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Abstract 
O-GlcNAc transferase (OGT), found in the nucleus and cytoplasm of all mammalian cell types, 
is essential for cell proliferation. Why OGT is required for cell growth is not known. OGT 
performs two enzymatic reactions in the same active site. In one, it glycosylates thousands of 
different proteins, and in the other, it proteolytically cleaves another essential protein involved in 
gene expression. Deconvoluting OGT’s myriad cellular roles has been challenging because 
genetic deletion is lethal; complementation methods have not been established. Here, we 
developed approaches to replace endogenous OGT with separation-of-function variants to 
investigate the importance of OGT’s enzymatic activities for cell viability. Using genetic 
complementation, we found that OGT’s glycosyltransferase function is required for cell growth 
but its protease function is dispensable. We next used complementation to construct a cell line 
with degron-tagged wild-type OGT. When OGT was degraded to very low levels, cells stopped 
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proliferating but remained viable. Adding back catalytically-inactive OGT rescued growth. 
Therefore, OGT has an essential noncatalytic role that is necessary for cell proliferation. By 
developing a method to quantify how OGT’s catalytic and noncatalytic activities affect protein 
abundance, we found that OGT’s noncatalytic functions often affect different proteins from its 
catalytic functions. Proteins involved in oxidative phosphorylation and the actin cytoskeleton 
were especially impacted by the noncatalytic functions. We conclude that OGT integrates both 
catalytic and noncatalytic functions to control cell physiology.  
 
Signif icance 
Mammalian cells contain only one glycosyltransferase, OGT, that operates in the nucleus and 
cytoplasm rather than the secretory pathway. OGT is required for cell proliferation, but a basic 
unanswered question is what OGT functions are essential. This question is challenging to 
address because OGT has thousands of glycosylation substrates, two different enzymatic 
activities, and a large number of binding partners. Here, by establishing genetic tools to replace 
endogenous OGT with variants that preserve only a subset of its activities, we show that only a 
low level of glycosylation activity is required to maintain cell viability; however, cell proliferation 
requires noncatalytic OGT function(s). The ability to replace OGT with variants provides a path 
to identifying its essential substrates and binding partners. 
 
Introduction 	

O-linked N-acetylglucosamine transferase (OGT) is the most conserved glycosyltransferase 

encoded in the human genome (Figure 1D, S1A) (1, 2) and is essential for mammalian cell 

survival (3–5). Unlike other glycosyltransferases, which act in the endoplasmic reticulum and 

Golgi apparatus, OGT is found in the nucleus, cytoplasm, and mitochondria (6, 7). OGT 

attaches the monosaccharide O-linked N-acetylglucosamine (O-GlcNAc) to serine and threonine 

side chains of thousands of proteins (Figure 1A) (6, 8). These O-GlcNAc modifications are often 

dynamic and can be removed by the glycosidase O-GlcNAcase (OGA) (6, 9, 10). Because 

protein O-GlcNAc levels are sensitive to nutrient conditions and are cytoprotective against 

multiple forms of cellular stress, the modification is thought to be important in maintaining 

cellular homeostasis (6, 11–13). High O-GlcNAc levels correlate with aggressiveness for 

multiple forms of cancer (14–17) and have also been implicated in the pathogenesis of 

metabolic syndrome. It is therefore speculated that inhibiting OGT’s catalytic activity will lead to 

therapeutic benefit for treating cancer or cardiometabolic disease (8, 18–21).  

OGT is essential for cell viability and impacts numerous aspects of cell physiology including 

metabolism, gene expression, and cell signaling. Its broad effects have been attributed to its 

widespread Ser/Thr glycosylation activity (8, 22, 23), yet OGT has other biochemical functions 

that may be important for viability. In an unusual example of a physiologically-relevant second 

enzymatic activity that occurs in the same active site, OGT proteolytically cleaves the essential 

transcriptional co-regulator HCF-1 (Figure 1B, S1B) (24–26); this proteolytic maturation process 
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is proposed be critical for cytokinesis (26–29). In addition to catalyzing both glycosylation and 

cleavage reactions, OGT interacts with binding partners (Figure 1C) that recruit OGT to specific 

substrates (3, 30–34). Recent evidence suggests OGT may regulate C. elegans physiology 

independent of its catalytic function (36, 37); however, given that OGT is not essential in C. 
elegans (38), it remains unclear whether OGT’s binding interactions play major roles in 

regulating mammalian physiology independent of OGT’s enzymatic activity (35, 39). 

Here we developed a complementation strategy to evaluate whether OGT’s catalytic 

functions are essential for mammalian cell growth. We then modified the strategy to evaluate 

contributions of OGT’s noncatalytic functions to cell proliferation and to link OGT’s biochemical 

activities to pathways they control. Our study answers the fundamental question of which of 

OGT’s biochemical activities are needed for cell growth, has implications for how to target OGT 

in cancer and metabolic disease, and provides tools and approaches that will lead to a better 

understanding of this unusual protein.  
Results  
Inducible OGT complementation rescues cel l  growth 
To test which OGT functions are required for cell survival, we developed a complementation 

system starting from a mouse embryonic fibroblast (MEF) cell line in which Cre-recombinase-

mediated Ogt knockout is induced by drug treatment (4, 5, 40). Because OGT is normally 

produced as multiple isoforms (8), we first tested whether a single isoform could rescue 

knockout of endogenous Ogt (Figure 1E). We infected MEFs with a lentiviral vector (41) 

encoding human OGT, which has 99.8% amino acid identity with that of mouse OGT. Human 

OGT was produced as a fusion to the red fluorescent protein mKate2; FACS-based selection of 

cells with sufficient ectopic OGT levels corrected for variable transgene expression due to 

stochastic lentiviral integration into the cell genome (Figure S1C–D) (42, 43). To test for 

complementation, we tracked cell abundance by live cell imaging after generating an 

endogenous Ogt knockout. As expected (40), cells without Ogt underwent growth arrest at two 

days and died over the subsequent week (Figures 1F, S1E). Cells lacking endogenous Ogt but 

harboring an ectopic copy of human OGT continued to grow, showing that a single OGT isoform 

can rescue growth (Figure 1F). 

