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�4 Galactosylation of glycoproteins plays important
roles in protein conformation, stability, transport, and
clearance from the circulation. Recent studies have re-
vealed that aberrant glycosylation causes various hu-
man diseases. Here we report that mice lacking �-1,4-
galactosyltransferase (�4GalT)-I, which transfers
galactose to the terminal N-acetylglucosamine of N- and
O-linked glycans in a �-1,4 linkage, spontaneously de-
veloped human immunoglobulin A nephropathy
(IgAN)-like glomerular lesions with IgA deposition and
expanded mesangial matrix. �4GalT-I-deficient mice
also showed high serum IgA levels with increased poly-
meric forms as in human IgAN. IgAN is the most com-
mon form of glomerulonephritis, and a significant pro-
portion of patients progress to renal failure. However,
pathological molecular mechanisms of IgAN are poorly
understood. In humans, abnormal character of serum
IgA, especially serum IgA1 with aberrant galactosylation
and sialylation of O-glycans in its hinge region is
thought to contribute to the pathogenesis of IgAN.
Mouse IgA has N-glycans but not O-glycans, and �4-
galactosylation and sialylation of the N-glycans on the
serum IgA from �4GalT-I-deficient mice was completely
absent. This is the first report demonstrating that ge-
netic remodeling of protein glycosylation causes IgAN.

We propose that carbohydrates of serum IgA are in-
volved in the development of IgAN, whether the carbo-
hydrates are O-glycans or N-glycans. (Am J Pathol 2007,

170:447–456; DOI: 10.2353/ajpath.2007.060559)

The glycosylation of glycoproteins is important for their
biological activities, conformation, stability, transport,
and clearance from the circulation, and cell-surface gly-
cans participate in cell-cell and cell-matrix interactions.
Recent studies also indicate that aberrant glycosylation
causes various human disorders, such as metastasis of
tumor cells, muscular dystrophy, and dyserythropoietic
anemia.1–3 Carbohydrates are also involved in infectious
diseases including influenza virus,4 Helicobacter pylori,5

and trypanosomes.6 The congenital disorders of glyco-
sylation (CDG) are inherited multisystemic disorders
characterized by the defective glycosylation of glycopro-
teins attributable to mutations in genes required for the
biosynthesis of N-glycans.7

�-1,4-Galactosyltransferases (�4GalTs) transfer galac-
tose (Gal) from UDP-Gal to terminal N-acethylglu-
cosamine (GlcNAc) of N- and O-glycans in a �-1,4 link-
age to synthesize the Gal�1-4GlcNAc structure.8 The
�4GalT-I gene was initially identified from bovine, human,
and murine9–11 among glycosyltransferases. So far,
seven �4GalT genes (�4GalT-I to �4GalT-VII) have been
isolated,8 and their individual roles are being investi-
gated. �4GalT-I is expressed ubiquitously and strongly in
almost all tissues except neural tissues, suggesting that
�4GalT-I is involved in �4 galactosylation of many glyco-
proteins. �4 galactosylation of glycoproteins is widely
distributed in mammalian tissues and is involved in vari-
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ous physiological functions through interactions with se-
lectins, galectins, asialoglycoprotein receptor, and so on.
Previously, to elucidate the role of �4 galactosylation in
vivo, we and another group generated mice lacking
�4GalT-I.12,13 Serum glycoproteins are primarily deficient
in �4 galactosylation, whereas neural glycoproteins are
not affected in �4GalT-I�/� mice.12,13 The �4GalT-I�/�

mice show semilethality before weaning because of
growth retardation12 as well as reduced inflammatory
responses14 and delayed skin wound healing15 attribut-
able to impaired leukocyte infiltration caused by the re-
duced biosynthesis of selectin ligands. In addition, it is
suggested that �4 galactosylation is important in anterior
pituitary hormone function.13

Immunoglobulin A nephropathy (IgAN) is the most
common glomerulonephritis worldwide, and a signifi-
cant proportion (20 to 30%) of patients progress to
renal failure 10 to 20 years after the onset of the dis-
ease.16,17 Histologically, IgAN is characterized by glo-
merular mesangial expansion and IgA1 deposition, of-
ten with C3 and sometimes with IgG and IgM
deposition.18 Clinically, hematuria and proteinuria are
typically observed, and high serum IgA levels are often
detected in patients with the disease.19 Pathological
roles for the abnormal serum IgA, including an in-
crease in circulating polymeric IgA, the formation of
immune complexes containing IgA, and the abnormal
galactosylation and sialylation of O-glycans of IgA,
have been proposed. However, the pathological mo-
lecular mechanisms remain to be fully elucidated.

