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Ciliary defects caused by dysregulation of O-GlcNAc
modification are associated with diabetic complications
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Dear Editor
Diabetes is a chronic metabolic disease that has become a

major epidemic worldwide.1 High blood glucose is thought to be
the primary cause of most devastating long-term complications of
diabetes.2 In addition to strict glycemic control, a number of
therapeutics have been used to slow down the progression of
diabetic complications.3 However, a majority of current therapies
for most diabetic complications have shown disappointing results
in clinical trials. Because these complications arise from a number
of pathological processes, targets for early interventions that
could lead to effective treatments are largely unknown. Clarifica-
tion of existing pathways and elucidation of new mechanisms,
especially those involved in the early stages of diabetic complica-
tions, are sorely needed to design preventative treatments.
Interestingly, diabetic complications and ciliopathies share a
number of symptoms, such as retinal degeneration and respira-
tory dysfunction.3 Therefore, we hypothesized that ciliary defects
may underlie a subset of diabetic complications.
To test this hypothesis, we first examined the morphology of

cilia in mice harboring spontaneous diabetic mutation in the
leptin receptor gene (referred to as DB mice). The blood glucose
level was significantly increased in DB mice (Supplementary
information, Fig. S1a). Immunostaining revealed apparent ciliary
defects in DB mice; for example, compared to wild-type (WT)
mouse eyes, cilia were fewer and shorter in DB mouse eyes
(Fig. 1a–c), with retinal dysfunction as detected by electroretino-
graphy (Supplementary information, Fig. S1b-d). We also found
fewer and shorter cilia in DB mouse trachea and skin, but not in
the testis (Supplementary information, Fig. S1e-j). Scanning
electron microscopy of the trachea confirmed the loss of ciliated
cells and the decrease in ciliary length (Fig. 1d–f). In addition,
substantially more mucus was present on the surface of DB mouse
trachea, suggesting the impairment of ciliary functions (Supple-
mentary information, Fig. S1f). Furthermore, we observed ciliary
defects both in non-obese diabetic (NOD) mice and in diet/
streptozotocin-induced diabetic mice (Supplementary informa-
tion, Fig. S1k-q). These data, together with the recently reported
defects in ependymal cilia of diabetic mice,4 suggest that ciliary
defects are more widespread in diabetes than previously
appreciated.
We next explored whether glucose concentrations affect

ciliogenesis. Human retinal pigment epithelial (RPE-1) cells were
cultured without serum to induce primary cilia in the presence of
different glucose concentrations. A high level of glucose (50 mM)
significantly reduced the percentage of ciliated cells from ~75%
to < 20%, and ciliary length was also significantly decreased
(Fig. 1g, h and Supplementary information, Fig. S2a).
Protein O-GlcNAc modification has been shown to serve as a

nutrient sensor that is especially sensitive to environmental
glucose.5 Consistently, treatment of RPE-1 cells with increasing
concentrations of glucose resulted in increased levels of protein O-

GlcNAcylation (Supplementary information, Fig. S2b). These
changes also occurred in vivo, as levels of O-GlcNAcylation
changed dramatically both in diabetic mice (Supplementary
information, Fig. S2c, d) and in diabetic patients.6

Glucose can be converted to UDP-GlcNAc, the donor substrate
for O-GlcNAcylation. Therefore, we next determined whether UDP-
GlcNAc was responsible for the impact of glucose on ciliogenesis.
We found that addition of glucosamine, a precursor of UDP-
GlcNAc, into the culture medium of RPE-1 cells significantly
increased the levels of O-GlcNAcylation and impaired ciliogenesis
(Fig. 1g, h and Supplementary information, Fig. S2a, b).
Furthermore, addition of excess UDP-GlcNAc to the culture
medium also led to increased O-GlcNAcylation and decreased
ciliogenesis (Fig. 1i, j and Supplementary information, Fig. S2e, f).
In agreement with previous findings,7 glucose deprivation
decreased ciliary length (Supplementary information, Fig. S2g,
h). Strikingly, glucose deprivation-induced ciliary defect was
almost completely rescued by addition of appropriate levels of
UDP-GlcNAc (Supplementary information, Fig. S2g, h). These
results suggest that exquisite regulation of O-GlcNAcylation is
critical for ciliary formation.
We further investigated the role of O-GlcNAcylation in ciliogen-