Immunoblot analysis of relevant biomarkers confirmed that genetic complementation 

maintained OGT’s catalytic activities (Figure 1G). OGT produced from the endogenous gene 

(Figure 1G, OGT, lower band) became undetectable two days after knockout, and in the 

absence of ectopic OGT, we observed loss of protein O-GlcNAc bands and accumulation of  
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Figure 1: Ectopic Expression of OGT  Complements Loss of Endogenous Gene 
A)  OGT transfers GlcNAc from UDP-GlcNAc to Ser or Thr residues of many nuclear and cytoplasmic 

proteins. OGA removes O-GlcNAc. 
B)  OGT cleaves essential transcriptional regulator HCF-1. Glutamate glycosylation induces peptide 

backbone rearrangement and cleavage, which leaves a pyroglutamate on the C-terminal fragment. 
C)  OGT forms multiple protein complexes.  
D)  OGT is one of the most conserved human genes. Histogram shows genome-wide amino acid 

conservation based on a human exome database (2). OGT is marked by the dashed red line at 0.20. 
X-axis is truncated at 2. 

E)  OGT replacement at an ectopic locus can test which OGT features are required for cell survival. 
Engineered MEFs (40) allow deletion of endogenous Ogt. We tested if lentiviral introduction of a 
single isoform of OGT could complement defects in cell survival and OGT activity. 

F)  Ectopic OGT expression rescues cell growth. Cells with or without ectopic OGT were imaged every 
~4 hours after inducing Ogt knockout at t=0. Relative cell number is based on normalized 
measurements of confluence from live cell imaging. Error bars are SD (n = 6 per condition). 

G)  Ectopic OGT expression rescues biochemical activities lost upon Ogt knockout. Immunoblot analysis 
shows endogenous and ectopic OGT, protein O-GlcNAc bands (measured by pan-O-GlcNAc 
monoclonal antibody RL2), and uncleaved HCF-1 or cleaved fragments.  

See also Figure S1A–F. 
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uncleaved HCF-1. OGA synthesis, which is downregulated by low protein O-GlcNAc levels (40, 

44),greatly decreased without OGT (Figure S1F). By day 3, we observed a 42 kDa PARP-1 

fragment associated with necrosis (Figure S1F) (45, 46). However, in cells producing mKate2-

OGT, protein O-GlcNAc levels and HCF-1 cleavage remained high after Ogt knockout, and 

accumulation of the necrosis-associated PARP-1 fragment was minimal. Cells expressing 

untagged ectopic OGT, which could not be selected for sufficient protein expression, had high 

amounts of the necrosis-associated PARP-1 fragment by day 3 (Figure S1F), consistent with 

OGT levels being insufficient to rescue cell growth (Figures S1E–F). Taken together, our results 

show that OGT’s canonical 1036 amino acid isoform, when produced at sufficient levels, 

complements both cell growth and OGT’s catalytic activities. Therefore, this single isoform 

encodes all of OGT’s essential functions. A key advantage to ectopic expression of an OGT 
cDNA from a constitutive promoter is that O-GlcNAc-responsive mRNA regulation is bypassed, 

facilitating comparison of different OGT variants to identify those that support survival (44, 47–

49). 

Ser/Thr Glycosylat ion is OGT’s Only Essential Catalyt ic Activ i ty 

We tested a set of previously characterized OGT variants in our complementation system to 

determine which catalytic activities were necessary for cell survival (Figure 2) (24, 25, 50–54). 

Ser/Thr glycosyation and HCF-1 cleavage occur in the same active site, and both reactions use 

UDP-GlcNAc as a substrate (24, 51, 52). Active site residue K842 enables GlcNAc transfer for 

both reactions, so mutating this residue renders OGT catalytically inactive (24, 52, 54). An 

OGTK842M variant was used to assess whether OGT has noncatalytic functions that are sufficient 

for cell viability. Ser/Thr glycosylation requires residue D554 as a base to shuttle protons during 

the reaction, but this residue is not needed for HCF-1 proteolysis, which begins with 

glycosylation on a deprotonated glutamate side chain (Figure S1B) (24, 25, 50, 52). Mutating 

this residue therefore renders OGT inactive only for Ser/Thr glycosylation. OGTD554N was 

therefore used to test if Ser/Thr glycosylation was required for survival. Because HCF-1 

cleavage requires that the proteolytic repeat engage a network of five conserved asparagine 

residues in OGT’s tetratricopeptide repeat (TPR) domain (24), replacing these residues with Ala 

(OGT5N5A) completely blocks HCF-1 cleavage (24). Ser/Thr glycosylation is attenuated with the 

OGT5N5A mutant (53) but is not abolished (Figure S1G). Therefore, even though OGT5N5A is an 

imperfect separation-of-function variant, we thought it might allow us to determine if HCF-1 

cleavage is necessary for cell survival. Below we refer to cell lines completely lacking OGT as 

∆OGT, to those producing OGTK842M as OGT∆Cat for their lack of OGT catalytic activity, to those 
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Figure 2: OGT’s Only Essential Catalyt ic Function is Ser/Thr Glycosylat ion 

A)  OGT variants with known in vitro activities can separate catalytic functions in living cells. Table shows 
cell type names and the associated OGT variant. “–” indicates absence of OGT activity, while “+” 
indicates presence of OGT activity. “5N5A” refers to mutation of 5 conserved TPR Asn residues to 
Ala.  

