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Abstract

Olfactomedin 4 (OLFM4) is a secreted glycoprotein predominantly expressed in bone marrow and gastrointestinal tissues. Aberrant expression
of OLFM4 has been shown in several cancers. However, the clinical significance hereof is currently controversial. OLFM4 has been proposed as
a candidate biomarker of gastrointestinal cancers. To address this, we developed monoclonal antibodies against synthetic peptides representing
various segments of OLFM4. We examined expression of OLFM4 in epithelial cells by immunohistochemistry and found that OLFM4 is highly
expressed in proliferating benign epithelial cells and in some carcinoma cells. We developed an Enzyme Linked Immunosorbent Assay for
OLFM4 and investigated whether plasma levels of OLFM4 reflect colorectal malignancies, but were unable to see any such association. Instead,
we observed two populations of individuals with respect to OLFM4 levels in plasma, the majority with OLFM4 in plasma between 0 and 0.1 lg/
ml, mean 0.028 lg/ml while 10% of both normals and patients with cancers had OLFM4 between 4 and 60 lg/ml, mean 15 lg/ml. The levels
were constant over time. The background for this high plasma level is not known, but must be taken into account if OLFM4 is used as biomarker
for GI cancers.
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Introduction

Olfactomedin 4 (OLFM4) is a highly glycosylated protein. The OLFM4
gene was initially cloned from human hematopoietic stem cells
induced to differentiate in vitro with G-CSF, hence the name hGC-1
(Human Granulocyte Colony Stimulating Factor Stimulated Clone-1)
[1]. The gene had previously been identified as GW112, a gene highly
expressed in colon cancers (Unigene ID#Hs.273321) and the protein
was identified as pDP4 (PU.1 difference product 4), a glycoprotein
secreted by mature murine granulocytes and induced at a late stage
of maturation by the myeloid specific transcription factor PU.1 [2].

We recently identified OLFM4 as a protein localized to specific
granules of human neutrophils, but present only in a subset of these,
ranging between 5% and 40% of neutrophils between individuals, but
constant in each individual over time [3]; a finding that was recently
confirmed by others [4]. The function of OLFM4 in myeloid cells is

unknown. It has been suggested to exert anti-apoptotic activities [5]
and to be localized to mitochondria [6]. Olfactomedin 4 has been
shown to inhibit cathepsin C (also known as DPPI) [7, 8], a cysteine
protease localized to azurophil granules of human neutrophils [9] and
essential for activation of serine proteases [10]. These observations
on localization and function of OLFM4 are difficult to reconcile with
localization of OLFM4 in specific granules [3].

Olfactomedin 4 is also produced by epithelial cells. It is a marker
of epithelial stem cells in the large and small intestines in man [11],
but restricted to Lgr5 positive stem cells of small intestines in mice
[12]. It is up-regulated in inflammatory bowel disorders [13], which
is consistent with the known induction by NF-jB [14, 15]. It is
expressed in proliferating human endometrium in response to both
17b-estradiol and epidermal growth factor [16]. As mentioned above,
OLFM4 was identified as a gene highly up-regulated in cancers of the
gastrointestinal tract. However, the association is not straight for-
ward. While OLFM4 overexpression has been observed in some can-
cers, not only of the intestines, but also in lung cancer, gastric cancer
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and breast cancer [17], others find OLFM4 expressed in differenti-
ated, but not undifferentiated gastric cancer cells [18]. In addition,
OLFM4 has been reported inhibitory to the growth and metastasis of
prostate cancer [19] and malignant melanoma [20], suggesting that
the behaviour of OLFM4 is tissue specific or cancer type specific.

Cancers of colon and rectum are common in the industrialized
world. Identification of biomarkers that may be used as screening for
early stage colorectal cancers is therefore highly desirable. As a
secreted glycoprotein, OLFM4 is an obvious candidate biomarker.
Mass spectrometry used to analyse cellular proteomes including
secretomes, identified OLFM4 as a candidate biomarker in colorectal
cancer [21, 22]. In accordance, a Japanese study found significantly
higher plasma levels of OLFM4 in 123 gastric cancer patients com-
pared to healthy controls [23]. However, the level of OLFM4 in plasma
has not yet been tested as biomarker for patients diagnosed with pri-
mary colorectal cancer.

