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O-GlcNAc is a form of protein glycosylation that is uniquely 
suited to regulate cellular signaling pathways (Fig. 1a). This 
intracellular post-translational modification involves the 

transfer of the monosaccharide N-acetylglucosamine to the ser-
ine and threonine side chains of proteins1,2. Unlike most forms of 
glycosylation, this GlcNAc moiety is not elaborated by additional 
carbohydrates and is dynamically regulated by two enzymes3. 
O-GlcNAc transferase (OGT) uses the donor sugar UDP-GlcNAc 
to install O-GlcNAc, while O-GlcNAcase (OGA) removes it, set-
ting up a scenario potentially similar to the cycling of protein phos-
phorylation. The amounts of O-GlcNAc change upon alterations 
in cellular environment through the sensing of different biological 
inputs. For example, one of the main roles of O-GlcNAc is to act 
as a nutrient sensor to control various cellular pathways4. In par-
ticular, flux of glucose into the cell, which is transformed by the 
hexosamine biosynthetic pathway (HBP) into increased amounts of 
UDP-GlcNAc5, results in a dynamic increase in O-GlcNAc levels. 
Interestingly, the substrate selection and activity of OGT are highly 
dependent on the concentration of UDP-GlcNAc6, allowing OGT 
to ‘read out’ extracellular glucose levels. Therefore, it is not surpris-
ing that hyperglycemia in diabetes results in elevated O-GlcNAc 
in comparison to healthy individuals and indicates that O-GlcNAc 
should modulate various proteins and pathways with misregulation 
of these events contributing to disease. An attractive hypothesis has 
been a direct relationship between the O-GlcNAc modification and 
phosphorylation (Fig. 1b)7. For example, O-GlcNAc modification 
of the kinase Akt at Thr305 and Thr312 prevents phosphorylation 
at nearby Thr308 and impairs Akt signaling8. Similarly, O-GlcNAc 
modification of casein kinase II (CK2) at Ser347 antagonizes phos-
phorylation at nearby Thr344, thereby reducing its stability/activ-
ity9. However, despite these and some other examples, and the 
theoretical attractiveness of O-GlcNAc as a regulator of cell signal-
ing, the cases where we understand how this modification controls 
specific cascades remains limited. Here, we add another example of 
O-GlcNAc/phosphorylation interplay. Specifically, we used chemi-
cal tools to investigate our serendipitous discovery linking the sig-
naling lipid sphingosine-1-phosphate (S1P) to actin cytoskeletal 

remodeling through the O-GlcNAc modification of the phosphatase 
regulatory subunit MYPT1.

Results
O-GlcNAc controls S1P-mediated fibroblast contraction. We 
encountered a phenotypic change in NIH3T3 fibroblasts upon 
reduction of O-GlcNAc levels followed by treatment with fetal calf 
serum (FCS). As schematized in Extended Data Fig. 1a, these fibro-
blasts were treated with the OGT inhibitor 5SGlcNAc10 (200 μM) 
for 16 h to give a downregulation of O-GlcNAc (Extended Data 
Fig. 1b). On addition of 10% FCS, the cells underwent a rapid 
(10–30 min) morphological change, resulting in their contraction 
(Fig. 1c and Supplementary Video 1). Intrigued, we then screened 
protein factors, cytokines and lipids commonly found in serum. 
Strikingly, we only detected this phenotype upon S1P treatment 
(100 nM) and to a lesser extent lysophosphatidic acid (LPA) treat-
ment (20 μM) (Fig. 1d, Extended Data Fig. 1c and Supplementary 
Video 2), indicating that signaling initiated by these lipids is 
responsible for our observation. Here, we chose to explore S1P in 
greater detail. To confirm that this phenotype is indeed due to a 
reduction in O-GlcNAc, we next treated fibroblasts with either an 
orthogonal OGT inhibitor (ST060266, 200 μM) or RNAi against 
OGT (Extended Data Fig. 2a,b). In both cases, we found a simi-
lar morphological change on addition of S1P (Extended Data  
Fig. 2c,d), confirming the O-GlcNAc dependence of the phenotype. 
To test whether this was apoptosis, we used western blotting to visu-
alize caspase-3 cleavage during 5SGlcNAc and/or S1P treatment, but 
did not observe any active protease (Supplementary Fig. 1). Next, 
we examined whether the cells would return to a relaxed state. We 
treated NIH3T3 cells with DMSO or 5SGlcNAc (200 μM) followed 
by S1P (100 nM) for an extended time course (Supplementary Fig. 2).  
The cells with decreased O-GlcNAc levels quickly contracted but 
returned to a relaxed state over the course of the assay. Together, 
these data suggest that O-GlcNAc controls the sensitivity of fibro-
blasts to a dynamic, S1P-mediated signaling pathway.

Published studies previously demonstrated that micromo-
lar concentrations of S1P cause fibroblast contraction in collagen 
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matrices11. To test whether we were observing the same pathway, 
we treated NIH3T3 cells with either DMSO vehicle or 5SGlcNAc 
(200 μM) for 16 h followed by a range of S1P concentrations (0.05 to 
5 μM). Fibroblasts with ‘normal’ O-GlcNAc levels underwent con-
traction at the higher concentrations of S1P, but cells treated with 
the OGT inhibitor displayed increased sensitivity to lower amounts 
of S1P (Fig. 2a). We then quantified the amounts of cellular con-
traction by measuring the surface area occupied by the cells and 
found the difference in contraction to be statistically significant 
(Fig. 2b). Importantly, this result was observed in multiple biologi-
cal replicates (Supplementary Fig. 3a). We next asked whether rais-
ing the modification levels would decrease their sensitivity to the 
signaling lipid. Accordingly, we treated these fibroblasts with either 
DMSO vehicle or the OGA inhibitor Thiamet-G12 (10 μM), result-
ing in increased O-GlcNAc (Extended Data Fig. 1b). We found 
the Thiamet-G-treated cells to be significantly more resistant to 
S1P concentrations compared to the control (Fig. 2c,d), and again 
this difference was recapitulated in multiple biological replicates 
(Supplementary Fig. 3b).

As mentioned in the introduction, O-GlcNAc modifications rise 
due to higher levels of circulating glucose, with important conse-
quences in diabetes. This observation and others raised the possi-
bility that the modification could act as a nutrient sensor to control 
S1P-dependent signaling. We therefore cultured NIH3T3 cells in 
media containing either 1 or 9 g l−1 glucose for 48 h, resulting in the 
expected differences in O-GlcNAc levels (Extended Data Fig. 2e). 
We found that the cells cultured in low glucose were indeed more 
sensitive to S1P-mediated contraction than those grown in high glu-
cose (Fig. 2e,f and Supplementary Fig. 3c). Together, these results 
indicate that O-GlcNAc acts as a molecular buffer to control S1P 
signaling that culminates in fibroblast contraction.

O-GlcNAc controls signaling through the S1PR2 receptor. S1P 
is an endogenous signaling lipid13 that is produced intracellularly; 
it can then be transported outside of the cell and signal through 
a family of five G-protein coupled receptors (GPCRs) (S1PR1 
through S1PR5, Supplementary Fig. 4). Coupling of these GPCRs 
to different classes of G-proteins results in the activation of several 
associated downstream signaling pathways. S1P plays roles in many 
biological events, including cell survival, proliferation, motility and 

adherence. Therefore, it is not surprising that it has been shown to 
contribute to diverse areas of human health and disease, such as car-
diovascular development and control of blood pressure, regulation 
of immune cell migration and wound healing14–17.

We next used polymerase chain reaction with reverse transcrip-
tion (RT-PCR) to determine which of the S1PRs were actively tran-
scribed in our fibroblasts and found messenger RNA (mRNA) for 
all five receptors (Extended Data Fig. 3a). Given that this approach 
was unable to narrow down the potential S1PR responsible, we 
turned to small-molecule pharmacology. Specifically, we first 
treated NIH3T3 cells with either DMSO or 5SGlcNAc (200 μM) 
to modulate O-GlcNAc levels as above. We then added individual 
selective antagonists of S1PR1 through S1PR4 (1 μM) for 10 min, 
immediately followed by S1P (100 nM). Visualization of the cellular 
contraction phenotype demonstrated that only blockage of S1PR2 
signaling could prevent contraction (Extended Data Fig. 3b,c), indi-
cating that the other three receptors (S1PR1, S1PR3 and S1PR4) 
are not involved. S1PR5 does not yet have a selective antagonist, 
and therefore we could not rule it out with these data. However, 
when we treated NIH3T3 cells with a selective agonist of this recep-
tor, we observed no contraction regardless of O-GlcNAc levels 
(Extended Data Fig. 3d,e). Next, we tested whether S1PR2 agonism 
alone is sufficient to activate the pathway by exposing DMSO- or 
5SGlcNAc-treated cells to different concentrations of a selective 
S1PR2 agonist. We found that low concentrations of this agonist 
(1 μM) resulted in cell contraction under low O-GlcNAc levels, 
whereas a higher concentration (5 μM) induced the phenotype uni-
versally (Extended Data Fig. 3f,g). Finally, we knocked down S1PR2 
using RNAi and found that S1P (100 nM) did not induce cell con-
traction under either normal or reduced O-GlcNAc levels (Extended 
Data Fig. 3h,i). Together, these results demonstrate that O-GlcNAc 
controls a signaling pathway that is probably downstream of S1PR2.

O-GlcNAc controls a canonical actin contraction pathway. 
Previous work has shown that stressed collagen-matrix contraction 
by fibroblasts is dependent on Rho kinase18. Therefore, we decided 
to focus on S1P signaling through Rho GTPase, where S1PR ago-
nism results in activation of Rho and Rho kinase (ROCK1/2)19, 
ultimately giving actin contraction (Fig. 3a and Supplementary  
Fig. 4)20. More specifically, activated ROCK1/2 will phosphorylate  
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myosin light chain (MLC) at two serines (Thr18 and Ser19), result-
ing in the formation of an active myosin complex and actin fila-
ment contraction21. To avoid unwanted activation and terminate 
this pathway, cells are equipped with molecular brakes in the form  
of the phosphatase regulatory subunit MYPT1 that mediates the 
dephos phorylation MLC. Previous work has shown that ROCK1/2 
can also phosphorylate MYTP1 at Thr696 and Thr85322–24. This 
results in the deactivation of MYPT125, effectively cutting the breaks 
on the pathway and ensuring myosin activation.

