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ABSTRACT
Objective O- linked N- acetylglucosaminylation (O- 
GlcNAcylation), controlled by O- GlcNAcase (OGA) and 
O- GlcNAc transferase (OGT), is an important post- 
translational modification of eukaryotic proteins and 
plays an essential role in regulating gut inflammation. 
Gut microbiota encode various enzymes involved in O- 
GlcNAcylation. However, the characteristics, abundance 
and function of these enzymes are unknown.
Design We first investigated the structure and 
taxonomic distribution of bacterial OGAs and OGTs. 
Then, we performed metagenomic analysis to explore the 
OGA genes abundance in health samples and different 
diseases. Finally, we employed in vitro and in vivo 
experiments to determine the effects and mechanisms of 
bacterial OGAs to hydrolyse O- GlcNAcylated proteins in 
host cells and suppress inflammatory response in the gut.
Results We found OGAs, instead of OGTs, are enriched 
in Bacteroidetes and Firmicutes, the major bacterial 
divisions in the human gut. Most bacterial OGAs are 
secreted enzymes with the same conserved catalytic 
domain as human OGAs. A pooled analysis on 1999 
metagenomic samples encompassed six diseases 
revealed that bacterial OGA genes were conserved in 
healthy human gut with high abundance, and reduced 
exclusively in ulcerative colitis. In vitro studies showed 
that bacterial OGAs could hydrolyse O- GlcNAcylated 
proteins in host cells, including O- GlcNAcylated NF-
κB- p65 subunit, which is important for activating 
NF-κB signalling. In vivo studies demonstrated that 
gut bacteria- derived OGAs could protect mice from 
chemically induced colonic inflammation through 
hydrolysing O- GlcNAcylated proteins.
Conclusion Our results reveal a previously 
unrecognised enzymatic activity by which gut microbiota 
influence intestinal physiology and highlight bacterial 
OGAs as a promising therapeutic strategy in colonic 
inflammation.

INTRODUCTION
Post- translational modification of proteins enables 
cells to respond promptly to internal and external 
cues through direct and dynamic control of protein 
function. O- linked N- acetylglucosaminylation 
(O- GlcNAcylation) is an important post- translational 
modification of serine and threonine residues with 
O- GlcNAc on cytoplasmic, nuclear and mitochon-
drial proteins.1 Protein O- GlcNAcylation plays an 

essential role in regulating inflammation and metab-
olism.2–6 Given the wide range of physical functions 
associated with O- GlcNAcylation, it is not surprising 
that disruption of O- GlcNAc homoeostasis has been 
implicated in the pathogenesis of a plethora of human 
diseases, including gut inflammatory disease, diabetes 
and neurodegeneration.3 4 7

Significance of this study

What is already known on this subject?
 ► Protein O- linked N- acetylglucosaminylation 
(O- GlcNAcylation), controlled by O- GlcNAcase 
(OGA) and O- GlcNAc transferase, plays an 
essential role in regulating gut inflammation.

 ► In addition to human beings, several bacteria 
also encode OGAs, some of which have similar 
catalytic activities as human OGAs.

 ► Little is known about the role of gut microbiota 
derived OGAs on human physiology and 
pathology.

What are the new findings?
 ► Most of the gut bacterial OGAs are secreted 
proteins with similar conserved catalytic 
domain as human OGAs.

 ► Bacterial OGA genes are conserved in healthy 
human gut with high abundance, and reduce 
exclusively in ulcerative colitis (UC) patients.

 ► OGAs from Akkermansia muciniphila and 
Bacteroides thetaiotaomicron can hydrolyze 
O- GlcNAcylated proteins in both epithelial cells 
and immune cells, including O- GlcNAcylated 
NF-κB- p65 subunit, which is important for 
activating NF-κB signalling.

 ► Gut bacteria- derived OGAs can protect 
mice from colonic inflammation in multiple 
models through reducing colonic protein 
O- GlcNAcylation.

How might it impact on clinical practice in the 
foreseeable future?

 ► Deficiency of bacterial OGAs may contribute 
to the pathogenesis of UC, which needs to be 
further addressed in future work.

