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knowledge about the key players regulating the mobilization of leuke-
mia cells is still severely limited [1,9,10). Considering the progress-in
cell biological and genetic classification of leukemia cells, one approach
to address the unsolved issues is the identification of an appropriate cir-
culating molecule(s) released directly from the leukemic cells.

LR11 (also called SorlA or SORLY) is a type ! membrane protein,
from which a large soluble extracellular part, sLR11, is released by pro-
teolytic shedding [11-14]. Substantial studies have shown that LR11
plays important roles both in intimal thickening and macrophage-foam
cell formation in the process of atherosclerosis and in amyloidogenesis
of Alzheimer disease [15,16]. The smooth muscle cell (SMC)-derived
sIR11 causes macrophage infiltration in injured arteries by binding to
urokinase-type plasminogen activator receptor (uPAR; CD87) on'the
cell surface [17,18]. Membrane-bound LR11 regulates the intracellular
trafficking and processing of amyloid precursor protein (APP) by
impairing the cleavage of APP through secretases in a way that leads
to reduced levels of amyloid beta protein, the major component of
amyloid plaques {19]. Thus, the levels of the membrane-bound form
in neurons and of the soluble form in cerebrospinal fluid are highly as-
sociated with the pathogenesis of Alzheimer disease {20-22}, and the
circulating levels of the soluble form reflect the progression of athero-
sclerosis [23,24].

In addition, Zhang et al. reported high levels of LR11 mRNA in
human CD34+CD38™ immature hematopoietic precursors [25]. How-
ever, little is known about the expression and the role(s) of LR11 and/
or sLR11 in human hematopoietic cells, CD87 binds to and facilitates
CD11b/CD18-mediated adhesion of human monocytes and induces
proinflammatory signaling in human polymorphonuclear neutrophils
[26}, Furthermore, CD87 is highly expressed in acute myeloid leuke-
mia (AML) cells, especially myelo-monocytic subtypes, and patients
with higher proportions of CD87 ™ cells show a significantly lower re-
mission rate and higher relapse risk [27,28]. Here, we investigated
whether circulating sLR11 may represent the pathological conditions
of undifferentiated leukemic cells,

2. Materials and methods
2.1. Antibodies and cells

Monoclonal antibodies (A2-2-3, M3} against LR11 were described
previously {29]. M3 was used for flow cytometric analysis, and A2-2-3
for immunoblotting. Human leukemia cell lines, Daudi, MOLT-4,
TALL-1, CCRF-SB, HL-60, ML-2, NB-4, RPMI8226, U937, and K562
were purchased from ATCC. The neuroblastoma cell line IMR32 was
used as control cells expressing LR11 mRNA and protein, and releas-
ing the soluble form as described [18,29]. All cultured cells were
maintained in the media recommended by ATCC with 10% fetal
bovine serum (FBS, Terumo). For mRNA and protein experiments,
cells were used after incubation with serum-free media (1x108
cells/ml) for 30 h. For immunoblot analysis of sLR11 in the cuiture
media, following serum starvation for 24 h; the cells were cultured
with fresh serum-free media, and after 6 h the conditioned media
were collected. The collected media were used for immunoblot anal-
ysis of sLR11 after concentration using Centricon-100 (Miilipore).
Before each experiments, cell viability was tested by trypan blue
dye exclusion and confirmed the viability >95%,

2.2, Flow cytometry

Samples were analyzed on a JSAN desktop cell sorter (Bay Bioscience)
with Flowjo software (Tree Star} as described [30]. Celis were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-LR11 monoclo-
nal antibody M3 [29] in the presence or absence of antibodies against
CD4, (D8, (D14, (D19, (D34, CD38, or CD11b (Becton Dickinson, San
Jose, CA). For comparison of surface expression, mean fluorescence

intensity (MFI} was evaluated, Surface expression of LR11 on peripheral
leukocytes was analyzed in three healthy volunteers.