To test whether ROCK1/2 activity was required for our observed 
contraction phenotype, we treated NIH3T3 cells with either DMSO 
or 5SGlcNAc (200 μM) for 16 h, followed by the ROCK1/2 inhibitor  

Y27632 (10 μM) for an additional hour before addition of S1P 
(0.05–5 μM). We observed no contraction of cells at any concentra-
tion of S1P (Extended Data Fig. 4). This result confirms the impor-
tance of ROCK1/2, so we moved on to explore the phosphorylation 
status of its targets, MLC26 and MYPT127,28. We first treated NIH3T3 
cells with normal O-GlcNAc levels to a high concentration of S1P 
(5 μM), which results in their contraction. After different lengths 
of time, we analyzed the lysates by western blotting (Fig. 3b). As 
expected, we observed increasing phosphorylation of MLC at 
Ser18/Thr19 that corresponded well with the overall timing of cell 
contraction. Next, we performed a similar analysis of NIH3T3 cells 
that had been pre-treated with either DMSO or 5SGlcNAc (200 μM) 
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for 16 h before addition of a low concentration of S1P (100 nM)  
(Fig. 3c,d). In cells treated with DMSO, we found no detectable 
increase in MLC or MYTP1 phosphorylation. However, in cells 
treated with 5SGlcNAc, we detected a rapid increase in phosphory-
lation of both MLC and MYPT1. Importantly, the observed oscil-
lation of phosphorylation on MYTP1 is consistent with previous 
reports and relates to the function of MYTP1 as its own phospha-
tase and therefore a biological timer of this signaling pathway29.

MYPT1 is heavily and dynamically O-GlcNAc-modified. We 
next set out to identify which protein in the Rho/ROCK signal-
ing pathway is potentially regulated by O-GlcNAc. We chose 
to focus on MLC and MYPT1 first, as they are known to be 
O-GlcNAc-modified30,31. To ascertain the O-GlcNAc modification 
status of these proteins, we took advantage of chemoenzymatic 
labeling (Supplementary Fig. 5)32. We first used this method to 
install a cleavable biotin-tag onto all endogenous O-GlcNAc modi-
fications in NIH3T3 cell lysates. After incubation with streptavidin 
beads and washing, the O-GlcNAc-modified proteins were eluted 
and analyzed by western blotting, and we identified both MLC and 
MYPT1 to be O-GlcNAc-modified (Fig. 4a). Notably, while both 
MLC and MYPT1 are O-GlcNAc-modified, when we normalized 
the amount of input to our O-GlcNAc pulldown, we found that 
MYPT1 was modified at dramatically higher levels compared to 
MLC and similar to the constitutively O-GlcNAc-modified Nup62 
(Fig. 4b). Therefore, we chose to move forward with MYPT1 as the 
most likely candidate to be regulated in the pathway.

Recent proteomics experiments using the same chemoenzy-
matic strategy have identified many different endogenous MYPT1 
O-GlcNAc sites33–35 localized around two different regions of the pro-
tein (Fig. 4c). Modification at Ser379 and Thr381 is located near the 
portion of MYPT1 responsible for binding the phosphatase catalytic 
subunit PP1cδ and phosphorylated MLC36–38. The second region 
contains eight identified O-GlcNAc sites (Ser566, Thr570, Thr577, 
Ser585, Ser589, Thr590, Thr592 and Thr594) clustered within a 
serine/threonine-rich region, as well as a ninth site more distant at 
Thr637. These modification sites are located closer to the inhibitory  

phosphorylation sites and the portions of MYPT1 responsible for 
interacting with ROCK1/236–39. Despite the fact that MYPT1 is 
heavily O-GlcNAc-modified, the exact stoichiometry of the modi-
fication has not been previously measured to our knowledge. To 
accomplish this, we took advantage of the chemoenzymatic meth-
odology (Supplementary Fig. 5), but instead of installing an enrich-
ment tag, we modified each O-GlcNAc moiety with a polyethylene 
glycol (PEG) chain of either 2 or 5 kDa in molecular weight. This 
mass shifting approach causes the O-GlcNAc-modified fraction of 
a protein to run higher on an SDS-PAGE gel for analysis by western 
blotting40,41. We applied this technique to NIH3T3 cells under three 
sets of conditions: 5SGlcNAc treatment (200 μM), DMSO treatment 
or Thiamet-G treatment (10 μM). We then visualized MYTP1 by 
western blotting (Fig. 4d). Under basal O-GlcNAc levels (that is, 
DMSO treatment), we found that MYTP1 is indeed highly modified 
with essentially 100% of the protein running at mass-shifted molec-
ular weights, and these modifications are largely removed upon 
treatment with 5SGlcNAc. With Thiamet-G treatment, we observed 
some potential further upward shift of the MYPT1 bands, suggest-
ing an increase in O-GlcNAc levels. However, the most obvious 
change was an overall decrease in our ability to detect MYPT1. We 
believe that this is due to the reduced affinity of some antibodies to 
highly PEGylated proteins, which we previously found for Nup6241. 
To overcome this issue, we next generated NIH3T3 cells that sta-
bly express a FLAG-tagged version of MYPT1 (Supplementary  
Fig. 6a) and performed the same mass shifting analysis (Fig. 4e). Again, 
we saw near total O-GlcNAc modification of MYPT1, and we con-
firmed that the modification stoichiometry could be dialed down or 
up upon 5SGlcNAc or Thiamet-G treatment. Unfortunately, we still  
detected some loss of anti-FLAG signal upon Thiamet-G treatment. 
Therefore, we next used an anti-FLAG immunoprecipitation (IP) to 
enrich MYPT1 and blotted against O-GlcNAc, confirming that the 
protein’s modification status can be both down- and upregulated by 
inhibitor treatment (Fig. 4f). Finally, we used both mass shifting and 
anti-FLAG IP to demonstrate that MYTP1 O-GlcNAc levels will 
change in response to alterations in glucose concentration (1 versus 
9 g l−1) in media (Fig. 4g,h). These glucose-responsive differences in 
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O-GlcNAc were smaller than those created by inhibitor treatment, 
in agreement with their more subtle effect on the cellular contrac-
tion phenotype (Fig. 2e,f).

MYTP1 O-GlcNAc modification blocks its phosphorylation. 
Previous experiments demonstrated that the serine/threonine 
region of MYPT1 slightly inhibited its binding to ROCK39, and we 
hypothesized that O-GlcNAcylation in this location would increase 
this inhibition. To test this possibility, we generated mutant MYPT1 
constructs (Extended Data Fig. 5a) using human MYPT1, which 
is 93% identical to the mouse protein and enabled us to use RNA 
interference to selectively knockdown the endogenous MYPT1 in 
NIH3T3 cells (Supplementary Fig. 6b). The first mutant, MYPT1 
(S/TtoA), contained serine and threonine mutations at each of the 
eight sites in this region previously identified as O-GlcNAc-modified 
by mass spectrometry33–35. Because OGT has been found to modify 

multiple residues in serine/threonine-rich regions that cannot be 
readily differentiated by mass spectrometry, we also generated three 
deletion mutants: MYPT1(d564–578) and MYPT1(d588–602), each 
lacking one of the two stretches of serines/threonines, and MYPT1Δ 
where the entire serine/threonine-rich region (residues 550–600) 
was deleted. All of these mutants displayed similar expression to 
stably expressed MYPT1 (Supplementary Fig. 6a). With these cell 
lines in hand, we used RNAi to knock down the endogenous copy of 
MYPT1, treated them with S1P (50 or 100 nM), and measured cel-
lular contraction (Extended Data Fig. 5b). We observed essentially 
no contraction in MYPT1-, MYPT1(S/TtoA)- or MYPT1(d564–
578)-expressing cells. By contrast, we found MYPT1Δ cells to have 
significant levels of contraction and MYPT1(d588–602) to have 
an intermediate phenotype. These results suggested that the entire 
domain contains O-GlcNAc modifications that are important for 
controlling cell contraction. We then used the mass shifting assay 
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and IP-western blotting to examine the O-GlcNAc stoichiometry of 
MYPT1Δ and found the levels to be noticeably but not completely 
reduced (Extended Data Fig. 6), consistent with a reasonable frac-
tion of O-GlcNAc in this region.

Next, we subjected MYPT1- or MYPT1Δ-expressing cells to 
the full range of S1P concentrations (0.05–5 μM) and measured the 
amounts of cell contraction (Fig. 5a,b). We found that MYPT1Δ 
cells were significantly more sensitive to S1P-mediated contraction. 
Again, this phenotype was observed in multiple biological replicates 
(Supplementary Fig. 7). We then visualized the phosphorylation sta-
tus of MLC and MYPT1Δ after treatment with a low concentration 
of S1P (100 nM) and observed less phosphorylation of both proteins 
in the cells expressing MYPT1 versus those expressing MYPT1Δ 
(Fig. 5c). These results are consistent with a model where O-GlcNAc 
in the serine/threonine region inhibits MYPT1 phosphorylation 
and is lost in the MYTP1Δ mutant (Fig. 5d).