 ► Bacteria- derived OGAs might evolve as new 
and promising therapeutic methods for treating 
UC.
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O- GlcNAcylation is controlled by a single pair of enzymes: 
O- GlcNAcase (OGA), which catalyses the hydrolysis of the 
O- GlcNAc modification and O- GlcNAc transferase (OGT), 
which catalyses the transfer of a GlcNAc moiety from the 
substrate uridine diphosphate- GlcNAc to the hydroxyl groups 
of target serine and threonine residues. In humans, this pair of 
enzymes is distributed in many organs including brain tissues, 
liver and intestine.1

In addition to human beings, human symbionts and patho-
gens also encode this pair of enzymes with similar or distinct 
structure.8 9 In recent years, evidences have shown that bacteria- 
derived OGTs could modify host protein O- GlcNAcylation. For 
example, OGTs from Clostridium perfringens, Legionella and 
Photorhabdus can mono- O- GlcNAcylate Rho GTPase or Ras 
proteins in host to induce apoptosis in target cells.8 10 11 Further-
more, in vitro experiments revealed Clostridium perfringens 
OGA can remove O- GlcNAc from transforming growth factor β 
activated kinase-1 binding protein-1 in mammalian cells.12 These 
studies indicated that in addition to being regulated by human 
enzymes, the host protein O- GlcNAcylation may also be manip-
ulated by bacterial OGAs and OGTs. However, the distribution 
of this pair of enzymes in human gut microbiota and its function 
on host proteins O- GlcNAcylation and subsequent physiology 
remain unclear.

In this study, we found that bacterial OGA- encoding genes are 
enriched in healthy human gut samples and reduced significantly 
in ulcerative colitis (UC) patients. Furthermore, we demon-
strated that supplement of specific bacterial OGAs could amelio-
rate colitis in multiple animal models.

RESULTS
Taxonomic profiling and structure of bacterial OGAs and 
OGTs
At first, we obtained all available (total 225) OGAs from UniRef90, 
which were found to be distributed in 50 genera from 13 phyla 
(online supplemental table 1). Then, we tried to identify the 
taxonomy distribution of these 225 OGAs in human gut micro-
biota. 1520 reference genomes of human gut bacteria were down-
loaded,13 and OGA sequences in these genomes were searched. 
Overall, 314 (20.6%) strains encode at least one copy of OGA 
gene (online supplemental table 2). In detail, more than half of 
the strains from phylum Bacteroidetes encode OGAs, while the 
proportion of OGA- encoding strains from Firmicus were relatively 
lower (figure 1A). Specially, the proportion of OGA- encoding 
strains from Butyricimonas and Parabacteroides are extremely high 
(>80%, figure 1A). Furthermore, we found most of the strains 
(77.7%) only encoding one copy of OGA gene (figure 1B).

The OGA sequences from UniRef90 were clustered at 70% 
and the representative sequences were used to build a phylo-
genetic tree (figure 1C). An OGA sequence from Akkermansia 
(A0A139TME1) interrupted OGAs sequences from Bacteroi-
detes, indicating it might be gained by Akkermansia through 
horizontal transferring (figure 1C). However, the phylogenetic 
tree of A0A139TME1 homologues (online supplemental figure 
1A) and genomic analysis of Akkermansia showed no evidence 
for this gene to be gained through horizontal transferring (online 
supplemental figure 1B–I). Furthermore, DarkHorse analysis of 
other 82 genomes harbouring different OGA sequences showed 
that all the OGA genes had high lineage probability indexes14 
(online supplemental table 3), indicating low possibility of them 
to be gained through horizontal transferring.

Conserved domain analysis showed that most of the bacte-
rial OGAs have a catalytic β-N- acetyl- D- glucosarninidase 

(NAGidase) domain, which is also conserved in human OGAs 
(figure 1C). Sequence similarity analysis revealed OGAs differed 
much from each other (figure 1D). Protein location prediction 
indicated that the most of these enzymes are secreted proteins 
(figure 1E). These results indicated that bacterial OGAs may 
have a role in manipulating the host proteins O- GlcNAcylation.

Afterward, we obtained all available (total 121) OGTs from 
UniRef90, which were found to be distributed in 20 genera 
from 15 phyla. Most of them are from phylum Planctomy-
cetes, Verrucomicrobia and Proteobacteria (online supplemental 
figure 2A), which are not the common symbionts in the human 
gut.15 Notably, some OGT encoding genus are even pathogens 
to human beings such as Burkholderia and Acetobacter (online 
supplemental table 4).16 17

Most of the bacterial OGTs were found to have one or more 
protein–protein interaction domain consisting of over 11 
tetratricopeptide repeats (abbreviate to TPRs in online supple-
mental figure 2B), which were also found in human OGTs. 
However, the human OGTs also had a catalytic domain glyco-
syltransferase family 41 (Glyco_transf_41), which occurred in 
only two bacterial OGT sequences (online supplemental figure 
2B). Sequence similarity analysis revealed that bacterial OGT 
homologues differed much with each other (online supplemental 
figure 2C). Protein location prediction indicated that most of the 
bacterial OGTs were intracellular proteins (online supplemental 
figure 2D). These results indicate that in contrast to bacterial 
OGAs, bacterial OGTs are less likely to modify host protein 
O- GlcNAcylation, considering their distinct catalytic domain 
from human OGT and intracellular location.