Here, we investigated the disorder of the �4GalT-I�/�

mice in more detail. After weaning, the surviving �4GalT-
I�/� mice developed similarly to �4GalT-I�/� mice, but
they began to die sporadically from 10 weeks of age.
Necropsy revealed that the kidney was small and pale.
Histological examination of the kidney showed that
�4GalT-I�/� mice developed IgAN-like disease consis-
tent with the pathological diagnosis of human IgAN, in-
cluding IgA deposition, expanded mesangial matrix, and
electron-dense deposits in the paramesangial regions.
Furthermore, the �4GalT-I�/� mice showed high serum
IgA levels with increased polymeric forms. As expected,
�4 galactosylation on the N-glycans of the serum IgA of
the �4GalT-I�/� mice was completely absent. This is the
first report demonstrating that genetic remodeling of pro-
tein glycosylation causes IgAN. Aberrant O-glycosylation
on human IgA1 has been suggested to be involved in the
pathogenesis of human IgAN.20–24 Although N-glycans,
but not O-glycans, are attached to mouse IgA, patholog-
ical roles of aberrant galactosylation on IgA in the devel-
opment of IgAN in humans and mice are discussed.

Materials and Methods

Mice

�4GalT-I�/� mice on a mixed 129/Sv and C57BL/6 back-
ground were used for the experiments, with sex-matched
�4GalT-I�/� littermates as controls.12,14,15 The mice were
kept in an environmentally controlled clean room at the

Institute for Experimental Animals, Advanced Science
Research Center, Kanazawa University. Experiments
were conducted according to guidelines for the care and
use of laboratory animals in Kanazawa University and
safety guidelines for gene manipulation experiments.

Histological Analysis

Kidneys were fixed in 10% neutral buffered formalin,
dehydrated, and embedded in paraffin according to
standard procedures. Paraffin sections (4 to 6 �m thick)
were deparaffinized, rehydrated, and subjected to hema-
toxylin and eosin (H&E), periodic acid-Schiff (PAS), peri-
odic acid-methenamine-silver (PAM), and Masson’s
trichrome staining using standard methods. The degree
of glomerular lesions was classified into minor glomerular
abnormality, segmental lesion, and global lesion by in-
vestigating PAS-stained sections. The segmental lesion
includes segmental glomerular sclerosis, focal adhesion,
and small crescent formation, whereas the global lesion
includes global mesangial matrix expansion. Approxi-
mately 100 glomeruli per mouse from one to two �4GalT-
I�/� mice and two to three �4GalT-I�/� mice at each
stage of age were evaluated. The extent of glomerular
sclerosis was expressed as a percentage of the PAM-
positive area per whole glomerular area as described
previously.25 At each stage of age, �10 glomeruli per
mouse from one to two �4GalT-I�/� mice and two to three
�4GalT-I�/� mice were used for the measurement. Each
area was measured by computer-aided manipulation us-
ing Mac Scope version 6.02 (Mitani Shoji Co., Ltd., Fukui,
Japan).

For immunofluorescence microscopy, frozen kidney
sections (5 �m thick) were prepared. The slides were
washed and treated with SuperBlock blocking buffer
(Pierce Biotechnology, Inc., Rockford, IL). They were in-
cubated with goat anti-mouse IgA (Southern Biotechnol-
ogy Associates, Birmingham, AL), IgG, IgM, or C3 Fab
fragment (ICN/Cappel, Aurora, OH). They were then in-
cubated with fluorescein isothiocyanate-conjugated rab-
bit anti-goat IgG antibody (Sigma Aldrich, St. Louis, MO).
The degree of IgA and C3 deposition in glomeruli was
evaluated by arbitrary score (�, �/�, �, ��, ���)
using 50 to 100 glomeruli per mouse from two �4GalT-
I�/� mice and two �4GalT-I�/� mice at each stage of
age.

