Synthesis on
TGF-B Stimulation

Because it has been reported that Bsg promotes hyalu-
ronan production in tumor cells and fibroblasts,?3-25:4°
we asked whether or not Bsg deficiency would affect
hyaluronan production by MEF. We found that the expres-
sion of hyaluronic acid synthase 2, which biosynthesizes
hyaluronan, was lower in Bsg™'~ MEF even in the steady
state (Figure 6A). Furthermore, TGF-B enhanced hyaluronic

Basigin in Renal Fibrosis Pathogenesis 577
AJP February 2011, Vol. 178, No. 2

acid synthase 2 expression in Bsg*/* MEF, but not in
Bsg™'~ MEF (Figure 6A). We also found the a-SMA mRNA
level was elevated 24 hours after TGF-8 stimulation in
Bsg*'* MEF, but not in Bsg™'~ MEF (Figure 6C). This result
was in line with recent reports that endogenous hyalurocnan
promotes a-SMA expression in fibroblast. """

Discussion

Our in vivo data showed that Bsg™/~ mice had much less
fibrosis, and the difference between the genotypes be-
came apparent 14 days after UUO surgery. MMP-2 and
MMP-9 activations were enhanced in both genotypes,
but the extent was significantly less in Bsg™/~ mice—the
difference became apparent as early as 3 days after
UUO operation. /n vitro experiments demonstrated that
Bsg on TECs promoted active MMP-2 production in re-
sponse to TGF-B, and that Bsg on fibroblasts played a
critic al role in hyaluronan production in response to
TGF-B. Because TGF-B expression was upregulated after
UUO to similar extents in Bsg*/* and Bsg™~ mice up to
day 7, it is conceivable that the responsiveness to TGF-B
is linked to the difference in renal fibrosis in Bsg*/* and
Bsg™~ mice. In this context, it is noteworthy that both
MMP-2 and MMP-9 are an activator of TGF-8,*° and that
Bsg is a strong inducer of MMP family. Thus, there may
be a molecular circuit between Bsg, MMPs, and TGF-B
(Figure 7). Taken together, our results established that
Bsg is an important regulator of renal fibrosis.

UUQ is a well-characterized model of renal injury lead-
ing to renal fibrosis.***% A number of studies have re-
vealed major pathways leading to the development of
renal fibrosis after UUO surgery: the initial event is inter-
stitial infiltration of macrophages that produce cytokines
responsible for fibroblast proliferation and activation. Af-
ter UUO operation, macrophages infiltrate the tubuloin-
terstitial space from blood vessels and become a major
source of cytokines, such as TGF-B. Macrophage infiltra-
tion was more prominent in Bsg*’/* kidneys, and its time
course was consistent with the pathogenesis profile of
renal fibrosis. It is known that macrophages express Bsg,
and that Bsg could be a ligand for E-selectin.?”3* We
also confirmed that Bsg on THP-1, the human monocytic
cell line, bound to E-selectin (data not shown). Consider-
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ing that E-selectin expression was induced to similar
degrees in both genotypes, it is likely that the difference
in macrophage infiltration between Bsg*'* and Bsg™/~
mice is due to the presence of Bsg on macrophages.
Indeed, it was reported that mice with triple knockout of
E-, P-, and L-selectin show a marked reduction in mac-
rophage infiltration into the obstructed kidney, and are
protected from fibrosis in UUO.®" Thus, macrophage in-
filtration could be the primary cause of renal fibrosis after
UUO, and could cause the difference between Bsg™/™*
and Bsg™'~ mice. In the current study, however, macro-
phage infiltration began 7 days after surgery, when
MMP-2 expression had already been induced (starting
from day 3, when TGF-B expression induction was also
observed). Therefore, macrophage infiltration cannot fully
explain the Bsg involvement with renal fibrosis. Moreover,
TGF-B expression was induced to similar extents until 7
days in both genotypes. Our in vitro study demonstrated
the genotype-dependent responsiveness to TGF-B in
TECs and fibroblasts. Together, it is likely that both the
Bsg-mediated migration of macrophages and the geno-
type-dependent responsiveness to TGF-B could be im-
portant to the formation of the genotype-dependent dif-
ference of renal fibrosis after UUO.