We decided to generate monoclonal antibodies against selected
synthetic peptides, representing unique parts of the OLFM4 protein,
to verify their ability to detect OLFM4 both in neutrophils and in
epithelial cells, and to develop an ELISA for OLFM4 that would allow
quantification of OLFM4 in subcellular fractions of neutrophils and in
plasma, and to test, whether levels in plasma reflect malignancies of
the gastrointestinal tract.

Materials and methods

Generation of monoclonal antibodies

An N-terminal 21-aa synthetic peptide (DLGDVGGIPSPGFSSFPGVDSC),

a C-terminal 30-aa synthetic peptide, CNYNPFDQKLYUVYNDGYLL-
NYDLSVLQKPQ and a combined synthetic peptide (AWGRDYSPQHP

NKGLYKDQNTPVVHPPPTPGSSRSGSSSSRSLGSGGS KDQNTPVVHPPPTP

GS) composed of aa sequences (aa #273-288, aa #50-65, aa #230-245)

were used for immunizations. A cysteine was added to the C-terminal
of the N-terminal sequence and to the N-terminal of the C-terminal

sequence, and both were coupled onto diphtheria toxoid as carrier pro-

tein using EMCS as coupling reagent. The sequences in the combined

peptide were selected using an algorithm based on surface exposure,
the presence of b-turns and the likelihood of sequences that might be

exposed as linear epitopes. The sequences were combined to minimize

the presence of terminal sequences. The carrier coupled peptide and
the combined peptide (obtained commercially from Schaeffer) were

adsorbed onto Al(OH)3 and finally mixed in a 1:1 ratio with incomplete

Freund’s adjuvant and used for generation of monoclonal antibodies.

Female NMRI-mice, 8–10 weeks old, were immunized three times with
25 lg of the individual peptides and sera were tested in an ELISA-assay

against the immunizing peptide coupled onto ovalbumin. Three days

prior to fusion, the mice received an intravenous injection in the tail

vein with 25 lg of antigen together with adrenalin. The fusion and
selection were done essentially as described by Kohler and Milstein

[24]. The SP2/0-AG14 myeloma cell line was used as fusion partner.

Positive clones were selected by screening against the peptides coupled

to ovalbumin. Cloning was performed by limiting dilution. Individual
clones were grown in culture flasks in RPMI (Roswell Park Memorial

Institute) + 10% FCS and monoclonal antibodies were purified from cul-

ture supernatants by Protein A affinity chromatography. Hybridoma
supernatants were screened by their ability to react with the antigens

used for immunization. Positive clones were then screened based on

their ability to react with the content of isolated specific granules of

human neutrophils, previously shown to contain OLFM4 [3]. Two clones
were selected based on the ability to give a positive read out during

screening and by immunohistochemistry in cytospins of purified human

neutrophils. Clone #40 recognized the peptide AWGRDYSPQHPNKGLY
(aa #273-288) and clone #49 recognized the N-terminal peptide. Cytos-

pins were generated, fixed and stained as described [3].

Subcellular fractionation of neutrophils

Neutrophils were isolated either from buffy coats supplied by the blood

bank and transfusion service at Rigshospitalet or from healthy volun-

teers giving written informed consent. Blood or buffy coats were mixed
with 2% w/v Dextran T-500 (Sigma-Aldrich, St. Louis, MO, USA) in sal-

ine for sedimentation of erythrocytes at room temperature. Mononuclear

cells (MNCs) were separated from neutrophils by density centrifugation
on Lymphoprep (Axis-shield, Oslo, Norway) and residual erythrocytes

removed by hypotonic lysis as described [25].

Isolated neutrophils were treated with 5 lM di-isopropyl fluorophos-

phates (Sigma-Aldrich) for inactivation of serine proteases and cavitated
as described [25]. Nuclei and un-broken cells were sedimented by cen-

trifugation and the supernatant was layered atop of a 3-layer Percoll

density gradient and subjected to high-speed centrifugation as

described [25, 26]. Fractions of 1 ml each were collected and analysed
for markers of organelles: Myeloperoxidase (azurophil granules), Neu-

trophil Gelatinase Associated Lipocalin (NGAL) (specific granules),

Gelatinase (gelatinase granules), Albumin (secretory vesicles) and
human leucocyte antigen (plasma membranes) as described in [27].

