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Chronic kidney disease (CKD) affectsmore than 20million Americans
and ∼10% of the population worldwide. Genome-wide association
studies (GWAS) of kidney functional decline have identified genes
associated with CKD, but the precise mechanisms by which they
influence kidney function remained largely unexplored. Here, we
examine the role of 1 GWAS-identified gene by creating mice de-
ficient for Galnt11, which encodes a member of the enzyme family
that initiates protein O-glycosylation, an essential posttranslational
modification known to influence protein function and stability. We
find that Galnt11-deficient mice display low-molecular-weight pro-
teinuria and have specific defects in proximal tubule-mediated re-
sorption of vitamin D binding protein, α1-microglobulin, and retinol
binding protein. Moreover, we identify the endocytic receptor meg-
alin (LRP2) as a direct target of Galnt11 in vivo. Megalin in Galnt11-
deficient mice displays reduced ligand binding and undergoes age-
related loss within the kidney. Differential mass spectrometry
revealed specific sites of Galnt11-mediated glycosylation within
mouse kidney megalin/LRP2 that are known to be involved in li-
gand binding, suggesting that O-glycosylation directly influences
the ability to bind ligands. In support of this, recombinant megalin
containing these sites displayed reduced albumin binding in cells
deficient for Galnt11. Our results provide insight into the associa-
tion between GALNT11 and CKD, and identify a role for Galnt11 in
proper kidney function.
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Chronic kidney disease (CKD) affects more than 10% of
adults across the globe, and thus is a major public health

concern (1, 2). However, many factors contributing to CKD re-
main largely unknown, hampering our ability to design effective
treatments. Recent genome-wide association studies (GWAS)
have identified genes associated with CKD, but a functional role
for many remains to be validated (3–5). Indeed, 1 study investigating
genetic loci associated with a decline in renal function over time
identified a single nucleotide polymorphism located in the intron of
an inactive member of the GALNT family (GALNTL5, now known
as GALNT20) in linkage disequilibrium with GALNT11, MLL3,
and CCT8L1 (4). Morpholino knockdown of the GALNT11 and
MLL3 orthologs in zebrafish did not result in overt kidney defects,
but did make kidneys more susceptible to nephrotic insults (4).
However, whether any of the genes within this genetic locus play a
direct role in kidney function remains unknown.
GALNT11 (Galnt11 in mice) encodes a member of the large

glycosyltransferase family responsible for initiating mucin-type O-
glycosylation of secreted and membrane-bound proteins (6, 7). The
ortholog ofGalnt11 was first characterized inDrosophila and shown
to be essential for viability (8, 9) and involved in tubulogenesis (10).
More recently, cell culture studies have demonstrated that Galnt11

glycosylates members of the low-density lipoprotein receptor
(LDLR) family in the linker sequence between LDLR class A (LA)
repeats (11) and enhances ligand binding (12). Members of the
Galnt family (20 members in mammals and 10 in Drosophila) dis-
play unique expression patterns and substrates specificities (6, 7,
13–16). Moreover, studies in model systems have demonstrated
roles in diverse biological processes including protease processing,
secretion, cell signaling, cell adhesion, and organ growth (7, 17–24).
Here, we directly examine the role of Galnt11 in mammalian

kidney function by creating mice deficient for Galnt11. We find
that Galnt11-deficient mice suffer from low-molecular-weight
proteinuria. Moreover, we identify the endocytic receptor meg-
alin/LRP2, a member of the LDLR family, as a specific in vivo
substrate of Galnt11 in the kidney. In the absence of Galnt11,
megalin shows reduced binding to endogenous ligands and un-
dergoes an age-related decline in abundance, suggesting that O-
glycosylation of this region modulates ligand binding in vivo. In
support of this, recombinant megalin containing these sites of
differential glycosylation displayed reduced ligand binding in cell
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lines deficient for GALNT11. Our results provide mechanistic
insight into the association between GALNT11 and CKD, as well
as the role of Galnt11 in proper kidney function.