2.3.sLR11 ELISA

sLR11 levels were determined by the sandwich ELISA previously
reported [29]. Briefly, samples (10 pi) diluted with sample buffer
were reacted with the capture monoclonal antibody M3, and then
incubated with the biotinylated rat monoclonal reporter antibody
R14. The LR11-antibody complex was quantitated with horseradish
peroxidase-~conjugated streptavidin using purified LR11 protein as
standard.

2.4 Immunoblotting

Cultured cells were washed three times with PBS, and collected
in solubilization buffer (200 mmol/] Tris-maleate, pH 6.5, 2 mmol/
! CaCly, 0.5 mmol/l PMSF, 2.5 pmol/l leupeptin and 1% Triton
X-100) as described {24]. For immunoblotting, equal amounts of
membrane protein or collected media were subjected to 10%
SDS-PAGE after heating to 95 °C for 5 min as described under re-
ducing conditions, and transferred to a nitrocellulose: membrane. For
immunodetection, A2-2-3 (1:500 dilution) was used, followed by
peroxidase-conjugated anti-mouse IgG. Development was performed
with the ECL detection reagents (Amersham Pharmacia, Piscataway,
NJ). The signals were quantified by densitometric scanning using NIH
iriage™ software.

2.5. Real-time quantitative PCR

Total RNA was prepared from cultured cells using an RNeasy kit
(Qiagen, Valencia, CA) as described [24]. The methods for real-time
quantitative PCR (gPCR) have been described [24]. For quantification
of transcript levels, gPCR was performed using SYBR green PCR
master mix and the PCR primers for LIR11 mRNA (Hs00300475_s1,
Applied Biosystems, Foster City, CA). mRNA amounts were normal-
ized to levels of 18S ribosomal mRNA (Hs99999501_s1), which
served as internal standard.

2.6, Patients

Flow cytometric analysis of LR11 and CD87 expression on leuke-
mic cells was performed and MFI was evaluated in AML and acute
lymphoblastic leukemia (ALL) patients between 2009 and 2011 in
Chiba University Hospital, For sLR11 measurement, 139 subjects
with various hematological diseases including 43 AML and 23 ALL
patients diagnosed from 1999 to 2010 in Chiba University Hospital
or affiliated hospitals and last followed-up in June 2010 were enrolled
in ‘this study, which was approved by the Human Investigation
Review Committee of the Chiba University Graduate School of
Medicine or affiliated hospitals. All acute leukemia patients were
treated by chemotherapy according to the protocols established by
the Japan Adult Leukeémia Study Group (JALSG, http://www jalsg.jp/
english/01/e_index.html). Serum samples of patients with AML or
ALL were collected at diagnosis and at remission, and subjected to
analysis of sLR11 by ELISA. All clinical data were subjected to
statistical analysis. One hundred serum samples from healthy volun-
teers were used for control.

2.7. Statistical analysis

Comparisons of serum sLR11 levels between patient and con-
trol samples, and between tertiles of peripheral blast proportions
were evaluated by Dunnett's test. Serum sLR11 levels at diagnosis
and at remission were compared using Wilcoxon's signed-rank
test, As for variable selection, the stepwise procedure was set to
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a threshold of 0.15 for inclusion or exclusion in linear regression
analyses. All comparisons were planned and the tests were
two-sided. A P value of <0.05 was considered to be statistically
significant. All statistical analyses were performed using the JMP
{ver 7.0.2, SAS Institute Inc.,, Cary, NC) and SAS (ver 9.2, SAS
Institute Inc.} programs.

Normal peripheral blood
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3. Results
3.1. Surface expression of LR11 on leukocytes and leukemic cells

First, we examined the expression of LR11 on leukocytes and leuke-
mic cells by flow cytometry. Most (D14 peripheral monocytes express
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Fig. 1. Identification of LR11-expressing cells in peripheral blood leukocytes and leukemia cells by flow ¢ytometry. (A) Peripheral b!ood’mcnannclégr cells obtained from a normal
subject were stained with the indicated antibodies, (B) Co-expression of LR11 and CD87 on leukemic cell lines: Representative data were shown. (G-F). Co-expression of LR11 and
CD87 on Jeukemic cells, Bone marrow.or peripheral blood mononuclear cells obtained from leukemia patients were stained with the indicated antibodies, The percentage of cells in