B)  Mutation of key residues perturbs individual OGT activities. Active site residue K842 (red) is required 
for both Ser/Thr glycosylation (top left) and HCF-1 cleavage (bottom left). D554 (orange) mutation 
blocks Ser/Thr glycosylation but allows HCF-1 cleavage. Conserved TPR Asn residues (purple) bind 
substrates. Extensive binding is required for HCF-1 cleavage, but appreciable glycosylation is 
maintained upon mutation of five Asn residues to Ala (see Figure S1G). R= side chains. 

C)  Cells without ability to add O-GlcNAc cease proliferation and die. Cells with OGT variants were 
imaged every 4 hours after inducing Ogt knockout at t=0. Relative cell number is based on normalized 
measurements of confluence from live cell imaging. Error bars are SD (n = 6 per condition). 

D)  Immunoblot analysis confirms the expected loss of either one or both catalytic activities depending on 
the ectopically-produced OGT variant.    

See also Figure S1G. 
 

producing OGTD554N as OGT∆GlcNAc  for their lack of Ser/Thr glycosylation activity, and to those 

producing OGT5N5A as OGT∆Clvg for their lack of HCF-1 cleavage activity (Figure 2A).  

We tested whether each of these OGT variants could complement loss of endogenous Ogt. 
Live cell microscopy showed that, like ∆OGT cells, OGT∆Cat or OGT∆GlcNAc cells grew over the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.351288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.351288
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 7	

first two days, then underwent growth arrest and eventually died (Figure 2C). In contrast, OGTWT 
and OGT∆Clvg cells continued to proliferate. Immunoblot analysis showed that only OGTWT and 

OGT∆Clvg cells maintained protein O-GlcNAc levels (Figure 2D). The levels of ectopically-

produced OGT increased over time in OGT∆Clvg cells until they were noticeably higher than in 

other cell lines lacking Ogt. We concluded that OGT∆Clvg cells with the highest ectopic OGT 

production outgrew OGT∆Clvg cells with lower expression because higher OGT levels 

compensated for OGT5N5A’s attenuated Ser/Thr glycosylation activity. Even with this increased 

OGT production, HCF-1 cleavage was blocked in the OGT∆Clvg cells (Figure 2D). The survival of 

these cells showed that HCF-1 cleavage is not required for cell viability. Because all cells that 

retained Ser/Thr glycosylation activity survived, whereas all cells without this activity died, 

Ser/Thr glycosylation is OGT’s only essential catalytic activity. 

Chemical ly-Induced Degradation Rapidly Separates OGT Functions 

To study the direct cellular roles of the OGT variants, we sought to improve the speed of 

OGT depletion. Although genetic Ogt knockout is rapid, depletion of the endogenous OGT 

protein takes more than two days. By this time, cells completely lacking protein O-GlcNAc have 

undergone growth arrest and are in the process of dying. In addition, Cre recombinase induces 

DNA damage signaling unrelated to OGT activity (Figure S1F) (55). We were concerned that the 

cell death process and DNA damage signaling would obscure direct cellular roles of OGT’s 

catalytic activities. We speculated that if we could rapidly deplete wild-type OGT in the presence 

of a variant that retained only some activities, we might be able to deconvolute initial responses 

due to loss of an activity from other effects. Moreover, a rapid depletion system to 

synchronously alter cells’ OGT activities might allow study of OGT variants that do not contain 

the full repertoire of functions required for viability.  

To deplete wild-type OGT rapidly, we introduced an FKBP12F36V-OGT fusion into the 

inducible Ogt knockout MEFs (Figure S2A) to enable chemically-induced protein degradation 

(56). FKBP12F36V provides a binding site for one half of the heterobifunctional degrader 

molecule dTAG-13 (56). The other half of dTAG-13 recruits the E3 ligase cereblon, leading to 

ubiquitination and proteasomal degradation of FKBP12F36V-OGT upon treatment (Figure 3A). 

After knocking out endogenous Ogt, we isolated multiple MEF clones expressing only 

FKBP12F36V-OGT (Figure 3B). These clones were viable several weeks after endogenous Ogt 
removal, demonstrating that the FKPB12F36V tag did not interfere with essential OGT functions. 

Treatment of FKBP12F36V-OGT cells with dTAG-13 depleted OGT within one hour with depletion 
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Figure 3: Rapid OGT Degradation Reveals Protein Level Changes Due to Loss of 
Specif ied Activ i t ies 
A)  The dTAG system enables rapid, inducible OGT depletion. A copy of OGT tagged with FKBP12F36V is 

used to replace endogenous OGT in MEFs. Treatment with heterobifunctional molecule dTAG-13 
recruits endogenous E3 ligase cereblon to ubiquitinate FKBP12F36V-OGT, leading to degradation. 

B)  Clonal MEFs containing FKBP12F36V-OGT were isolated at 2 weeks after Ogt knockout. Two clones 
lacking endogenous OGT were selected for further study. 

C)  FKBP12F36V-OGT is rapidly degraded, leading to growth arrest. dTAG-13 treatment leads to dose-
dependent growth arrest as measured by live cell imaging (n=6, n=3 per clone). Error bars are 
standard error of the mean. Sub-micromolar doses of dTAG-13 lead to rapid, durable degradation of 
FKBP12F36V-OGT by western blot analysis (inset). 