Electron Microscopy

Kidneys from �4GalT-I�/� mice were fixed with glutaral-
dehyde and osmium tetroxide, embedded in Epon 812
(Oken Shoji Co., Tokyo, Japan), sliced into 0.1-�m sec-
tions, double-stained with uranyl acetate and lead citrate,
and examined under the electron microscope (Hitachi
H-600; Hitachi Co., Tokyo, Japan).26

Urinalysis

Urine samples were collected and tested for hematuria
using Uropaper II (Eiken Chemical Co., Ltd., Tokyo, Ja-

448 Nishie et al
AJP February 2007, Vol. 170, No. 2



pan). Urinary albumin levels were determined by a dou-
ble-sandwich enzyme-linked immunosorbent assay
(ELISA) using affinity-purified goat anti-mouse albumin
antibody and horseradish peroxidase (HRP)-conjugated
goat anti-mouse albumin antibody (Bethyl Laboratories,
Montgomery, TX). HRP activity was detected by 2,2�-
azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS)
substrate and measured using microplate reader model
550 (Bio-Rad, Hercules, CA).

Measurement of Immunoglobulin Levels

IgG, IgM, and IgA levels were measured according to the
published protocol for sandwich ELISA27 with some mod-
ifications. Briefly, affinity-purified goat anti-mouse Ig (G �
M � A) antibody (ICN/Cappel) for IgG and IgM titrations
or affinity-purified goat anti-mouse IgA antibody for IgA
titration was added to 96-well plates. The plates were
blocked with Block Ace (Yukijirushi, Sapporo, Japan) to
prevent nonspecific binding, and then serially diluted
serum samples or fecal extracts were added. Fecal sam-
ples were collected and dissolved at a concentration of
100 mg/ml in phosphate-buffered saline containing com-
plete protease inhibitors and NaN3. Then, fecal extracts
were prepared after vigorous vortex and centrifugation of
the samples. After the plates were incubated, immuno-
globulins were detected with HRP-conjugated goat anti-
mouse IgG, IgM, or IgA antibody (ICN/Cappel) and
ABTS.

Detection of Autoantibody Against Double-
Stranded (ds) DNA

Ninety-six-well plates were coated with 50 mg/ml poly-L-
lysine and washed. The plates were applied with 5.0
mg/ml of dsDNA in Tris-buffered saline and then masked
with 50 mg/ml of poly-L-glutamic acid. Serial dilutions of
serum were added to the plates, followed by a HRP-
conjugated goat anti-mouse IgG or IgA.

Gel Filtration Assay

Gel filtration of the serum proteins was performed with the
SMART system (Amersham Pharmacia Biotech, Piscat-
away, NJ) using a Superdex 200 PC 3.2/30 column and
buffer/eluent (0.05 mol/L phosphate buffer containing
0.15 mol/L NaCl, pH 7.0) with a flow rate of 40 �l/minute.
Fractions of 30 �l were collected after 0.5 ml of eluent.
The IgA concentration of each fraction was determined
by ELISA.

Western Blot Analysis

Proteins in the IgA-containing fractions obtained by the
gel filtration, above, were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis according to
the method of Laemmli.28 Samples from each fraction
were mixed with an equal volume of 0.125 mol/L Tris-HCl
(pH 6.8), 4% sodium dodecyl sulfate, 10% sucrose, and

0.004% bromphenol blue. These mixtures were boiled for
3 minutes in the presence of 2-mercaptoethanol for re-
ducing conditions or incubated for 30 minutes at room
temperature in the absence of 2-mercaptoethanol for
nonreducing conditions. After electrophoresis, the pro-
teins on the gel were transferred to a polyvinylidene
difluoride membrane (Millipore Corp., Bedford, MA) by
electroblotting. The membrane was incubated with Block
Ace and then with goat anti-mouse IgA antibody. After
incubation, the membrane was treated with biotin-conju-
gated rabbit anti-goat IgG antibody (Vector Laboratories,
Burlingame, CA) and then with avidin-HRP (Amersham
Pharmacia Biotech). Finally, the membrane was soaked
in ECL reagent (Amersham Pharmacia Biotech) and ex-
posed to X-ray film or lumino imaging analyzer FAS-1100
(Toyobo Corp., Osaka, Japan).

Matrix-Assisted Laser-Desorption Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF
MS) Analysis

N-glycans from IgA were prepared as described.29 Siali-
dase digestion of N-glycans was performed with Ar-
throbacter ureafanciencs sialidase (Marukin Bio Co., Ltd.,
Kyoto, Japan). Mass measurements were performed us-
ing a Reflex IV TOF-MS equipped with a pulsed ion
extraction system (Bruker-Altonik GmbH, Bremen, Ger-
many). Ions were generated by a pulsed 337-nm nitrogen
laser and were accelerated to 20 kV. All of the spectra
were obtained using a reflectron mode with delayed ex-
traction of 200 ns and were the result of signal averaging
of 200 laser shots. For sample preparation, 0.5 ml of an
analyte solution was deposited on the target plate and
allowed to dry. Then, 0.5 ml of 2,5-DHB (Bruker-Daltonik,
Bremen, Germany) solution (10 mg/ml in 20% ethanol)
was used to cover the matrix on the target plate and
allowed to dry.