Abundance of bacterial OGA-encoding genes in healthy 
human gut
To investigate the abundance of bacterial OGA- encoding and 
OGT- encoding genes in human gut ecology, the above identified 
enzymes were searched in the integrated gene catalogue (IGC) of 
the human gut microbiome.18 The results showed that 110 OGA 
homologues, but no OGTs were identified from IGC (online 
supplemental table 5). Thus, the following analyses were focused 
on OGAs from gut microbiota.

The above identified OGA- encoding genes were quantified in 
1130 metagenomic samples derived from health controls from 
11 publicly available datasets that originated from six countries 
(online supplemental table 6).18–28 OGA- encoding genes were 
detected in most samples (more than 95%) at mean relative 
abundance of 5.61×10−5, which were higher than 80% of other 
gene families annotated by eggNOG database. The abundance of 
OGA- encoding genes was shown in online supplemental figure 
3A and online supplemental table 7. OGA- encoding genes from 
Firmicutes or Verrucomicrobia had relatively low abundances in 
most samples, compared with those from Bacteroidetes (online 
supplemental figure 3B). The abundance of genes encoding OGAs 
with NAGidase domain exceeded those without this domain 
(online supplemental figure 3C). Considering the influence of 
several factors on microbiota among individuals, we compared 
differences in the abundance of OGA- encoding genes based on 
country, gender, age and body mass index (BMI) using single 
factor analysis. No significant differences were found between 
males and females (online supplemental figure 3D,P) =0.267). 
The OGA- encoding genes differed in people from different 
country: China has the highest mean relative abundance while 
those from Austria have the lowest (7.01×10−5 vs 1.26×10−5, 
p<0.01) (online supplemental figure 3E). Correlation anal-
ysis revealed a negative correlation between the abundance of 
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OGA- encoding genes and BMI or age (online supplemental 
figure 3F) of individuals. However, further linear regression of 
multivariable analysis showed only countries contribute to the 
differences in the abundance of OGA- encoding genes (data not 
shown).

The abundance of OGA-encoding genes decreased in UC 
patients
To further investigate the functional implications of OGAs in gut 
microbiota, we analysed the abundance of OGA- encoding genes 
in different disease status, including rheumatoid arthritis, type 2 
diabetes mellitus, obesity, liver cirrhosis, Crohn’s disease (CD) 
and UC (online supplemental table 6).

No significant alterations of OGA- encoding genes in extra- 
intestinal disease were found (online supplemental figure 4A–F). 
Although the abundance of OGA- encoding genes elevated in 
Spain- CD patients, the results needed to be further validated 
since the CD sample size is too small compared with controls 
(CD: 17 vs Control: 73). In addition, this tendency was not 
found in USA- CD cohort (figure 2A,B). Notably, UC patients 
from two independent studies exhibited decreased abundance of 

OGA- encoding genes (figure 2A,B). To confirm these changes in 
UC patients, we employed Shortbred to target analysed OGA- 
encoding genes in these two datasets, and the same results were 
found (figure 2C,D). Logistic analysis indicated a significantly 
negative association between the abundance of OGA- encoding 
genes and UC, instead of extra- intestinal diseases (figure 2E).

To gain more detailed information, we analysed the gene 
abundance in Spain- IBD cohort according to conserved domains 
and phylum of OGA sequences, and found that the gene abun-
dances of both the OGAs with or without NAGidase domain 
were decreased in UC (figure 3A,B). The abundances of OGA- 
encoding genes from all three phyla reduced significantly in UC 
(figure 3C–E). Further analysis of each significantly different 
genes revealed they cover all the three phyla and both the 
protein with or without NAGidase domains (figure 3F, online 
supplemental table 8).

Further, we try to figure out if the reduced abundance of these 
OGA- encoding genes in UC patients were caused by the absence 
of certain species or strains. We found most of the species that 
positively correlated with the abundance of OGA- encoding 
genes were species from Bacteroides (online supplemental figure 

Figure 1 Taxonomic distribution, phylogenetic analysis and sequence characteristics of bacterial OGAs. (A) Proportion of OGA- encoding strains 
at phylum or genus level. (B) The proportion of different OGA gene copies in different strains. Detail is shown in online supplemental table 1. (C) 
Upper panel: a phylogenetic tree of OGAs with phylum (inner circle) and conserved domain (outside circle) annotation. Tips of the phylogenetic 
tree in red represent OGA sequences have homologues in human gut microbiota (>80% identity and >80% of coverage). Lower panel: the human 
OGAs annotated with conserved domain. (D) Density distribution of identity of OGA homologues according to conserved domain NAGidase. (E) The 
predicted sub- cellular location of OGAs. OGA, O- GlcNAcase.
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5), indicating these species contributed most to the OGAs in the 
human gut. However, only a few OGA- encoding species reduced 
significantly in UC patients, which could only explain part of the 
gene abundance reduction, indicating a community level shift of 
this function in UC patients (online supplemental figures 6 and 
7, online supplemental table 8).