D)  Combining FKBP12F36V-OGT with separation-of-function OGT variants allows synchronous separation 
of OGT activities. dTAG-13 treatment “unmasks” separation of function by rapidly removing wild-type 
OGT, allowing analysis of cells as specified OGT functions are lost.	 
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E)  Western blot analysis demonstrating separation of function within one day for FKBP12F36V-OGT cells. 
mKate2-OGT bands show levels of OGT variants specifically added to each cell type. 

F)  Quantitative mass spectrometry profiles how altered OGT biochemistry changes protein levels 
proteome-wide. Isobaric peptide labeling and LC/MS3-based protein quantitation enabled 
measurement of 7220 proteins’ levels across samples treated with dTAG-13 for 0, 1, or 2 days. 
Graphs represent hypothetical data. 

G)  More proteins changed levels with loss of OGT protein than with loss of its catalytic functions. Graph 
shows number of hits for each cell type after one or two days dTAG-13 treatment relative to untreated 
control (hits: >1.5 fold change in level and a p-value < 0.01 in a t-test).  

See also Figure S2. 
 

sustained for 24 hours (Figure 3C, inset). We observed dose-dependent growth inhibition with 

maximal inhibition by 500 nM dTAG-13 (Figure 3C), a concentration used for selective 

degradation of tagged proteins in several prior studies (56–58). Growth inhibition implied that 

OGT levels were sufficiently reduced to block OGT’s growth-promoting cellular functions, 

providing a background in which we could assess how OGT’s individual activities control cell 

physiology.  

We next introduced the separation-of-function OGT variants into clonal FKBP12F36V-OGT 

cell lines (Figure 3D). All cells had wild-type OGT activities before treatment, but at 24 and 48 

hours after dTAG-13 treatment, we only detected the OGT activities expected for each variant 

(Figure 3E). Consistent with the OGT5N5A mutant being partially impaired in Ser/Thr 

glycosylation, protein O-GlcNAc levels were moderately reduced in the OGT∆Clvg cells after 

dTAG-13 treatment.  

We measured relative protein abundance in the different cell lines to query changes in cell 

physiology when specified OGT activities were removed (Figure 3F, Figure S2B). Two biological 

replicates of each of our five FKBP12F36V-OGT cell types (∆OGT, OGTWT, OGT∆Cat, OGT∆GlcNAc, 
and OGT∆Clvg) were treated with dTAG-13 for 1 and 2 days; an untreated control (Day 0) was 

also collected, and samples were labeled with isobaric tags to enable relative protein 

quantitation (59–61). LC/MS quantified 7220 distinct proteins in all samples at all three 

timepoints (Dataset S1, Figure S2B). For all cell lines, dTAG-13 treatment altered levels of more 

proteins at Day 2 than Day 1 (as measured by proteins changing >1.5 fold with a p-value of 

<0.01 in a two-sample t-test, Figure 3G, Dataset S2). At Day 2, the fewest changes were 

observed for OGTWT and OGT∆Clvg cells (37 and 25 proteins with altered abundance, 

respectively) and the most were observed for ∆OGT cells (100 proteins with altered 

abundance). Cells expressing an OGT variant incapable of Ser/Thr glycosylation (OGT∆GlcNAc 

and OGT∆Cat) had an intermediate number of altered proteins (65 and 71). These results showed 

that Ser/Thr glycosylation plays a larger role in regulating protein levels than HCF-1 cleavage. 
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Because there were more changes in ∆OGT than in the OGT∆Cat cells, the results also 

suggested that OGT may have physiologically important noncatalytic functions. 

Simultaneous Comparison of Mult iple Cell  Lines Quantif ies Effects of Individual 

OGT Activ i t ies 

To use the proteomics data to identify proteins affected by individual OGT activities, we 

needed an analytical method to link changes in protein levels to the activities driving the 

changes. We reasoned that if a protein’s abundance depended only on a single OGT activity, 

then the levels of that protein should differ based on whether a given cell line retained the 

activity after dTAG-13 treatment (Figure 4A). For example, levels of proteins controlled by 

Ser/Thr glycosylation or HCF-1 cleavage should differ between the two cell lines that retained 

that particular catalytic activity and the three cell lines without it. If a protein’s abundance 

primarily depended on a noncatalytic function of OGT, levels should be similar for the four cell 

lines producing a copy of OGT but different in ∆OGT cells. The log2 fold change in abundance of 

a protein upon losing an activity is the “effect size” of that OGT activity on that protein. For 

example, increased abundance of a protein when Ser/Thr glycosylation is blocked would lead to 

a positive Ser/Thr glycosylation effect size, whereas decreased abundance would produce a 

negative Ser/Thr glycosylation effect size. We hypothesized that we could determine which 

proteins depended on which OGT activities by modeling protein levels as a linear combination of 

activity-specific effect sizes. Therefore, for each protein in the proteome, we used linear 

regression to calculate βGlcNAc, βClvg, and βNcat, which are the activity-specific effect sizes that, 

when added together, describe how levels of that protein change when a specific set of OGT 

activities are removed (Figure 4B, Dataset S3). By allowing us to use data from all five cell lines 

simultaneously, this approach filtered out cell line-specific effects – for example, protein level 

changes due to reduced glycosylation in the OGT∆Clvg cells – because these would result in 

noisy effect sizes that did not meet p-value cutoffs for statistical significance.  