Percoll was removed from fractions by ultracentrifugation as described

[25]. A 4-layer Percoll density gradient was used for demonstrating the

subcellular localization of OLFM4 in neutrophils [28].

Purification of OLFM4

Specific granules isolated by subcellular fractionation of buffy coat neu-
trophils were retrieved from Percoll by ultracentrifugation [25] and lysed

in PBS, 0.2% Triton X-100. Undissolved material was removed by high-

speed centrifugation. The supernatant was collected and high molecular
weight proteins were precipitated by 15% ammonium sulphate. The pel-

let was resuspended in PBS and applied to a CNBr-activated Sepharose

column (Pharmacia, Uppsala, Sweden) to which 5 mg monoclonal anti-

body clone #49 had been coupled according to instructions provided by
the manufacturer. The column was washed with PBS followed by

200 mM glycine, pH 2.5 and then eluted with 50 mM tri-ethanolamine

containing 150 mM NaCl, pH 11.5. The eluates were neutralized by HCl

and pooled. High molecular weight proteins were again precipitated by
15% ammonium sulphate. A sample of the precipitate was sent to

Alphalyse for identification by mass spectrometry.

Mass Spectrometry

The sample was reduced and alkylated with iodoacetamide and digested

with trypsin. The resulting peptides were concentrated in a ZipTip microp-
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urification column and eluted onto an AnchorChip target for analysis on a
Bruker Autoflex Speed MALDI TOF/TOF instrument. The peptide mixture

was analysed in a positive reflector mode for accurate peptide mass deter-

mination. Maldi MS/MS was performed on 15 peptides for peptide frag-

mentation analysis. The MS and MS/MS spectra were combined and used
for database searching using the Mascot software.

Size exclusion chromatography

Specific granules were isolated as described above [25]. Percoll was

removed by ultracentrifugation and the specific granules resuspended in

5 ml ice-cold 100 mM saline, 10 mM Tris, pH 7.6 to which Triton
X-114 was added to a final concentration of 0.7% vol./vol. Phase sepa-

ration between hydrophobic and hydrophilic phases was then induced

[29]. The Triton-poor supernatant containing OLFM4 and other hydro-

philic granule proteins was concentrated by filtration (Amicon, Merck
Millipore, Darmstadt, Germany) and 200 ll was applied on a Superose

12 column using the FPLC system (Pharmacia). Fractions of 1 ml were

sampled. Blue dextran (MW2000 kD) in 200 ll and 200 ll plasma were
applied in separate runs.

Immunohistochemistry

Immunohistochemistry was performed on archival paraffin embedded

human tissue obtained from normal colon, duodenum, lung, thymus,

liver, spleen. Six needle biopsies from the prostate gland were included.

Two needle biopsies contained only malignant tissue, while the remain-
ing four contained both benign tissue and adenocarcinoma. Gleason

score was between 6 and 9. Furthermore, different subtypes of colonic

adenocarcinomas and colonic adenomas/precursor lesions were
included. Tissue material had been fixed in buffered formalin and

embedded in paraffin. Three micron sections were made. Immunochem-

ical staining was done using the following murine antibodies as primary

antibody OLFM4 #40 (0.48 lg/ml), OLFM4 #49 (0.70 lg/ml). The sec-
tions were pre-treated in PT Link (Dako, Glostrup, Denmark) using high

pH target retrieval solution (DM828; Dako) and stained in a DakoLink

48 (Dako) utilizing the Envision Flex+ detection kit (K8002; Dako). Pri-

mary antibodies were diluted in Antibody Diluent (DM830; Dako) and
incubated for 20 min. The sections were counterstained with haema-

toxylin (Dako) and analysed using an Olympus BX51 microscope (Pla-

nApo 20x/0.70 objective) with an Olympus UC30 camera and the
Olympus cellSens software package (Olympus, Ballerup, Denmark).