Phenotypic transition of resident renal cells into myofi-
broblasts is observed in a UUO model. TECs are one of
them. Currently, the degree to which this process con-
tributes to kidney fibrosis remains a matter of intense
debate.®2%® Tubular basement membrane regulates nu-
merous cell-matrix interactions that are pivotal to the
maintenance of the epithelial phenotype. In the process
of renal fibrosis, MMPs are an important factor for the
disruption of tubular basement membrane.®*° As a re-
sult, TECs lose their polarity and acquire contractile mo-
tility.5% Considering that TECs have a TGF- receptor and
produce MMP-2 and MMP-9 on TGF-g stimulation,®® our
data suggest that Bsg on TECs (an inducer of both
MMP-2 and MMP-9) is at least partly responsible for
disrupting tubular basement membrane and matrix re-
modeling by MMP induction.

Resident fibroblasts could also be the source of myo-
fibroblasts.“?2 Generally, the wound repair process is
characterized by the activation of quiescent fibroblasts
and their differentiation into myofibroblasts.®° Hyaluronan
promotes a-SMA expression in fibroblasts and orches-
trates TGF-B-dependent maintenance of the myofibro-
blast phenotype.'®'" Little is known about the precise
mechanism underlying how hyaluronan induces a-SMA
in fibroblasts, but it is assumed that the hyaluronan mac-
romolecular assembly in the pericellular environment
contributes to mediate various signaling.’® Previous re-
ports and the present study have demonstrated that Bsg
promotes hyaluronan production and subsequent a-SMA
expression in fibroblasts.?4°

In summary, Bsg is a multifunctional molecule en-
gaged in hyaluronan production, MMP production, cell
adhesion, and a-SMA induction in renal fibrosis. Interven-
tion targeting Bsg would have multiple effects on the
prevention of renal fibrosis.
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the Neuronal Repellent Factor Slit2 Expression and
Promotes Cell Motility and Tumor Formation of
Neuroblastoma
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Masato Nakaguro', Naoshi Koide', Ichiro Takeuchi?, Akira Onishi®, and Kenji Kadomatsu’

Abstract

The basic helix-loop-helix transcription factor NeuroD1 has been implicated in the neurogenesis and early
differentiation of pancreatic endocrine cells. However, its function in relation to cancer has been poorly
examined. In this study, we found that NeuroD1 is involved in the tumorigenesis of neuroblastoma. NeuroD1 was
strongly expressed in a hyperplastic region comprising neuroblasts in the celiac sympathetic ganglion of 2-week-
old MYCN transgenic (Tg) mice and was consistently expressed in the subsequently generated neuroblastoma
tissue. NeuroD1 knockdown by short hairpin RNA (shRNA) resulted in motility inhibition of the human
neuroblastoma cell lines, and this effect was reversed by shRNA-resistant NeuroD1. The motility inhibition by
NeuroD1 knockdown was associated with induction of Slit2 expression, and knockdown of Slit2 could restore
cell motility. Consistent with this finding, shRNA-resistant NeuroD1 suppressed Slit2 expression. NeuroD1
directly bound to the first and second E-box of the Slit2 promoter region. Moreover, we found that the growth of
tumor spheres, established from neuroblastoma cell lines in MYCN Tg mice, was suppressed by NeuroD1
suppression. The functions identified for NeuroD1 in cell motility and tumor sphere growth may suggest a link
between NeuroD1 and the tumorigenesis of neuroblastoma. Indeed, tumor formation of tumor sphere-derived
cells was significantly suppressed by NeuroD1 knockdown. These data are relevant to the clinical features of
human neuroblastoma: high NeuroD1 expression was closely associated with poor prognosis. Our findings
establish the critical role of the neuronal differentiation factor NeuroDl in neuroblastoma as well as its
functional relationship with the neuronal repellent factor Slit2. Cancer Res; 71(8); 2938-48. ©2011 AACR.
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Introduction