We observed that levels of some proteins depended on a single OGT activity (Figure S3A) 

whereas others were best represented as a combination of OGT activities. For example, 

coactosin-like 1 (COTL1), an actin-binding protein, was less abundant in cells lacking HCF-1 

cleavage activity (Figure S3A, left), whereas caldesmon 1 (CALD1), a protein involved in 

calcium-dependent actomyosin regulation, was more abundant in cells without a copy of OGT 

(Figure S3A, middle). The protein chaperone α-crystallin B (CRYAB), known to be O-

GlcNAcylated and previously shown to be upregulated in response to OGT knockout (40, 62), 

increased in cells lacking Ser/Thr glycosylation activity (Figure S3A, right). Therefore, we can 
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F igure 4: Regression Measures How Single OGT Activ i t ies Alter Levels of Each 
Protein  
A)  A protein whose levels are controlled by one OGT activity will show a characteristic patterns amongst 

the 5 cell lines. Each graph represents a hypothetical protein controlled by a single activity; examples 
are shown for proteins that increase or decrease in response to inhibiting each activity. Protein level 
in OGTWT cells shown by blue dashed line. 

B)  Linear regression quantifies degree to which protein levels match the patterns corresponding to a 
given OGT activity. βGlcNAc, βClvg, and βNcat are log2 fold-change upon inhibiting an activity, and XGlcNAc, 
XClvg, and XNcat indicate which cell lines lose a given OGT activity upon dTAG-13 treatment. C is 
average level in OGTWT

 cells and ε is random variation unrelated to OGT activity. 
C)  Protein SKP1 is shown as a regression example; dots are measured abundance, red lines are 

calculated from linear regression, and individual effects are shown at right. p-values shown for each 
effect. Level in OGTWT cells shown by blue dashed line. 

D)  Number of hits for each day for each OGT activity. (Hits: p < 0.05 and effect size > log2 (1.5)) 
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E)  Volcano plot showing βGlcNAc, βClvg, and βNcat from 2 days of dTAG-13 treatment. OGT and OGA are 
highlighted as expected outliers. 

See also Figures S3 and S4. 

attribute the increase in CRYAB abundance upon OGT knockout to loss of O-GlcNAc. In 

contrast to these proteins, which were dependent on a single OGT activity, SKP1, a protein in 

the SCF ubiquitin ligase complex, was sensitive to both loss of OGT, which led to increased 

abundance (βNCat = 1.3), and to loss of HCF-1 cleavage, which led to decreased abundance 

(βClvg = -0.6), but not to loss of Ser/Thr glycosylation (Figure 4C). By using this linear regression 

analysis, we could therefore demonstrate that HCF-1 cleavage and noncatalytic OGT functions 

both regulate SKP1 levels, with a larger role for the noncatalytic functions. 

Several pieces of data showed that effect sizes generated across all three time points 

(Figures S3B–C, Dataset S4) accurately reflected how levels of each protein responded to loss 

of individual OGT activities. Proteome-wide correlation analysis showed that effect sizes for loss 

of each OGT activity corresponded to the differences in protein abundance between any two 

sets of samples that differed by that OGT activity, both between different cell lines (Figure S4A, 

Dataset S5) and between untreated and treated samples of the same cell line (Figure S4B). 

Expected outliers in the data further validated the regression analysis (Figure 4E). For example, 

OGA abundance is known to decrease with low protein O-GlcNAc levels (40, 44), and we found 

that OGA had the most negative βGlcNAc value after two days of dTAG-13 treatment. 

Furthermore, OGT had a negative βNcat value that corresponded to a striking 24-fold reduction in 

protein abundance; this result was reassuring because noncatalytic function effect sizes are 

defined by the presence or absence of OGT. We concluded that the regression analysis was an 

appropriate method to identify the proteins most affected by individual OGT activities.  

We made two observations about the numbers of affected proteins and their changes over 

time (Figure 4D). First, on Day 0, few proteins were affected by Ser/Thr glycosylation or HCF-1 

cleavage. We inferred that the presence of catalytically-active FKBP12F36V-OGT obscures 

differences in catalytic activity from other variants. In contrast, a substantial number of proteins 

were affected by noncatalytic functions at Day 0. Noncatalytic roles are likely to involve 

stoichiometric binding interactions, and a second copy of OGT at Day 0 would provide more 

protein to fulfill these roles. Second, after dTAG-13 treatment, loss of HCF-1 cleavage affected 

levels of a relatively small number of proteins compared to loss of OGT’s other activities, 

implying a narrower role for this activity in regulating cell physiology. Loss of Ser/Thr 

glycosylation and noncatalytic functions each altered levels of more than 150 proteins by Day 2, 

demonstrating a much larger impact of these activities. 
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Noncatalyt ic Functions and Ser/Thr Glycosylat ion Control Levels of Different 

Proteins 

      Proteome-wide analysis of the effect sizes indicated that each OGT activity altered the 

levels of different sets of proteins (Figure S5A) and revealed that the majority of hit proteins had 

large effect sizes for only one OGT activity (Figure 5A). Supporting the idea that different 

proteins are affected by different OGT activities, we find enrichment of previously-identified O-

GlcNAc proteins among proteins with significant Day 2 effect sizes for Ser/Thr glycosylation, 

and enrichment of OGT interactors in proteins with significant effect sizes for noncatalytic 

functions (Table S1) (33, 63). To examine the processes altered by individual OGT activities, we 

performed gene set enrichment analysis (GSEA) based on the effect sizes and their degree of 

statistical significance (Figures 5B, S5D, Dataset S7) (64–66) to identify pathways affected by 

the different activities. Each OGT activity primarily affected different pathways from the others, 

although several pathways were affected by multiple OGT activities. Notably, OGT’s 

noncatalytic function(s) were associated with oxidative phosphorylation and actin cytoskeleton 

components (Figure 5B, S5D–E), while OGT’s catalytic activities were associated with other 

areas of metabolism and numerous aspects of gene expression. Overall, the analysis showed 

that OGT’s different biochemical activities – Ser/Thr glycosylation, HCF-1 cleavage, and 

noncatalytic functions – control different aspects of cell physiology.  
We also compared the effects of altering individual OGT activities to the effects of inhibiting 