Results
Loss of Galnt11 Results in Low-Molecular-Weight Proteinuria. Pre-
vious GWAS identified GALNT11, a gene encoding a conserved
GalNAc-transferase responsible for initiating O-linked glycosyl-
ation (SI Appendix, Fig. S1A), as being associated with kidney
functional decline (4). Indeed, Galnt11 is the most abundant
Galnt family member expressed in the mouse kidney (Fig. 1A),
and is specifically expressed in the proximal tubules, as de-
termined by in situ hybridization (Fig. 1B), similar to expression
patterns seen in human kidneys (8). We therefore set out to
examine its effects on kidney function by creating mice deficient
for Galnt11 (SI Appendix, Fig. S1 B and C). Mice homozygous
deficient for Galnt11 (Galnt11−/−) displayed reduced size relative
to wild-type (WT; Galnt11+/+) and heterozygous (Galnt11+/−) lit-
termate controls and reduced viability over time (Fig. 1 C and D).
Kidney histology and complete blood count analysis did not reveal

differences among WT, heterozygous (Galnt11+/−), and Galnt11−/−

animals (SI Appendix, Fig. S2 A and B). No significant differences
among WT, Galnt11+/−, and Galnt11−/− were observed in blood or
urine creatinine levels (SI Appendix, Fig. S2 C and D). However, a
significant increase in blood urea nitrogen was seen in Galnt11−/−

animals (SI Appendix, Fig. S2E), suggesting an effect on kidney
function. Notable decreases in staining indicative of proteins dec-
orated with O-linked glycans (as detected by the lectin peanut ag-
glutinin or PNA) were seen in the cortex of Galnt11−/− kidneys
relative to WT (SI Appendix, Fig. S3A), whereas decreases in PNA
staining were not obvious in tissues where Galnt11 transcripts are
less abundant relative to other family members (liver and lung; SI
Appendix, Fig. S3 A–C). Interestingly, Galnt11−/− mice also dis-
played increased albumin-to-creatinine ratios relative to WT litter-
mate controls, suggesting that the loss of Galnt11 affects the ability
of kidneys to resorb albumin (Fig. 1E). In addition, increased levels
of low-molecular-weight proteins, including vitamin D binding
protein (DBP), α1-microglobulin (α1-M), and retinol binding
protein (RBP), were seen in the urine of Galnt11−/− animals rel-
ative to WT controls (Fig. 1F). These results indicate that the loss

Fig. 1. Loss of Galnt11 results in decreased viability and low-molecular-weight proteinuria. (A) Galnt11 is the most abundant family member expressed in the
kidney as determined by qPCR. Expression levels were normalized to 29S for each Galnt family member. (B) Galnt11 is abundantly expressed in the proximal
tubules of the kidney. In situ hybridization shows that Galnt11 mRNA (red; anti-sense) is expressed specifically in the proximal tubules of the adult kidney, as
detected by costaining with the proximal tubule marker megalin (green). No Galnt11 expression was seen in the distal tubules, which are stained with
aquaporin-2 (cyan). Nuclear staining is shown in blue. The Galnt11 sense control probe is shown in the Right column. (Scale bar, 100 μm [Upper] and 10 μm
[Lower].) (C) Galnt11−/− mice have lower body weight than heterozygous (Galnt11+/−) and WT (Galnt11+/+) littermate controls. (D) Galnt11−/− mice show
reduced viability as they age relative to WT controls. (E) Galnt11−/− mice display elevated urine albumin/creatinine ratios (ACRs) relative to WT (Galnt11+/+)
and heterozygous (Galnt11+/−) littermate controls. ACRs are shown for individual animals, with males on the left and females on the right. Center bar is the
mean. *P < 0.05. (F) Galnt11−/− mice have low molecular weight proteinuria relative to WT and heterozygous (Galnt11+/−) littermate controls. Western blots
were probed with antibodies to vitamin D binding protein (DBP), α1-microglobulin (α1-M), retinol binding protein (RBP) and albumin. All lanes in each blot are
contiguous but the vertical black line in the bottom panel denotes different exposures of marker and sample lanes.
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of Galnt11 affects growth, viability, and low-molecular-weight
protein reabsorption.
Previous cell culture studies have shown the Galnt11 can