ELISA

A sandwich ELISA was established using the anti-OLFM4 monoclonal

antibodies selected. 96-well flat-bottom immunoplates (Nunc, Roskilde,

Denmark) were coated overnight with anti-OLFM4 #49 (0.70 lg/ml)

diluted 1:100 in carbonate buffer (50 mM Na2CO3/NaHCO3, pH 9.6).
The plates were washed three times in washing buffer (0.5 M NaCl,

3 mM KCl, 8 mM Na2HPO4/KH2PO4, 1% Triton X-100, pH 7.2) and

blocked by incubation 1 hr in dilution buffer (0.5 M NaCl, 3 mM KCl,
8 mM Na2HPO4/KH2PO4, 1% BSA, 1% Triton X-100, pH 7.2)

200 ll/well. All subsequent additions were made in 100 ll/well, and

incubations were for 1 hr followed by washing three times. Samples

and standards (purified neutrophil OLFM4 ranging from 0.022 to 1.4 lg/

ml) were applied, followed by incubation with biotinylated anti-OLFM4
#40 (0.48 lg/ml) antibodies (1:200). Avidin/HRP (Dako) was finally added

at a 1:3000 dilution in dilution buffer. Colour was developed by a 30 min.

incubation in substrate buffer (0.1 M sodium phosphate, 0.1 M citric

acid, pH 5.0) containing 0.04% OPD (Ortho-Phenylenediamine dihy-
drochloride) (Dako) and 0.006% H2O2. The reaction was stopped by add-

ing 100 ll/well 1 M H2SO4. Absorbance was read at 492 nm in a Synergy

2 multi-mode reader (BioTek, United States).
Ethylenediaminetetraacetic acid plasma samples were taken from con-

senting healthy volunteers associated with the institution or selected from

the Endoscopy II study, which included 4698 subjects offered first time

ever complete colonoscopy because of the symptoms of colo-rectal cancer
(CRC). The samples were collected according to a validated standard oper-

ating procedure (SOP) and stored at �80°C under 24/7 electronic surveil-

lance. The plasma included samples from age and gender matched patients

with CRC, adenoma and subjects without any large bowel pathology (no
neoplastic findings, no diverticulosis and no signs of inflammatory bowel

disease). The study has been approved by the Ethics Committee of the Cap-

ital Region of Denmark, permissions no. H-3-2009-110 and H-1-2011-165.

Western blotting

Gel electrophoresis and western blotting were performed by standard

procedures on 1.5 mm thick, 12% polyacrylamide gels and blotting to

nitrocellulose membranes.

Biosynthesis

Bone marrows were aspirated from healthy volunteers. Fifteen ml mar-
row was withdrawn into a 20 ml syringe containing 5 ml ACD and

mixed with equal volume of 2% Dextran T-500 in saline to sediment

erythrocytes. The cell rich supernatant was underlayered with Lympho-

prep and centrifuged to separate immature myeloid cells (MNCs) and
mature myeloid cells (PMNs). Each population was suspended at

2.0 9 107 cells/ml in methionine/cysteine free medium PMI 1640

(Gibco Life Technologies) and incubated for 30 min. at 37°C. The cells

were pelleted and resuspended at 3.0 9 107 cells/ml in identical med-
ium to which 35S methionine/cysteine (EasyTag; PerkinElmer) was

added to a final concentration of 200 lCi/ml. The cells were incubated

for 60 min. at 37°C, washed twice in RPMI and resuspended at
2 9 107 cells/ml in RPMI, containing 10% dialysed foetal calf serum,

penicillin and streptomycin and divided into 2 equal aliquots that were

incubated for 4 and 18 hrs at 37°C, respectively. After centrifugation,

the cells were lysed at 107 cells/ml in RIPA buffer (150 mM NaCl, 1%
[v/v] Triton X-100, 0.1% [w/v] SDS, 1% [w/v] sodium deoxycholate,

30 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH

7.3) containing protease inhibitors (complete mini; Roche), 1 tablet/

10 ml RIPA buffer, 1 mM phenylmethylsulphonyl fluoride (Sigma-
Aldrich), 200 KIE/ml aprotinin (Trasylol; Bayer, Germany), and 100 mg/

ml leupeptin (Sigma-Aldrich). The samples were incubated on ice for

2 hrs and cleared by centrifugation at 10,000 9 g for 30 min. The
supernatant was aspirated and subjected to immunoprecipitation. Like-

wise, the medium from the chase was subjected to immune precipita-

tion. SDS-sample buffer was added and the samples run on 12%

polyacrylamide gels. The gels were stained with Coomassie, destained,
incubated with Amplifier (GE Healthcare, United States), dried, and

developed on Fuji BAS2500 PhosphoImager.
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Hepatic OLFM4 mRNA expression