OGT with a small molecule. Using a previously-reported data set for OGT inhibition, we 

compared the changes in protein abundance observed after treating human HEK 293T cells 

with an OGT active site inhibitor to the effect sizes obtained from our genetic perturbations in 

MEFs (Figure S6, Dataset S6) (67). Overall, we found that protein levels in HEK 293T cells 

changed with OGT inhibition in the same direction as their mouse orthologues did when OGT’s 

catalytic activities were removed (Figures 5C, S5B). The correspondence between protein 

abundance changes upon OGT active site inhibition and effect sizes for loss of OGT’s catalytic 

activities provided independent evidence that these effect sizes are useful metrics for 

quantifying the contributions of OGT’s catalytic activities to regulating protein abundance. 

Moreover, because inhibiting OGT in HEK 293T cells and removing OGT’s catalytic activities in 

MEFs affected similar biological pathways (Figure S5C–D, Dataset S7), we have inferred that 

OGT’s catalytic activities play consistent roles in controlling cell physiology in different 

mammals. 
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Figure 5: Ser/Thr Glycosylat ion and Noncatalyt ic Functions Control Dist inct 
Cellular Processes 
A)  Heatmap of effect sizes for all 649 protein hits for any OGT activity at any length of dTAG-13 

treatment. OGT activity and length of dTAG-13 treatment shown on Y-axis. Proteins arrayed on X-
axis.  

B)  OGT activities control different pathways. Average effect sizes of all proteins (up to 25% change, 
effect size 0.32) in a given pathway and false discovery rate are based on each OGT activity after two 
days dTAG-13 treatment. Size of points corresponds to false discovery rate from GSEA. See also 
Figure S5D.	

C)  Comparison of OGT inhibition and changes due to individual OGT activities. Histograms show log2 
fold change in protein abundance upon OGT inhibition (Martin et al. 2018) for the set of proteins with 
positive Day 2 βGlcNAc (n = 263), βClvg (n = 264), and βNcat (n = 235) values. Lines show smoothed 
distribution for each set of proteins (gaussian kernel with bandwidth of 0.05). Only proteins significant 
in regression analysis (p<0.01 for any effect size, 513 proteins) were analyzed. Proteins with positive 
effect sizes upon blocking any individual OGT activity had significantly more extreme changes in 
abundance upon OGT inhibition than expected by chance based on a Wilcoxon rank sum test (p-
value βGlcNAc < 10–26, βClvg < 0.01, βNcat < 10–10). 	

See also Figures S5B and S6 
 

Unexpectedly, we also observed a relationship between OGT inhibition and OGT’s 

noncatalytic functions. Inhibition altered protein levels in the opposite direction from removing 

OGT’s noncatalytic functions, a phenomenon observed at both the protein and biological 

pathway levels (Figures 5C, S5B–D). It is well-known that OGT levels rapidly increase upon loss 

of protein O-GlcNAcylation (44, 48, 67, 68), with the rapid increases driven by splicing and 

transcriptional controls that we removed in the MEF system. These mechanisms were thought 
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to serve as a means to restore normal O-GlcNAc levels. However, we interpret the inverse 

correlation between protein-level changes after small molecule OGT inhibition and effect sizes 

for removing OGT’s noncatalytic functions as evidence that increased OGT abundance is 

important independent of altering OGT catalytic activity. Therefore, OGT’s noncatalytic functions 

contribute to the normal cellular response to reduced O-GlcNAcylation. 

Noncatalyt ic Functions are Required for Cell  Prol i ferat ion  

Given that our analysis strongly implicated noncatalytic functions of OGT in controlling cell 

physiology, we wondered if these functions were important for cell growth. To test if OGT’s 

noncatalytic activities contribute to cell proliferation, we tracked growth of our five FKBP12F36V-

OGT cell lines in the presence of enough dTAG-13 to suppress proliferation of ∆OGT cells 

(Figure 6A). As expected, the OGTWT and OGT∆Clvg
 cells, which can carry out Ser/Thr 

glycosylation, grew in the presence of the degrader compound; however, the OGT∆GlcNAc and 

OGT∆Cat cells, which are nonviable in the Cre-based deletion system, also grew (Figure 6A–B). 

Because the amounts of catalytically-active FKBP12F36V-OGT remaining after dTAG-13 

treatment are too low to permit cell proliferation, growth of the OGT∆Cat cells requires 

noncatalytic roles of OGT (Figure 6C).   

 
Figure 6: OGT’s Noncatalyt ic Roles are Required for Cell  Prol i ferat ion  
A)  Cell growth over time of all FKBP12F36V-OGT cell lines, as measured by live cell imaging. dTAG-13 

treatment began at t=0. Relative cell number is based on normalized measurements of confluence 
from live cell imaging. Error bars are SD (n = 6 per condition). 

B)  Growth outcomes for the Cre-based OGT deletion (Figure 2) and dTAG-based OGT degradation 
systems (Figure 6A). The degron-tagged ΔOGT cell line is viable because a very small amount of 
OGT remains after dTAG-13 treatment.  

C)  Schematic illustrating that OGT integrates catalytic and non-catalytic functions to promote cell growth.   
Discussion  

This study identified the OGT functions that are essential for growth of mammalian cells. 