glycosylate a linker sequence in the LA binding modules of LRPs
and influence ligand binding of LDLR and VLDLR (12). The
endocytic receptor megalin (LRP2) is a member of the LDLR
family expressed in the proximal tubules of the kidney, where it is
responsible for binding and endocytosing albumin and other low-
molecular-weight proteins (DBP, α1-M, and RBP) (25–27).
Therefore, we next examined megalin in Galnt11−/− animals. As
shown in Fig. 2A, megalin is normally present along the apical

surface of the kidney proximal tubules and overlaps with PNA
staining. However, inGalnt11−/− animals, PNA-reactive O-glycans
are not seen along the apical surface, and megalin staining is re-
duced (Fig. 2A). These results were seen with and without neur-
aminidase treatment. To determine when megalin levels are first
altered along the proximal tubules, we next compared megalin
abundance in Galnt11−/− animals relative to WT littermate con-
trols at various ages, beginning at embryonic day 17 (E17) and
continuing through adulthood (6 to 12 wk; Fig. 2 B–D). Confocal
imaging revealed that megalin is present along the apical surface
of the proximal tubules in Galnt11−/− and WT littermate controls

Fig. 2. Megalin levels undergo an age-related decrease in Galnt11−/− kidneys. (A) Immunofluorescence reveals a specific decrease in O-glycans (as detected
by the lectin PNA, green) and megalin (red) along the apical surface of the proximal tubules in the Galnt11−/− kidneys relative to WT littermate controls at 3
wk of age. Nuclear staining is shown in blue. (Scale bar, 10 μm.) (B) An age-related decrease in megalin is seen along the apical surface of Galnt11−/− proximal
tubules. Ages are shown in the Upper Right corner of the Upper panels. (Scale bar, 10 μm.) (C) Western blots of kidney extracts from WT and Galnt11−/−

animals at various ages (E17-1 wk; 2 wk; 3 to 4 wk; 6 to 12 wk) show that megalin levels decrease in an age-related manner in the absence of Galnt11.
Additionally, the major O-glycan band (detected by the lectin PNA) that overlaps in position with megalin is absent in Galnt11−/− animals of all ages. Actin
loading controls are shown in the Lower panels. (D) Ratios of megalin/actin in mice of each age group. n = the number of mice analyzed in each group.
Average ratio of WT was set to 1 in each age group. *P < 0.05; **P < 0.01.
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at E17 until ∼4 wk of age. At 4 wk, megalin along the apical
surface begins to decrease in abundance in Galnt11−/− animals
relative to WT (Fig. 2B). Western blots of cortical kidney extracts
also demonstrated an age-related decline in total megalin abun-
dance (normalized to actin) beginning at 4 wk in Galnt11−/− an-
imals (Fig. 2 C and D). No change in the levels of cubilin (the
other major endocytic receptor in the proximal tubules) at any age
in Galnt11−/− versus WT (SI Appendix, Fig. S4) were seen, sug-
gesting that the Galnt11 effects are specific to megalin. Western
blots also revealed the loss of a specific O-glycosylated protein
(PNA-reactive band) corresponding in size to megalin in the
Galnt11−/− animals, suggesting that megalin may be the direct
target of Galnt11-mediated glycosylation in WT kidneys (Fig. 2C).
These results suggest that the loss of Galnt11 may be specifically
affecting megalin stability and/or function in adult kidneys.
We also examined cholesterol levels in Galnt11−/− mice, given

previous cell culture studies implicating Galnt11-mediated gly-
cosylation in the ability of LDLR to bind to LDL (12). As shown
in SI Appendix, Fig. S3B, Galnt11 is 1 of 11 Galnt family mem-
bers expressed in mouse liver. Galnt11−/− and WT control mice
were fed a high-fat Western diet, and at 11 to 12 wk of age,
cholesterol levels were measured. There was no significant
change in total cholesterol or triglyceride levels when comparing
individual Galnt11−/− with WT mice (SI Appendix, Fig. S5 A and
B). However, when samples were pooled and plasma lipoproteins
fractionated by FPLC, an ∼2-fold increase in LDL-cholesterol in fe-
male Galnt11−/− mice and an ∼1.5-fold increase in LDL-cholesterol
in male Galnt11−/− mice relative to WT was observed (SI Appendix,
Fig. S5 C and D), suggesting that the loss of Galnt11 may influence
LDLR function in vivo.

