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Background: Progranulin is a secreted, anti-inflammatory glycoprotein, suggested to be a component of high density
lipoproteins (HDL).
Results: Studies in cells and plasma revealed secreted progranulin exists as a homodimer, does not bind lipids, and is not
detected on HDL.
Conclusion: Secreted progranulin exists as a homodimer and is not an HDL component.
Significance: These data provide insights into the molecular properties of secreted progranulin.

Progranulin is a secreted glycoprotein, and the GRN gene is
mutated in some cases of frontotemporal dementia. Progranu-
lin has also been implicated in cell growth, wound healing,
inflammation, and cancer. We investigated the molecular
nature of secreted progranulin and provide evidence that pro-
granulin exists as a homodimer. Although recombinant pro-
granulin has a molecular mass of �85 kDa by SDS-PAGE, it
elutes in fractions corresponding to �170–180 kDa by gel-fil-
tration chromatography. Additionally, recombinant progranu-
lin canbe intermolecularly cross-linked, yielding a complex cor-
responding to a dimer (�180 kDa), and progranulins containing
different epitope tags physically interact. In plasma, progranu-
lin similarly forms complexes of�180–190 kDa. Although pro-
granulinpartially co-fractionatedwithhighdensity lipoproteins
(HDL) by gel-filtration chromatography, we found no evidence
that progranulin in mouse or human plasma is a component of
HDLeither by ultracentrifugation or by lipid binding assays.We
conclude that circulating progranulin exists as a dimer and is
not likely a component of HDL.

Progranulin (also known as proepithelin, acrogranin, PC
cell-derived growth factor, and glycoprotein 88) is implicated in
a variety of processes, including embryogenesis, tumor prolif-
eration, inflammation, wound healing, insulin resistance, and

neurodegeneration (1, 2). At a cellular level, progranulin is a
secreted growth factor expressed in epithelial cells, hematopo-
etic cells, adipocytes, immune cells, and certain types of neu-
rons (3–7). Mutations in the GRN gene encoding progranulin
are a leading cause of frontotemporal dementia (8, 9). Although
research has uncoveredmuch about the physiological functions
of progranulin, much about the biochemical nature of pro-
granulin remains to be explored.
Progranulin is an 88-kDa glycoprotein that comprises 7.5

tandem repeats of cysteine-rich granulin domains (10). Pro-
teinswith granulin domains are found in plants and throughout
the animal kingdom including in insects, nematodes, fish, and
mammals (11). Carp, granulins have a unique structure consist-
ing of �-hairpin stacks (12, 13). However, the structures of
mammalian granulins and full-length progranulin have not
been determined. Proteases, including neutrophil-derived ela-
stase and proteinase 3, cleave progranulin into granulin pep-
tides in vitro (14, 15), and these granulins are thought to have a
different function than full-length progranulin. For example,
whereas the holoprotein is likely anti-inflammatory (16), some
of the cleaved granulins are likely pro-inflammatory (14, 17).
The significance of progranulin cleavage in vivo remains largely
unknown.
Recent studies in mice have shed light on its role in diseases.

Progranulin-deficient mice exhibit increased neuroinflamma-
tion and exhibit features of frontotemporal dementia (18–20).
Additionally, progranulin-deficient mice are prone to inflam-
mation and development of collagen-induced arthritis (16, 20).
Moreover, progranulin-deficientmice are protected fromhigh-
fat diet-induced obesity and insulin resistance (6). The latter
studies indicate a systemic role for progranulin. Indeed, pro-
granulin has been detected in human blood (21–26) aswell as in
urine. Okura et al. (17) reported that circulating progranulin is
a component of high density lipoproteins (HDL) and that this
interaction prevents cleavage of progranulin into pro-inflam-
matory granulin peptides. These data suggested that the
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progranulin interaction with other proteins can affect its cleav-
age and bioactivity, which is relevant to understanding its func-
tion in the circulation.
In the present study, we characterized themolecular proper-

ties of secreted progranulin. First, we provide biochemical evi-
dence that recombinant progranulin exists as a homodimer in
conditioned cell culture media and in mouse and human
plasma. Second, we utilize a variety of assays, including ultra-
centrifugation, gel-filtration chromatography, and lipid bind-
ing assays, to provide evidence that progranulin is not a com-
ponent of HDL.