NeuroD1 is a basic helix-loop-helix (bHLH) transcription
factor. NeuroDI-deficient mice die as a consequence of severe
hyperglycemia within 5 days of birth (1). This is attributed to
differentiation deficit and death of § cells in the pancreas during
embryogenesis (1). In addition, NeuroD1 is involved in neurogen-
esis. It can convert embryonic epidermal cells into fully differ-
entiated neurons in Xenopus and promotes premature cell-cycle
exit and differentiation of neural precursor cells (2). By crossing
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NeuroDI-deficient mice with either transgenic mice expressing
NeuroD1 in B cells or (mammalian atonal homolog) MATH-
deficient mice, Miyata and colleagues as well as Schwab and
colleagues demonstrated that NeuroD1 deletion in the central
nervous system leads to depletion of the cerebellar granule cells
and loss of the dentate gyrus in the hippocampus (3, 4). Further-
more, NeuroD1 is involved in the differentiation of peripheral
neurons. Thus, NeuroDI-deficient mice exhibit neuronal cell loss
in the inner ear (5, 6). In the retina of NeuroDI-deficient mice,
amacrine cell differentiation is perturbed and the number of
bipolar interneurons decreases (7). Furthermore, it has recently
been reported that NeuroD1 plays an essential role in the main-
tenance of neural precursor cells in adult neurogenesis: inducible
stem cell-specific deletion of NeuroD1 causes fewer newborn
neurons in the hippocampus and the olfactory bulb (8, 9).
Neuroblastoma (NB) is the most common extracranial
pediatric solid tumor and is derived from the sympathetic
neuron lineage of neural crest cells (10). A hierarchical expres-
sion of regulatory molecules, such as Sox2, BMP, Mashl,
Phox2B, and Hand2, determines the fate of neural crest cells
and their further differentiation to form sympathetic neurons
(11). The molecular mechanism of the normal development of
sympathetic neurons may influence the biology of NB. For
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example, the homeodomain DNA-binding transcription factor
Phox2B is mutated in familial and sporadic forms of NB (12).
Phox2B mutations predispose to NB by promoting the pro-
liferation and dedifferentiation of cells in the sympathoadre-
nergic lineage (13). Phox2B induction in a NB cell line
downregulates expression of the homeobox protein Msxl,
whereas Msx1 upregulates expression of Notch3 and Heyl
and downregulates NeuroD1 expression (14). The bHLH tran-
scription factor Hand2, the proto-oncogene MYCN, and tyr-
osine hydroxylase, which is essential for catecholamine
metabolism, are expressed in proliferating precursors of sym-
pathetic neurons (15). MYCN gene amplification is often
observed in NB, and it is the strongest prognostic factor of
NB (16). Furthermore, the bHLH transcription factor Mashl-
deficient mice lose sympathetic neurons (17). Mashl is
expressed in multipotent neuron progenitors immediately
after expression of neural stem cells during postnatal hippo-
campus granule neurogenesis, whereas NeuroD1 is expressed
in more differentiated progenitors (18). Mashl is expressed
mostly in poorly differentiated neuroendocrine carcinoma,
whereas NeuroD1 is expressed in well-differentiated neuroen-
docrine carcinoma (19).

Weiss and colleagues generated MYCN transgenic (Tg)
mice, in which MYCN expression is targeted to the sympa-
thetic neuron lineage by the rat tyrosine hydroxylase (20).
These mice develop NB in the celiac sympathetic ganglion,
which has histology indistinguishable from that of human NB
(20). In particular, hemizygous mice develop tumors with a
stepwise increase of the frequency of MYCN amplification (21).
Therefore, this model mimics human NB development. More-
over, this model demonstrates a marked increase of neuro-
blast hyperplasia at approximately 2 weeks after birth that is
hypothesized to represent a precancerous lesion (21).

In spite of the accumulating evidence showing the critical
roles of NeuroD1 in neurogenesis, its involvement in cancer
development has not been fully explored. As NB tumorigenesis
is closely related to the normal development of the sympa-
thetic neuron lineage, we hypothesized that NeuroD1 could be
an important regulator of NB. To examine this hypothesis, we
used MYCN hemizygous mice and found that NeuroD1 plays a
critical role in NB tumorigenesis.

Materials and Methods

RT-PCR

Thermal conditions for PCR included 28-35 cycles of dena-
turing at 94°C for 30 seconds, annealing at 55-56°C for 30
seconds, and elongation at 72°C for 30 seconds. The primers
used and the expected product sizes are listed in Supplemen-
tary Table SI. Detection of NeuroD1 and Slit2 was performed
by using the TagMan Gene Expression Assays kit (Applied
Biosystems) according to the manufacturer’s instructions. The
assay ID for NeuroD1 is Hs00159598_m1 and that for Slit2 is
Hs00191193_m1l.

RNA interference
Nontargeting short hairpin RNA (shRNA; Sigma) and spe-
cific shRNA for human NeuroD1 (Sigma), mouse NeuroD1

(Open Biosystems), and human Slit2 (Open Biosystems) were
used. The shRNA sequences are listed in Supplementary
Table SII. Together with the lentivirus packaging plasmids
psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene
plasmid 12259), all plasmids were cotransfected into HEK293T
cells to produce infectious virus particles. The titer was
evaluated by using a QuickTiter Lentivirus Titer kit (Cell
Biolabs). Approximately 2.5 x 10°/mL virus particles were
obtained. NB cells were infected in the presence of 8 ng/
mL polybrene (Sigma). For the infection of tumor sphere cells,
virus particles were concentrated by PEG-it Virus Precipita-
tion Solution (System Biosciences) and suspended in a sphere
growth medium without polybrene.