éach quadrant is indicated,

124



S, Sakai et al. / Clinica Chimica Acta 413 (2012) 1542-1548

1545

Table 1

Surface expression of LR11 and uPAR (CD87) on patients’ leukemic cells.
Patient FAB LR11 uPAR ((D87) Double positive

Classification {%) Positivity (%) Positivity? (%) Positivity*

AML
1# MO 59.4 + 16.0 -+ 128 +
2 M1 309 + 242 + 143 +
3" M1 782 + 529 + 460 +
4 M1 6439 -+ 342 + 247 +
5 M2 33.7 + 82 - 25 -
6 M2 7.0 + 343 + 287 +
7 M2 187 + 8.0 - 4.1 -
8 M2 58 - 39 - 14 B
g M2 737 + 421 330 +
10 M2 249 + 1.0 - 0.6 -
11 M2 27 + 389 + 176 +
12 M2 511 + 200 + 13.1 +
13 M2 87 - 28 - 1.9 -
14 M2 62.2 + 252 + 205 +
15 M3 66.5 + 370 + 30.6 -+
16 M3 728 + a0 - 78 -
17 M3 144 + 1.0 - 04 -
18° M4 486 + 69.6 - 46.8 +
19 M4 25.0 + 130 + 109 -+
20 M4 893 + 61.8 + 56.1 +
21 M4 349 + 10.1 + 64 -
22 M4 257 + 331 + 131 +
23 M4 155 -+ 12.0 + 46 -—
24 M6& 92.1 -+ N5 + 29.1 +
Mean=SD 45.1:£25.7 22/24 (91.7%) 2454191 17/24 {70.8%) 16.0:£33.8 15/24 (62.5%)
ALL
1® 2 76.3 + 206 + 145 +
2 12 95 - 6.6 - 1.1 -
3 2 473 + 263 + 1.7 +
4 12 63.0 + 1.6 - 0.8 -
5 L2 60.2 + 225 -+ 176 +
6 12 12.7 + 52 - 10 -
7 L2 90.8 + 54 - 54 -
8 L2 933 o+ 59.0 + 56.7 +
Mean£SD 5664321 7/8 (87.5%) 1841189 4/8 (50%) 1364186 4/8 (50%)

* Pata cut-off level is 10%,

® patjents with AML Nos. 1, 3, and 18 and ALL No. 1 are corresponding to Fig. 1D, E, F, and C, respectively.

IR11 (Fig. 1A), whereas the expression is much lower in most T cells
(CD4¥, CD8™), B cells (CD19%), or granulocytes (data not shown).
The leukemia cell lines HL-60 {promyelocytic), NB-4 (promyelocytic),
U937 {monocytic), ML-2 {myeloblastic), MOLT-4 (lymphoblastic), and
CCRF-SB (lymphoblastic) express LR11 on their cell surface; the expres-
sion on K562 (chronic myelogenous) and TALL-1 (lymphoblastic) was
lower {Fig. 1B).In addition, most of LR11 positive cells express CD87
on their cell surface. Thus, LR11 is significantly co-expressed with
CD87 on the surface of leukemic cells.

Next, we explored the expression of LR11 on the surface of leuke-
mia cellsin 24 AML patients and 8 ALL patients. Representative data
were shown in Fig, 1C-F, The CD19* cells in ALL (FAB 12) showed
the highest levels of LR11, within a wide range (Fig. 1C). Over 50%
of CD34% cells in AML (FAB MO) were LR11-positive, whereas
LR11-positive blasts predominated in the CD38™ fraction (Fig. 1D).
Seme leukemic cells co-expressed both LR11 and (D87 (Fig. 1E).
Among AML patients, in FAB M4 the majority of mononuclear cells
with high CD14-expression were LR11-positive with a narrow ER11
expression range and 97% and 98% of the LR11-expressing mononuclear
cells were also positive for CD87 and CD11b, respectively (Fig, 1F). In
total, 22 out of 24 AML cases (91.7%) and 7 out of 8 ALL cases (87.5%)
were positive for LR11 on their leukeric cells, whereas 70.8% of AML
cases and 50% of ALL cases were positive for CD87 (Table 1). In these
patients, a significant portion of CD87-positive cells also co-expressed
LR11 on their cell surface.