EXPERIMENTAL PROCEDURES

Materials—All materials were from Sigma unless indicated.
Plasma Samples—Mice were housed in a pathogen-free bar-

rier-type facility with a 12-h light/12-h dark cycle and allowed
food andwater ad libitum.Grn�/� mice (18) were generated as
described andApoa1�/� mice (27) were obtained from Jackson
Laboratories (Stock #002055). Mouse blood was collected from
non-fasted, anesthetized mice by heart puncture in EDTA-
coated tubes (Sarstedt). Human venous blood was collected
from non-fasted, healthy donors. Plasma was obtained by cen-
trifugation at 900 � g for 7 min at 4 °C.
Gel-filtration Chromatography—Samples (100 �l of plasma

or 4 �g of purified protein) were separated by size-exclusion
chromatography on a Superose 6 10/300 GL column (GE
Healthcare) at a flow rate of 0.5 ml/min at 4 °C in a buffer con-
taining 1� PBS, pH 7.4, 1mM EDTA. Eluate was collected as 90
500-�l fractions. The column was calibrated by using protein
standards (Sigma). For some experiments (Fig. 3, B and D), the
fractions were pooled and concentrated using Amicon Ultra
0.5-ml columns (10-kDa cutoff). For lipoprotein analyses, the
fractions corresponding to very low density lipoproteins, inter-
mediate density lipoproteins, low density lipoproteins (LDL),
and HDL were identified by measuring the cholesterol content
of fractions 13–48 using the Cholesterol E kit (Wako). For the
experiments in Fig. 3, fresh plasmawas delipidated as described
(28). Briefly, EDTA was added to plasma to obtain a final con-
centration of 0.1 mg/ml, and the sample was then mixed with
two volumes of butanol/diisopropyl ether (40:60, v/v) for 1 h at
room temperature. The mixture was centrifuged at 2000 rpm
for 2 min, and the aqueous phase was collected with a syringe.
Isolation of Lipoproteins by Ultracentrifugation—Plasma

lipoproteins were isolated from mouse and human plasma by
sequential ultracentrifugation in a TLA-100.2 rotor (Beckman
Instruments) (29). Commercial preparations of HDL and LDL
were obtained from Meridian Life Science and Fitzgerald
Industries.
Expression Plasmids—The open reading frame of the human

GRN gene was amplified using cDNA obtained fromHEK293T
human embryonic kidney cells and the Phusion DNA polymer-
ase kit (NewEnglandBiolabs). The forward and reverse primers
used in this reaction were CGTACGAATTCATGTGGACCC-
TGGTGAGCTGGGTGCTACGCGGCCGCCAGCAGCTG-
TCTCAAGGCTGG, respectively. The open reading frame of
the human APOA1 gene was amplified using cDNA obtained
from Huh7 human hepatocarcinoma cells. The forward and
reverse primers used were CGTACGAATTCATGAAAGCT-