Liver biopsies were obtained from adult patients suspected of non-alco-
holic fatty liver disease at Aarhus University Hospital, Aarhus, Denmark

with approval from the Danish National Committee on Health Research

Ethics (# 20110132). In short, a percutaneous liver biopsy was obtained

with a Menghini biopsy needle inserted in intercostal space 8 or 9 in
the mid-axillary line. RNA was extracted from liver biopsies using TRIzol

Reagent (Life Technologies Inc., Carlsbad, CA, USA). RNA was quanti-

fied by measuring absorbance at 260 and 280 nm using a NanoDrop

8000 (NanoDrop Products, Wilmington, DE, USA). The integrity of the
RNA was checked using Bioanalyzer 2100 (Agilent, CA, USA). Total

RNA (100 ng) was labelled with the Ambion WT Expression Kit (Am-

bion, CA, USA), according to the manufacturer’s instructions. Samples
were hybridized overnight to the GeneChip� Human Gene 2.0 ST Array

(Affymetrix Inc., CA, USA), containing 48,000 probes and scanned using

an Affymetrix GCS 3000 7G scanner.

Results

We first tested whether the monoclonal antibodies were able to react
with human neutrophils in immunohistochemistry as demonstrated in
Figure 1A. Notably, both monoclonal antibodies stain only a subset of
neutrophils as observed previously using both commercial mono-
clonal antibodies and an in-house rabbit antibody, generated against
another synthetic peptide [3].

Western blotting of isolated specific granules from human neu-
trophils demonstrated immunoreactivity against an antigen of 72 kD
under reducing conditions and above 200 kD in unreduced samples
(Fig. 1B), indicating that the antigen is a multimer because of inter-
molecular disulphide bonding as described previously for recombi-
nant OLFM4 [30]. The high molecular weight form of native OLFM4
was confirmed by size exclusion chromatography on Superose 12,
where OLFM4 was detected using the ELISA described further below
(Fig. 1C).

To make a definitive identification of the antigen as OLFM4, the
antigen was isolated by affinity chromatography on a CNBr-activated
Sepharose column to which antibody from clone #49 had been cou-
pled. The eluted material was run on SDS-PAGE under reducing con-
ditions and the part of the gel, corresponding to localization of
OLFM4 as determined by western blotting on a gel run in parallel, was
cut and subjected to identification by mass spectrometry. The
sequence: GFSYLY GAWGRDYSPQ HPNKGLYWVA PLNTDGRLLE
YYRLYNTLDD LLLYINAR was obtained. This definitively identifies the
antigen as OLFM4.

Affinity purified OLFM4 from specific granules was subjected to
SDS-PAGE under reducing and non-reducing conditions. Protein
staining by Coomassie brilliant blue is given in Figure 1D. The diffuse
high MW band seen under non-reducing conditions is converted to a
narrow band at 72 kD upon reduction. As no additional bands appear
upon reduction, we conclude that the high molecular weight form of
OLFM4 is due to homotypic multimerization by disulphide bonding.

Fig. 1 Identification of OLFM4 in Neu-
trophils. (A) Cytospins of neutrophils iso-

lated from peripheral blood were immune-

stained using OLFM4 antibodies from

clone #40 and #49. Clearly only a fraction
of neutrophils stain positive for OLFM4

whereas all neutrophils stain positive for

NGAL. (B) Western blotting of isolated

specific granules using anti-OLFM4 anti-
body #49 under reducing and non-reduc-

ing conditions. (C) Size exclusion

chromatography of OLFM4 from specific

granules of human neutrophils. Distribu-
tion of markers was determined by ELISA

or by absorption of light (Blue Dextran).

(D) Coomassie blue stained gels of affinity
purified OLFM4 under reducing and non-

reducing conditions.
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Indeed, there are unpaired cysteines in the OLFM4 structure that
would allow for such [31].

To ascertain whether the monoclonal antibodies recognize OLFM4
expressed in epithelial cells, the two monoclonal antibodies, clone
#40 and clone #49, respectively, were applied to archival formalin
fixed tissue. They gave essentially the same staining, but clone #49
could be used in higher dilution (1:1000), and results with this are
presented.