First, by replacing OGT with variants impaired in selected activities, we determined that protein 

O-GlcNAcylation is required for cell survival. HCF-1 cleavage is not. Next, by using inducible 

protein degradation and a broadly applicable proteomic analysis method to deconvolute the 
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roles of variants that are deficient in one or more OGT activities, we demonstrated that OGT has 

noncatalytic roles that regulate protein levels independent of catalysis. We also showed that 

these noncatalytic functions are sufficient to drive growth when there is insufficient wild-type 

OGT to support cell proliferation. Taken together, our results show that OGT has two essential 

functions, Ser/Thr glycosylation and a noncatalytic role. 

OGT’s catalytic and noncatalytic functions evidently cooperate to control cell proliferation. If 

no OGT is present, or if OGT is present but cannot catalyze any Ser/Thr glycosylation, cells die. 

If wild-type OGT is present, but at extremely low levels, cells are viable but remain in a growth-

arrested state. Adding back catalytically-inactive OGT rescues cell proliferation even though 

protein O-GlcNAc levels remain low. Therefore, providing sufficient OGT to fulfill its 

stoichiometric noncatalytic roles promotes cell proliferation even if only a small amount of O-

GlcNAc is present. It remains to be established how OGT’s noncatalytic functions promote cell 

proliferation, but possibilities include a role in binding other proteins to stabilize them, to alter 

their localization, or to scaffold the formation of larger complexes.    

The importance of OGT’s noncatalytic functions for cell growth helps explain a previously 

observed discrepancy between genetic OGT knockout and OGT inhibition. Cells die upon 

knockout (40) but not when OGT is inhibited. Death occurs in the former case because both O-

GlcNAc signaling and OGT’s noncatalytic functions are removed. With inhibition, low levels of 

Ser/Thr glycosylation persist. The reduced protein O-GlcNAc levels trigger a rapid increase in 

OGT abundance through altered splicing and transcription (44, 48, 67). When the increase in 

OGT abundance is sufficient to overcome inhibition, O-GlcNAc levels recover. Whether or not 

they recover, signaling through OGT’s noncatalytic functions increases because there is more 

OGT protein available. Noncatalytic functions drive cell proliferation even when O-GlcNAc levels 

remain very low.  

OGT’s noncatalytic functions may be important for OGT’s role as a nutrient sensor. Low 

nutrients lead to reduced cytosolic UDP-GlcNAc levels (8, 22), leading to a transient reduction in 

O-GlcNAc levels that is followed by rapid upregulation of OGT (68). If protein O-GlcNAc levels 

remain low even though OGT abundance is high, noncatalytic signaling may become especially 

important. We suggest that OGT uses both its catalytic and noncatalytic functions to respond to 

environmental changes, which may allow for varied responses to different cellular cues.   

By quantifying how much each OGT activity impacts the abundance of each protein in the 

cell, we have identified the biological pathways most affected by each OGT activity. Consistent 

with known roles for O-GlcNAc, we found that Ser/Thr glycosylation broadly regulates 
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metabolism and gene expression, with enriched pathways including splicing (44), translation 

(69–71), and autophagy (72–74). Among the pathways linked to OGT’s noncatalytic activities 

are oxidative phosphorylation, the electron transport chain, and components of the actin 

cytoskeleton, consistent with prior data suggesting OGT binds to the actin-regulating E-

cadherin/beta-catenin complex (39). We also note that a previous report showed that proteins 

involved in oxidative phosphorylation and electron transport were downregulated upon OGT 

overexpression (75), consistent with our finding that blocking OGT’s noncatalytic functions leads 

to an increase in the levels of these proteins. These previous studies attributed altered 

abundance of proteins involved in respiration to increased O-GlcNAc, but our results suggest 

that OGT’s noncatalytic functions also contribute substantially to altering levels of these 

proteins.  

Our data show that OGT’s glycosyltransferase and noncatalytic OGT functions can 

cooperate within the same cellular pathway to alter cell physiology. When nutrients are low or 

OGT is inhibited, signaling through Ser/Thr glycosylation is reduced, but elevated OGT levels 

lead to increased signaling through OGT’s noncatalytic functions. Our effect sizes measure the 

response of protein levels to loss of an OGT activity so an increase in noncatalytic signaling 

would lead to protein-level changes in the opposite direction from the noncatalytic effect sizes. 

As a result, effect sizes with opposite signs for Ser/Thr glycosylation and noncatalytic functions 

indicate protein level changes in the same direction. Our analytical method identifies pathways 

dominated by one activity as well as pathways where both catalytic and noncatalytic OGT 

functions substantially contribute to regulation (Figure 5). Going forward, it will be critical to 

determine whether effects of genetic knockdown are due to loss of O-GlcNAc, loss of OGT’s 

noncatalytic functions, or both.    

HCF-1 cleavage affected a more limited number of cellular processes than OGT’s other 

activities, but it remains a central player in OGT biology. We found that the cleavage activity 

affects histone modification pathways, which include known interactors of HCF-1 (76, 77), as 

well as lipid metabolism and peroxisome-related processes (Figure 5C, S5D, Dataset S7), which 

have been linked to HCF-1 based on hepatocyte-specific HCF-1 knockout mice (78). Because 

HCF-1 is one of OGT’s most common cellular binding partners (26, 29, 32, 33, 77) and is O-

GlcNAcylated in addition to being proteolyzed, it integrates all three of OGT’s biochemical 

activities. HCF-1 regulates transcription through participation in several chromatin-modifying 

complexes (33, 77, 79), and recent evidence suggests it is directly involved in altering gene 

expression in response to nutrient cues, including cues that result in altered O-GlcNAc (32, 33, 
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80). Moreover, both O-GlcNAc modification and cleavage of HCF-1 have been shown to change 

its binding partners and consequently alter downstream gene expression (32, 81). Effects of 

HCF-1 cleavage were previously investigated by altering HCF-1 structure. The ability to disrupt 

cleavage by varying OGT rather than by altering HCF-1 may have some advantages for 

understanding the role of HCF-1 in gene expression and the interplay of cleavage with HCF-1 

O-GlcNAcylation and OGT binding.  