GCGGTGCTGACCT and GCTACGCGGCCGCCTGGGTG-
TTGAGCTTCTTAGTGTACTC, respectively. The PCR prod-
ucts were gel-purified, subjected to restriction digestion with
EcoRI and NotI, and subcloned into themultiple cloning site of
pcDNA3upstreamof three copies of the FLAGepitope tag. The
resulting expression plasmids are denoted as pcDNA-human
progranulin-3�FLAG and pcDNA-human apoA-I-3�FLAG.
pcDNA-mouse progranulin-Myc/His encodes mouse pro-
granulin with Myc and His epitope tags at the C terminus. The
mouse progranulin cDNAwas amplified from an IMAGE clone
and subcloned into the multiple cloning site of pcDNA4
upstream of the Myc and His epitope tags. Plasmids encoding
deletionmutants of mouse progranulin were generated by site-
directed mutagenesis with the QuikChange Lightning kit
(Stratagene) using pcDNA-mouse progranulin as the template.
The forward and reverse primers used for these reactions were:
GCTGGTAGCCGGAGATGGCTCCTGC and GCAGGAGC-
CATCTCCGGCTACCAGC for�31–70; ACGAGCCATCAT-
CTAGTTTCACCCACGGGC and GCCCGTGGGTGAAAC-
TAGATGATGGCTCGT for �71–190; TTCTGTCGTGTGC-
CCTGAAATGGGTATCCTCC and GGAGGATACCCATT-
TCAGGGCACACGACAGAA for �222–346; GAGTGATAC-
ACCTTGTGCTCGAGGTCACCC and GGGTGACCTCGA-
GCACAAGGTGTATCACTC for �377–602. The sequences
of all plasmids were confirmed by DNA sequencing.
Cell Culture and Transfection—HEK293T cells were main-

tained in DMEM supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 �g/ml streptomycin. Cells
were transfected using Lipofectamine 2000 (Invitrogen).
Purification of Recombinant Progranulin—Recombinant

FLAG-tagged human progranulin was purified from condi-
tionedmedia of transfectedHEK293T cells by using anti-FLAG
M2 magnetic beads. Briefly, HEK293T cells were transfected
with pcDNA-human progranulin-3�FLAG. After 3 days, con-
ditioned medium was collected, cleared at 1500 � g at 4 °C for
10 min, concentrated using Amicon Ultra columns (10-kDa
cutoff size), and incubated with anti-FLAGM2magnetic beads
(Sigma) at 4 °C on an end-over-end rotator for 4–6 h. The
magnetic beads were washed 3 times with PBS for 5 min. The
bound material was eluted from the magnetic beads by com-
petition with 500 ng/�l of FLAG peptide (Sigma). The eluate
was applied to an Amicon Ultra column (10-kDa cutoff) to
remove the FLAG peptide (Sigma). The purity of the recom-
binant progranulin was �95%, as determined by Coomassie
staining using the SimplyBlue kit (Invitrogen). Aliquots were
stored at �20 °C.
Immunoblot Analyses—For Western blot analysis, 5� sam-

ple buffer (0.25 M Tris-HCl, pH 6.8, 10% (w/v) SDS, 0.05% (w/v)
bromphenol blue, 50% glycerol, 12.5%�-mercaptoethanol) was
added to each sample. After boiling, equivalent volumes of sam-
ples were subjected to SDS-PAGE and transferred to nitrocel-
lulose membranes (Bio-Rad). For dot blot analysis, equivalent
volumes of gel-filtration fractions were transferred to nitrocel-
lulose membranes using a dot blot apparatus (Schleicher &
Schuell) in a buffer containing 48 mM Tris, 39 mM glycine, 1.3
mM SDS, and 20% (v/v) methanol. Membranes were incubated
with the following antibodies: monoclonal anti-FLAG M2
(1:1000, Sigma),monoclonal anti-Myc (9B11 clone) (1:500, Cell
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Signaling), polyclonal anti-mouse progranulin (1:500, R&D
Systems), polyclonal anti-mouse apoA-I2 (1:1000, gift from
Dr. Karl Weisgraber), polyclonal anti-mouse apoB (1:5000,
gift from Dr. Stephen Young), polyclonal anti-human pro-
granulin linker 4 (1:500, see below), polyclonal anti-human
progranulin linker 5 (1:1000, see below), polyclonal anti-hu-
man progranulin (1:100, Santa Cruz, N-19), polyclonal anti-
human apoA-I IgG (1:500, Meridian Life Science), and poly-
clonal anti-human apoB (1:5000, Meridian Life Science).
After incubations with primary antibodies and horseradish
peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch) as indicated in the figure legends, bound
antibodies were visualized with SuperSignal Chemilumines-
cent Substrate (Pierce) or SuperSignal West Femto Chemi-
luminescent Substrate (Pierce) using a Li-Cor ODYSSEY
imager or x-ray film (Eastman Kodak Co., X-Omat).
Polyclonal anti-human progranulin antibodies were gener-