esis by manipulating the levels or activities of O-GlcNAcase (OGA)
and O-GlcNAc transferase (OGT) in RPE-1 cells. We found that siRNA-
mediated knockdown of OGA expression or inhibition of OGA
activity with ThiametG (TMG) resulted in fewer and shorter cilia
(Supplementary information, Fig. S3a-h), suggesting that increasing
O-GlcNAcylation could impair ciliogenesis. Surprisingly, decreasing
O-GlcNAcylation by siRNA-mediated knockdown of OGT expression
or inhibition of OGT activity with a chemical compound containing
a benzoxazolinone core (BZX), which specifically inhibits OGT
activity,8 also inhibited ciliogenesis (Supplementary information, Fig.
S3i-p). These data underscore the importance for tight regulation of
O-GlcNAcylation in ciliogenesis.
We then assessed the localization of OGT and found that OGT

accumulated around the basal body from which cilia protrude
(Fig. 1k and Supplementary information, Fig. S4a). In contrast, OGA
localized throughout the cytoplasm (Supplementary information,
Fig. S4b). OGT co-fractionated with γ-tubulin on the sucrose
gradients of lysates from RPE-1 cells cultured with or without
serum, providing further support for its localization to the basal
body/centrosome (Fig. 1l). Interestingly, upon serum starvation,
there was a substantial decrease of OGT in isolated centrosomes
(Supplementary information, Fig. S4c). Immunostaining confirmed
this change; localization of OGT to the basal body appeared to
peak during initiation of ciliogenesis, followed by a gradual
decrease (Supplementary information, Fig. S4d, e). These data
suggest that OGT may primarily function at early stages of
ciliogenesis.
To gain more insights into the ciliary function of OGT, we

inhibited its activity at different stages during ciliogenesis. RPE-1
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cells were subjected to serum starvation, followed by addition of
BZX at predefined intervals (Supplementary information, Fig. S4f).
We found that only inhibition of OGT at the very beginning of
ciliogenesis (0 h after serum removal, PS0) reduced the percentage
of ciliated cells dramatically. However, independent of the time
period of OGT inhibition, ciliary length was significantly shorter
(Supplementary information, Fig. S4f-h). These results confirm that

OGT is needed primarily at the initiation of ciliogenesis. In
addition, the data indicate that OGT is also needed for ciliary
elongation.
We then sought to investigate whether proper control of O-

GlcNAcylation level could rescue ciliary defects caused by high
glucose. We found that treatment of RPE-1 cells with proper
amount of the OGT inhibitor BZX could decrease O-GlcNAcylation
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level and rescue ciliary defects caused by high glucose
(Supplementary information, Fig. S5a-d). Furthermore, treatment
of DB mice with proper amount of BZX could decrease O-
GlcNAcylation level and partially rescue ciliary defects and retinal
dysfunction in eyes (Fig. 1m–p and Supplementary information,
Fig. S5e). Taken together, these data suggest protein O-
GlcNAcylation as a potential target for treatment of diabetic
complications.
In conclusion, we describe a previously undiscovered mechan-

ism that could explain the overlapping symptoms of diabetic
complications and ciliopathies. Our data suggest that there is an
optimal zone within which cellular O-GlcNAcylation levels must be
maintained for normal ciliary functions and that ciliary defects
caused by O-GlcNAcylation dysregulation may contribute to
diabetic complications (Supplementary information, Fig. S6). These
findings have important implications for the development of
novel therapeutic strategies to control the progression of diabetic
complications.
Materials and methods are available in Supplementary informa-

tion, Data S1.
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Fig. 1 High glucose causes O-GlcNAcylation-dependent ciliary defects. a–c WT and DB mouse eyes were subjected to immunofluorescence
microscopy (a), and ciliary density (b, n= 10) and length (c, n= 30) were quantified. d–f Tracheal epithelial tissues from WT and DB mice were
subjected to scanning electron microscopy (d), and the percentage of ciliated cells (e, n= 100) and ciliary length (f, n= 30) were quantified. g–
j RPE-1 cells cultured in media containing the indicated concentrations of glucose (Glc) and/or glucosamine (GlcN) (g, h) or UDP-GlcNAc (UDP-
G) (i, j) were serum-starved for 48 h. The percentage of ciliated cells (g and i, n= 100) and ciliary length (h and j, n= 30) were quantified. k RPE-
1 cells were subjected to immunofluorescence microscopy. l RPE-1 cells were cultured in media with or without serum for 24 h, and lysates
were fractionated on sucrose gradients and subjected to immunoblotting. m–o Eyes from WT or DB mice treated with the indicated
concentrations of BZX for 15 days were subjected to immunofluorescence microscopy (m), and ciliary density (n, n= 10) and length (o, n= 30)
were quantified. p Eyes from WT or DB mice treated with BZX for 15 days were examined with electroretinography, and the amplitudes of a-
wave and b-wave were obtained. Scale bars, 10 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 Student’s t-test; ns, not significant. Error
bars indicate SEM
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