We were concerned that removal of 50 amino acids could affect 
the functions of MYPT1. For example, MYPT1 can form a com-
plex with OGT and direct it to protein substrates31. However, we 
found no apparent changes in O-GlcNAc levels or OGT expression 
on comparing MYPT1Δ to MYPT1 (Supplementary Fig. 6c). We 
also tested whether MYPT1Δ was still an active phosphatase. We 
subjected MYPT1Δ cells to RNAi to remove endogenous MYPT1 
and treated them with S1P (100 nM) for a long time course of 
180 min. We then examined the phosphorylation of MLC after 60 
and 180 min. As expected, we observed phosphorylation of MLC at 
60 min, but this modification was removed by 180 min (Extended 
Data Fig. 7a), demonstrating that MYPT1Δ can still dephosphory-
late MLC to turn off the S1P signaling pathway. We also observed 

the cells return to a relaxed state on the culture plate after 120 min 
(Extended Data Fig. 7b). Together, these data demonstrate that 
MYPT1Δ is still an active phosphatase, despite deletion of the ser-
ine/threonine-rich region.

Next, we set out to test whether O-GlcNAc inhibits the interac-
tion between MYPT1 and ROCK. We treated NIH3T3 cells express-
ing FLAG-tagged MYPT1 with either DMSO or 5SGlcNAc (200 μM) 
and performed an anti-FLAG co-IP using the Catch and Release sys-
tem (Thermo). We then blotted against endogenous ROCK, normal-
ized the level to overall protein enrichment by Coomassie staining, 
and found that loss of O-GlcNAc resulted in a significant increase 
in the amount of ROCK interacting with MYPT1 (Extended Data 
Fig. 8). These results support a model where O-GlcNAc blocks the 
protein–protein interaction between MYPT1 and ROCK.

Finally, we wanted to rule out the possibility that deletion of the 
serine/threonine region of MYPT1 has an effect beyond inhibiting 
O-GlcNAc and/or that O-GlcNAc on another protein contributes to 
the observed contraction. If neither of these possibilities are true, we 
would predict that cells expressing MYPT1Δ would respond to S1P 
in the same way as cells expressing MYPT1 treated with 5SGlcNAc. 
Accordingly, we compared three different conditions: cells stably 
expressing MYPT1, cells stably expressing MYPT1 in the presence of 
5SGlcNAc, and cells stably expressing MYPT1Δ. In all cases, RNAi 
was used to remove the endogenous copy of MYPT1. Treatment of 
these populations of cells with S1P (0.05–5 μM) demonstrated that 
MYPT1Δ sensitized cells to the same extent as 5SGlcNAc treat-
ment (Extended Data Fig. 9a,b and Supplementary Fig. 8a). We 
also performed the inverse experiment, where one would predict  
that increasing O-GlcNAc in MYPT1Δ cells would not rescue 
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the contraction phenotype. We treated MYPT1Δ-expressing cells 
with DMSO or Thiamet-G (10 μM) before subjecting them to 
S1P (0.05–5 μM) and performing quantitation of cell contraction 
(Extended Data Fig. 9c,d and Supplementary Fig. 8b). These data 
are consistent with our model that O-GlcNAc on MYPT1 is at least 
largely responsible for regulating cell contraction.

O-GlcNAc inhibits S1P-caused collagen-matrix contraction. 
Wound healing involves several overlapping phases carried out 
by dermal cells, including fibroblasts42,43. Fibroblasts migrate and 
proliferate into the matrix formed by the fibrin clot, secrete extra-
cellular matrix (ECM) components, and differentiate into myofibro-
blasts to generate granulation tissue. The fibroblasts also contract 
themselves and the ECM to facilitate wound closure and remodel-
ing. Three-dimensional (3D) collagen matrices are in vitro models 
to study fibroblast behavior in tissue-like environments18,44, and a 
stressed collagen-matrix serves as a model for wound contraction 
(Supplementary Fig. 9). In this model, dermal fibroblasts are mixed 
with collagen, allowed to polymerize and then cultured for 16–48 h. 
During this time, the cells form actin stress fibers and focal adhe-
sions. Subsequent release of the matrix and addition of signaling 

molecules results in matrix contraction. To determine if O-GlcNAc 
levels control this process, we first treated dermal fibroblasts in 2D 
culture with either DMSO or 5SGlcNAc (200 μM) (Supplementary 
Fig. 10a) for 16 h followed by S1P (0.05–5 μM). Similar to the 
NIH3T3 cells, we observed increased sensitivity of fibroblasts with 
low O-GlcNAc levels to S1P (Fig. 6a,b and Supplementary Fig. 10b).

We then suspended dermal fibroblasts in collagen and plated 
them in 24-well dishes. After 30 h, the cells were treated with 
either DMSO or 5SGlcNAc (200 μM) and incubated for an addi-
tional 16 h. The fibroblasts were then treated with S1P (0.1–5 μM) 
and contraction was initiated by releasing the matrices from the 
culture plate. Images were taken immediately (t = 0 min) and after 
30 min (Supplementary Fig. 11). The extent of contraction was 
quantified by comparing the diameter of a matrix at 0 min to the 
diameter of the same matrix after 30 min (Fig. 6c). Consistent with 
previous reports11, S1P caused matrix contraction by dermal fibro-
blasts with normal O-GlcNAc levels, but we observed significantly 
more contraction by cells treated with 5SGlcNAc. Together, these 
results demonstrate that O-GlcNAc levels control the contraction of 
human dermal fibroblasts in response to S1P and that this observa-
tion extends to a physiologically relevant model of wound healing.
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Discussion
These results strongly suggest that MYPT1 O-GlcNAc functions 
as a nutrient sensor to regulate the sensitivity of fibroblasts to 
S1P-mediated contraction (Extended Data Fig. 10). At this time, 
we do not yet know the biological consequences of this regulation 
in a more complex setting, but there is reason to believe that they 
could be numerous. In fibroblasts, S1P signaling has been shown to 
increase wound healing in mice45,46. We speculate that the elevated 
O-GlcNAc levels in diabetes may attenuate S1P signaling with det-
rimental consequences for fibroblast biology in wound healing. Our 
results in stressed-collagen matrices support this hypothesis and we 
plan to continue this line of investigation. Furthermore, MYPT1 
activity is critical for controlling smooth muscle contraction and 
therefore blood pressure. Several different GPCR agonists, angio-
tensin and so on activate the same Rho/ROCK pathway, leading to 
smooth muscle contraction47–49. Given that O-GlcNAc of MYTP1 
acts downstream of ROCK, we hypothesize that this modification 
will control the sensitivity of smooth muscle cells, with potential 
implications in atherosclerosis and heart disease.

In summary, we present a biological model where O-GlcNAc 
modification of MYPT1 maintains its phosphatase activity by inhib-
iting phosphorylation marks by ROCK1/2. This O-GlcNAcylation 
can then function in its well-established role as a sensor of the cel-
lular environment and state to control the responsiveness of cells 
to contractile stimuli. In the past, the documented interaction 
between OGT and MYPT1 was thought to play only an adapter 
function for OGT substrate selection31, but we demonstrate here 
that O-GlcNAcylation of MYPT1 has its own important direct func-
tions. Very recently, O-GlcNAc on MYPT1 was also shown to inhibit 
its phosphorylation by CDK1, with important consequences for the 
cell cycle50. We do not yet know the precise molecular mechanism 
by which O-GlcNAc inhibits MYPT1 phosphorylation. For example, 
we do not know if there are specific O-GlcNAc modification sites in 
the MYPT1 serine/threonine-rich region that are most consequential, 
but our data suggest that our observations are likely a consequence 
of multiple O-GlcNAc modifications spread heterogeneously across 
the stretches of consecutive serine/threonine resides in this region. 
Thus, we believe that any individual site responsible for our observed 
phenotype probably does not exist. Our co-IP results suggest that 
O-GlcNAc inhibits the ROCK/MYPT1 interaction. However, we can-
not rule out the contribution of additional mechanisms. For example, 
O-GlcNAc might result in a conformation of MYPT1 that is refractory 
to phosphorylation. Finally, our experiments comparing the effects of 
5SGlcNAc or Thiamet-G treatment to MYTP1Δ expression cannot 
completely rule out some contribution of other O-GlcNAc-modified 
proteins. Unfortunately, this ‘loss-of-modification’ experiment is a 
general limitation of O-GlcNAc studies in cells, as there are no robust 
methods so far for the site- or even protein-selective introduction of 
O-GlcNAc. However, we believe that the breadth of our experiments 
strongly supports both our conclusions and the future exploration of 
these modifications in a variety of biological contexts.
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Methods
Synthesis of known small molecules. Known compounds Thiamet-G121 and 
Ac45SGlcNAc102 were synthesized according to literature procedures. Both were 
dissolved as 1,000× stocks in DMSO.

Cell culture. Mouse embryonic fibroblast cell line NIH3T3 (ATCC) was 
propogated in DMEM medium (Genesee Scientific) supplemented with 10% 
FCS (Atlanta Biologics). NIH3T3 cell lines stably expressing either FLAG-tagged 
MYPT1, MYPT1(S/TtoA), MYPT1(d564–578), MYPT1(d588–602) or MYPT1Δ 
were grown in DMEM + 10% FCS supplemented with 250 ng ml−1 puromycin 
(1 mg ml−1 stock in H2O). Human dermal fibroblast cell line BJ-5ta (ATCC) was 
propagated in 4:1 DMEM:medium 199 (ATCC) + 10% FBS (Atlanta Biologics) 
supplemented with 10 ng ml−1 hygromycin B (10 mg ml−1 stock in H2O). All cell 
lines were grown in a humidified incubator at 37 °C and 5% CO2 atmosphere.

Antibodies. All antibodies were incubated in OneBlock Western-CL blocking 
buffer purchased from Genesee Scientific (20-313). Anti-FLAG-Tag (2368S), 
anti-MYPT1 (2634S), anti-MLC2 (3672S), anti-pT18/pS19 MLC (3674S), 
anti-pT696 MYPT1 (5163S), anti-pT853 MYPT1 (4563S), anti-OGT (24083S), 
anti-caspase-3 (9762) and anti-cleaved caspase-3 (9664) were purchased from Cell 
Signaling Technology. Anti-Nup62 (610497) was purchased from BD Biosciences. 
Anti-RL2 (MA1-072) was purchased from ThermoFisher Scientific. Anti-β-actin 
(A5441) and anti-Rock1/2 (07-1458) were purchased from MilliporeSigma. 
Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased 
from Jackson ImmunoResearch.