Plasmids

A human NeuroD1 cDNA clone was amplified from human
HEK293 cell ¢cDNA with attB-flanked primers. For shRNA-
resistant expression constructs, the shRNA-targeting site on
the cDNA was mutated at 6 nucleotides without affecting the
amino acid sequence. Thereafter, following the instructions of
Invitrogen Gateway Technology and using the Clonasell Kit,
the mutated NeuroD1 cDNA was inserted into the gate-
way destination vector CSII-CMV-RfA-IRES2-Venus (RIKEN
BioResource Center, Ibaraki, Japan), which is a lentivirus-
based c¢DNA over-expression vector. CSH-CMV-Venus
(RIKEN) was used as the negative control.

Histochemistry and Western blot analysis

Tissues were fixed in 4% paraformaldehyde, dehydrated,
and embedded in paraffin according to the standard proce-
dure. Then, 5-ium sections were stained with hematoxylin and
eosin stain or incubated with anti-NeuroD1 polyclonal anti-
body (Cell Signaling Technology), which was diluted at a
concentration of 1:50 in 3% normal goat serum for 2 hours
at room temperature, and then incubated with biotin goat
anti-rabbit secondary antibody (1:50; BD Pharmingen) for
30 minutes at room temperature. For Western blot analysis,
anti-NeuroD1 (1:500; Santa Cruz Biotechnology), anti-Slit2
(1:500; Millipore), and anti-B-actin (1:10,000; Sigma) antibodies
were used.

ChIP assay

SH-SY5Y cells were cross-linked by 1% formaldehyde, and
the reaction was quenched with 0.125 mol/L glycine. Cells
were harvested by using PBS containing phenylmethylsulfo-
nylfluoride (PMSF) followed by homogenization with hypo-
tonic buffer. Then, DNA was digested to 150 to 900-bp
fragments with micrococcal nuclease (New England Biolabs).
The pellet obtained was resuspended in 300 UL of lysis buffer
containing propidium iodide and sonicated. The lysates were
centrifuged, and the supernatants obtained were diluted with
dilution buffer. Furthermore, these lysates were incubated
with control Immunoglobulin G1 (IgG1) antibody (R&D Sys-
tems) or anti-NeuroD1 (Santa Cruz Biotechnology) accom-
panied by rotation for 4 hours at 4°C this was followed by the
addition of 15 UL of protein G Sepharose (GE Healthcare) and
rotation for 1 hour at 4°C. The precipitants obtained were
washed, eluted with elution buffer, and subjected to PCR. The
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chromatin immunoprecipitation (ChIP) primer sequences are
listed in Supplementary Table SL

Wound-healing assay and Boyden chamber assay

A total of 2 x 10° cells were plated in a 6-well plate, and,
24 hours later, infected with virus. For the wound-healing
assay, another 48 hours later, a scratch on the confluent
monolayers of cells was made using a plastic pipette tip.
The cell-migration area was calculated by using Metamorph
6.1 software (Molecular Devices), and it was represented as the
change in length (um). For the Boyden chamber assay, cells
were harvested 48 hours after virus infection and counted.
Transwell plates (pore size: 8 um; Corning) were used. The
undersurface of the chamber was coated with 10 pg/mL
collagen I (Upstate Biotechnology). Virus-infected cells were
seeded in the upper chamber (4 x 10* per well) with 1%
bovine serum albumin. Thereafter, 10% FBS was added to
the lower chamber. Cells were allowed to migrate for 6 hours.
Nonmigrated cells in the upper chamber were removed by
using a swab. Migrated cells attached to the lower side of
chamber were stained with 4',6-diamidino-2-phenylindole and
counted in 4 randomly selected fields. Then, 4 fields at 100
times the magnitude per sample were selected. The experi-
ment was performed twice, with each sample in triplicate.

Animals

The MYCN Tg mice (20) were maintained in our animal
facility, where they were housed under a controlled environ-
ment and provided with standard nourishment and water.
Tumor tissues from hemizygous MYCN Tg mice were dis-
sected, minced, and then inoculated subcutaneously into 1-
month-old 129/SV] wild-type (WT) mice (the mouse strain of
MYCN Tg mice). After approximately 15 such serial passages, a
more invasive tumor was obtained. This constituted our
allograft model in the present study. This study was approved
by the Animal Care and Use Committee of Nagoya University
Graduate School of Medicine, Nagoya, Japan.