Then we investigated if there were more truncated or delete-
rious variants of OGAs in UC or CD patients. OGA homologues 
were retrieved from metagenomic datasets and we found that 
OGA homologues from different samples groups had similar 
lengths (online supplemental figure 8A). Then the sequences of 
NAGIdase domains were extracted and analysed with Oligo-
type.29 Results showed that the 11 amino acids around the ligand 
binding sites were conserved among all the OGA sequences from 

UC, CD or control (online supplemental figures 8B9, online 
supplemental table 9), indicating low possibility for more trun-
cated or deleterious proteins in patients.

Gut bacterial secreted OGAs can hydrolyse O-GlcNAcylated 
proteins in host cells
Since most of the bacterial OGAs were predicted to be secreted 
enzymes and have similar conserved domains with human 
OGAs, we speculated they might hydrolyse O- GlcNAcylated 
proteins in host cells. We focused on two bacterial OGAs whose 
gene abundance reduced significantly in UC patients (figure 3F): 
one is an experimentally validated OGA named BtGH84 from 
Bacteroides thetaiotaomicron (KXT29508.1),9 the other is a 

Figure 2 Association of the abundance of OGA- encoding genes with inflammatory bowel diseases (IBD). Alteration of the abundance of OGAs- 
encoding genes in Spain- IBD cohort (A, C) or US- IBD cohort (B, D). (E) Forest plot reporting effect size (OR) of the abundance of OGA- encoding genes 
on different diseases. The gene relative abundances were quantified by method 1 (Bowtie2) and RPKM was quantified by method 2 (Shortbred), 
as shown in online supplemental materials. P values were computed by Manne- Whitney U tests and corrected by false discovery rate, *P<0.05, 
**P<0.01. OR was calculated using logistic regression analysis of different datasets. IBD, inflammatory bowel diseases. OGA, O- GlcNAcase; RPKM, 
reads per kilobase per million mapped reads.
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predicted OGA from Akkermansia muciniphila (AYR30073.1), 
named AkkGH84 here (figure 4A). First, we obtained purified 
His- tag BtGH84 and AkkGH84, and using them to generate 
anti- BtGH84- antibody and anti- AkkGH84- antibody. As shown 
in immunoblot assay in figure 4B, the supernatants of B.thetaio-
taomicron and A. muciniphila, but not their bacterial lysates, 
showed a positive signal, indicating that both BtGH84 and 
AkkGH84 are secreted proteins. Furthermore, we generated 
the active site mutants of BtGH84 (D263A and D264A, named 
BtGH84- 2D) and AkkGH84 (D240A and D241A, named 
AkkGH84- 2D), and found that both BtGH84 and AkkGH84 
can hydrolyse O- GlcNAcylated proteins in Caco-2 cell lysates 
(figure 4C), while the activate sites mutants loss this ability 
(figure 4D). Considering that protein O- GlcNAcylation or de- O- 
GlcNAcylation is an intracellular process, we next investigated 
if BtGH84 and AkkGH84 could hydrolyse O- GlcNAcylated 
proteins in cells. As shown in figure 4E, when given in the cell 
culture medium of Caco-2, both BtGH84 and AkkGH84 could 

also hydrolyse the O- GlcNAcylated proteins in a dose depen-
dent manner. In agreement with the competitive inhibition of 
Thiamet G, this compound effectively inhibited the activity of 
AkkGH84 and BtGH84 on O- GlcNAcylated proteins in Caco-2 
cells (figure 4F). These results prove that bacteria secreted OGAs 
can hydrolyse O- GlcNAcylated proteins in host cells and their 
functions can be inhibited by Thiamet G, a potent and selective 
OGA inhibitor.

Bacterial OGAs can protect mice from colitis in multiple 
models
Considering that elevated protein O- GlcNAcylation promotes 
colonic inflammation4 and the bacterial OGA genes abun-
dance decreases significantly in UC patients, we next inves-
tigate if supply with bacterial OGAs could protect mice from 
dextran sulfate sodium (DSS)- induced colitis, a well estab-
lished IBD model. Mice were administrated with OGAs three 