ated by immunizing rabbits with the peptides IVAGLEKM-
PARRGSLSHPR (amino acids 422–440, linker 4 region) and
KEVVSAQPATFLARSPHVG (amino acids 497–515, linker 5
region) conjugated to keyhole limpet hemocyanin. The result-
ing sera were affinity-purified and referred to as anti-human
progranulin linker 4 and anti-human progranulin linker 5,
respectively.
Co-immunoprecipitation Assays—The conditioned medium

of transfected HEK293T cells was collected and cleared at
1500 � g at 4 °C for 10 min. After adding a mixture of protease
inhibitors (Roche Applied Science), the cleared conditioned
mediumwas then subjected to immunoprecipitationwith 50�l
of anti-FLAGM2magnetic beads (Sigma) for 2–3 h at 4 °C. The
bound material was washed 3 times with cold PBS and then
eluted in 2� sample buffer at 100 °C for 3 min. Aliquots of the
pellet or supernatant fractions of the immunoprecipitations
were subjected to SDS-PAGE, and Western blot analysis was
carried out as described above.
Cross-linking Assays—Cross-linking was carried out with

disuccinimidyl suberate (Pierce), which was resuspended in
DMSO at 100mM.Disuccinimidyl suberate (or theDMSO con-
trol) was added to 2.5 �g of recombinant progranulin in PBS
and incubated at room temperature for 20 min. The reaction
was quenched by adding 1 M Tris-HCl, pH 8.0. Aliquots of the
reaction were subjected SDS-PAGE and Western blot analysis
as described above.
DMPC Clearance Assays—Interactions of purified proteins

with DMPC was monitored as described with minor modifica-
tions (30). Dry DMPCwas dispersed in Tris buffer (10mMTris,
pH 7.4, 0.01%EDTA, 8.5%KBr, 0.01%NaN3) at a concentration
of 0.5 mg/ml and vortexed to form multilamellar liposomes.
Purified proteins were added to the DMPC liposomes with a
mass ratio of 1:5 (w/w) in triplicate 96-�l reactions in a 96-well
plate. The samples were maintained at 24.5 °C in a spectropho-
tometer, and the absorbance at 325 nm was measured at 2–5-
min intervals for 1 h. Data are presented as the mean � S.D.
Comparisons between groups were made by one-way analysis
of variance followed by the Tukey-Kramer post-hoc test.

RESULTS

To determine the biochemical characteristics of secreted
progranulin, we purified recombinant human progranulin,
containing a 3�FLAG epitope tag at the C terminus from the
culture supernatant of transfected HEK293T cells (Fig. 1A).
Coomassie staining showed that the recombinant protein was
�95% pure and migrated at �90 kDa by SDS-PAGE. When
subjected to gel-filtration by size-exclusion chromatography,
recombinant progranulin eluted from the column in fractions
33 and 34, corresponding to �170–180 kDa (Fig. 1B). This
result suggested that secreted human progranulin is a dimer.
We next performed in vitro cross-linking studies using disuc-
cinimidyl suberate, a cross-linker that reacts with primary
amines. Cross-linking recombinant progranulin resulted in a
portion of progranulin shifting in size, from �85 to �180 kDa,
as determined by SDS-PAGE (Fig. 1C), also consistent with
secreted recombinant progranulin existing as a homodimer.
To further test this model, we carried out immunoprecipita-