General procedure for western blotting. Post lysis, proteins were separated 
by SDS-PAGE (200 V, 45 min) before being transferred to a PDVF membrane 
(Bio-Rad) with a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, 20 V, 1 h). 
Western blots were blocked in OneBlock Western-CL blocking buffer (Genesee) 
for 1 h at room temperature (RT). Blots were then incubated with primary antibody 
(1:1,000 dilution) in fresh blocking buffer at 4 °C overnight. Following overnight 
incubation, blots were washed in TBST (Cell Signaling, 3 × 10 min) and incubated 
with HRP-conjugated secondary antibody (1:10,000 dilution) in fresh blocking 
buffer for 1 h at RT. Once complete, blots were again washed in TBST (3 × 10 min). 
Blots were developed using ECL reagents (Bio-Rad) and the ChemiDoc XRS+ 
molecular imager (Bio-Rad, Bio-Rad Image Lab 4.1).

General procedure for 2D contraction assay. For initial phenotype characterization, 
NIH3T3 cells were seeded (1 × 105 cells) in six-well dishes 8 h before treatment 
with either DMSO vehicle, 5SGlcNAc (200 μM) or Thiamet-G (10 μM). Following 
incubation for 16 or 20 h for 5SGlcNAc or Thiamet-G/DMSO, respectively, cells were 
treated with FCS (Atlanta Biologics, 10% by volume) or fresh serum-free medium 
for 30 min. Each well was analyzed using a Leica Microscope (Leica Acquire 3.4.1) 
to capture bright-field microscopy images at ×20 magnification. Quantification of 
contraction phenotype was determined by taking the mean ± s.e.m. of the relative 
culture plate area covered by cells in four randomly selected frames per well. 
Images were analyzed using Adobe Photoshop (Photoshop CC 2019). Background 
pixels were selected using the Magic Wand Tool in Adobe Photoshop’s toolbar 
and subtracted from total pixels. This value was then normalized using a control 
untreated well allowing for quantification of the difference in area taken up by cells 
before and after contraction. Statistical significance was determined using a two-way 
ANOVA test followed by Sidak’s multiple comparisons test performed in Prism 
(Graphpad Prism 7). Representative images for each treatment were selected from 
one of the four frames used for quantification.

Serum screen. Seeded NIH3T3 cells were treated with 5SGlcNAc (200 μM) 
as stated above. After 16 h, wells were treated with one of the following: fetal 
calf serum (FCS, 10% vol/vol), replacement with serum-free media, vascular 
endothelial growth factor (VEGF-165, 100 ng ml−1), epidermal growth factor  
(EGF, 100 ng ml−1), insulin-like growth factor (IGF, 10 ng ml−1), transforming 
growth factor beta (TGF-β, 100 ng ml−1), tumor necrosis factor (TNF-α, 
100 ng ml−1), fibroblast growth factor 8 (FGF-8, 150 ng ml−1), platelet-derived 
growth factor AA (PDGF-AA, 100 ng ml−1), platelet-derived growth factor BB 
(PDGF-BB, 100 ng ml−1), interleukin 6 (IL-6, 100 ng ml−1), lysophosphatidic acid 
(LPA, 20 μM), Lipid Mixture (MilliporeSigma, L0288-100ML) or sphingosine-
1-phosphate (S1P, 100 nM). After a 30-min incubation at 37 °C, contraction for 
each treatment was measured as indicated above.

OGT inhibition with ST060266. Seeded NIH3T3 cells were treated with covalent 
OGT inhibitor ST060266 (MilliporeSigma, 200 μM) for 16 h before treatment with 
S1P (100 nM). Contraction was measured as indicated above. OGT inhibition was 
determined using the pan O-GlcNAc antibody anti-RL2.

OGT knockdown with RNAi. Custom plasmids containing either mOGT small 
interfering RNA (siRNA; sequence 5′-GAUUAAGCCUGUUGAAGUCTT-3′) or 
scramble siRNA were purchased from Genescript. NIH3T3 cells were transfected 
using Lipofectamine RNAiMAX transfection reagent (ThermoFisher Scientific; 
13778030) according to the manufacturer’s protocol. After 24 h, cells were seeded 

(1 × 105 cells) in a six-well dish for an additional 24 h before treatment with S1P 
(100 nM). Contraction was characterized as stated above. OGT knockdown was 
determined via western blotting using anti-OGT to visualized OGT expression and 
anti-RL2 to visualized global O-GlcNAcylation.

5SGlcNAc/DMSO/Thiamet-G S1P concentration course. Seeded NIH3T3 
cells were treated with either DMSO vehicle, 5SGlcNAc (200 μM) or Thiamet-G 
(10 μM). After 20, 16 or 20 h, respectively, wells were treated with S1P (0.05–5 μM) 
for 30 min. Contraction was characterized consistent with previously described 
experiments.

Relaxation assay S1P time course. NIH3T3 cells were treated with either DMSO 
vehicle or 5SGlcNAc (200 μM) for 16 h before addition of S1P (100 nM). Images of 
each well were taken at 0, 30, 60, 120 and 180 min. Contraction was characterized 
as stated above.

High and low glucose S1P concentration course. NIH3T3 cells were cultured in 
media containing either high (9 g l−1) or low (1 g l−1) concentrations of glucose for 
24 h before being seeded as indicated above and incubated for an additional 24 h, at 
which point cells were treated with S1P (0.05–5 μM) for 30 min. Contraction was 
characterized and changes in global O-GlcNAcylation were visualized with western 
blotting using anti-RL2 as a pan O-GlcNAc antibody.

S1PR1–4 antagonist screen. Seeded NIH3T3 cells were treated with 5SGlcNAc. 
After 16 h, cells were treated with one of the following: S1PR1 antagonist W146 
(1 μM), S1PR2 antagonist JTE013 (1 μM), S1PR3 antagonist TY52156 (1 μM) and 
S1PR4 antagonist CYM50358 (1 μM) for 10 min. Each well was then treated with 
S1P (100 nM) for 30 min and contraction was characterized as stated above.

S1PR2 and S1PR5 agonist screen. Seeded NIH3T3 cells were treated with 
5SGlcNAc. After 16 h, cells were treated with either S1PR2 agonist CYM5220 (1 or 
5 μM) or S1PR5 agonist A971432 (1 μM) for 30 min. Contraction was characterized 
consistent with previously described experiments.

S1PR2 knockdown with RNAi. NIH3T3 cells were seeded at 30% confluency 
in a 10-cm dish 24 h before transfection. RNAi (10 nmol) targeted against mouse 
S1PR2 or a scramble sequence was purchased from MilliporeSigma (siRNA ID: 
SASI_Mm01_00082880) and diluted in 1 ml nuclease-free H2O to make a stock 
concentration of 10 μM. Cells were transfected with 125 pmol (12.5 μl) of RNAi 
using Lipofectamine RNAiMAX transfection reagent (ThermoFisher Scientific) 
according to the manufacturer’s protocol. At 24 h post-transfection, cells were 
seeded (1 × 105 cells) in six-well dishes. After 8 h, wells were treated with either 
DMSO vehicle or 5SGlcNAc (200 μM) for 16 h. Each well was then treated with S1P 
(100 nM) for 30 min and contraction was characterized as stated previously.

ROCK1/2 inhibition with Y27632. NIH3T3 cells were seeded and treated with 
5SGlcNAc (200 μM). After 15 h, cells were treated with ROCK1/2 inhibitor Y27632 
(10 μM) for 1 h before treatment with S1P (0.05–5 μM) for 30 min. Contraction was 
characterized as stated above.

MYPT1 versus MYPT1 mutants S1P concentration course. NIH3T3 cell lines 
expressing human FLAG-tagged MYPT1, MYPT1(S/TtoA), MYPT1(d564–578), 
MYPT1(d588–602) or MYPT1Δ were transfected at 40% confluency with RNAi 
targeting mouse MYPT1 (transfection details are described below). After 24 h, 
cells were seeded (1 × 105 cells) in six-well dishes and grown for an additional 24 h. 
After 48 h total, the cell lines were treated with S1P (0.05 or 0.1 μM) for 30 min. 
Contraction was characterized as stated above.

MYPT1 versus MYPT1Δ S1P concentration course. NIH3T3 cell lines expressing 
human FLAG-tagged MYPT1 or MYPT1Δ were transfected at 40% confluency 
with RNAi targeting mouse MYPT1 (transfection details described in a subsequent 
section). After 24 h, cells were seeded (1 × 105 cells) in six-well dishes and grown 
for an additional 24 h. After 48 h total, cell lines were treated with S1P (0.05–5 μM) 
for 30 min. Contraction was characterized as stated above.

MYPT1 versus MYPT1Δ relaxation assay S1P time course. NIH3T3 cell lines 
expressing human FLAG-tagged MYPT1 or MYPT1Δ were transfected at 40% 
confluency with RNAi targeting mouse MYPT1 (transfection details are described 
in a subsequent section). After 24 h, cells were seeded (1 × 105 cells) in six-well 
dishes and grown for an additional 24 h. After 48 h total, the cell lines were treated 
with S1P (100 nM). Each well was imaged at 0, 30, 60 and 120 min post S1P 
treatment. Contraction was characterized as stated above.

MYPT1 versus MYPT1 + 5SGlcNAc versus MYPT1Δ S1P concentration 
course. Cell lines expressing human FLAG-tagged MYPT1 or MYPT1Δ were 
transfected at 40% confluency with RNAi targeting mouse MYPT1 (transfection 
details are described below). At 24 h post transfection, cells were seeded (1 × 105 
cells) in six-well dishes. After 8 h, one plate of cells expressing FLAG-tagged 
MYPT1 was treated with 5SGlcNAc (200 μM) and one plate each of FLAG-tagged 
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MYPT1 or MYPT1Δ were treated with DMSO vehicle. All three sets of cells were 
incubated for an additional 16 h before treatment with S1P (0.05–5 μM) for 30 min. 
Contraction was characterized as stated above.

