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Mannose Receptor-Mediated
Regulation of Serum
Glycoprotein Homeostasis
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Carbohydrates are thought to function as tags that mark circulatory glyco-
proteins for rapid clearance. To examine the role of the mannose receptor (MR)
in glycoprotein clearance, we generated mice genetically deficient in MR.
MR/~ mice were defective in clearing proteins bearing accessible mannose and
N-acetylglucosamine residues and had elevated levels of eight different lyso-
somal hydrolases. Proteomic analysis of MR ™/~ and control mouse sera showed
that an additional 4 out of 52 proteins identified were elevated in MR™/~ serum.
Each of these is up-regulated during inflammation and wound healing. Thus, MR
appears to operate as an essential regulator of serum glycoprotein homeostasis.

The idea that membrane lectins remove senes-
cent circulating glycoproteins was first pro-
posed by Ashwell and Morell (7). In support of
this hypothesis, they showed that removing the
sialic acid caps on complex N-glycans, and
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thereby exposing the penultimate galactose res-
idues, altered the serum survival of glycopro-
teins, and this was attributed to the asialogly-
coprotein  receptor (ASGPR). However,
ASGPR-deficient mice do not accumulate en-
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dogenous serum proteins with terminal galac-
tose residues (2), suggesting other mechanisms
of asialoglycoprotein clearance. To date, essen-
tial clearance receptors for glycoproteins have
not been identified.

The mannose receptor (MR) is an endocytic
receptor for glycans expressed in a number of
tissues, including the hepatic sinusoidal endo-
thelium. It is composed of 10 extracellular do-
mains: an NH,-terminal cysteine-rich (CR) do-
main, a fibronectin type II repeat domain, and
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Fig. 1. Clearance of BSA (A), Gal-BSA (B) Man-pap-BSA (C) GGnM-BSA (D), Man-BSA (E),
GIcNAc-BSA (F), S4GGnM-BSA (G), pLH (H), Fuc-BSA (1), and PICP (J). Fifty micrograms of
125|_labeled protein, with specific activity of 2 X 10* cpm/j.g, was injected into the tail vein. At
the indicated times, blood was collected from the retro-orbital plexus and radioactivity was
measured. The zero time point cpm value was generated by regression analysis of the first three
time points. Each time point value is represented as a percentage of the zero time point
radioactivity. The figure shows a representative result from three or more independent experi-

ments. WT, wild type; KO, knockout.
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eight tandem carbohydrate recognition domains
(CRDs). The CRDs bind terminal mannose
(Man), fucose (Fuc), and N-acetylglucosamine
(GIcNAc) residues (3), and the CR domain
binds sulfated sugar moieties, including termi-
nal sulfated N-acetylgalactosamine (SO,-
GalNAc), chondroitin sulfates A and B, and
sulfated Lewis® and Lewis* groups (4, 5). A
panoply of functions has been attributed to this
receptor, including pathogen pattern recogni-
tion with a role in mediating innate immunity
(6), attachment of sperm to oocyte (7), endo-
cytosis for antigen presentation (6), and clear-
ance of glycoproteins (3, 8).