Figure 3 Detail of the abundance of OGA- encoding genes in UC. (A, B) Gene abundance of OGAs with or without NAGidase domain in controls 
and UC. (C–E) Abundance of OGA- encoding genes from different phylum in controls and UC. (F) Heatmap of OGA- encoding genes with significantly 
different abundance between controls and UC. P values were computed by Manne- Whitney U test and corrected by false discovery rate, *P<0.05. 
OGA, O- GlcNAcase; UC, ulcerative colitis.
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or 1 day before inducing colitis by DSS (figure 5A and online 
supplemental figure 10A, F). To avoid being destroyed in the 
gastrointestinal tract, the pectin/zein beads delivery system was 
employed to deliver OGAs,30 and immunofluorescence staining 
showed OGAs could deliver into the colon cells (online supple-
mental figure 11). Seven days following colitis induction, loss of 
body weight, shorten of colon length, histopathological damage 
and inflammatory response were observed in the DSS group 
(figure 5B–J, online supplemental figure 10). Pretreatment with 
BtGH84 or AkkGH84 significantly ameliorated these param-
eters (figure 5B–J, (online supplemental figure 10), indicating 
bacterial OGAs can prevent mice from DSS- induced colitis.

To further evaluate the ability of bacterial OGAs to ameliorate 
established colitis (treatment effects), mice were administrated 
with bacterial OGAs at varies time points after DSS colitis induc-
tion (day 0–3, (online supplemental figure 10A,F). The results 
showed that bacterial OGAs can efficiently ameliorate DSS- 
induced colitis when given from day 0 and day 1, partially lose its 
protective function when given from day 2, and completely lose 

these effects when given from day 3 (online supplemental figure 
10). Taken together, these data suggest that bacterial OGAs exert 
both preventive and therapeutic effects on DSS- induced colitis 
and their therapeutic effects are better when administrated at the 
initial stage of inflammation.

Furthermore, we showed that bacterial OGAs- treated mice were 
also resistant to colitis induced by 2,4,6- trinitrobenzenesulfonic 
acid or oxazolone (figure 6), suggesting the protective effects of 
bacterial OGAs were active against diverse chemically induced 
colitis.

Bacterial OGAs can ameliorate colitis through its OGA 
enzymatic activity
To test if the enzymatic activity was required for bacterial 
OGA’s protective effects, mice were pretreated with the wild- 
type enzymes or their active sites mutants (BtGH84- 2D, 
AkkGH84- 2D) and then induced colitis by DSS. Immunoblot 
showed that global O- GlcNAcylation level was elevated in 

Figure 4 Bacterial secreted OGAs can hydrolyse O- GlcNAcylated proteins in human enterocyte- like Caco-2 cells. (A) Schematic of BtGH84 and 
AkkGH84 domain organisation, the active catalytic sites were indicated in red. (B) Polyclonal antibody against BtGH84 or AkkGH84 was generated 
and used to detect OGAs in bacterial lysates and supernatant by immunoblot analysis. (C, D) Immunoblot analysis of O- GlcNAc levels in Caco-2 
lysates, after incubating the cell lysates with different amounts of BtGH84 or AkkGH84 (C) or their active sites mutants BtGH84- 2D or AkkGH84- 2D 
(D). (E, F) Immunoblot analysis of O- GlcNAc levels in Caco-2, after adding into the cell culture supernatant with different amounts of BtGH84 or 
AkkGH84 (E) or the Thiament G, an OGA inhibitor (F). Data represent the mean of three repeats per group with the SD; **P<0.01, ***P<0.001. OGA, 
O- GlcNAcase.
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colonic tissues of DSS- colitis mice. BtGH84 and AkkGH84, 
but not their active sites mutants, normalised the O- GlcNAcy-
lation level (figure 5B). In accordance, BtGH84 and AkkGH84 
ameliorated DSS- induced colitis, including reducing weight loss 
(figure 5C), improving colonic tissue damage (figure 5D,E) and 
suppressing gut inflammation (figure 5F–J), while their active 
sites mutants lost these abilities. These results indicate that the 
OGA enzymatic activities are required for the colitis protective 
effects of BtGH84 and AkkGH84.

Finally, we tested if BtGH84 and AkkGH84 protect mice from 
colitis through hydrolyzing O- GlcNAcylated proteins (online 
supplemental figure 12A). As shown in online supplemental 
figure 12B–J, Thiamet G, a selective OGA inhibitor, significantly 
inhibited the bacterial OGAs’ enzymatic functions and also abol-
ished their protective effect on colitis. These results prove that 

bacterial OGAs can alleviate colitis through decreasing protein 
O- GlcNAcylation in colonic tissues.