MYPT1Δ versus MYPT1Δ + Thiamet-G S1P concentration course. Cell lines 
expressing human FLAG-tagged MYPT1Δ were transfected at 40% confluency 
with RNAi targeting mouse MYPT1 (transfection details are described below). 
At 24 h post transfection, cells were seeded (1 × 105 cells) in six-well dishes for 8 h 
before treatment with either DMSO vehicle or Thiamet-G (10 μM). Cells were 
incubated for an additional 20 h, at which point cells were treated with S1P  
(0.05–5 μM) for 30 min. Contraction was characterized as stated above.

Human dermal fibroblast S1P concentration course. The human dermal 
fibroblast cell line, BJ-5ta, was seeded (1.5 × 105 cells) in a six-well dish. After 8 h, 
cells were treated with either DMSO vehicle or 5SGlcNAc (200 μM). Cells were 
incubated for an additional 16 h before treatment with S1P (0.05–5 μM) for 30 min. 
Contraction was characterized as stated above.

Video characterization of S1P-mediated contraction. Seeded NIH3T3 cells were 
treated with either DMSO vehicle or 5SGlcNAc (200 μM) for 16 h. Videos were 
taken using a Leica microscope at ×20 magnification with DMSO, DMSO + S1P 
(100 nM), DMSO + 10% FCS, 5SGlcNAc, 5SGlcNAc + S1P (100 nM) and 
5SGlcNAc + 10% FCS. For each null video (DMSO or 5SGlcNAc), plates were 
placed under the microscope and recorded for 10 min. For wells treated with 
S1P or 10% FCS, video recording started immediately following treatment and 
continued for 10 min.

Caspase-3 activation western blot. NIH3T3 cells were treated with either DMSO 
vehicle or 5SGlcNAc (200 μM) for 16 h before the addition of S1P (100 nM) for 
0, 30, 60 or 120 min, at which point cells were collected by trypsinization and 
washed twice with PBS (2 min, 2,000g, 4 °C). Cell pellets were then resuspended 
in 4% SDS buffer (4% SDS, 150 mM NaCl, 50 mM triethanolamine (TEA), 
pH 7.4) supplemented with 5 mg ml−1 cOmplete Mini Protease Inhibitor 
Cocktail (MilliporeSigma), 5 mg ml−1 PhosSTOP (MilliporeSigma) and 1 mM 
phenylmethylsulfonyl fluoride. Cells were lysed via tip sonication (3 × 5 s on 5 s 
off) and cell debris was pelleted (10 min, 10,000g, RT). Protein concentration was 
determined by bicinchoninic acid (BCA) assay (Pierce, ThermoScientific), and the 
lysate was diluted to 4 mg ml−1 in lysis buffer before an equivalent volume of 2× 
loading buffer (20% glycerol, 0.2% bromophenol blue, 1.4% β-mercaptoethanol, 
pH 6.8), then 20 μl (40 μg) per sample was loaded per lane. Western blotting was 
performed according to the general western blot procedure described above. 
Caspase-3 cleavage was visualized using anti-caspase-3 and anti-cleaved caspase-3.

Polymerase chain reaction with reverse transcription confirming mRNA 
expression of S1PR1-5 in NIH3T3 cells. NIH3T3 cell lysate was harvested via 
trypsinization and washed twice with 1 ml of cold PBS (5 min, 2,000g, 4 °C). RNA  
extraction was performed using an RNeasy Minikit (Qiagen) according to the  
manufacturer’s protocol. RNA concentration was acquired using UV–vis absorption  
and 1 μg RNA per reaction was subjected to RT-PCR. RT-PCR primers for each S1P  
receptor were designed with their mRNA sequences found using the NCBI Gene  
Search tool (ncbi.nlm.nih.gov/gene). Sequences were copied into a RT-PCR primer  
design database (MIT Primer3). Primers were generated by accepting all design  
database default parameters and choosing primer pairs with the highest score.  
To verify sequence autonomy and avoid sequences that span mRNA introns, the  
amplified region was copied into the UCSC genome browser and a BLAT search  
was performed. RT-PCR primers for S1PR1 (forward, 5′-CTCCGGTTTCTTCTC 
ACCCT-3′; reverse, 5′-TCCCAACAACTTGACCCAGT-3′), S1PR2 (forward,  
5′-GGTGCTGTCTGACCTCTTCT-3′; reverse, 5′-AAGGAGGACATCTGGGAA 
GC-3′), S1PR3 (forward, 5′-ATCCAACCCTCACCCTGAAG-3′; reverse, AGGGA 
GAGAAGCAAGACCAC-3′), S1PR4 (forward, 5′-GAGGGCAACTTGACGTGT 
TT-3′; reverse, 5′-ATTCAGAACAGGAAGGGCGA-3′) and S1PR5 (forward, 5′-TG 
TGGGGAAGTCTTGTTGGT-3′; reverse, 5′-ACATCACCTGGTTCTGAGCA-3′) 
were ordered along with primers for GAPDH mRNA (forward, 5′-AGGCCGGTGC 
TGAGTATGTC-3′; reverse, TGCCTGCTTCACCACCTTCT-3′) for use as loading  
controls (Integrated DNA Technologies). PCR reaction was carried out using 
a Superscript IV One-Step RT-PCR system (Invitrogen) according to the 
manufacturer’s protocol, then 10 μl from each PCR reaction was removed from the 
PCR tube and added to fresh tubes containing 2 μl loading buffer (New England 
BioLabs). The entire 12 μl was loaded into a 1% agarose DNA gel (500 mg agarose, 
5 μl ethidium bromide, 50 ml 1× Bio-Rad TAE buffer) and run for 45 min at 100 V. 
DNA bands were visualized using the ChemiDoc XRS+ molecular imager (Bio-Rad, 
Bio-Rad Image Lab 4.1).

MYPT1 and MLC phosphorylation western blot time course. General procedure. 
NIH3T3 or stable cell lines were seeded at 5 × 105 cells per 10-cm dish. To each 
plate, S1P at the indicated concentration was added and plates were incubated for 
0, 2, 5, 10 or 30 min. At each time point, dishes were removed from the incubator, 
medium was decanted and plates were immediately placed on ice, rinsed once with 
ice-cold PBS and harvested by scraping into pre-cooled 15-ml Falcon tubes. Cells 

were pelleted by centrifugation (5 min, 2,000g, 4 °C). Pellets were resuspended 
in 4% SDS buffer (4% SDS, 150 mM NaCl, 50 mM TEA, pH 7.4) and lysed via tip 
sonication (3 × 5 s on 5 s off). Lysate was centrifuged (10 min, 10,000g, RT) and 
supernatant was moved to a fresh tube. Protein concentration was determined by 
BCA assay (Pierce, ThermoScientific) and gel samples were prepared at 2 mg ml−1 
with appropriate volumes of 4% SDS buffer and 2× loading buffer (20% glycerol, 
0.2% bromophenol blue, 1.4% β-mercaptoethanol, pH 6.8), then 20 μl (40 μg) 
per sample was loaded per lane. Western blotting was performed according 
to the general western blot procedure described above. Induction of MYPT1 
phosphorylation was visualized using anti-pT696 MYPT1 and anti-p853 MYPT1. 
Activation of MLC was visualized using anti-pT18/S19 MLC2. Expression levels of 
MYPT1 and MLC2 were used as loading controls.

MLC activation with high S1P signaling. To validate S1P’s role in mediating MLC 
activation, NIH3T3 cells were treated with a high concentration S1P (5 μM) for 0, 
2, 5, 10 and 30 min, and worked up as indicated in the previous section. Activation 
of the pathway was visualized with western blotting with anti-pT18/S19 MLC and 
anti-MLC2.

O-GlcNAcylation sensitizes S1P-mediated phosphorylation of MLC and MYPT1. 
To indicate the role O-GlcNAcylation plays in MLC activation, 8 h after plating, 
cells were treated with DMSO vehicle or 5SGlcNAc (200 μM) and incubated for 
an additional 16 h. A low concentration of S1P (100 nM) was added to each plate 
per original treatment (DMSO or 5SGlcNAc) and plates were incubated for 0, 2, 
5, 10 and 30 min and worked up as described previously. Induction of MYPT1 
phosphorylation was visualized using anti-pT696 MYPT1 and anti-p853 MYPT1. 
Activation of MLC was visualized using anti-pT18/S19 MLC2. Expression levels of 
MYPT1 and MLC2 with anti-MYPT1 and anti-MLC2, respectively, were used as 
loading controls.

MYPT1 versus MYPT1Δ phosphorylation western blot time course. Stable expressing 
human wild-type or Δ550-600 MYPT1 constructs were seeded at 30% confluency 
24 h before transfection with RNAi targeting mouse MYPT1. After 24 h, cells 
were seeded at 5 × 105 cells per 10-cm dish and grown for an additional 24 h, at 
which point they were treated with a low concentration of S1P (100 nM) for 0, 
2, 5 or 10 min. Cells were worked up as described above. Induction of MYPT1 
phosphorylation was visualized using anti-pT696 MYPT1 and anti-p853 MYPT1. 
Activation of MLC was visualized using anti-pT18/S19 MLC2. Expression of 
MYPT1 and MLC2 with anti-MYPT1 and anti-MLC2, respectively, were used as 
loading controls.

MYPT1Δ MLC activation time course. To ensure that MYPT1Δ continues to 
perform its biological functions, NIH3T3 cells expressing FLAG-tagged MYPT1Δ 
were seeded at 30% confluency 24 h before transfection with RNAi targeting mouse 
MYPT1. After 24 h, cells were seeded 5 × 105 cells per 10-cm dish and grown for 
an additional 24 h, at which point they were treated with S1P (100 nM) for 0, 60 
and 180 min. Cells were worked up as described above. Activation of MLC was 
visualized using anti-pT18/S19 MLC2. Expression MLC2 with anti-MLC2 was 
used as a loading control.