Galnt11 Glycosylates Megalin and Affects Ligand Binding. We next
set out to determine whether megalin along the apical surface of
the proximal tubules in Galnt11−/− animals before 4 wk of age (a
time when megalin is equally abundant along the apical surface
in both WT and Galnt11−/− animals) is capable of binding li-
gands. Western blots of urine collected from Galnt11−/− and WT
littermate controls at 2, 3, and 4 wk of age were probed to detect
the presence of ligands that are normally bound by megalin and
recovered from the filtrate (and therefore should not be present
in the urine). As shown in Fig. 3A, megalin ligands (DBP and α1-
M) are found in the urine of Galnt11−/− animals, whereas they
are not present in the urine of WT controls. To quantify the
amount of ligands bound relative to megalin present, we next
stained kidney sections from 2-wk-old Galnt11−/− and WT lit-
termate controls with megalin and a megalin ligand (DBP). As
shown in Fig. 3 B–D, a dramatic reduction in the amount of DBP
concentrated at the apical surface of the proximal tubules
(normalized relative to the amount of megalin present) was seen
in the absence of Galnt11. Taken together, these results suggest
that the loss of Galnt11 is affecting the ability of megalin to
bind ligands.
We next set out to determine whether megalin is a direct

target of Galnt11 in vivo. Megalin immunoprecipitated from WT
mouse kidney extracts reacts with the lectin PNA, indicating that
megalin is normally O-glycosylated (Fig. 4A). To further explore
the functional effect of Galnt11 in murine kidneys, we used a
quantitative O-glycoproteomics strategy described previously
(28). Differential quantitation of O-glycopeptides from kidney
tissue extracts confirmed the glycosylation status of megalin in
WT animals and further revealed specific amino acid residues
that are underglycosylated or no longer glycosylated in the ab-
sence of Galnt11 (Fig. 4B and SI Appendix, Table S1) (29). In
total, we identified 13 glycosylation sites in the extracellular
domain of megalin. Of these 13 sites, 9 sites within the linker
sequences between the ligand-binding LA repeats were specifi-
cally lost in Galnt11-deficient kidneys. Analysis of other tissues
with high expression of LRPs (brain and liver) revealed Galnt11-

specific glycosylation in the linker regions of VLDLR, LRP8,
SorLA, LRP1, LRP1B, and the LDL receptor (SI Appendix, Fig.
S6 and Table S1), similar to what has been seen previously in cell
culture (11, 12).
To further examine the role of Galnt11 in megalin function,

we created a recombinant megalin construct (Megalin-GFP)
containing regions of differential glycosylation (SI Appendix,
Fig. S7) and expressed it in HEK293 isogenic cells with (WT) or
without (ΔT11) expression of GALNT11 (12) to assess effects on
ligand binding. Transfected cells in which endocytosis was
blocked were incubated with labeled albumin (Alexa 647-BSA)
and washed, and then bound albumin was quantitated. Albumin
did not bind to either WT or ΔT11 cells transfected with vector
alone (GFP; Fig. 4 C and D). Interestingly, significant albumin
binding was seen in WT cells expressing Megalin-GFP, whereas
albumin binding was reduced in ΔT11 cells expressing Megalin-
GFP. These results further support a role for Galnt11 in en-
hancing the ability of megalin to bind ligands. Taken together,
our study defines a role for Galnt11 in proper kidney function
and identifies megalin as a functional substrate for Galnt11 in
the proximal tubule cells of the kidney.