tion assays using the conditioned media of HEK293T cells co-
transfected with human and murine progranulin, tagged at the
C termini with FLAG and Myc epitopes, respectively (Fig. 1D).
Immunoprecipitation with anti-FLAG M2 magnetic beads
pulled down nearly all of the progranulin-FLAG (pellets) and a
large proportion of progranulin-Myc. Although this assay does
not exclude the possibility of indirect interactions, this result
demonstrates that progranulin interacts intermolecularly in
the conditioned media of cultured cells. Taken together, the
results of Fig. 1 indicate that recombinant progranulin exists as
a homodimer.
To identify the region(s) in progranulin that is required for

dimerization, we generated a series of deletion mutants (Fig.
2A). We co-transfected FLAG-tagged full-length progranulin
and Myc-tagged versions of these deletion mutants into
HEK293T cells and performed immunoprecipitation assays.
Immunoprecipitation of the full-length progranulin-FLAG
pulled down full-length progranulin-Myc, �31–70 progranu-
lin-Myc, �71–190 progranulin-Myc, �222–346 progranulin-
Myc, or �377–602 progranulin-Myc (Fig. 2B). Thus, despite
testing deletion mutants, which span �90% of the mature pro-
tein, we were unable to identify any regions required for the
progranulin-progranulin interaction. Although it is possible
that the region(s) required for dimerization was not covered by
the deletion mutants tested, these results suggest multiple
regions are sufficient for mediating the interaction.
To determine whether progranulin exists as a dimer in vivo,

we analyzed plasma from wild-type and progranulin-deficient
(Grn�/�) mice by size-exclusion chromatography. As revealed
in the dot blots of Fig. 3A, top panel, and the western blots of
Fig. 3B, top panel, almost all of the progranulin immunoreac-
tivity was found in fractions 32 and 33, which corresponds to
�180–190 kDa and is consistent with the molecular mass of a
dimer. Progranulin was not detected in plasma from Grn�/�

mice. In human plasma, progranulin was similarly found in
fractions 31–33 (Fig. 3A, top panel). We did not detect pro-
granulin immunoreactivity in fractions 39–40, where pro-
granulin monomers would be expected to elute.

2 The abbreviations used are: apo, apolipoprotein; DMPC, 1,2-dimyristoyl-
rac-glycero-3-phosphocholine.
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FIGURE 1. Recombinant progranulin is a homodimer. A, purification of secreted recombinant human progranulin from conditioned media of transfected
HEK293T cells is shown. Anti-FLAG Western blot (WB, left) and Coomassie-stained gel (right) of purified progranulin are shown. FT, flow-through. B, recombinant
human progranulin migrates at �170 –180 kDa. Western blot of gel-filtration fractions. Similar results were obtained in two independent experiments.
C, cross-linking partially shifts the size of recombinant progranulin from �85 to �180 kDa. Shown is a Western blot of recombinant human progranulin
subjected to cross-linking with disuccinimidyl suberate. D, expressed progranulin-FLAG physically interacts with progranulin-Myc. Co-immunoprecipitation
(IP) of conditioned medium from transfected HEK293T cells with anti-FLAG magnetic beads is shown. These results are from a representative experiment that
was performed three times with similar results.

FIGURE 2. Mapping of the dimerization domain of progranulin. A, a schematic representation of deletion mutants of mouse progranulin is shown.
B, mapping of dimerization domain of progranulin in co-immunoprecipitation (IP) assays is shown. Conditioned media from transfected HEK293T cells was
subjected to immunoprecipitation with anti-FLAG magnetic beads. Similar results were obtained in three independent experiments.
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Progranulin was previously reported to be part of human
HDL, as determined by Western blot analysis of HDL isolated
by ultracentrifugation (17). To test this, we probed the dot blot
and Western blot membranes with anti-apolipoprotein (apo)
A-I antibodies, which detect the major HDL protein. The
immunoblots in Fig. 3, A and B, revealed that the progranulin-
containing fractions partially overlapped with the apoA-I-con-
taining fractions of mouse and human plasma. We also meas-
ured the cholesterol content of the gel-filtration fractions to
identify the lipoprotein-containing fractions. Indeed, pro-
granulin partially co-eluted with both mouse HDL-cholesterol
(fractions 28–33) (Fig. 3C) and human HDL-cholesterol (frac-
tions 30–34) (data not shown). Of note, the plasma cholesterol
profile of Grn�/� mice was not different than that of wild-type