General procedure for chemoenzymatic labeling. NIH3T3 cells were collected 
by trypsinization and washed twice with 1 ml of cold PBS (2 min, 2,000g, 4 °C). 
Cell pellets were then resuspended in 4% SDS buffer (4% SDS, 150 mM NaCl, 
50 mM TEA, pH 7.4) supplemented with 5 mg ml−1 cOmplete Mini Protease 
Inhibitor Cocktail (MilliporeSigma), 5 mg ml−1 PhosSTOP (MilliporeSigma), 
1 mM phenylmethylsulfonyl fluoride. Cells were lysed via tip sonication (3 × 5 s 
on 5 s off); any remaining cell debris was pelleted (10 min, 10,000g, RT) and 
supernatant was moved to fresh tubes. Protein concentration was determined 
by BCA assay (Pierce, ThermoScientific), and the lysate was diluted to 1 mg ml−1 
in 1% SDS chemoenzymatic buffer (1% SDS, 20 mM HEPES, pH 7.9). Proteins 
were precipitated by adding the following in order: 3× volume of MeOH, 0.75× 
volume of CHCl3 and 2× volume of H2O. Tubes were then briefly vortexed and 
centrifuged (5 min, 13,000g, RT). The aqueous phase (top layer) was discarded 
carefully to avoid disturbing the interface between layers. A 2.5× volume of 
MeOH was added, the mixture was vortexed and samples were centrifuged (5 min, 
13,000g, RT). The supernatant was decanted and the protein pellet was allowed to 
air-dry for 5–10 min before being resuspended in 1% SDS chemoenzymatic buffer. 
Protein concentration was then renormalized using the BCA assay and diluted 
to 2.5 mg ml−1 in 1% SDS chemoenzymatic buffer. To start the chemoenzymatic 
transfer reaction, the following reagents were added, in order, for a 100-μg scale: 
49 μl of H2O, 80 μl of labeling buffer (2.5×; 5% NP-40, 125 mM NaCl, 50 mM 
HEPES, pH 7.9), 55 μl of MnCl2 (100 mM in H2O) and 50 μl of UDP-GalNAz 
(0.5 mM in 10 mM HEPES, pH 7.9). This was mixed by pipetting gently. Finally, 
7.5 μl of purified GalT(Y289L) (in 10 mM Tris, pH 8.0) was added. The reaction 
mixture was incubated for 16 h at 4 °C without agitation. Following incubation, 
unreacted UDP-GalNAz was removed by MeOH/CHCl3/H2O precipitation. 
Air-dried protein pellets were resuspended in 1% SDS CuAAC buffer (1% SDS, 
150 mM NaCl, 50 mM TEA, pH 7.4) and subjected to either IP or conjugation with 
dibenzocyclooctyne-amine-polyethylene glycol (DBCO-PEG) mass tags.
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Endogenous MYPT1 and MLC chemoenzymatic/biotin immunoprecipitation 
sample preparation. NIH3T3 cells at 80% confluency were harvested, resuspended 
in 4% SDS buffer (4% SDS, 150 mM NaCl, 50 mM TEA, pH 7.4) supplemented with 
5 mg ml−1 cOmplete Mini Protease Inhibitor Cocktail (MilliporeSigma), 5 mg ml−1 
PhosSTOP (MilliporeSigma), 1 mM phenylmethylsulfonyl fluoride, and lysed via 
tip sonication (3 × 5 s on 5 s off) before being subjected to chemoenzymatic transfer 
according to the protocol described above. Following chemoenzymatic transfer, 
proteins were precipitated by MeOH/CHCl3/H2O. The aqueous phase (top layer) 
was discarded carefully to avoid disturbing the interface. A 2.5× volume of MeOH 
was added, the mixture was vortexed briefly, then the tube was centrifuged (5 min, 
13,000g, RT). The supernatant was decanted and the protein pellet was allowed 
to air-dry for 5–10 min before being resuspended in 1% SDS buffer (1% SDS, 
150 mM NaCl, 50 mM TEA, pH 7.4). Inputs were generated by adding 25 μl of the 
lysis buffer and 25 μl of 4× LB medium (200 mM Tris, 8% SDS, 40% glycerol, 0.4% 
bromophenol blue, 2.8% β-mercaptoethanol, pH 6.8) to 50 μl of lysate. IP sample 
preparation is continued in the next section.

CuAAC enrichment and immunoprecipitation. Cell lysates (1 mg at 1 mg ml−1) 
labeled chemoenzymatically were subjected to CuAAC enrichment performed 
using a freshly made master mix containing alkyne-azo-biotin (100 μM from 
5 mM stock in DMSO, Click Chemistry Tools), TCEP (1 mM from 50 mM freshly 
prepared stock in H2O), TBTA (100 μM from 10 mM stock in DMSO) and 
CuSO4:5H2O (1 mM from 50 mM freshly prepared stock in H2O) and incubated for 
1 h in the dark. Proteins were precipitated by addition of a 4× volume of ice-cold 
MeOH and incubated at −20 °C for 2 h. Proteins were collected by centrifugation 
(10 min, 5,000g, 4 °C) and washed three times with ice-cold MeOH. Pellets were 
then air-dried for 15 min before being resuspended in 800 μl of resuspension 
buffer (6 M urea, 2 M thiourea, 10 mM HEPES, pH 8.0). Streptavidin beads (25 μl 
of a 50% slurry per sample, ThermoFisher Scientific) were allocated into 2-ml 
dolphin-nosed tubes and prepared by washing twice with 1 ml PBS and once with 
1 ml resuspension buffer. Following each wash, samples were centrifuged (1 min, 
2,000g, RT) and the supernatant was carefully discarded. Once prepared, beads 
were resuspended in 200 μl resuspension buffer. Protein samples were added 
to the dolphin-nosed tubes and incubated on a rotator (2 h, RT, full rotation). 
Beads were washed twice with 1 ml resuspension buffer, twice with 1 ml PBS and 
twice with 1 ml 1% SDS in PBS. Following each wash, samples were centrifuged 
(1 min, 2,000g, RT) and the supernatant was carefully discarded. Beads were 
then incubated in 25 μl of sodium dithionite solution (1% SDS, 25 mM sodium 
dithionite) for 30 min at RT to elute bound proteins. Beads were centrifuged 
(2 min, 2,000g, RT) and the eluent was collected. Elution was repeated and the 
two elution products were pooled. Proteins were precipitated in 1 ml of ice-cold 
MeOH overnight at −20 °C. Proteins were collected by centrifugation (10 min, 
10,000g, 4 °C) and the supernatant was carefully decanted. Pellets were air-dried 
for 5 min before a final resuspension in 30 μl of 4% SDS buffer (4% SDS, 150 mM 
NaCl, 50 mM TEA, pH 7.4) and bath sonication to ensure complete dissolution. Gel 
samples were prepared by adding 30 μl of 2× loading buffer (20% glycerol, 0.2% 
bromophenol blue, 1.4% β-mercaptoethanol) and boiling (5 min, 98 °C). Inputs and 
IP samples were separated by SDS-PAGE and western blotted for Nup62 (positive 
control), β-actin (negative control), MYPT1 and MLC2 according to the procedure 
described above.

Mass shift of MYPT1. Mass shifting was performed essentially as previously 
described4,13. Specifically, NIH3T3 cells were plated in 2 × 150-mm dishes and 
grown to 80% confluency. Cells were harvested by trypsinization and washed twice 
with 1 ml of cold PBS (2 min, 2,000g, 4 °C). Cell pellets were resuspended in 500 μl 
of 4% SDS lysis buffer (4% SDS, 10 mM TEA pH 7.4, 150 mM NaCl) supplemented 
with 5 mg ml−1 cOmplete Mini Protease Inhibitor Cocktail (MilliporeSigma), 
5 mg ml−1 PhosSTOP (MilliporeSigma) and 1 mM phenylmethylsulfonyl fluoride. 
The resulting suspension was lysed using a tip sonicator (3 × 5 s on 5 s off). A 5 μl 
volume of TCEP (500 mM stock dissolved in 1 M NaOH) was then added to each 
sample and boiled (10 min, 98 °C). Samples were cooled to room temperature 
before adding 40 μl of iodoacetimade (600 mM stock dissolved in 4% SDS buffer) 
and incubated in the dark for 30 min. Samples were diluted to a total volume of 
2 ml using 1% SDS buffer (1% SDS, 50 mM TEA pH 7.4, 150 mM NaCl). Proteins 
were precipitated by adding a 3× volume of MeOH, 0.75× volume of CHCl3 
and 2× volume of H2O and briefly vortexing followed by centrifugation (5 min, 
5,000g, RT). The aqueous phase (top layer) was discarded carefully to prevent 
disturbing the pellet floating in the interface between layers. An additional 2.5× 
volume of MeOH was then added to the tube followed by vortexing, pelleting the 
protein (10 min, 5,000g, RT) and decanting the supernatant. The resulting pellet 
was allowed to air-dry for 5 min before being resuspended in 400 μl of 1% SDS 
chemoenzymatic buffer (1% SDS, 20 mM HEPES, pH 7.9). Protein concentration 
was normalized using the BCA assay and diluted to 2.5 mg ml−1 in 1% SDS 
chemoenzymatic buffer. UDP-GalNAz Enzymatic Labeling was set up and scaled 
as described in the general chemoenzymatic labeling section, above. For each 
sample, 200 μg of protein lysate was incubated with both GalT and UDP-GalNAz. 
Negative controls for each sample, incubated with just GalT, were generated using 
100 μg of protein lysate. After chemoenzymatic labeling, unreacted UDP-GalNAz 
was removed via MeOH/CHCl3/H2O precipitation. Air-dried protein pellets were 

resuspended in 90 μl (negative samples) or 180 μl (positive samples) of 1% SDS 
(1% SDS, 150 mM NaCl, 50 mM TEA, pH 7.4), then 10 μl (negative samples) or 
20 μl (positive samples) of 10 mM DBCO-PEG5000 or DBCO-PEG2000 in DMSO 
were added and the mixture was boiled (5 min, 98 °C). Unreacted DBCO-PEG 
was removed by MeOH/CHCl3/H2O precipitation. The pellet was again air-dried 
for 5–10 min. Finally, 25 μl of 4% SDS buffer was added to each sample. The 
mixture was briefly sonicated in a bath sonicator to ensure complete resuspension 
before 25 μl of 2× loading buffer (20% glycerol, 0.2% bromophenol blue, 1.4% 
β-mercaptoethanol, pH 6.8) was added and the samples were boiled (5 min, 98 °C). 
A 20 μl volume (40 μg) of each gel sample was loaded per lane. Western blots were 
performed according to the general western blot procedure described above, with 
the following two changes: anti-MYPT1 primary antibody was incubated at a 
dilution of 1:500 and HRP-conjugated secondary antibodies were incubated at a 
dilution of 1:5,000.