Statistics

The results are expressed as means � SD. Statistical
evaluation was performed by means of Student’s t-test or
Welch’s t-test after Levene’s test for equality of variance
between �4GalT-I-deficient and control mice. A two-
sided level of P � 0.05 was accepted as statistically
significant.

Results

Impaired Renal Function in �4GalT-I�/� Mice

Urinary parameters such as albuminuria and hematuria
were examined in the �4GalT-I�/� mice. The urinary al-
bumin concentration was markedly higher in the �4GalT-
I�/� mice than in �4GalT-I�/� mice (Figure 1A). Hema-
turia was also detected in some of the �4GalT-I�/� mice,
and the ratio of hematuria increased with age, whereas
no hematuria was observed in the �4GalT-I�/� mice at
any age examined (Figure 1B).
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Mesangial Matrix Expansion and Mesangial
Deposition in �4GalT-I�/� Mice

We examined the kidneys of �4GalT-I�/� mice histolog-
ically. Many glomeruli were affected with marked expan-
sion of the mesangial matrix in �4GalT-I�/� mice (Figure
2B). Representative injured glomeruli are shown (Figure
2, F–H). Acellular eosinophilic lesions are seen near the
vascular pole of the glomerulus, indicating expansion of
the mesangial matrix (Figure 2F). The capillary lumens
were collapsed, and there was marked expansion of the
mesangial matrix. The expanded mesangial matrix was
positively stained by PAS reagent (Figure 2G). With Mas-
son’s trichrome, brilliant reddish staining was detected in
the mesangial area (Figure 2H), suggesting the deposi-
tion of immune complexes in the mesangial area. No
remarkable differences from wild-type mice were de-
tected in the �4GalT-I�/� mice by any of the histochem-
ical methods used (Figure 2, A, C–E). The degree of
glomerular lesion was classified into minor glomerular
abnormality, segmental lesion and global lesion, and
evaluated at each age (Figure 2I). Approximately 75% of
glomeruli in �4GalT-I�/� mice were already affected at
younger age (8 to 13 weeks), and the ratio of glomeruli
with global lesion increased with age. The ratio of seg-
mental lesion in �4GalT-I�/� mice slightly increased with
age, but �75% of glomeruli displayed minor glomerular

abnormality at older age (47 to 48 weeks), when almost
all glomeruli were affected in �4GalT-I�/� mice.

We further quantified the extent of glomerular sclerosis
in �4GalT-I�/� mice to examine the disease progression
with age. The extent of glomerular sclerosis expressed as
a percentage of the PAM-positive area per whole glomer-
ular area in �4GalT-I�/� mice was approximately twofold
higher at younger age (8 to 20 weeks; Figure 3, C and E)
and approximately threefold higher at older age (24 to 48
weeks; Figure 3, D and E) than those in �4GalT-I�/� mice
(Figure 3, A, B, and E), whereas that in �4GalT-I�/� mice
did not change with age. Glomerulomegaly was also
observed in �4GalT-I�/� mice, suggesting the possible
presence of hyperfiltration of the glomeruli (Figure 3, C
and D).

Predominant Mesangial IgA, as Well as IgG,
IgM, and C3 Deposits in �4GalT-I�/� Mice

To examine the content of the mesangial deposits in the
glomeruli of �4GalT-I�/� mice, we performed immunoflu-
orescence microscopy using anti-IgA, anti-C3, anti-IgM,
and anti-IgG antibodies. IgA deposition was detected in
most glomeruli of �4GalT-I�/� mice, whereas only faint
signals were detected in �4GalT-I�/� mice (Figure 4,
A–C, G). IgA was brilliantly stained in the mesangial area
of the glomeruli, whereas IgG was occasionally detected
in the area (Figure 4, G and J). The C3 deposition was
more diffuse than the IgG staining, but the signal was
weaker than that of IgA or IgM (Figure 4, G–J). All of the
immune components were only barely detectable in the
�4GalT�/� mice (Figure 4, C–F). The degree of glomer-
ular IgA and C3 deposition with age is shown in Table 1.
Strong signals (�� and ���) of IgA and C3 were de-
tected in approximately half of glomeruli in �4GalT-I�/�

mice, whereas no signal (�) or weak signals (�/� and �)
were detected in almost all glomeruli in �4GalT-I�/�

mice. To examine the precise localization of the immune
complexes, we observed the glomeruli of the �4GalT-I�/�

mice by electron microscopy. Electron-dense deposits
were specifically detected in the paramesangial areas
(Figure 4K). No remarkable changes were detected in
other parts of the glomeruli, such as the capillary base-
ment membrane and endothelial cells. Taken together,
these histological and immunohistochemical results show
that the �4GalT-I�/� mice developed human IgAN-like
glomerular lesions.

High Serum IgA Levels in �4GalT-I�/� Mice

Because high serum IgA levels are often observed in
human IgAN,30 the concentrations of serum immunoglob-
ulin classes in the �4GalT-I�/� and �4GalT-I�/� mice
were measured. Serum IgA levels in the �4GalT-I�/�

mice increased with age and were markedly higher than
those in �4GalT-I�/� mice at any age examined (Figure
5A). In contrast, there was no significant difference be-
tween the serum IgG levels of the two groups at any age
(Figure 5B). Serum IgM levels of the �4GalT-I�/� mice at
12 to 13 weeks were approximately twofold higher than

Figure 1. Urinary parameters in �4GalT-I�/� mice. Increase of urinary al-
bumin levels and hematuria with age in �4GalT-I�/� mice. A: Urinary
albumin levels in �4GalT-I�/� (gray bars) and �4GalT-I�/� mice (black
bars) at 10 to 14 (�/�, n � 19; �/�, n � 16) and 19 to 35 (�/�, n � 9;
�/�, n � 9) weeks of age. The results are expressed as means � SD. **P �
0.01, ***P � 0.001. B: Hematuria was tested using uropaper in �4GalT-I�/�

and �4GalT-I�/� mice at each week of age.
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those of the �4GalT-I�/� mice, whereas those of the
�4GalT-I�/� mice at 24 to 28 weeks were approximately
half those of the �4GalT-I�/� mice (Figure 5C). Further-
more, we measured serum IgG- and IgA-type autoanti-
bodies against dsDNA (Figure 5D). Serum IgG levels
against dsDNA were very low in both the �4GalT-I�/� and
�4GalT-I�/� mice (Figure 5D, left). Serum IgA levels
against dsDNA in the �4GalT-I�/� mice were slightly
higher than those in the �4GalT-I�/� mice but were still
very low, and the difference was not significant (Figure
5D, right).

Increased Ratio of Polymeric Serum IgA in
�4GalT-I�/� Mice

To examine the forms of the serum IgA, we fractionated
the serum proteins by gel filtration and measured the IgA
levels in each fraction. Serum from �4GalT-I�/� mice
gave one major (fraction 25) and one minor (fraction 20)
IgA peak (Figure 6A). In contrast, serum from �4GalT-
I�/� mice had two IgA peaks, at fractions 20 and 25 and

an additional minor peak around fraction 16 (Figure 6B).
To confirm the IgA levels of each fraction, we performed
Western blotting for fractions 16, 20, and 25 from each
genotype under reducing conditions using an antibody
against the mouse IgA heavy chain. IgA from the �4GalT-
I�/� mice was detected rarely or only at low levels in
fractions 16 and 20, respectively, whereas the IgA from
�4GalT-I�/� mice was readily detectable in these frac-
tions (Figure 6C). The Western blot analysis was also
performed under nonreducing conditions for fractions 16,
20, and 25. The IgA molecules in fraction 25 from each
genotype consisted of two bands, which were the mono-
meric (H2L2) and half molecule (HL) forms, as judged by
their molecular weights (Figure 6D). The IgA molecules
from the �4GalT-I�/� mice in fractions 20 and 16 were,
respectively, dimeric and higher order polymeric forms.
The polymer band in fraction 16 from �4GalT-I�/� mice
was faint (Figure 6D) compared with the IgA band of the
same sample in Figure 6C, probably because of the
inefficient transmission of high-molecular weight proteins
to the membrane. These dimeric and polymeric forms of