3.2. Correlation of LR11 levels and released sLR11 in leukemic cell lines

Next, we examined the significance of sIR11 from immature
leukemia cells. Quantitative PCR and ELISA revealed differences in
LR11 expression in mRNA and released sLR11 of 10 leukemia cell lines
of different origins, respectively (Table 2). There was a clear-cut correla-
tion between the levels of mRNA and released sLR11 protein (Fig. 2A).

Table 2
The relationship of mRNA expression, surface LR11 and CD87, and levels of
cell-released sLR11 in various kinds of leukemia-derived cell lines,

Cell lines LR11 mRNA sIR11 in culture media Mean fluorescence
{qPCRY {ELISA)? intensity

1R11 CDg7
Paudi 37403 28406 7.8 105
MOLT-4 22401 28402 166 133
TALLY 04402 04401 54 5.7
CCRFE-SB 79408 51407 145 1086
HL-60 31405 36404 282 205.0
ML-2 38404 30408 46,5 1260
NB-4 27402 18401 303 328
RPMIB226 1.04:0.1 04402 10.3 169
U937 41407 32406 265 1180
K562 031400 0.0+£00 10.6 89
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# LRI1 mRNA levels and sLR11 levels in the culture media are expressed relative to
that in IMR32, Data are presented asmean=5D (n=3).
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Fig. 2. The relatioriship between mRNA, cell protéin, surface LRT1, and levels.of cell-réleased sLR11 in various kinds of leukemia-derjved cell lines. (A-G) The relationships between
the levels of LR11 mRNA and sLR11 protein (A), between the levels of surface LR1T (MFY) and sLR11 protein {B), between the levels of surface LR11{MFI) and LR11 mRNA (C}, be~
tween the levels of sSLR11 and cellular LR11 protein (D), between the levels of [R11 mRNA and cellular LR 1. protein (E), between the levels of surface LR11 {MFI) and cellular LR11
protein (F), and between the levels of surface LR1T {MFI) and CD87 (MFI) (F) were-analyzed using the results shown in Table 2 and (H). The s:gna!s for cellular LR11 in (H) were
quantified by densitometric scanning using NIH software: The Spearman’s rank correlation coefficients and P values are r= 094 and P<0,001 in (A), r=0.95 and P<0.001 in (D),

and r==0.93 and P<0.001 in (E), respectively. There were no significant. correlations in (B, (C), (Y and (G). (H) LR11 protein in cells (1% 10° ca!isfmi) alter serum starvation for
30 h,and sLR11 in the serum-free media collected for 6 1. LR11 was detected as signals migrating at around 250 kDa by immunoblot analysis with: antibody A2-2-3 directed against
LR11. The deduced molecular weights of the membrane-bound form and the soluble form are approximately 250 and 230 kDa, respectively (17-19). Data are representative'of 3

independent experiments,

On the other hand, surface expression levels of LR11 (expressed as MFI)
were not significantly correlated with the levels of released sLR11
protein or LR11 mRNA (Fig. 2B and C, respectivel y) LR11 has been
shown to localize in intracellular vesicles and to be released through

shedding by proteinases from the membrane of neurons and smooth

muscle cells [ 14-16,22,24]. We therefore analyzed the expression levels

of cell-associated LR11 in the above cultured cells and the released
protein by immunoblotting (Fig. 2H). There were significant corre-
Iations between cellular LR11 levels and the levels of released
sLR11 or LR11 mRNA (Fig. 2D and E). On the other hand, there