mice, indicating that progranulin deficiency does not apprecia-
bly affect plasma lipoprotein levels.
Our results indicate that circulating progranulin elutes in the

observed fractions because it exists as a dimer, but whether a
portion of progranulin physically associates with HDL is
unclear. Therefore, we performed experiments to determine
whether circulating progranulin in the HDL-containing frac-
tions is lipid-associated. We delipidated mouse and human
plasma with a mixture of butanol and diisopropyl ether (28).
This procedure removes lipids but does not denature proteins,
and was previously used as one criterion to determine if candi-
date proteins are bona fide HDL proteins (31). For lipid-free
proteins, the gel-filtration elution profile is not affected by
delipidation. On the other hand, the delipidation procedure

FIGURE 3. Circulating progranulin is found in complexes of �180 –190 kDa, partially co-elutes with HDL by gel-filtration, and is not associated with
lipids. A, progranulin in mouse and human plasma is in a complex of �180 –190 kDa and partially co-elutes with HDL. Dot blots of gel-filtration fractions 1– 47
and plasma (blue box) from wild-type mice (left panel), Grn�/� mice (middle panel), and a human subject (right panel) are shown. The fractions corresponding
to HDL are indicated by the red box. B, progranulin in mouse plasma partially co-elutes with HDL. Western blots of gel-filtration fractions 25–38 from wild-type
mouse plasma are shown. These results are from a representative experiment that was performed four times with similar results. C, cholesterol profiles of
plasma from wild-type (black line) and Grn�/� (red line) mice are shown. IDL, intermediate density lipoproteins. D, circulating progranulin is not associated with
lipids. Delipidation of mouse (left panel) and human (right panel) plasma results in a shift in the gel-filtration elution profile of apoA-I but not in that of
progranulin. Western blots of gel-filtration fractions 1– 48 for control and delipidated mouse plasma. Similar results were obtained in two independent
experiments.
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causes a shift in the elution profiles of lipid-associated proteins.
Delipidation effectively removed all cholesterol from mouse
and human plasma (data not shown). As expected, delipidation
of plasma caused a shift of the major HDL protein, apoA-I, to
smaller molecular mass (higher numbered) fractions (Fig. 3D,
lower panels). However, delipidation of mouse and human
plasma did not cause a substantial shift in the elution profiles of
progranulin (upper panels). These results indicate that pro-
granulin is likely not lipid-associated and, therefore, not likely a
component of HDL.
We also tested in vitro whether progranulin associates with

lipids using phospholipid clearance assays. In these assays, puri-
fied proteins are added to DMPCmultilamellar vesicles. Lipid-
associated proteins can bind and solubilize the phospholipid
vesicles, converting the vesicles into discoidal-shaped particles.
The kinetics of this conversion is reflected in the clearance
of the turbid solution of vesicles and ismonitored bymeasuring
the absorbance at 325 nm. Unlike purified apoA-I, which
cleared the DMPC vesicles (p � 0.001, compared with PBS
control), recombinant progranulin did not clear theDMPCves-
icles (p � 0.05, compared with PBS control) (Fig. 4), suggesting
that it does not directly associate with phospholipids.
To independently confirm that circulating progranulin is not a