FLAG IP for RL2 detection of MYPT1. FLAG-tagged MYPT1 expressing NIH3T3 
grown to 80% confluency were harvested by trypsinization and washed two times 
with PBS (2 min, 2,000g, 4 °C) Cell pellets were then resuspended in 200 μl of lysis 
buffer (1% Triton-X 100, 50 mM Tris, 150 mM NaCl, 1 mM EDTA) supplemented 
with 5 mg ml−1 cOmplete Mini Protease Inhibitor Cocktail (MilliporeSigma), 
5 mg ml−1 PhosSTOP (MilliporeSigma), 1 mM phenylmethylsulfonyl fluoride and 
100 μM Thiamet-G. This suspension was lysed using a tip sonicator (3 × 5 s on 
5 s off) on ice. To remove remaining cell debris, the suspension was centrifuged 
(5 min, 15,000g, 4 °C) and the supernatant was transferred to a fresh Eppendorf 
tube. Protein concentration was determined by BCA assay and diluted to 2 mg ml−1 
in lysis buffer. Inputs were generated by adding 25 μl of the lysis buffer and 25 μl of 
4× LB medium (200 mM Tris, 8% SDS, 40% glycerol, 0.4% bromophenol blue, 2.8% 
β-mercaptoethanol, pH 6.8) to 50 μl of lysate. A 20 μl volume of anti-FLAG-M2 
magnetic beads (MilliporeSigma) was added to an Eppendorf tube and washed 
with lysis buffer (3 × 1 ml). Lysate was diluted to 1 mg ml−1 in lysis buffer, then 1 ml 
of lysate was added to the beads followed by incubation for 1 h while rotating at 
4 °C. Beads were collected and washed (6 × 1 ml lysis buffer). To elute from beads, 
30 μl of lysis buffer and 10 μl of 4× LB medium were added to the beads, vortexed 
briefly and boiled (5 min, 98 °C). Beads were pelleted by centrifugation (1 min, 
15,000g, RT). The resulting supernatant was transferred to a new Eppendorf tube. 
For detection of MYPT1, anti-FLAG antibody was used and 5 μl of input and 10 μl 
of IP were loaded. For detection of RL2, anti-RL2 antibody was used and 15 μl of 
input and 30 μl of IP were loaded. Western blotting was performed according to the 
general western blot procedure described above.

FLAG IP for RL2 detection of MYPT1 versus MYPT1Δ. FLAG-tagged MYPT1 
or MYPT1Δ NIH3T3 cell lines were harvested and worked up as described in the 
previous section. Western blotting was performed according to the general western 
blot procedure described above.

Co-immunoprecipitation of FLAG-tagged MYPT1 or FLAG-tagged MYPT1Δ 
and ROCK1/2. NIH3T3 cells were treated with DMSO vehicle or 5SGlcNAc 
(200 μM) for 16 h before being harvested by trypsinization. Cell lysate was washed 
twice with 1 ml of cold PBS (5 min, 2,000g, 4 °C) and resuspended in 500 μl 
of lysis buffer (1% octylphenoxypolyethoxyethanol (IGEPAL), 50 mM TEA, 
150 mM NaCl, pH 7.4) supplemented with 5 mg ml−1 cOmplete Mini Protease 
Inhibitor Cocktail (MilliporeSigma), 5 mg ml−1 PhosSTOP (MilliporeSigma) 
and 1 mM phenylmethylsulfonyl fluoride. The cell suspension was lysed using 
a tip sonicator (3 × 5 s on 5 s off) and any remaining cell debris was pelleted 
(10 min, 10,000g, 4 °C). Lysate was moved to a pre-chilled tube and kept on ice. 
Protein concentration was determined by BCA assay (Pierce, ThermoScientific) 
and diluted to 2 mg ml−1 in lysis buffer. Inputs were generated by adding 25 μl 
of the lysis buffer and 25 μl of 4× LB medium (200 mM Tris, 8% SDS, 40% 
glycerol, 0.4% bromophenol blue, 2.8% β-mercaptoethanol, pH 6.8) to 50 μl of 
lysate. An anti-FLAG co-IP was performed using the Catch and Release system 
(ThermoScientific) according to the manufacturer’s protocol. Briefly, spin columns 
were washed twice with 400 μl of 1× wash buffer (30 s, 2,000g, 4 °C), then 500 μg of 
cell lysate (250 μl) per sample was added to the designated spin column followed by 
5 μl PMSF (200 μM stock in IPA), 225 μl of 1× wash buffer, 10 μl of affinity ligand 
and 10 μl of anti-FLAG antibody. Plugged spin columns were then incubated on a 
rotator (1 h, 4 °C, full rotation). The spin columns were centrifuged (30 s, 2,000g, 
4 °C) and washed three times with 1× wash buffer (30 s, 2,000g, 4 °C) to remove 
unbound protein. Spin columns were then placed in fresh capture tubes and 
bound proteins were eluted in 70 μl of 1× denaturing elution buffer containing 
β-mercaptoethanol to generate gel samples. Input and IP gel samples were boiled 
(5 min, 98 °C) and separated by SDS-PAGE. ROCK enrichment was detected by 
western blotting against anti-ROCK1/2 and normalized to overall protein capture 
via Coomassie staining with ImageJ (ImageJ 1.52q). The results were quantified 
and presented as mean ± s.e.m. of the normalized ROCK levels (n = 3 biological 
replicates). Statistical significance was determined using a two-tailed, unpaired 
Student’s t-test in Prism (GraphPad Prism 7).

Generation of NIH3T3 cell lines stably expressing FLAG-tagged MYPT1 
mutants. FLAG-tagged MYPT1, MYPT1(S/TtoA), MYPT1(d564–578), 
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MYPT1(d588–602) and MYPT1Δ NIH3T3 cell lines were generated using the 
PiggyBac transposon vector system (System Biosciences). Briefly, NIH3T3 cells 
at 30% confluency in 10-cm dishes were co-transfected with 5 μg PiggyBac trans-
posase promoter (plasmid ID: PB531A-1) and 10 μg of PiggyBac transposon plasmid 
pPB-CAG-IRES2-puro containing human MYPT1, human MYPT1(S/TtoA),  
human MYPT1(d564–578), human MYPT1(d588–602) or human 
MYPT1Δ550–600 (MYPT1Δ). One plate was transfected with 10 μg of pcDNA3 
to serve as negative selection control. At 24 h post-transfection, plates were split 
1:2 into normal growth medium (DMEM + 10% FCS) and supplemented with 
1 μg ml−1 puromycin (1 mg ml−1 stock in H2O). Cells were selected for three days, 
at which point puromycin concentration was reduced to 250 ng ml−1. FLAG-tagged 
MYPT1 expression was confirmed with analysis by western blotting against 
anti-FLAG and anti-MYPT1. The effect of MYPT1 versus that of MYPT1Δ on 
global O-GlcNAcylation and OGT expression were analyzed by western blotting 
against anti-RL2 and anti-OGT.

Collagen gel contraction assay. The 3D collagen contraction assay was performed 
using a two-step cell contraction assay kit purchased from Cell Biolabs (CBA-201) 
according to the manufacturer’s protocol. Briefly, BJ-5ta cells were suspended in 
fresh media at a confluency of 2 × 106 cells per ml. A 4:1 mixture of collagen stock 
solution to cell suspension was mixed in a 15-ml falcon tube and 500 μl per well 
was plated in a 24-well dish. The cell-collagen matrix was incubated at 37 °C for 1 h 
to allow collagen polymerization before adding 1 ml of media to each well. After 
30 h, wells were supplemented with either DMSO vehicle or 5SGlcNAc inhibitor 
(200 μM) and incubated for another 16 h at which point the media was changed to 
serum-free media containing S1P (0.1–5 μM). Contraction was initiated by gently 
releasing the sides and bottom of the matrices from the plate. Images were taken 
immediately after media change (t = 0) and after 30 min using the ChemiDoc 
XRS+ molecular imager (Bio-Rad, Bio-Rad Image Lab 4.1). Contraction was 
measured using ImageJ (ImageJ 1.52q). Specifically, collagen matrix diameter 
was measured by taking the average of one horizontal (0°) and one vertical (90°) 
measurement of each matrix.

Endogenous mouse MYPT1 knockdown with RNAi. NIH3T3 or stably 
expressing cell lines were seeded at 30% confluency in 10-cm dishes 24 h before 
transfection. RNAi (5 nmol) targeted against mouse MYPT1 or a scramble 
sequence was purchased from ThermoFisher Scientific (siRNA ID: s70342) and 
diluted in 500 μl of nuclease-free H2O to make a stock concentration of 10 μM. 
Cells were transfected with 125 pmol (12.5 μl) of RNAi using Lipofectamine 
RNAiMAX transfection reagent (ThermoFisher Scientific) according to the 
manufacturer’s protocol. Knockdown efficiency was measured via western blotting 

against MYPT1. The western blot procedure has been described in detail in the 
general procedure for western blotting section above.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this Article.