Bacterial OGAs can hydrolase O-GlcNAcylated NF-κB-p65 and IKKβ 
to inhibit NF-κB signalling
T cell is an important cell type involved in gut inflammation 
pathogenesis.31 32 We have shown bacterial OGAs can hydro-
lase O- GlcNAcylated proteins in Caco-2 cells (figure 4C). To 
comprehensively investigate the cell type that responsible for 
bacterial OGAs’ protective effects, we further test their effects 
on human T cells. As expected, we found that both BtGH84 
and AkkGH84 could also hydrolyse O- GlcNAcylated proteins in 
T cells (figure 7A). Next, to decipher the target molecules that 
might mediate bacterial OGAs’ protective effects, we performed 

Figure 5 OGA enzymatic functions are required for bacterial OGAs’ protective effects on DSS- induced colitis. (A) Schematic outline of the DSS- 
colitis model and the treatment approach. (B) Immunoblot analysis of O- GlcNAc levels in colonic tissue lysates of mice. (C–F) Disease severity of 
DSS- colitis mice treated with wild type enzymes or their active sites mutants: body weight change (C), histology manifestation on H&E staining (D), 
scale bar: 200 µm, colon length (E) and inflammation score (F). (G–J) Proinflammatory cytokines in colonic tissue lysates. Data represent the mean of 
three repeats per group with the SD; *P<0.05, **P<0.01, ***P<0.001. DSS, dextran sulfate sodium; IL, interleukin; OGA, O- GlcNAcase; TNF, tumour 
necrosis factor.
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mass spectrum analysis of O- GlcNAcylated peptides enriched 
from T cells’ lysates. The results showed that 916 O- GlcNAcy-
lated peptides (belong to 848 proteins) elevated in lipopolysac-
charide (LPS)- treated T cell group compared with the control. 
Among them, 573 O- GlcNAcylated peptides (belong to 538 
proteins) decreased both in BtGH84 + LPS and AkkGH84 + 
LPS group (online supplemental table 10). Specificity, NF-κB- 
p65 subunit and IKKβ, whose O- GlcNAcylation have been 
reported to activate NF-κB signalling and subsequent inflamma-
tion,4 33 34 were only detected in the LPS- treated T cell group. 
Further, succinylated wheat germ agglutinin agarose pull down 
and immunoprecipitation experiments validated that LPS could 
induce NF-κB- p65 and IKKβ O- GlcNAcylation in both T cells 
and Caco-2 cells, which could be re- normalised by bacterial 
OGAs (figure 7B,C, online supplemental figure 13B,C).

To investigate if the NF-κB signalling was inhibited 
following NF-κB- p65/IKKβ de- O- GlcNAcylation by bacte-
rial OGAs, we tested the nuclear transduction of NF-κB- p65 
and inflammatory cytokines release in different groups. The 
results showed that all these events were elevated after LPS 
stimulation and suppressed by bacterial OGAs (figure 7D–I, 
online supplemental material). Finally, we validated the 
NF-κB- p65/IKKβ de- O- GlcNAcylation functions and NF-κB 
signalling- suppressive effects of bacterial OGAs on colon 
tissues of DSS colitis models (figures 8 and 5G,H). Taken 
together, these results prove that bacterial OGAs can hydro-
lase O- GlcNAcylated NF-κB- p65/IKKβ to inhibit NF-κB 
signalling, which may be responsible for their colitis protec-
tive effects.

Figure 6 The protective effects of bacterial- derived OGAs BtGH84 and AkkGH84 against TNBS- induced or OXA- induced colitis. (A, F) Schematic 
outline of the TNBS- colitis model (A), OXA- colitis model (F) and their treatment approach. (B–E, G–J) Disease severity of colitis mice: body 
weight change (B, G), colon length (C, H); histology manifestation on H&E staining (D, I), scale bar: 200 µm and inflammation score (E, J). Data 
represent the mean of three repeats per group with the SD; *P<0.05, **P<0.01, ***P<0.001. OGA, O- GlcNAcase’ OXA, oxazolone; TNBS, 
2,4,6- trinitrobenzenesulfonic acid.
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DISCUSSION
Gut microbiome derived enzymes have long been recognised 
to have a great implication on intestinal physiology and 
pathology.35 36 Most of them act through generating small mole-
cules such as indoleproprionic acid, bile acids, trimethylamine 
and short- chain fatty acids.36–39 Here, we first link intestinal 
microbial derived OGAs to host protein O- GlcNAc modification 
and intestinal inflammation.

The most profound result of this study is that bacteria- derived 
OGAs can modify host protein O- GlcNAcylation, an essen-
tial intracellular process involved in inflammation, ageing and 
tumourigenesis. Human protein O- GlcNAcylation have long 
been thought to control by a pair of human encoding enzymes: 

OGT and OGA.1 Though bacterial OGAs have the same catalytic 
domain as human OGAs, their roles in modifying host protein 
O- GlcNAcylations are never investigated. The main concern 
is that protein O- GlcNAcylation is an intracellular process. In 
fact, bacterial proteins can entry into host cells through two 
main ways: secretion system or endocytosis. Although most of 
the bacterial OGAs are predicted to be secreted proteins, only 
seldom of them are predicted to be secretion system effectors. 
Here, we proved that two secreted bacterial OGAs, when used 
independent of the bacteria, can entry the host cells and hydro-
lyse O- GlcNAcylated proteins in host cells both in vitro and in 
vivo, indicating that endocytosis may act as the main pathway 
through which bacterial OGAs enter into host cells. Considering 