To determine whether the MR is a nonre-
dundant receptor for glycoprotein clearance, we
examined the ability of wild-type and MR/~
mice (9) to clear '?*I-labeled neoglycoproteins,
including candidate MR ligands [Man—bovine
serum albumin (BSA), GlcNAc-BSA, Fuc-
BSA, and S4GGnM-BSA] and controls [BSA,
galactose-BSA (gal-BSA), gal-GlcNAc-Man-
BSA (GGnM-BSA), and Man-para-amino-phe-
nyl-BSA) (Man-pap-BSA)] (10, 11). BSA, Gal-
BSA, Man-pap-BSA, and GGnM-BSA control
clearance was indistinguishable between wild-
type and MR ™'~ mice (Fig. 1, A to D, and Ta-
ble 1). In contrast, removal of Man-BSA and
GIcNAc-BSA from serum was markedly de-
layed in MR™'~ mice (Fig. 1, E and F). In
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wild-type mice, clearance of Man-BSA and
GIcNAc-BSA was associated with rapid accu-
mulation of radioactivity in the liver and spleen
(9). No such differential hepatic and splenic
accumulation was found in MR ™~ mice, in-
dicating that the MR is the only mannose- and
GlcNAc-specific clearance mechanism (9).
Clearance of S4GGnM-BSA, a ligand for the
CR domain of MR (4, 5), was also delayed in
MR/~ mice (Fig. 1G) but to a lesser extent
than either Man-BSA and GIcNAc-BSA (Ta-
ble 1). In addition, there was differential he-
patic accumulation of S4GGnM-BSA in MR~
mice, indicating the existence of a second
specific receptor in liver (9). This sulfated
carbohydrate recognition has been implicated
in the regulation of serum luteinizing hor-
mone (LH) levels (4, 12); however, there was
little difference in half-life of porcine LH
between MR ™'~ mice and controls (Fig. 1H)
(9). Finally, we found only small differences
in the clearance of the Fuc-BSA, consistent
with reports of a second fucose receptor in
liver (13) (Fig. 1I). In conclusion, the MR is
essential for normal clearance of mannose,
S4GGnM, and GlcNAc, but not fucose.
Among native glycoproteins, MR has been
proposed as a clearance receptor for B-glucu-
ronidase, one of several lysosomal enzymes
bearing high-mannose glycans (8). In agree-
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Fig. 2. Measurement of serum lysosomal enzyme levels. (A to 1) Serum or tissue lysate samples were
incubated with 4-methylumbelliferyl (4-MU) enzyme substrates (27). Solid bars, wild-type mice; open
bars, MR/~ mice. Relative fluorescence was calculated by dividing the mean values from four mice per
group by the blank controls (substrates only) and adjusting for total protein amount (.g) or serum
volume (pl). Error bars indicate +1 SD. HR, heart; LG, lung; LV, liver; SP, spleen; KD, kidney; SR, serum.
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ment with this idea, we found that the circulat-
ing levels of B-glucuronidase were about four-
fold higher in MR ™'~ mice than in wild-type
controls (Fig. 2A). In contrast, there was no
significant difference in tissue enzyme levels,
suggesting that intracellular stores of the en-
zyme were normal (Fig. 2A). Similar results
were obtained with seven of eight other lyso-
somal hydrolases tested (Fig. 2, B to I). Our
experiments show that the MR is essential for
regulating the steady-state serum levels of most
lysosomal hydrolases.

In search of other circulatory proteins regu-
lated by the MR, we carried out proteomic
analysis of sera from wild-type and MR/~
mice. More than 350 spots were visualized by
two-dimensional immobilized pH gradient
(IPG)/SDS—polyacrylamide gel electrophoresis
(PAGE), and identification by mass spectrome-
try or MS-MS sequencing was attempted on
each spot (/4). Fifty-two unique proteins were
identified, and three (spots 1, 2, and 3) of those
were consistently elevated and none were con-
sistently decreased in the MR~ mice (Fig.
3A). An additional species (spot 4) was elevated
in all MR/~ samples but could not be identi-
fied. The three identified proteins are the
COOH-terminal propeptide domains of the pro-
alpha 1 and 2 chains of type 1 procollagen and
the pro-alpha 1 chain of type III procollagen.
Circulatory levels of these by-products of colla-
gen synthesis are elevated during wound healing
(15), and these peptides are modified with high-
mannose glycans (16).

To determine whether these proteins indeed
contain accessible mannose residues, we per-
formed lectin blotting with concanavalin A
(Con A). The spots that correspond to procolla-
gen al(I) and collagen o2(I) COOH-terminal
peptides were bound by Con A and elevated in
MR ™'~ mice, thus confirming the results of
SyproRuby staining (Fig. 3B). Three additional
Con A—positive spots were observed to be pres-
ent only on MR/~ blots. These were identified
as different glycoforms of fetuin-B (Fig. 3B,
spot 5). Fetuin-B is a recently discovered mem-
ber of the cystatin superfamily (/7), whose ex-
pression level changes during inflammation (18).

Table 1. Half-life of glycoproteins in serum. Half-
life values were calculated from the clearance
curves of three or more mice per group and then
averaged. SD (*1) values are also indicated.