Discussion
Here, we provide mechanistic details regarding how Galnt11 is
involved in proper kidney function and insight into the associa-
tion of human GALNT11 with CKD, a major health concern
worldwide. GWAS have identified numerous genes associated
with idiopathic kidney disease that, if validated, could help inform
the development of new treatments and methods of detection (3–
5). Here, we provide evidence that the mouse ortholog of the
GWAS candidate geneGALNT11 is required for proper receptor-
mediated protein reabsorption within the proximal tubules of the
kidney. Loss of Galnt11 results in low-molecular-weight pro-
teinuria, a phenotype characteristic of defects in the endocytic
receptor megalin (25, 27, 30). Indeed, we identify the endocytic
receptor megalin/LRP2 (a member of the LDLR family) as a di-
rect target of Galnt11 glycosylation in vivo. Moreover, we dem-
onstrate a functional role for megalin glycosylation and identify
Galnt11 as a key component in proper kidney function.
Megalin is 1 of 2 multiligand receptors expressed in the

proximal tubules of the kidney and is responsible for the recovery
of filtered proteins such as DBP, α1-M, and RBP (25–27, 30). In
Galnt11−/− mice, reduced binding of these ligands is seen along
the apical surface of the proximal tubules in vivo. Interestingly,
loss of Galnt11 resulted in decreased glycosylation of megalin at
specific sites previously shown to influence ligand binding of the
related LDLR and VLDLR, suggesting that glycosylation within
these regions serves to modulate receptor function (11, 12, 31).
This model is further supported by our data demonstrating re-
duced albumin binding to recombinant megalin expressed in cells
deficient for GALNT11. Taken together, these results highlight
a functional role for the O-glycosylation of megalin in proper
ligand binding.
Loss of Galnt11 also resulted in an age-related decline in

megalin abundance along the surface of the proximal tubules,
which could contribute to kidney functional decline over time.
Megalin is known to undergo regulated proteolysis, including
metalloprotease-mediated ectodomain shedding and γ-secretase-
mediated intramembrane proteolysis (32–34). Whether the age-
related decline in megalin abundance seen in Galnt11-deficient
animals is related to changes in ligand-binding (and subsequent
endocytosis and recycling of megalin) or a result of stability/
protection from proteolysis independent of ligand binding is
currently unknown. Modulation of protein stability by O-glycosylation
is predicted across many proteins based on bioinformatic analysis
of the proximity of predicted sites of O-glycosylation to protease
cleavage sites (35); some of these have been confirmed in cell
culture (23). Indeed, there is precedent for O-glycans conferring
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stability within the LRP family, as altered O-glycosylation of
LDLR in cell lines deficient for O-glycosylation resulted in in-
creased proteolytic cleavage (36, 37). O-glycosylation serves a
similar protective role in vivo for the hormone FGF23 in humans
(38) and for the cargo receptor Tango1 in Drosophila (20).
Galnt11 is unique in that it is the most abundantly expressed

family member in the kidney and is specifically expressed within
the proximal tubules. Interestingly, the ortholog ofGalnt11 (pgant35A)
was first identified as an essential gene in Drosophila and displays
similar enzymatic activity and substrate preferences to its mamma-
lian counterpart (8, 9, 12, 13). Similar to its mammalian counterpart,

pgant35A is also expressed in tubule cells and, when disrupted,
results in the loss of apical O-glycans and apical proteins (10),
highlighting the phenotypic similarities between mammals and
flies upon loss of this conserved glycosyltransferase. Likewise,
experiments ablating the ortholog of Galnt11 in zebrafish also
point to a role in kidney function, as kidneys were more suscep-
tible to nephrotic insults (4).
Identification of an O-glycosyltransferase as a regulator of kidney

function through its modification of the endocytic receptor megalin
may provide clues as to the cause of certain idiopathic kidney dis-
eases. Taken together, our study identifies a gene involved in kidney