We expect the genetic systems and approaches described here will be useful for addressing 

longstanding questions about OGT. One important question is how O-GlcNAcylation supports 

cell viability. It is possible that a small number of OGT substrates require O-GlcNAc modification 

to carry out essential functions. If so, these might be found by identifying the proteins that are 

still modified by OGT variants that have lost the ability to glycosylate most substrates. Similarly, 

the ability to introduce OGT variants into cells and either delete or deplete wild-type OGT will 

help elucidate the binding partners through which OGT engages in noncatalytic signaling. These 

binding partners likely include other proteins, but may also include nucleic acids or other 

molecules. OGT’s TPR domain has been implicated in binding interactions (3, 34), and the 

ability to modify this domain to disrupt binding interactions should be helpful in dissecting OGT 

function. The approaches and analytical strategy we have developed to quantify effects of 

OGT’s activities on protein levels can also be adapted to understand other multifunctional 

proteins. Moreover, although we used protein abundance to quantify effect sizes in the studies 

here, other quantitative phenotypes such as transcriptomic measurements can also be used to 

link particular functions to pathways (82). Last, by extending these approaches to alternative cell 

types, we anticipate that we may be able to determine which effects of OGT’s activities are 

general and which are only relevant in the signaling context of a particular cell type. 

     Finally, we note that the results here have implications relevant to OGT-targeting 

therapeutics. OGT has been identified as a potential target in multiple diseases including cancer 

(14–17, 47, 49) and metabolic disease (8, 18–21). Many of the studies implicating OGT in these 

diseases used genetic perturbations that blocked catalytic and noncatalytic signaling 

simultaneously. However, OGT deletion and depletion phenotypes are different from 

phenotypes due to OGT active site inhibition. Anti-proliferative effects are more likely to occur 

from removing OGT entirely than from blocking its active site because, as we have shown, cells 

can proliferate with very low catalytic activity if there is sufficient OGT protein to fulfill 

noncatalytic roles. Therefore, targeting OGT for cancer therapy may require either a targeted 

protein degradation approach (83) that disrupts both catalytic and noncatalytic OGT activities or 
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a strategy that exploits synthetic lethality between OGT inhibition and another pathway (84). By 

contrast, if metabolic syndrome indeed results from excess Ser/Thr glycosylation, it may be 

possible to use OGT inhibitors chronically to reduce protein O-GlcNAc levels; however, inhibitor 

treatment may lead to chronic elevation of OGT levels, and our findings show that a persistent 

increase in OGT may affect cell physiology independent of catalysis.  

Materials and Methods 

Plasmids and Cloning: Plasmids for protein expression and lentivirus production were generated 

as described in SI Text. Mutations were introduced by Q5 mutagenesis or Gibson assembly. 

Cells and Lentivirus: MEF cell line was maintained as previously described (40). Lentivirus was 

produced in HEK293T cells and infections of MEF cells were carried out as described in SI Text.  

Knockout of OGT was performed as previously described (40). Degradation of FKBP12F36V-OGT 

was carried out by changing to media containing 500 nM dTAG-13. Cell lysis and western blot 

analysis were carried out as described in SI Text. 

Growth Assays All growth assays were carried out in 96 well plates using the Essen Incucyte 

Zoom platform as described in SI Text. Relative cell number was based upon confluence 

normalized to initial confluence. To enable long-term tracking of growth, cells that reached 85% 

confluence were split 1:3 and re-plated for continued growth, with relative cell number reflecting 

continued growth from point of splitting. 

Quantitative Proteomics Samples were prepared, labeled with isobaric TMT labels, fractionated 

by HPLC, and analyzed by LC-MS3 as previously described (59–61), with further details in SI 

Text. A normalization sample of peptides from all other samples was generated by add 3 µL 

each of all 30 samples to the same tube before TMT labeling. LC-MS data was analyzed as 

described in SI Text to yield relative protein abundance. For analysis across days, each 

protein’s abundance was divided by protein abundance in the normalization sample for that day. 

Linear Regression Analysis Linear regression as described in Figure 4B was used to analyze 

each protein. Samples were randomly shuffled 106 times to generate background distributions to 

determine p-value for each regression coefficient (effect size). For linear regression across 

multiple days, ten coefficients (3 days of 3 effect sizes plus a constant representing baseline 

abundance) were included with 30 samples, with the same procedure used to generate p-

values. Further details are available in SI Text. 

Pathway Analysis Gene Set Enrichment analysis was carried out using either effect-size or log10 

of p-value (negative log10 if effect size was positive). Pathways were considered significant if 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.351288doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.351288
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 20	

they met a 10% FDR cutoff in both analyses and a 1% cutoff in either analysis. Further details 

are provided in SI Text. 

Comparison to OGT Inhibitor Data from Martin, Tan et al. (67) as presented in SI of that 

publication was aligned on the basis of gene orthology and analyzed as described in text. 

Further details of analysis available in SI Text. 

Materials Availability Request for materials or data should be directed to 

suzanne_walker@hms.harvard.edu. All plasmids generated in this study are available through 

Addgene as described in Table S3, and code for analysis is available on Github at 

https://github.com/SuzanneWalkerLab/NoncatalyticOGT/ . 
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