A distinct staining was observed in crypt cells of the intestines
corresponding to the previous reported localization in epithelial stem
cells (Fig. 2A). Of note, the staining in crypt cells was uniform in con-
trast to the staining of peripheral blood neutrophils where only a sub-
set of neutrophils stain positive. The staining was strongest in the
proliferating cells at the bottom of the crypt and absent at the surface.
Pneumocytes were faintly positive (Fig. S1A and B). Thymus was neg-
ative except for a distinct staining of the corpuscles of Hassall
(Fig. S1C and D). A very weak punctate staining was observed in hep-
atocytes. This was considered an unspecific reaction (Fig. S1E and F).
The red pulp of the spleen contained OLFM4 positive as well as
OLFM4 negative granulocytes in a ratio corresponding to the one
observed in peripheral blood polymorphnuclear cells (PMN), the
splenocytes themselves did not stain (Fig. S1G and H). No staining
was observed in six prostatic adenocarcinomas, whereas staining
was observed in benign prostatic epithelium (Fig. S2).

We next examined staining of colon carcinoma cells in different
histopathological subtypes of large bowel malignancies, all shown in
Figure S3. The staining is highly variable, ranging from negative to
uniform brisk positive staining. Some samples show intratumoral
heterogeneity. We hypothesized that the areas with vigorous OLFM4
staining could be areas associated with high proliferative potential
and therefore stained for ki67. This, however, revealed a homogenous
expression of ki67 (Fig. S3P).

Having demonstrated that the monoclonal antibody is specific for
OLFM4 and recognizes OLFM4 both in normal epithelial crypt cells
and in colon cancer cells, we made a sandwich ELISA for OLFM4
based on the monoclonal antibody from clone #49 as catching anti-
body and the monoclonal antibody from clone #40 as detecting anti-
body. The ELISA detected OLFM4 in specific granules of human
neutrophils, showing a perfect co-localization with another recognized
marker of specific granules, NGAL [32] (Fig. 3). The ELISA was
robust giving an inter assay variation coefficient (S.D./mean ratio) of
5.9% for plasma OLFM4 (N = 11) and 4.5% for OLFM4 isolated from
b-band (N = 11) and an intra assay variation of 4.6% (N = 5). The
assay was applied to human plasma and demonstrated an excellent
recovery of 97.5% of OLFM4 added to plasma, indicating that OLFM4
in plasma is available for detection by the ELISA. We first tested 65
healthy volunteers associated with the Institution. While most individ-
uals had plasma OLFM4 levels below 100 ng/ml, approximately 10%
had levels that were 2–4 orders of magnitude higher (Fig. 4A). We
subsequently tested plasma samples selected from the Endoscopy II
study on participants undergoing first time ever colonoscopy because
of symptoms of CRC [33]. The selection included age and gender
matched patients with CRC, adenoma and participants without any
bowel lesions. Again we identified 10% of patients to have an extre-
mely high level of plasma OLFM4 with no correlation with malignancy
(Fig. 4B). We thus conclude that OLFM4 levels in plasma do not
reflect OLFM4 expression by colorectal cancers and that OLFM4 iden-
tifies a subset of normal individuals with an extremely high level of
plasma OLFM4.

One such was identified among healthy volunteer blood and bone
marrow donors associated with the Granulocyte Research Laboratory.
Repeated testing through 1 year demonstrated that the high OLFM4
plasma level was maintained and did not relate to the size of the

A B

C D

Fig. 2 Immunohistochemistry of Human Gastrointestinal Epithelial Cells.

Anti-OLFM4 clone #49 was used as primary antibody. The sections

were counterstained with haematoxylin. (A and B) Colon. (C and D)
Duodenum. Bars represent 50 lm (A, C) or 20 lm (B, D).

Fig. 3 Subcellular Distribution of OLFM4 in Neutrophils. Neutrophils

(4.8 9 108) isolated from peripheral blood were cavitated in 12 ml dis-

ruption buffer and 5 ml of the post-nuclear supernatant applied to each
of two 4-layer Percoll density gradients. Separation of organelles was

obtained by high-speed centrifugation and 1 ml fractions were collected

from the bottom of the centrifuge tube, pooled from the two identical

gradients and assayed for myeloperoxidase (MPO; azurophil granules),
NGAL (specific granules), Gelatinase (gelatinase granules), Albumin

(secretory vesicles) and human leucocyte antigen (HLA; plasma mem-

branes) and OLFM4. The distribution profile of OLFM4 is identical to the

profile of the specific granule protein NGAL.
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OLFM4 positive neutrophil subset detected in peripheral blood from
the same person, which was only in the range of 3–5% OLFM4 posi-
tive neutrophils.