was no clear correlation between the cellular LR11 levels and
surface LR11 expression levels (Fig. 2F), mamly because a few
cell lines showed extremely high or low MFI of LR11 on the cell
‘surface (e.g., CCRF-SB and Daudi), although the released sLR11
levels were dependent on the cellular LR11 levels in most of cell
tines (Fig. 2H). The surface LR11 levels were not stnctiy restricted
by the surface CD87 expression levels (Table 2, Fig. 2(;) Thus, the
release of LR11 by leukemia cell linies of different origins appeared
to be the result of a dual regulation by transcriptional activity and
proteinase shedding.
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Fig. 3. Circulating sLR11 levels in patients with acute leukemias. {A} Upper and lower
edges of boxes indicte upper and lower quartiles; respectively; upper and fower
bars indicate maximum and minimum, respectively; short horizontal lines represent
median values, MM indicates multiple myeloma; POEMS, POEMS syndrome; €, control
subjects without diagnosed hematological diseases, (B) Serum sIR11 Jevels at diagno-
sis in patients with AML, grouped by tertiles {n= 14 ¢ach) of peripheral myeloblasts (¥
of WBC). Peripheral myeloblast ranges for 1st, 2nd, and 3rd tertiles were <20.0%, 23.0%
to 64.0%, and > 67.5%, respectively. P values were determined by Dunnett's test. {C) The
paired data at diagnosis and at remission are shown for all patients with ALL (left) and
AML (right).

3.3, Serum sLR11 in acute leukemia

Next, serum sIR11 levels were determined in 139 patients with di-
agnosed acute Jeukemias and other hematological diseases (Supporting
Table S1, Fig. 3). sLR11 levels of acute leukemia patients at diagnosis
were significantly increased over those in subjects without hematolog-
ical disease (n=100; median, 7.7 ng/ml; range, 47-17.2,8.D,,3.3). In
AlLL, we determined a median of 37.1 ng/ml (range, 5.7-407.0, S.D.,
93.5; P<0.001) and in AML, a median of 20.0 ng/ml (range, 5.0-157.5,
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Table 3
Stepwise regression analysis for factors influencing serum sLR11 levels at diagnosis.
Variable Estimate Standard  Adjusted S
error B-coefficients value
AML
Peripheral blast proportion 038 012 0.45 021 0.003
(% of WBC)
ALL
Peripheral blast proportion  1.97 0.61 072 034 0004
{% of WBC)

Stepwise regression models included age, peripheral WBC count, peripheral blast pop-
ulation, peripheral blast count, bone marrow blast population, and serum LDH level,
The stepwise procedure was set to a threshold of 0.15 for inclusion and exclusion.

SD., 29.1; P<0.001) (Fig. 3A). sLR11 levels in patients with chronic
myeloid leukemia (CML; median, 17.1 ng/ml; range, 8.1-55.0, S.D.,
11.1), chronic lymphocytic leukemia (CLL; median, 9.6 ng/ml; range,
5.0-62.0, 5D, 11.6), multiple myeloma (MM, median, 10.0 ng/ml;
range, 3.7-25.0, 5.D., 4.8), and POEMS syndrome (median, 9.0 ng/ml;
range, 49-14.0,5.D,, 2.7) were not significantly different from controls,
To identify factors influencing serum sLR11 levels at diagnosis, we used
Stepwise regression models including age, peripheral WBC count,
peripheral blast population, peripheral blast count, bone marrow blast
population, and serum LDH evel. The correlation between peripheral
blast proportion in AML and ALL and the sLR11 level was independent
of other prognostic risk factors at diagnosis (Table 3). Among 42 AML
patients, sLR11 levels of subjects in the highest tertile of peripheral
blast proportion (>67.5% of WBC) were 2.44- and 3.05-fold higher
than those in the middle (23.0-64.0% of WBC) and lowest tertiles
(<20.0% of WBC), respectively (Fig. 3B). Paired sample -analysis of
patients with AML and ALL who achieved complete remission (CR)
showed significantly decreased sLR11 levels compared to those at diag-
nosis, and most notably, in CR the levels were all below 20 ng/ml
(Fig. 3C). These data suggest that sLR11 levels indeed are representative
of the pathological conditions of patients with acute leukemias.