Figure 7 LPS- induced NF-κB- p65 subunit and IKKβ O- GlcNAcylation and subsequent NF-κB signalling activation in Jurkat cells were blocked by 
BtGH84 and AkkGH84. Jurkat cells were pretreated with BtGH84, AkkGH84, BtGH84- 2D or AkkGH84- 2D, followed by LPS incubation for. (A) Whole 
cell extracts were analysed with immunoblots for O- GlcNAc, NF-κB- p65, IKKβ and IκBα. β-actin serves as a loading control. (B) O- GlcNAcylated 
proteins in Jurkat were pulled down using sWGA beads. O- GlcNAc, NF-κB- p65, IKKβ and IκBα in the pull- down complexes were detected using 
immunoblots. (C) Whole cell extracts of Jurkat were immunoprecipiated with anti- NF-κB- p65 or anti- IKKβ antibody. The O- GlcNAcylated NF-κB- p65 
and IKKβ were detected using anti- O- GlcNAc antibody. (D–F) Cytosolic and nuclear sections were analysed by immunoblots for IκBα and NF-κB- p65, 
respectively. β-actin serves as a loading control of cytosolic section; histone- H3 serves as a loading control of nuclear. (G) Jurkat were transfected with 
pGL3/NF-κB and PRL, followed by treated with BtGH84, AkkGH84, BtGH84- 2D or AkkGH84- 2D as described above. Afterward, cells were harvested 
for luciferase activity assay. (H, I) Proinflammatory cytokines levels in treated Jurkat. Data represent the mean of three repeats per group with the SD; 
*P<0.05, **P<0.01, ***P<0.001. LPS, lipopolysaccharide; NS, not significant; sWGA, succinylated wheat germ agglutinin agarose.
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that OGA genes are widely distributed in human gut micro-
biota and have a relatively high abundance in healthy human 
gut samples (online supplemental figure 3A), we speculated that 
bacteria- derived OGAs may play a more fundamental role in 
regulating host physiology than we have ever thought.

The role of O- GlcNAc modifications in gut inflammation is 
controversial. One important question to discuss is how O- Glc-
NAcylation level changes during gut inflammation. Although 
multiple studies showed that O- GlcNAcylation level elevated in 
colonic tissue of colitis mice.4 34 40 Zhao et al showed in a small 
sample size (Con: 14, UC: 13, CD: 10) that epithelial O- GlcNAc-
ylation level decreased in patients with gut inflammation.41 This 
results need to be further validated since a recent study found a 
contrary change in a larger sample size (Con 45, CD 58).34 The 
other question is what are the effects of protein O- GlcNAcyla-
tion on gut inflammation. Zhao et al showed that deletion of 
O- GlcNAcylation in paneth cell led to gut inflammation.41 This 
contrary effects of O- GlcNAcylation to other studies4 34 may be 
explained by the fact that Zhao et al use a paneth cell- specific 
OGT knock out model, which can’t comprehensively evaluate 
the overall effects of O- GlcNAcylation in gut tissues. Yang et al 
and Sun et al have shown that reduced the overall O- GlcNAcyla-
tion levels in gut tissues could lead to gut inflammation, in which 
NF-κB signalling plays a critical role.4 34 Accordantly, here, we 
show bacterial OGAs can hydrolase O- GlcNAcylation on NF-κB 
p65 subunit, suppress subsequent inflammation in both immune 
cells and epithelial cells, and protect mice from colitis in multiple 
models. Considering the pivotal effect of NF-κB signalling 

mediated inflammation on UC pathogenesis,42 43 we speculated 
that de- O- GlcNAcylation on NF-κB- p65 subunit may serve 
as the main mechanism of bacterial OGA’s protective effects. 
However, other proteins responsible for the protective effects 
of bacterial OGAs would be necessary to study, and our mass 
spectrum analysis profiling results may provide a useful resource 
for these future studies.

Our study first links intestinal microbial OGAs to intes-
tinal physiology and pathology, by combining bioinformatics 
methods, metagenomics analysis and bioexperiments. Given the 
myriad function of O- GlcNAcylation in gut physiology and the 
wide distribution of OGAs in gut microbe, further explore the 
mechanism of bacterial OGAs to control host protein O- Glc-
NAcylation homeostasis may provide new microbial therapeutic 
strategy for UC.

METHODS
Bioinformatic analysis
The detailed methods of bioinformatic analysis and metagenomic 
quantifying are provided in online supplemental materials. All 
the bioinformatic tools used in this study are summarised in 
online supplemental table 11.