Protein wild type Knogkout

(min) (min)

BSA >60 >60
Man-BSA 6.4*+08 39+24
GlcNAc-BSA 48+ 0.5 40+ 10
Fuc-BSA 40+ 04 8.0*0.7
GGnM-BSA 49+09 12+17
GGnM-BSA 40+ 1.1 34*06
Gal-BSA 3.1*05 40+ 04
pLH 41*07 6.1+ 1.1
PICP 74+18 15+ 36
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To confirm that the elevated procollagen
peptide levels in the serum of MR ™/~ mice is
due to altered clearance, we measured the
clearance of !2I-labeled propeptide of hu-
man type 1 procollagen (PICP) (/9). We
found that the half-life of PICP increased
from 7.4 min in wild-type mice to 15 min in
MR ™/~ mice (P = 0.03; Fig. 1J and Table 1).
We conclude that the accumulation of procol-
lagen peptides in serum of MR ™/~ mice is
due to delayed clearance.

Because the MR-regulated serum proteins
identified are normally elevated in inflammation
and wound healing (/5, 18), we examined
whether MR ™~ mice show an increase in se-
rum levels of these proteins during inflamma-
tion. After stimulation with intraperitoneal in-
jection of thioglycollate, we found a dispropor-
tionate increase in serum f3-glucuronidase levels
in MR~ mice: 1.53 units per pl in MR™~
mice, compared with 0.55 units per pl in wild
type (9). However, there were no differences in
the numbers or types of inflammatory cells in
the peritoneal cavity, tissue levels of (3-glucu-
ronidase, or serum amyloid protein A (an acute
phase reactant). Thus, the MR is required for
rapid clearance of a subset of mannose bearing
serum glycoproteins that are normally elevated

A
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during inflammation, but it does not appear to
regulate the initiation of inflammation.

Our results provide in vivo evidence of
lectin regulation of serum glycoprotein lev-
els. The MR appears to remove serum gly-
coproteins for degradation and subsequent
excretion because neither liver nor spleen
retains the initially accumulated radioactiv-
ity. This is consistent with the idea that MR
ligands are delivered to lysosomes for deg-
radation and the finding of catabolites in
the peripheral tissues in the form of a single
amino acids and free iodine (20). We con-
clude that MR provides an efficient and
essential clearance and degradation mech-
anism for its serum glycoprotein ligands.

The glycoproteins whose steady-state levels
are elevated in the sera of MR™/~ mice are
all known inflammatory proteins. Inducers
of inflammation, such as lipopolysaccha-
ride; phorbol esters (21), and interferon-y
(22), down-regulate the expression of the
MR, whereas dexamethasone, an immuno-
supressor, up-regulates MR expression (23).
Thus, MR expression is repressed in the
early stages of inflammation and increased

"in the resolution phase, which is consistent

with a role for this receptor in clearing

Fig. 3. Proteomic analysis of total serum proteins. (A) Two-dimensional PAGE of serum proteins
(28). For spot quantification, gels were stained with SYPRO Ruby and scanned on a laser
fluorescence scanner. Left, wild type; right, MR™/~. (B) Detection of accessible mannose residues
on serum proteins (29). Two-dimensional blots were incubated with Con A-HRP in binding buffer,
plus 10 mM a-methyl-glucopyranoside to diminish Con A binding to glycoproteins with complex-
type N-glycans. Blots were treated with chemiluminescent HRP substrate before exposure on film.
Left, wild type; right, MR/~ pl, isoelectric point; MW, molecular weight.

inflammatory agents. Our findings suggest
that high-mannose and other MR-binding
glycans convey the transient resident status
of inflammatory proteins in circulation and
that the mannose receptor recognizes this
glycan signal. On the basis of the 52 pro-
teins identified in our proteomic analysis,
out of which 4 were MR-regulated, we ex-
pect that clearance of a fraction of serum
proteins is dependent on this receptor. The
finding that the MR plays an essential role
in clearance of serum glycoproteins offers
an opportunity to manipulate this glycobio-
logical code and thereby specifically regu-
late serum levels of important bioactive pro-
teins in health and disease.
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Coordination of PIC Assembly
and Chromatin Remodeling
During Differentiation-Induced
Gene Activation