We have shown previously that OLFM4 is secreted from PMA
stimulated neutrophils in parallel with other specific granule proteins
[3]. When purified OLFM4 was added to medium from neutrophils
induced to degranulate with PMA, the ability to detect OLFM4 was
rapidly lost, indicating that OLFM4 is highly sensitive to proteolysis.
Adding a cocktail of protease inhibitors to the material secreted from
PMA activated neutrophils preserved OLFM4 (Fig. 4C).

It is not likely that OLFM4 present in plasma is derived from
neutrophil degranulation in blood, as the amounts of OLFM4 in neu-
trophils do not correlate with the levels in plasma (Fig. 4D). We next
determined whether OLFM4 might be produced by bone marrow cells
and released into bone marrow plasma. Corresponding levels of
OLFM4 determined in bone marrow plasma and blood plasma from
two persons with high levels of OLFM4 showed lower levels in bone
marrow plasma than in blood plasma, arguing against bone marrow
as the direct source of OLFM4 in plasma (Fig. 4E).

We next performed studies on the biosynthesis of OLFM4 in iso-
lated bone marrow cells from an individual with high plasma OLFM4
and an individual with low plasma OLFM4. The levels of OLFM4
mRNA were of comparable size (Fig. 5A). The small difference is due
to the lower proportion of OLFM4 positive cells in the plasma OLFM4
low person (Fig. 5B). The amounts of OLFM4 synthesized and
retained in cells during a 4 hr and an 18 hr chase were quite similar
between the two individuals. Only little OLFM4 was detected in med-
ium (Fig. 5C). Thus, these results did not reveal any difference in the
amounts of OLFM4 synthesized and retained in neutrophils of a per-
son with high plasma OLFM4 compared to a person with low plasma
OLFM4.

To estimate the amount of OLFM4 generated daily during mye-
lopoiesis, we quantified the amount of OLFM4 in neutrophils from
3 sets of buffy coat neutrophils, each pooled from 4 healthy
donors. The amount of OLFM4 was 1.2 lg/107 neutrophils. As the
production of neutrophils is about 1 9 109 cells/kg bodyweight/day
[34], this would indicate production of 10 mg OLFM4/day in an
adult.

Fig. 4 OLFM4 in plasma. (A) Plasma sam-

ples were obtained from healthy donors

(N = 65) OLFM4 plasma concentration
was measured by ELISA. (B) Plasma

samples from patients offered first time

ever colonoscopy. Depending on the

endoscopy finding patients were divided
into five groups: No neoplastic finding

(N = 10), colon adenoma (CA) (N = 6),

colon carcinoma (CC) (N = 23), rectal
adenoma (RA) (N = 4) and rectal carci-

noma (RC) (N = 16). OLFM4 plasma con-

centration was measured by ELISA.

Baseline characteristics of patients are
presented in Table S1. (C) Purified OLFM4

was added to either buffer or medium

from neutrophils (108 cells/ml) stimulated

to degranulate by stimulation with PMA
5 lg/ml (PMA S0) in the presence or

absence of protease inhibitors (PI).

OLFM4 concentration was measured by

ELISA. (D) OLFM4 content in cell lysates
(1 9 107 cells/ml) and plasma was mea-

sured by ELISA in an individual with low

plasma OLFM4 (pOLFM4low) and in an
individual with high plasma OLFM4

(pOLFM4++). (E) ELISA measurements of

OLFM4 content in bone marrow (BM)

plasma and blood plasma.
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To rule out the liver as a production site, mRNA was determined
by Affymetrix gene array in liver biopsies from 42 patients evaluated
for liver steatosis. OLFM4 mRNA levels were uniformly at the border
of detection in all (data not shown). Consistent with this, there was
no immunohistochemical staining of OLFM4 in normal liver tissue in
16 biopsies, altogether arguing against the liver as producer of
OLFM4 (data not shown).