Figure 2. Expansion of the mesangial matrix
and deposition of immune complexes in the
mesangial area in �4GalT-I�/� mice. A and B:
Low-magnification views of PAS-stained renal
cortex. C and F: H&E staining. D and G: PAS
staining. E and H: Masson-trichrome staining. A,
C, D, and E: �4GalT-I�/� mice at 16 months of
age. B, F, G, and H: �4GalT-I�/� mice at 16
months of age. Acellular eosinophilic lesions are
shown by an arrowhead in F. I: The degrees of
glomerular lesion are shown at indicated ages.
The segmental lesion includes segmental glo-
merular sclerosis, focal adhesion, and small cres-
cent formation, whereas the global lesion in-
cludes global mesangial matrix expansion.
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IgA were, respectively, slightly and rarely detectable in
�4GalT-I�/� mice (Figure 6D). These results indicate that
dimeric and polymeric serum IgAs were unusually abun-
dant in the �4GalT-I�/� mice.

Serum polymeric IgA in �4GalT-I�/� mice might origi-
nate from gut-associated lymphoid tissues, which pro-
duced intestinal dimeric and polymeric IgA. We mea-
sured IgA levels in fecal extracts from �4GalT-I�/� and
�4GalT-I�/� mice (Figure 5E) to examine whether trans-
epithelial transport of polymeric IgA into the gut lumen
was impaired. No significant difference was observed in
fecal IgA levels from each genotype.

Lack of the Sialyl Gal Structure on IgA from
�4GalT-I�/� Mice

To examine whether N-glycans attached to IgA in the
�4GalT-I�/� mice are Gal-deficient, we analyzed them
with MALDI-TOF MS. Based on the previous report31 that
N-glycans of IgA in wild-type mice are the sialylated bi-

and tri-antennary complex-type glycans, we interpreted
the observed signals in the mass spectra (Figure 7C).
Acidic glycans, such as the sialylated N-glycans, gener-
ally give poor MALDI mass spectra.32 Therefore, we ac-
quired the mass spectra of N-glycans before and after
sialidase digestion. The N-glycans released from IgA in
the �4GalT-I�/� mice were completely absent of Gal
(Figure 7B), whereas those from IgA in �4GalT-I�/� mice
were partially galactosylated and all galactosylated gly-
cans were further extended with sialic acid (Figure 7A).
These results indicated the N-glycans on IgA from the
�4GalT-I�/� were completely lacking in sialyl Gal
residues.

Discussion

We demonstrate here that the �4GalT-I�/� mice devel-
oped an IgAN-like disease consistent with the patholog-
ical diagnosis of human IgAN, including mesangial IgA
deposition, mesangial matrix expansion and electron-
dense deposits in the paramesangial regions. Glomerular
sclerosis was observed at 8 weeks of age and pro-
gressed with age. Furthermore, the �4GalT-I�/� mice
showed high serum IgA levels and an increased propor-
tion of polymeric IgA, which are also similar to the fea-
tures of human IgAN. However, hematuria was observed
in only some of the �4GalT-I�/� mice, which is not con-
sistent with human IgAN. The difference might be ex-
plained by reduced inflammatory responses attributable
to the impaired biosynthesis of selectin ligands in the
�4GalT-I�/� mice14,15 because hematuria is induced by
inflammation.33 In fact, there was no detectable infiltra-
tion of inflammatory cells into the renal glomerular and
interstitial regions of the �4GalT-I�/� mice (unpublished
data). Therefore, the �4GalT-I�/� mouse is a novel dis-
ease model that has most of the pathological and clinical
features of human IgAN except hematuria.

So far, several transgenic animal models for human
IgAN have been developed, including a mouse lacking
uteroglobin (UG), an anti-inflammatory protein,34 and a
transgenic mouse expressing the human Fc� receptor
(Fc�R) on macrophages/monocytes.35 Moreover, it was
recently reported that mice transgenic for Light, a ligand
for lymphotoxin � receptor, develop severe intestinal in-
flammation, leading to high serum polymeric IgA levels
attributable to overproduction of polymeric IgA in the
intestine and impaired intestinal transportation, and de-
velop IgAN.36 Unlike Light transgenic mice, however,
obvious intestinal inflammation was not observed, and
fecal IgA levels were normal in the �4GalT-I�/� mice
(unpublished data and Figure 5E).

