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The protein product of the CDKN1A gene, p21, has been
extensively characterized as a negative regulator of the cell
cycle. Nevertheless, it is clear that p21 has manifold complex
and context-dependent roles that can be either tumor suppressive or oncogenic. Most well studied as a transcriptional
target of the p53 tumor suppressor protein, there are other
means by which p21 levels can be regulated. In this study, we
show that pharmacological inhibition or siRNA-mediated
reduction of O-GlcNAc transferase (OGT), the enzyme
responsible for glycosylation of intracellular proteins, increases
expression of p21 in both p53-dependent and p53-independent
manners in nontransformed and cancer cells. In cells harboring
WT p53, we demonstrate that inhibition of OGT leads to p53mediated transactivation of CDKN1A, while in cells that do not
express p53, inhibiting OGT leads to increased p21 protein
stabilization. p21 is normally degraded by the ubiquitinproteasome system following ubiquitination by, among
others, the E3 ligase Skp-Cullin-F-box complex; however, in
this case, we show that blocking OGT causes impairment of the
Skp-Cullin-F-box ubiquitin complex as a result of disruption of
the FoxM1 transcription factor–mediated induction of Skp2
expression. In either setting, we conclude that p21 levels
induced by OGT inhibition correlate with cell cycle arrest and
decreased cancer cell proliferation.

Cell cycle arrest is triggered in response to stabilization of
p53 and transcriptional activation of its target gene CDKN1A,
which encodes the cyclin-dependent kinase (CDK) inhibitor
p21 (1). p21 (as well as the related CDK inhibitor, p27) prevents the G1/S transition by inhibiting the CDK2–cyclin E
complex, while the G2/M transition can be regulated by p21
and p27 inhibition of the CDK1–cyclin A complex (2). While
p53 is the most well validated regulator of p21 gene expression
(3–6), levels of p21 protein can be induced by p53independent pathways (4, 7–10). For example, the half-life of
p21 is regulated by different protein complexes depending on
p21 subcellular localization and its posttranslational modiﬁcation status (11). One of those complexes is the Skp-Cullin-Fbox (SCF)–ubiquitin complex ligase complex (12, 13), which,
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when associated with its cofactor Skp2 targets p21 as well as
p27 for degradation; and the SCF-ubiquitin complex has been
associated with modulation of the cell cycle (6, 14–16).
A common carbohydrate modiﬁcation of intracellular proteins, O-GlcNAcylation, is the addition of a single GlcNAc
moiety to serine and threonine residues in proteins. Similar to
what is known about protein phosphorylation, O-GlcNAcylation can regulate protein interactions, subcellular localization,
and enzymatic activity (17, 18). O-GlcNAc transferase (OGT)
is the sole enzyme that is known to catalyze the addition of
GlcNAc to intracellular proteins in cells. The removal of
GlcNAc is performed by a second enzyme, O-GlcNAcase
(OGA). OGT is needed for cell viability in mammals, and
deletion of OGT leads to embryo lethality in ﬂies, zebraﬁsh,
and mice (19, 20). Glycosylation, including O-GlcNAcylation,
is aberrant in cancer cells and this can contribute in different
ways to tumorigenesis (17, 21).
Modulation of both OGT and OGA can stabilize p53 and
activate the p53 pathway in tumor cells (22, 23). Among the
effects of O-GlcNAc modulation are increased levels of p21.
Since p53 is not the only mode by which p21 is regulated in
cells, we sought to elucidate the mechanism(s) involved in the
modulation of p21 by O-GlcNAc and to determine whether
p53 is the only route by which this enzyme may regulate p21.