Discussion

Olfactomedin 4 is an enigmatic protein. While uniformly expressed in
epithelial gastrointestinal stem cells, it is expressed in neutrophils at
the myelocyte/metamyelocyte stage, i.e. in cells that are no longer
dividing. Furthermore, OLFM4 is expressed in only a subset of these
[3]. Clearly, the regulation of expression in epithelial cells and in mes-
enchymal cells is very different. While the expression in murine neu-
trophils is induced by PU.1, this transcription factor is myeloid specific
[35] and cannot account for the expression in epithelial crypt cells.

Olfactomedin 4 is associated with some cancers, but we did not
find a uniform expression that in any way may serve as a marker of
malignancy. Much to our surprise, we found plasma levels of OLFM4
covering a wide range, but largely segregating both normals and can-
cer patients into two groups, one with OLFM4 levels that are barely
detectable and one with levels that are 2–4 orders of magnitude
higher. We have no evidence that the low levels are caused by mask-
ing the presence of OLFM4 by a substance present in plasma as
exogenous added OLFM4 is readily detected in such plasma. High
levels of OLFM4 were found both in normals and in patients with veri-
fied colorectal cancer and bare no relation to the presence of cancer.
Thus, determination of OLFM4 in plasma cannot be used as a biomar-
ker for colorectal cancer.

The source of OLFM4 present in plasma is not clear. While the
amount of OLFM4 present in neutrophils is substantial, indicating
production of 10 mg/day, there was no difference in the retention
of OLFM4 during biosynthesis in neutrophil precursors from bone
marrow of a plasma OLFM4-high person and a plasma OLFM4-low
person, indicating that the difference in OLFM4 levels in plasma

Fig. 5 OLFM4 production in an individual

with high OLFM4 plasma level

(pOLFM4++) and an individual with
OLFM4 plasma level below detection limit

(pOLFM4low). (A) mRNA expression of

OLFM4 and LCN2 in MNC fraction of bone

marrow (containing promyelocytes, mye-
locytes and early metamyelocytes) and

PMN fraction (containing late metamyelo-

cytes, band cells and segmented cells).

(B) Flowcytometry showing the percentage
of OLFM4 positive cells in peripheral

blood PMNs from pOLFM4++ person and

pOLFM4low person respectively. (C)
Immunoprecipitated radiolabelled OLFM4

(precipitated using a combination of

mouse anti-human OLFM4 clone #40,

clone#49 and rabbit antihuman OLFM4
clone #3569) and NGAL from bone mar-

row MNC (2 9 107 cells from each

donor) and PMN (7.2 9 107 cells from

each donor) fractions. The production of
OLFM4 in cells from the pOLFM4++ per-

son is comparable to the production in

the pOLFM4low individual, the small dif-
ference is due to the lower proportion of

OLFM4 positive cells in the plasma

OLFM4 low person as shown in (B).
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cannot be explained by secretion from the bone marrow. The gra-
dient of OLFM4 in bone marrow plasma and blood plasma also
argues against the bone marrow as the direct source of plasma
OLFM4. We cannot, of course, rule out that cells in the GI tract
are the source of plasma OLFM4, but find this highly unlikely as
we find a uniform staining of cells among the sections examined
and also find that plasma levels do not correlate with the presence
or absence of cancers in the GI tract. In agreement with this,
another study correlating plasma levels of OLFM4 with cancers
concluded that plasma concentration of OLFM4 did not correlate
well with OLFM4 expression in the tumours as determined by
immunohistochemistry, although that study did not identify
patients with high plasma levels as we observe [23]. Our studies
also indicate that OLFM4 is not synthesized by the liver, and we
did not find any difference in the low levels of expression (if any)
among 42 individuals. It is of interest that OLFM4 was demon-
strated in benign prostate tissue, but not in prostate adenocarcino-
mas.

We find that OLFM4 is highly sensitive to proteolysis. Our current
hypothesis is therefore that the differences in OLFM4 levels in plasma
may be related to individual differences in the susceptibility of OLFM4
to escape degradation when neutrophils decease as part of their nor-
mal life cycle. Production of 10 mg OLFM4/day would support a
plasma level of 3–4 lg/ml plasma depending of the half-life of OLFM4
in plasma. This hypothesis is not easily tested, but if proven correct,
might open for novel insight into the fate of neutrophils after exiting
circulation, an issue that is still a matter of debate.
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