Tumor sphere culture and allograft tumorigenesis

A 05-cm® tumor tissue was dissected and washed several
times with Hanks’ balanced salt solution (HBSS). After thor-
ough mincing, cells were digested with 0.25% trypsin (5 mL) at
37°C for 10 minutes. The same volume of trypsin inhibitor
(Sigma) was used to stop the digestion. After centrifuging and
washing with HBSS, the tissue pellet was mixed with 5 mL
HBSS and allowed to react for 10 minutes. Thereafter, the
supernatant was carefully transferred to a new tube and
centrifuged. The cell pellet was suspended in a growth med-
ium for stem cells [Dulbecco’s modified Eagle Medium
(DMEM):F12K 1:1, epidermal growth factor 10 ng/mL, basic
fibroblast growth factor 15 ng/mL) and seeded onto a 10-cm
petri dish. The medium was changed 24 hours later to remove
dead cells. Approximately 2 days later, tumor spheres were
recognized. These tumor spheres were digested with trypsin
and broken down into single cells and were passed through
fresh culture every 3-4 days. For the allograft tumorigenesis
experiment, 1 x 10° shRNA-treated cells mixed with 30%
Matrigel (BD Biosciences) were subcutaneously inoculated

into 1-month-old 129/SV] WT mice. Eighteen days later, the
tumors were dissected and weighed.

Cell culture

SH-SY5Y cells were obtained from the American Type
Culture Collection. IMR32 cells were procured from RIKEN.
We monitored the morphology of these cells by microscopic
examination and confirmed that their morphology was the
same as that of the original cells. In addition to cell growth and
morphology, we also confirmed that IMR32 cells strongly
expressed MYCN whereas SH-SY5Y cells did not. No further
validation was performed during these experiments. Stable
NeuroD1-knockdown SH-SY5Y cells were maintained in
DMEM with 10% FBS and 1 pg/mL puromycin (InvivoGen).

Data analysis
Results are expressed as the mean =+ SD. Statistical sig-
nificance was evaluated by Student's ¢ test.

Resulls

NeuroDl1 is expressed in the hyperplastic region of
sympathetic ganglions

We examined the NeuroD1 expression profile during the
tumorigenesis of NB in MYCN Tg mice. As previously reported
(21), we found that neuroblast hyperplasia occurred in the
celiac sympathetic ganglions approximately 2 weeks after
birth in MYCN Tg mice but not in WT mice [Fig. 1A (a and
b)]. There were several loci of neuroblast hyperplasia in a
ganglion [Fig. 1A (b)]. Because the incidence of hyperplasia
correlates with the incidence of tumor formation in MYCN Tg
mice, neuroblast hyperplasia is considered to be the precan-
cerous status of NB (21). We found that ganglion cells of WT
mice, at 2 weeks after birth, showed only low-level expression
of NeuroD1 [Fig. 1A (c)]. Surprisingly, NeuroD1 was strongly
expressed in the hyperplastic loci in MYCN Tg mice [Fig. 1A
(d), arrowheads], whereas only low-level expression of Neu-
roD1 was detected in the surrounding ganglion cells [Fig. 1A
(d)]. The expression was strong in the majority of hyperplastic
cells but not necessarily in all cells [Fig. 1A (d)]. We confirmed
the presence of NeuroD1 mRNA expression in the hyperplastic
ganglions of MYCN Tg mice by using RT-PCR, but the expres-
sion in WT ganglion was below the detection threshold
(Fig. 1B). Furthermore, we found that there was continued
NeuroD1 expression in advanced cancerous tissues of NB
derived from MYCN Tg mice (Fig. 1C). Interestingly, NeuroD1
expression was not homogenous, but rather a portion of the
total cancer cells strongly expressed it (Fig. 1C).

Hyperplasia in WT mice usually regresses approximately
2 weeks after birth (21). Therefore, we subsequently ques-
tioned whether hyperplasia in WT mice at an early age could
also express NeuroDl. We found neuroblast hyperplastic
regions in the celiac sympathetic ganglions at day 0 after
birth in both WT and MYCN Tg mice, as previously reported
[Fig. 1D (a and b); ref. 21]. While there was low-level expression
of NeuroD1 in immature ganglion cells in both genotypes
[Fig. 1D (a and b, white arrowheads], NeuroD1 expression was
barely detectable in neuroblast hyperplastic regions at this age
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