In terms of the genetic remodeling of protein glycosyl-
ation, �-mannosidase II-deficient mice are reported to
develop an autoimmune disease similar to human lupus
nephritis.37 Because lupus nephritis is similar to IgAN in
some aspects and �-mannosidase II is involved in the
biosynthesis of N-glycans upstream of �4GalT-I, we mea-
sured autoantibodies against dsDNA. The serum IgG and
IgA titers against dsDNA in �4GalT-I�/� mice were com-

Figure 3. Age-dependent progression of glomerular sclerosis in �4GalT-I�/�

mice. A–D: PAM staining. �4GalT-I�/� mice at 19 weeks of age (A) and 29
weeks of age (B), and �4GalT-I�/� mice at 19 weeks of age (C) and 29
weeks of age (D). E: PAM-positive area in �4GalT-I�/� (gray circles) and
�4GalT-I�/� mice (black circles) at 8 to 13, 19 to 20, 24 to 25, 28 to 30, and
44 to 48 weeks of age. The results are expressed as means � SD. ***P �
0.001.
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parable with those of �4GalT-I�/� mice (Figure 5D). Thus,
the �4GalT-I�/� mice did not develop lupus nephritis.

Dimeric and polymeric serum IgA were unusually
abundant in the �4GalT-I�/� mice. It is unlikely that the
polymeric IgA was derived from gut-associated lymphoid
tissues that mainly produce polymeric IgA because
transepithelial transport of IgA into the gut lumen was
normal in the �4GalT-I�/� mice. Mutant human IgA1 mol-
ecule lacking the N-glycosylation sites tends to form
higher polymeric forms.38 Of interest, the Gal residues of
N-glycans are deficient on more than 50% of the secre-
tory polymeric IgA in human colostrum.39 Polymeric IgA
easily forms immune complexes because of its multivalent
properties, and then these macromolecular complexes are
trapped in the glomeruli when injected into mice.40 There-

fore, it is most likely that asialo-agalacto IgA tends to form
aggregates, and the increased polymeric IgA in the
�4GalT-I�/� mice may accumulate in the glomeruli.

Hyper serum IgA might also contribute to the develop-
ment of IgAN in the �4GalT-I�/� mice. We examined the
number of IgA-producing cells in lymphoid tissues in-
cluding spleens, mesenteric lymph nodes, Peyer’s
patches, lamina propria, and bone marrows as well as
blood clearance of each serum IgA in wild-type mice, but
no significant difference between �4GalT-I�/� and
�4GalT-I�/� mice was detected (unpublished data). The
cause of hyper serum IgA in the �4GalT-I�/� mice still
remains to be elucidated.

A hyper IgA (HIGA) mouse, a mouse model for human
IgAN with high serum IgA levels,41 also shows reduced

Figure 4. Predominant mesangial IgA, C3, IgM, and IgG deposits in �4GalT-I�/� mice. Immunofluorescence microscopic analysis of frozen kidney sections using
antibodies against IgA, C3, IgM, and IgG was performed. A and B: �4GalT-I�/� mice and �4GalT-I�/� littermates at 20 weeks of age, respectively. Arrowheads
indicate glomeruli. C–F: �4GalT-I�/� mice at 25 weeks of age; G–J: �4GalT-I�/� littermates. A, B, C, G: IgA; D, H: C3; E, I: IgM; and F, J: IgG. K: Deposition
of electron-dense materials in the paramesangial areas of the glomeruli. Kidney from �4GalT-I�/� mice at 37 weeks of age was collected, and electron microscopic
analysis was performed. Arrowhead, an electron-dense deposit; M, mesangial cells; N, endothelial cells; R, red blood cells. Scale bar � 10 �m.

Table 1. Degree of IgA and C3 Deposition with Age

Genotype

Degree of IgA and C3 deposition (%)

IgA C3

Age
(weeks) � �/�* � �� ��� � �/�* � �� ���

�/� 11 57 29 13 1 0 17 66 14 3 0
19 to 20 49 22 28 1 0 37 48 15 0 0
27 to 30 43 11 34 11 1 25 63 12 0 0

�/� 11 16 12 31 41 0 10 24 28 38 0
19 to 20 20 7 27 37 9 14 15 32 38 1
27 to 30 11 8 31 36 14 9 32 34 23 2