Data availability
RT-PCR primers were designed using the MIT Primer3 design database (http://
biotools.nubic.northwestern.edu/Primer3.html) with sequences found using the 
NCBI Gene Search tool (ncbi.nlm.nih.gov/gene). Source data are provided with 
this paper.
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Extended Data Figure 1 | Modulating o-GlcNAcylation levels and identification of S1P. a, Schematic layout of our general experimental conditions.  
b, O-GlcNAc levels can be changed upon OGT or OGA inhibition. NIH3T3 cells were treated with either the OGT inhibitor 5SGlcNAc, the OGA inhibitor 
Thiamet G, or DMSO vehicle respectively before the O-GlcNAc levels were analyzed by Western blotting. c, Only serum- or S1P-treatment results in 
notable cell contraction when O-GlcNAc levels have been lowered. NIH3T3 cells were treated with DMSO or 5SGlcNAc. The indicated signaling molecules 
were then added, and the contraction phenotype was then visualized using bright-field microscopy. The data in b-c is representative of 2 biological 
replicates.
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Extended Data Figure 2 | o-GlcNAc controls the sensitivity of fibroblasts to sphingosine-1-phosphate (S1P) mediated cell contraction. a, O-GlcNAc 
levels can be changed upon OGT inhibition. NIH3T3 cells were treated with either the OGT inhibitor ST060266 or DMSO vehicle respectively before 
the O-GlcNAc levels were analyzed by Western blotting. b, O-GlcNAc levels can be lowered by OGT RNAi. NIH3T3 cells were transfected with RNAi 
targeting OGT or a scrambled sequence before analysis by Western blotting. c, NIH3T3 cells were treated with the indicated combinations of DMSO, 
the OGT inhibitor ST060266 (200 μM) and/or S1P. The contraction phenotype was then visualized using bright-field microscopy. d, NIH3T3 cells were 
transfected with either scramble or OGT-targeted RNAi for 48 h before addition of either DMSO or S1P. The contraction phenotype was then visualized 
using bright-field microscopy. e, O-GlcNAc levels can be changed by culturing cells in different glucose concentrations. NIH3T3 cells were cultured in the 
indicated concentrations of glucose before analysis by Western blotting. The data in a-e is representative of at least 2 biological replicates.

NATuRe CheMiCAl BioloGY | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


Articles NATurE CHEMICAL BIOLOGY

Extended Data Figure 3 | Signaling through the second S1P receptor, S1PR2, is responsible for the contraction phenotype. a, NIH3T3 cells can express 
all five S1P GPCRs (S1PR1 to 5). mRNA was collected from NIH3T3 cells before being subjected to RT-PCR and visualization on an DNA-agarose gel. 
These data are representative of 2 biological replicates. b, Antagonizing S1PR2, but not the other receptors, inhibits S1P-mediated cell contraction. NIH3T3 
cells were treated with either DMSO or 5SGlcNAc. The same cells were then treated with either additional DMSO or the indicated selective antagonists 
followed by S1P. The contraction phenotype was then visualized using bright-field microscopy. c, Quantitation of the data in (b). Results are the mean ± 
SEM of the relative culture plate area taken-up by cells in at least three randomly selected frames. Statistical significance was determined using a 2-tailed 
student’s t-test. d, S1PR5 agonism does not induce cell contraction. NIH3T3 cells were treated with either DMSO or 5SGlcNAc. The same cells were  
then treated with either S1P or the S1PR5-selective agonist A971432. The contraction phenotype was then visualized using bright-field microscopy.  
e, Quantitation of the data in (d). Results are the mean ± SEM of the relative culture plate area taken-up by cells in at least three randomly selected 
frames. Statistical significance was determined using a 2-tailed student’s t-test. f, Lowering O-GlcNAc levels increases the sensitivity of NIH3T3 cells 
to S1PR2 induced cell contraction. NIH3T3 cells were treated with either DMSO or 5SGlcNAc before addition of the indicated concentrations of the 
S1PR2-selective agonist CYM5220. The contraction phenotype was then visualized using bright-field microscopy. g, Quantitation of the data in (f). Results 
are the mean ± SEM of the relative culture plate area taken-up by cells in four randomly selected frames. Statistical significance was determined using 
a 2-way ANOVA test followed by Sidak’s multiple comparisons test. h, S1PR2 knockdown using siRNA blocks contraction phenotype. NIH3T3 cells were 
transfected with either scramble or S1Pr2-targeted RNAi before addition of DMSO or S1P. The contraction phenotype was then visualized using bright-field 
microscopy. i, Quantitation of the data in (h). Results are the mean ± SEM of the relative culture plate area taken-up by cells in three randomly selected 
frames. Statistical significance was determined using a 2-way ANOVA test followed by Sidak’s multiple comparisons test.
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Extended Data Figure 4 | inhibition of Rho kinase (RoCK1/2) blocks S1P-mediated cell contraction. NIH3T3 cells were treated with either DMSO or 
5SGlcNAc. The same cells were then treated with either additional DMSO or the ROCK1/2 inhibitor Y27632 followed by the indicated concentrations of 
S1P. The contraction phenotype was then visualized using bright-field microscopy. The results were then quantified and are presented as mean ± SEM of 
the relative culture plate area taken-up by cells in four randomly selected frames.
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Extended Data Figure 5 | Analysis of MYPT1 mutants shows that deletion of the serine/threonine domain sensitizes cells to S1P-mediated contraction. 
a, Sequence alignment of MYPT1 and the different mutants tested here. Red indicates potential O-GlcNAc modification sites (S or T), and blue indicates 
O-GlcNAc sites previously identified by mass spectrometry. MYTP1(S/TtoA) mutates all of the previously identified O-GlcNAc sites, MYPT1(d564-578) 
deletes the first serine/threonine rich region, MYPT1(d588-602) deletes the second serine/threonine rich region, and MYPT1Δ deletes the entire serine/
threonine rich domain. b, MYPT1Δ, and to a lesser extent MYPT1(d564-578), sensitizes cells to S1P-mediated contraction. NIH3T3 cells expressing the 
indicated MYPT1 proteins and the endogenous copy was removed by RNAi. DMSO or S1P was then added and the contraction of the cells was measured. 
Results are the mean ± SEM of the relative culture plate area taken-up by cells in four randomly selected frames. Statistical significance was determined 
using a 2-way ANOVA test followed by Sidak’s multiple comparisons test.
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Extended Data Figure 6 | Deletion of the MYPT1 serine/threonine rich domain yields MYPT1Δ with reduced o-GlcNAc modification. a, Schematic of 
the MYPT1Δ protein, which lacks the major O-GlcNAc region of the protein. b&c) MYPT1Δ loses a notable amount of O-GlcNAc. The O-GlcNAc levels of 
FLAG-tagged MYPT1 or MYPT1Δ were analyzed using mass shifting or IP-Western blot. The data in are representative of at least 2 biological replicates.
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Extended Data Figure 7 | MYPT1Δ is an active phosphatase that can dephosphorylate MlC and return cells to a relaxed state. a, If MYPT1Δ is an 
active phosphatase, we expect that it will become phosphorylated and deactivated by ROCK after S1P treatment but will return to a desphosphorylated 
and active state after a longer period of time. This will result in MLC dephosphorylation and relaxation of the cells. This is exactly what we observed 
by Western blotting. These data are representative of 2 biological replicates. b, Cells expressing MYPT1Δ return to a relaxed state over 180 min. The 
contraction phenotype was visualized using bright-field microscopy. The results were then quantified and are presented as mean ± SEM of the relative 
culture plate area taken-up by cells in four randomly selected frames. Statistical significance was determined using a 2-way ANOVA test followed by 
Sidak’s multiple comparisons test.
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Extended Data Figure 8 | o-GlcNAc blocks the interaction between MYPT1 and RoCK. NIH3T3 cells expressing flag-tagged MYPT1 were treated 
with either DMSO or 5SGlcNAc (200 μM). An anti-flag co-immunoprecipitation was then performed using the Catch and Release system (Thermo). 
ROCK enrichment was detected by Western blotting and normalized to overall protein capture (Coomassie staining). The results were quantities 
and presented as mean ± SEM of the normalized ROCK levels (n = 3 biological replicates). Statistical significance was determined using a 2-tailed, 
unpaired Student’s t-test.
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Extended Data Figure 9 | Direct MYPT1 o-GlcNAcylation is largely responsible for the phenotype. a, NIH3T3 cells stably expressing either MYPT1 or 
MYTP1Δ were transfected with RNAi to downregulate endogenous MYTP1. MYTP1-expressing cells were then treated with either DMSO or 5SGlcNAc. 
Cells under all three sets of conditions were then treated with the indicated concentrations of S1P. The contraction phenotype was visualized using 
bright-field microscopy. The results were then quantified and are presented as mean ± SEM of the relative culture plate area taken-up by cells in four 
randomly selected frames. Statistical significance was determined using a 2-way ANOVA test followed by Sidak’s multiple comparisons test. b, NIH3T3 
cells stably expressing either MYPT1 or MYTP1Δ were transfected with RNAi to downregulate endogenous MYTP1. MYTP1-expressing cells were 
then treated with either DMSO or Thiamet-G. Cells under all three sets of conditions were then treated with the indicated concentrations of S1P. The 
contraction phenotype was visualized using bright-field microscopy. The results were then quantified and are presented as mean ± SEM of the relative 
culture plate area taken-up by cells in four randomly selected frames. Statistical significance was determined using a 2-way ANOVA test followed by 
Sidak’s multiple comparisons test.
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Extended Data Figure 10 | our experimental model. a, MYPT1 O-GlcNAcylation inhibits its phosphorylation by ROCK1/2. This maintains MYPT1 
phosphatase activity, resulting in inactive MLC and no actin contraction. Loss of O-GlcNAc enables ROCK1/2 to phosphorylate and deactivate MYTP1.  
b, Therefore, MYPT1 O-GlcNAcylation levels control the sensitivity of cells to the concentration of S1P, where more MYTP1 O-GlcNAcylation requires 
more S1P to illicit actin contraction and cell detachment.
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