4, Discussion

This study has revealed that LR11 is a novel surface molecule for
monocytes, Furthermore, LR11 as well as CD87, a partner of sLR11,
were expressed on the surface of leukemic cells in AML and ALL for
formation of a complex mediating functional intracellular signal acti-
vation. Since the patient data indicate a tight association of sLR11
levels with peripheral blast proportions independently of other prog-
nostic risk factors, the level of SLR11 at diagnosis may serve as novel
candidate information reflecting the status and efficacy of treatment
of acute leukemias.

Zhang et al. reported that the high level of LR11 mRNA expression
was found in peripheral white blood cells, and among white blood
cells, LR11 was highly expressed in neutrophils and lower in lympho-
cytes, but not in monocytes. In contrast to these data, we found by
flow cytometry that the surface expression of LR11 was higher in
monocytes than in neutrophils and lymphocytes. LR11 is mostly
localized in endosome vesicles in many kinds of cells [15,16), in
which LR11 is believed to be important for the transport of intracellu-
lar proteins, such as APP in neuron [16], The granular staining pattern
in the cells has suggested that the soluble form of LR11 exists in addi-
tion to membrane-bound form in the vesicles, Thus, we have shown
that the soluble form of LR11 is active for the complex formation
with CD87 on the membrane as membrane bound form [12,17,18].
These data suggested that the levels of the released form of LR11
and of the surface form are possibly regulated by the combined activ-
ities of mRNA transcription and post-translational protein transport
with subsequent proteinase-mediated shedding from the surface. In
this context, LR11 has been shown to be released from neurons and
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SMCs by the potential actions of prateinases including ADAM17/TACE
[11-14].

Questions remain about the mechanisms underlying enhanced
levels of surface LR11 and circulating sLR11 in leukemia cells of
many different, but not all, origins. We have previously shown that
sLR11 accelerates the co-localization of uPAR (CD87) and integrin
o5 in the membrane of SMCs [24]. Moreover, uPAR can regulate
the adhesion of HSPCs to the bone marrow microenvironment and
the homing and engraftment of HSPCs, in part via integrin o,
[31]. In this study, most of leukemic cells and leukemic cell lines
co-express LR11 and uPAR on their cell surface, although there were
also leukemic cells without the harmonized expressions of both
molecules (see Tables 2 and 3, and Fig. 2). Thus, sLR11 might interact
with uPAR in association with cell-specific integrin isoforms to regu-
late mobility-related functions in leukemia cells of some origins.

Since sLR11 levels are associated with the peripheral blast propor-
tion in acute leukemias, but are not elevated in chronically prolifera-
tive diseases such as CML, CLL, and MM, circulating sLR11 levels are
unlikely to be simply associated with proliferating cell numbers.
Rather, sLR11 levels appear to be predictive for pathogenic properties
of immature blasts, including their migration and attachment activi-
ties. Recombinant sLR11 induces adhesion and migration-of HL-60
and U937 cells, and these actions are involved in G-CSF-mediated
Jeukocyte mobilization (Shimizu et al, unpublished observations).
The fact that sLR11 is not increased in POEMS syndrome, in which
extremely high levels of circulating VEGF cause vessel injury [32],
suggests that increased sLR11 levels in acute leukemias are not a
result of vascular injury, but rather a consequence of the enhanced re-
lease from leukemic cells.

Currently, the limitation of this study is the small number of pa-
tients available for studies, particularly for that of ALL. Further exten-
sive flow-cytometric analysis of leukemic cells in AME patients with
each FAB subtype as well as in ALL patients, in relation to sLR11 levels
in the circulation, is expected to reveal the pathophysiological signif-
icance of sSLR11 as-a leukemia marker.

In summary, we have identified sLR11 as a novel circulating mol-
ecule directly released from leukemic cells in acute leukemias, Con-
sidering the lack of circulating molecules shed from the surface of
leukemia cells, a prospective clinical trial testing the efficacy of
sLR11 as a candidate biomarker for clinical ¢characteristics and ¢chemo-
therapeutic outcome in acute leukemia patients is now in progress.

Supplementary data to this article can be found online at https//
dx.doi.org/10.1016/4.cca.2012.06.025.
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