*�/� indicates quite weak, but not negligible signal.
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galactosylation of the N-glycans on serum IgA.42 It has
been recently reported that F1-bcl-2 transgenic mice
[New Zealand White (NZW) � C57BL/6], which develop
both IgAN-like and autoimmune lupus-like diseases,
show reduced levels of galactosylation and sialylation of
serum IgA.43 These results support our hypothesis that
aberrant N-glycosylation of IgA is involved in the patho-
genesis of IgAN. However, we cannot exclude the pos-
sibility that IgAN in �4GalT-I�/� mice was caused by
other mechanisms, because many glycoproteins were
impaired in �4 galactosylation. For example, aberrant
glycosylation of mesangial IgA receptors such as Fc�RI

(CD89), Fc�/� receptor and transferrin receptor44 might
cause abnormal IgA deposition in the glomeruli. Human
IgA1, a major subtype of serum IgA, has two N-glycosyl-
ation sites in its CH2 and C-terminal regions and several
O-glycosylation sites in its hinge region.45 Aberrant O-

Figure 5. Significant increase of serum IgA levels in �4GalT-I�/� mice. Serum IgA (A), IgG (B), and IgM (C) levels from �4GalT-I�/� (n � 6 or 7, gray circles)
and �4GalT-I�/� (n � 6 or 7, black circles) mice at each week of age. D: Serum IgG (left) and IgA (right) levels against dsDNA from �4GalT-I�/� (n � 5, gray
circles) and �4GalT-I�/� (n � 5, black circles) mice at 5 to 7 months of age. E: Fecal IgA levels in �4GalT-I�/� (n � 7, gray circles) and �4GalT-I�/� (n �
8, black circles) mice at 10 to 15 weeks of age. *P � 0.05, **P � 0.01.

Figure 6. Increased proportion of dimeric and polymeric IgA in sera of
�4GalT-I�/� mice was observed. A and B: Serum proteins from �4GalT-I�/�

(A) and �4GalT-I�/� (B) mice at 25 weeks of age were fractionated by gel
filtration and the IgA levels in each fraction were measured. Arrowheads
indicate 440 kd, and arrows indicate 150 kd. C: Fractions 16, 20, and 25 of
the A (�/�) and B (�/�) samples were separated by electrophoresis under
reducing conditions, and Western blot analysis was performed using anti-
mouse IgA �-chain antibody. D: Western blot analysis of the same samples
in C separated by electrophoresis under nonreducing conditions.

Figure 7. MALDI-TOF mass spectra of N-glycans released from IgA. All
spectra were acquired with positive mode. Top: Before sialidase digestion;
bottom, after sialidase digestion on each panel. A and B: N-glycans on IgA
from �4GalT-I�/� and �4GalT-I�/� mice, respectively. Peaks labeled with
Arabic numerals were interpreted on C according to previous reports.31 C:
Proposed structures and their theoretical m/z values for the observed signals.
Values in parentheses are the observed m/z values. All signals were detected
as [M�Na]� ions. Filled squares: GlcNAc; open circles: Mannose; filled
circles: Galactose; filled triangles: Fucose.
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glycosylation on human IgA1 has been suggested to be
involved in the pathogenesis of human IgAN, because
such abnormal IgA1 is detected in the sera of IgAN
patients.20–24 In addition, enzymatically deglycosylated
IgA1 forms self-aggregates, adheres to extracellular ma-
trix proteins, and accumulates in rat glomeruli.46,47 An-
other group reported that circulating immune complexes
in the sera of IgAN patients consist of IgA- and IgG-type
antibodies against exposed GalNAc residues in the O-
glycans on IgA1.48 Unlike human IgA1, however, mouse
IgA does not have O-glycosylation sites in its hinge re-
gion, but it does have two N-glycosylation sites in its CH1
and CH3 regions.49 Thus, we suppose that carbohy-
drates, whether they are O-glycans or N-glycans, of IgA
might be involved in the development of IgAN in both
humans and mice. Although many studies have focused
on the aberrant O-glycosylation of IgA in human IgAN,
there are several reports suggesting that the N-glycosyl-
ation on serum IgA from IgAN patients is also defec-
tive.50,51 This study, therefore, suggests that truncation of
not only the O-glycans but also the N-glycans of IgA
might participate in the development of IgAN in humans
and argues that the N-glycans on IgA in the sera from
IgAN patients should be analyzed in further detail. An
infant patient with a mutation in the �4GalT-I gene, des-
ignated as a CDG-IId mutation, was reported to suffer
from severe psychomotor retardation and muscle weak-
ness.52 Because only a single infant patient has been
identified to date, further studies are necessary to clarify
whether the human mutation in the �4GalT-I gene will
cause an IgAN-like disease or not.
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