Protein expression, purification and generation of polyclonal 
antibodies
The gene sequence encoding BtGH84 or AkkGH84 was ampli-
fied with synthetic oligonucleotides, and D263/D264 (BtGH84) 

Figure 8 DSS- mediated NF-κB- p65 subunit/IKKβ O- GlcNAcylation and subsequent NF-κB signalling activation in mouse were alleviated by BtGH84 
and AkkGH84. Mice were treated with control, DSS, DSS+BtGH84, DSS+AkkGH84, DSS+BtGH84- 2D and DSS+AkkGH84- 2D as described in methods. 
(A, C, D) Colonic tissue lysates were immunoprecipitated with anti- NF-κB- p65 or anti- IKKβ antibody. The O- GlcNAcylated NF-κB- p65 and IKKβ were 
detected using anti- O- GlcNAc antibody. (B, E, F) Cytosolic and nuclear sections from colonic tissue lysates were analysed by immunoblots for IκBα 
and NF-κB- p65, respectively. β-actin serves as a loading control of cytosolic section; histone- H3 serves as a loading control of nuclear. Data represent 
the mean of 3 repeats per group with the SD; *P<0.05, **P<0.01, ***P<0.001. DSS, dextran sulfate sodium; NS, not significant.
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and D240/D241 (AkkGH84) were mutated to alanine by PCR 
mutagenesis. These genes sequences were subcloned into the 
expression vector pET- 28a (Addgene). The DNA sequence was 
verified by sequencing and transformed into Escherichia coli 
BL21(DE3). After induction of protein expression by isopropyl-
β-d- thiogalactoside (Sigma- Aldrich), bacteria were harvested 
and lysed by sonication. The protein in the soluble fraction was 
purified using His- Bind purification kit (Novagen). Recombi-
nant BtGH84, AkkGH84 and their mutant protein were passed 
through an EndoTrap Red endotoxin removal column (Hyglos) 
to remove potential endotoxin according to the manufacturer’s 
instructions.

Female New Zealand rabbits were immunised via repeated 
intradermal injections of full- length BtGH84 or AkkGH84 with 
an equal volume of Freund’s adjuvant (Sigma- Aldrich). The 
rabbits were sacrificed and their blood collected after the final 
boosts. Anti- sera were collected from blood and used to perform 
the immunoblot analysis as described below.

Cell culture and treatment
Human colon carcinoma cell line Caco-2 and human acute 
T- cell leukaemia cell line Jurkat were purchased from Shanghai 
Institute of Cell Biology (Shanghai, China). Cells were routinely 
cultured in Eagle’s Minimum Essential Medium with 10% 
heat inactivated fetal bovine serum (PAN Biotech, Aidenbach, 
Germany), 1% penicillin- streptomycin (HyClone, USA) in a 
humidified atmosphere of 5% CO2. To determine the hydrolysis 
effect of OGAs, Caco-2 or Jurkat was seeded into 6- well plates 
for immunoblot analysis. The next day, the cells were stimulated 
with nonserum medium containing LPS (100 ng/mL), BtGH84, 
BtGH84- 2D, AkkGH84 or AkkGH84- 2D (10–200 µg/mL) for 
4 hours. For the experiments studying the effect of inhibitor, 
the cells were prestimulated with Thiamet G (Sigma- Aldrich) 
for 2 hours before stimulation with OGAs. After treatment, cells 
were lysed and assayed for the O- GlcNAcylation using immuno-
blot as described below.

Animals and DSS-induced colitis
All research involving animals has been approved by the ethics 
committee and performed strictly according to the guidelines 
for animal care in Southern Medical University. C57BL/6J mice 
and New Zealand rabbits were purchased from Animal Exper-
imental Center of Southern Medical University. Animals were 
housed under a 12- hour light-12- hour dark cycle, and they had 
free access to autoclave chow and water. Animal care and exper-
imental procedures were performed under anaesthesia with 
ketamine and lidocaine, and utmost efforts were taken to mini-
mise suffering.

DSS colitis was induced in age- matched and sex- matched 
C57BL/6J mice by oral administration of 3% (w/v) DSS (Sigma- 
Aldrich, 40 KDa) in drinking water for 5 days, followed by a tap 
water for 2 days. Mice were orally administered protein beads 
daily until termination of experiments. Body weight was moni-
tored daily. Mice were sacrificed on day 8, the colon length was 
measured. Colon tissues were fixed in 4% paraformaldehyde 
and embedded in paraffin, followed by H&E staining. Severity 
of inflammation was scored based on body weight loss, occult 
blood and stool consistency in a blind manner.

Additional protocols, material and methods are described in 
online supplemental material.
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