Evi Soutoglou and lannis Talianidis*

We analyzed the ordered recruitment of factors to the human o, antitrypsin
promoter around the initial activation of the gene during enterocyte differ-
entiation. We found that a complete preinitiation complex, including phos-
phorylated RNA pol Il, was assembled at the promoter long before transcrip-
tional activation. The histone acetyltransferases CBP and P/CAF were recruited
subsequently, but local histone hyperacetylation was delayed. After transient
recruitment of the human Brahma homolog hBrm, remodeling of the neigh-
boring nucleosome coincided with transcription initiation. The results suggest
that, at this promoter, chromatin reconfiguration is a defining step of the
initiation process, acting after the assembly of the Pol Il machinery.

Because packaging of DNA into chromatin
causes a general repression of gene activity,
reconfiguration of chromatin has been postu-
lated to be mandatory for preinitiation com-
plex (PIC) formation and transcriptional ini-
tiation (/-3). This is achieved by the adeno-
sine triphosphate (ATP)-driven remodeling
complexes, which act by altering nucleosome
conformation, and by histone acetyltrans-
ferases (HATs), which covalently modify nu-
cleosomal core histones (4-6). The current
view suggests that these two types of proteins
are first recruited by sequence-specific tran-
scription factors to establish a local chroma-
tin structure that is permissive for the subse-
quent assembly of an active PIC, including
RNA pol II at the promoters (I, 2). The in
vivo sequence of nucleosome acetylation and
remodeling events relative to transcriptional
activation has been studied in two types of
promoters. In the cell cycle-regulated yeast
HO promoter, the SwiSp activator recruits the
SWI/SNF remodeling complex, which then
recruits the SAGA HAT complex. These two
factors then facilitate the binding of a second
activator (SBF) and the recruitment of the
SRB/mediator complex, and these are fol-
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lowed by the Cdkl activation-dependent as-
sociation of RNA pol II with the promoter
and transcription initiation (7—9). In the case
of the virus-induced nucleosome-free inter-
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feron-B promoter, transient H4 hyperacetyla-
tion is required for remodeling of the neigh-
boring nucleosome, which is essential for the
general transcription factor TFIID recruit-
ment and transcription initiation (/0).

Because most active eukaryotic promoters
are not nucleosome-free but are organized in
precisely positioned nucleosomal arrays, we
decided to study the relation between chro-
matin reconfiguration and PIC formation on
the differentiation-induced «,-antitrypsin
(a;1-AT) gene. Our studies were conducted
on CaCo-2 cells, which, upon reaching con-
fluence, spontaneously differentiate from
cryptlike to villuslike enterocytes and express
several marker genes, including o;-AT (11,
12). Transcriptional activation of the a;-AT
gene requires the synergistic action of hepa-
tocyte nuclear factors HNF-1oo and HNF-4a
(13, 14).

The earliest time point when o,-AT
mRNA can be detected by reverse transcrip-
tion-polymerase chain reaction (RT-PCR),
nuclear run-on, or S-1 nuclease protection
assays is at day 5.5 of the CaCo-2 cell-
differentiation program (Fig. 1A). The ab-
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Fig. 1. Activation of the a,-AT gene during enterocyte differentiation. (A) CaCo-2 cells were
grown as described (76), and total RNA was prepared at the indicated days after the cells
reached confluence (at day 0). Semiquantitative RT-PCR was performed with primers (76)
spanning the a,-AT or the acidic ribosomal phosphoprotein (ARP-PO) coding region. S-1
nuclease protection analysis with an antisense oligonucleotide corresponding to the +4 to
+35 nt region of the «,-AT gene and nuclear run-on assays with o,-AT cDNA, bluescript
vector, and beta-actin controls were performed essentially as in (26). (B) At the indicated time
points, soluble chromatin from formaldehyde-cross linked CaCo-2 cells was prepared and
immunoprecipitated with antibodies to acetyl-H3 or acetyl-H4 (Upstate Biotechnology), and
the amounts of «,-AT promoter—containing DNA in the immunoprecipitates were estimated
by radioactive PCR (76). Aliquots (1/200) of total chromatin DNA before immunoprecipitation

were processed similarly (INPUT).
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