Fig. 3. Decreased ligand binding by megalin in young Galnt11−/− animals. (A) Young Galnt11−/− mice that express megalin along the proximal tubules still
have low-molecular-weight proteinuria relative to WT (Galnt11+/+) littermate controls. Western blots of urine from WT and Galnt11−/− animals were probed
with antibodies to DBP, α1-M, and albumin. All lanes in each blot are contiguous but the vertical black lines in the top two panels denote different exposures
of marker and sample lanes. (B) Immunofluorescence reveals a specific decrease in DBP (cyan) bound to the surface of the proximal tubules in Galnt11−/−

animals relative toWT littermate controls at 2 wk of age. Megalin (red) is present along the apical surface of the proximal tubules in Galnt11−/− animals at this
age, but O-glycans (as detected by the lectin PNA, green) are not. Nuclear staining is shown in dark blue. (C) Quantitation of DBP binding relative to megalin
levels along the apical surface is shown for each genotype. (D) Normalized ratios of DBP/megalin in WT and Galnt11−/− proximal tubules are shown. ***P <
0.001. (Scale bars, 10 μm.)
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function and provides mechanistic insight that could inform future
clinical treatments and diagnoses.

Materials and Methods
Mouse Strains and Genotyping. The Animal Care and Use Committee of the
National Institutes of Health (ASP protocol #17-833) approved all procedures
(described in the SI Appendix).

Quantitative Real-Time PCR. Primers used are as described previously (18);
additional information is in the SI Appendix.

Paraffin In Situ Hybridization. Galnt11 RNA probes were prepared as de-
scribed previously (18) and found in the SI Appendix.

Immunofluorescence. Immunofluorescence was performed as described pre-
viously (18) and described in the SI Appendix.

Microalbuminuria Enzyme-Linked Immunosorbent Assay. Details are described
in the SI Appendix.

Immunoprecipitation and Western Blotting. Details are described in the SI Appendix.

Plasma Cholesterol Detection. Details are described in the SI Appendix.

Tissue Homogenization, Trypsinization, and Neuraminidase Treatment. Details
are described in the SI Appendix.

Dimethyl-Labeling, Lectin Weak-Affinity Chromatography (LWAC), Mass
Spectroscopy and Data Analysis. Details are as performed previously (12)
and described in the SI Appendix. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE
partner repository (39) with the dataset identifier PXD015429 (29).

Megalin Construction and Binding Assays. Details are described in the SI Appendix.

Statistical Analysis. Details are described in the SI Appendix.

Data Availability Statement. All data discussed in the paper is available in the
SI Appendix.
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Fig. 4. Galnt11 glycosylate-specific sites within the extracellular region of megalin. (A) Immunoprecipitation shows that megalin from WT kidneys is O-
glycosylated (as detected by the lectin PNA). Lys, lysate; Ab, anti-megalin antibody. (B) Mass spectrometry analysis of megalin/LRP2 from WT and Galnt11−/−

kidneys shows specific sites of O-glycosylation of megalin that are altered in the absence of Galnt11. The right side depicts specific glycopeptides identified by
mass spectrometry and the differential quantification in WT (denoted by the blue bar and set to 1) compared with Galnt11−/− mice (denoted by the red bar,
followed by numerical occupancy relative to WT). Amino acids modified by GalNAc (yellow square) or the disaccharide Galβ1,3GalNAc (yellow circle and
yellow square) are colored red. LA linkers with the sequence motif XX-C6(X)nTC1-XX (n = 3 to 5) are indicated as black lines and other linkers with red lines.
Summary of identified (filled yellow squares) or predicted (by the NetOGlyc 4.0 server; open squares) O-glycosites is shown to the left. (C) WT or GALNT11-
deficient (ΔT11) HEK cells were transfected with GFP vector alone (green) or Megalin-GFP (green), and albumin (Alexa 647-albumin; blue) binding was
assayed. (D) Quantitation of albumin binding per cell in WT or ΔT11 cells transfected with GFP vector or Megalin-GFP. Note increased albumin binding by
Megalin-GFP in WT relative to ΔT11 cells. ***P < 0.001.
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