component of HDL, we isolated lipoproteins by ultracentrifuga-
tion. We found that both murine (Fig. 5A) and human (Fig. 5B)
progranulin were found exclusively in the lipoprotein-free frac-
tion. As expected, apoB was enriched in the fractions containing
very low density lipoproteins (VLDL), intermediate density lipo-
proteins, andLDL, and apoA-Iwas enriched in theHDL fractions.
Additionally, in Western blots using three different progranulin
antibodies, we did not detect progranulin in two commercially
obtained preparations of HDL isolated by ultracentrifugation
(data not shown). Together, our results indicate that circulating
progranulin is not physically associated with HDL.
Progranulin was reported to directly bind to apoA-I (17), a

majorHDLprotein. To test this, we performed co-immunopre-
cipitation assays with the conditioned media of transfected
HEK293T cells by using anti-FLAG magnetic beads. As
expected, immunoprecipitation of progranulin-FLAG pulled
down progranulin-Myc (Fig. 6A). In contrast, immunoprecipi-

tation of apoA-I-FLAG did not pull down progranulin-Myc
(lane 6), indicating these proteins do not interact in this assay.
We next examined progranulin in plasma isolated from apoA-
I-deficient (Apoa1�/�) mice.When we subjected the plasma to
gel-filtration and subsequently performed dot blot analysis, we
found no difference in the elution profile of progranulin with
wild-type and Apoa1�/� plasma (Fig. 6B). These findings indi-
cate that, independently of apoA-I, circulating progranulin
exists in a complex of �180–190 kDa. Taken together, these
results suggest that progranulin does not physically interact
with apoA-I in cultured cells and mouse plasma.

DISCUSSION

The current study provides evidence that the majority of
secreted and circulating progranulin exists as a homodimer.
Recombinant human progranulin that was purified from the
conditioned media of transfected HEK293T cells existed in a
complex with a molecular mass of �170–180 kDa, which is
consistent with that of a dimer. Additionally, cross-linking of
recombinant progranulin yielded a highermolecularmass band
that corresponds to a dimer (�180 kDa) by SDS-PAGE. More-
over, in co-immunoprecipitation assays, progranulinmolecules
with different epitope tags were found to physically interact. In
vivo, circulating progranulin in mouse and human plasma sim-
ilarly exist in complexes that are �180–190 kDa.
Our findings agree with a previous observation that pro-

granulin is potentially a dimer (17). In that study, progranulin
was found to migrate at �80 kDa under reducing SDS-PAGE
and at �130 kDa under non-reducing conditions. However,
because the �130-kDa band was observed with protein mix-
tures and not with purified progranulin, it was not clear
whether higher molecular mass progranulin was due to homo-
or heterodimers. Our studies with purified recombinant pro-
granulin demonstrate that progranulin is indeed a homodimer.
It remains uncertain what regions of progranulin are required
for dimerization. To investigate this, we generated a series of
deletionmutants that span�90% of themature protein, but we
were unable to identify a region required for the progranulin-
progranulin interaction in co-immunoprecipitation assays (Fig.
2), suggesting thatmultiple regions are sufficient. Furthermore,
the addition of a strong reducing agent (1 mM DTT) to the
recombinant progranulin and the buffer did not affect the pro-
granulin gel-filtration elution profile (data not shown), suggest-
ing that dimerization is not mediated by disulfide bonds.
The functional importance of progranulin dimerization

remains unknown. Progranulin has been reported to bind to
receptors at the cell surface including sortilin (32) and tumor
necrosis factor receptors (16). It is conceivable that dimeriza-
tion may affect the ability of secreted progranulin to bind to
these receptors. Moreover, it is possible that dimerization may
modulate progranulin proteolysis by affecting its binding to
secretory leukocyte peptidase inhibitor, a protein that com-
plexes with progranulin and thereby prevents its cleavage into
granulin peptides by proteases (14).
Progranulin was reported to be a component of human HDL

(17). Progranulin anti-inflammatory activities (16, 18, 20)
raised the possibility that progranulin at least partially confers
the known anti-inflammatory properties to HDL (33). How-

FIGURE 4. Recombinant progranulin does not reorganize DMPC vesicles.
A phospholipid clearance assay using recombinant human progranulin and
purified human apoA-I is shown. ApoA-I cleared the DMPC vesicles (p � 0.001
compared with PBS), but progranulin did not (p � 0.05, compared with PBS).
Data are presented as the mean � S.D. Comparisons between groups were
made by one-way analysis of variance followed by the Tukey-Kramer post-
hoc test. Similar results were obtained in three independent experiments.
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ever, our results indicate that progranulin is not a component of
mouse and humanHDL.Despite partially co-fractionatingwith
HDLs by gel-filtration chromatography, we determined that
progranulin inmouse and human plasma is not a component of
HDL by several independent methods. First, the delipidation of
plasma did not result in a shift in the gel-filtration elution pro-
file of progranulin (Fig. 3D). In contrast, delipidation causes a

clear shift in the elution profile of the major HDL protein
apoA-I. Second, progranulin was unable to reorganize DMPC
in phospholipid clearance assays, suggesting that it does not
interact with phospholipids in vitro (Fig. 4). Third, we could not
detect progranulin in mouse or human HDL isolated by ultra-
centrifugation (Fig. 5). Rather, progranulin is found in the lipo-
protein-free fraction.

FIGURE 5. Circulating progranulin is not a component of murine or human lipoproteins isolated by ultracentrifugation. Western blots of plasma and
lipoprotein fractions isolated from mouse (A) and human (B) plasma are shown. These results are from representative experiments that were performed three
times (A) and two times (B) with similar results. IDL, intermediate density lipoproteins.

FIGURE 6. Progranulin and apoA-I do not physically interact. A, progranulin and apoA-I do not physically interact in co-immunoprecipitation (IP) assays.
Conditioned medium from transfected HEK293T cells was subjected to immunoprecipitation with anti-FLAG magnetic beads. The asterisk indicates a cross-
reactive band. These results are from a representative experiment that was performed six times with similar results. B, gel-filtration elution profile of progranu-
lin is not affected by loss of apoA-I. Dot blots of gel-filtration fractions 1– 47 and plasma (blue box) from wild-type (left) and Apoa1�/� (right) mice are shown. The
fractions corresponding to HDL are indicated by the red box. Similar results were obtained in two independent experiments.
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Progranulin was also reported to interact with apoA-I in co-
immunoprecipitation assays (17). In our studieswewere unable
to detect any physical interaction between progranulin and
apoA-I. In co-immunoprecipitation assays, immunoprecipita-
tion of apoA-I-FLAG did not pull down progranulin-Myc (Fig.
6A). Moreover, the gel-filtration elution profile of progranulin
was not different betweenwild-type andApoa1�/�plasma (Fig.
6B), indicating that themolecularmass ofmouse progranulin in
plasma is not influenced by loss of apoA-I.
It is unclear why our results contrast those of a previous

report claiming progranulin is a component of HDL and binds
to apoA-I (17). Consistent with our findings, proteomic studies
have failed to detect progranulin in human HDL isolated by
ultracentrifugation (34) and by gel-filtration followed by a
phospholipid binding resin (31).
In summary, our data provide insights into the biochemical

properties of secreted progranulin. Such insights provide a
foundation for further elucidating the biochemistry, receptor
interactions and signaling, and proteolytic cleavage of pro-
granulin. For example, do truncated forms of progranulin act as
dominant negatives? How does dimerization relate to cleavage
of progranulin by proteases? Identification of a dimerization
domain and/or dimerization-defective mutants will allow for
studies on the effects of dimerization on progranulin activity.
Future studies on secreted progranulin should be directed
toward understanding it in the context of a circulating dimer
rather than in the context of binding lipoproteins.
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