Results
Inhibition of OGT but not OGA induces p21 expression
independently of p53 status and cell type
Modulation of O-GlcNAcylation leads to activation of p53
and expression of p21 in cancer cells (22, 24). Since p21 can
also be induced by mechanisms independently of p53, however, we determined whether p53 is needed for the effects of
O-GlcNAcylation on p21 levels. To address this, we used the
OGT inhibitor, OSMI-1, and the OGA inhibitor, Thiamet-G
(TMG), in HT1080 ﬁbrosarcoma cells harboring WT p53
(HT1080 WT) and compared their response to CRISPRengineered HT1080 cells in which p53 expression was absent
(HT1080 p53KO). While OGA inhibition led to accumulation
of O-GlcNAcylated proteins (Fig. S1B), it did not produce any
changes in p21 levels in HT1080 WT cells (Fig. 1A). Treatment with the OGT inhibitor on the other hand, which
decreased levels of GlcNAc-modiﬁed proteins (Fig. S1A), led
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Figure 1. Inhibition of OGT but not of OGA regulates p21 levels independently of p53. A and B, protein levels of p21 in HT1080 parental cells harboring
WT p53 or p53-KO cells in response to (A) treatment with OGT inhibitor (OSMI-1, 50 μM) or OGA inhibitor (TMG; 10 μM) or (B) in response to silencing of OGT
with siRNAs. Note that in (A), extracts of TMG-treated p53KO cells that were processed for immunoblotting are from the same gel as that shown in Fig. S1B.
Note that in (B), extracts of p53KO cells that were processed for immunoblotting are from the same gel as that shown in Fig. S1C. C and D, protein levels of
p21 in the p53 null cell line H1299 in response to (C) treatment with OSMI-1 (50 μM, 24 h) or (D) silencing of OGT with siRNAs. E, protein levels of p21 in the
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to increased expression of p21 (Fig. 1A), an expected result
based on previous evidence (22). Surprisingly, when HT1080
p53KO cells were treated with OSMI-1, there was a more
dramatic induction of p21 protein, while OGA inhibition did
not change p21 expression in these cells (Fig. 1A).
To conﬁrm speciﬁcity and extend the effects of OSMI-1 on
p21 expression, we targeted OGT using siRNA (Fig. S1C). As
observed in OSMI-1–treated cells, silencing of OGT led to
increasing levels of p21 in both WT and p53KO cell lines
(Fig. 1B). Further, a different OGT inhibitor produced the
same effect as OSMI-1 in both WT and p53KO cell lines
(Fig. S1D).
We then moved to the H1299 lung carcinoma cell line that
intrinsically lacks p53 expression. Here too, OGT inhibition,
either using the pharmacological inhibitor, OSMI-1, or siRNA
against OGT led to increased p21 levels in H1299 cells (Fig. 1,
C and D).
To extend our ﬁndings to other cell types, we used a breast
cancer cell line (MCF-7), an endothelial-derived liver cancer
cell line (SK-HEP-1), a lung adenocarcinoma cell line (A549),
and a monocytic-like cell line THP-1 (noncancer cells). These
cell lines harbor WT p53. Further, with the exception of THP1 cells, we had also generated CRISPR p53KO cell lines from
these cell lines (25). OGT inhibition by OSMI-1 (Fig. 1E) or
siRNA (Fig. 1F) led to increased levels of p21 in all cell lines
tested, including the aforesaid CRISPR p53KO-derived cells.
Additionally, we treated cells harboring different p53 mutations with OSMI-1, and OGT inhibition still induced expression of p21 independent of the p53 mutant present in cells
(Fig. S1E). We conclude that the effect of OGT modulation in
p21 expression is not cell-type speciﬁc and that p53 is not
needed for this effect in any cell type that we tested.
OGT decreases cell proliferation and induces cell cycle arrest
through p21 independently of p53
We aimed to investigate if the effects of OGT inhibition on
p21 levels have a functional relevance for cell dynamics.
Although the presence of p53 did not have a signiﬁcant impact
on the effects of OGT inhibition on p21 levels, p53 affects cell
proliferation, cell death, and the cell cycle. Thus, to eliminate
this complexity, we used HT1080 p53KO cells for the initial
analysis of OGT inhibition on cell viability and proliferation.
When HT1080 p53KO cells were treated with OSMI-1,
viability was signiﬁcantly reduced as measured by cellular
ATP levels (Fig. 2A). The decrease in cell viability could be due
to either reduced cell proliferation or increased cell death.
After performing a colony formation assay (Fig. 2B) and cell
death assay (Fig. 2C), we observed that there was decreased cell
proliferation with no signiﬁcant induction of cell death in
response to OSMI-1 treatment. The same reduction in cell
proliferation with no change in cell death induction was
observed in H1299 cells (Fig. S3, A and C). Treatment with the

OGA inhibitor, TMG, did not induce signiﬁcant changes in
cell proliferation or cell viability (Fig. S2, A and B).
To determine whether p21 modulation is responsible for the
observed changes in cell viability, we turned to use
HT1080 cells that were engineered via CRISPR-Cas9 to lack
expression of p21 (HT1080 p21KO) (Fig. S2C). The decrease
in cell viability observed after treatment with OSMI-1 in
HT1080 cells was completely rescued at the 4 h time point and
partially rescued at the 24 h time point in the p21KO cell line
(Fig. 2D). The same was observed in a colony formation assay,
where the effect of OGT inhibition was much more mild in
HT1080 p21KO cells than the parental cell line (Fig. 2E). In
either cell line, there was no signiﬁcant change in cell death
upon treatment with OSMI-1 (Fig. 2F). We repeated the same
panel of experiments using a hepatic adenocarcinoma cell line
(SK-HEP-1) for which we had CRISPR-Cas9–derived p21KO
cells (Fig. S2C). Here too, inhibition of OGT decreased cell
viability and proliferation of SK-HEP-1 cells, which was
partially or completely rescued in SK-HEP-1 cells lacking p21
(Fig. 2, G and H). Similarly, cell death was not induced by the
treatment in either cell line (Fig. 2I). Taken together, we
conclude that OGT inhibition in certain cancer cell lines leads
to reduced cell proliferation without inducing cell death and
this is at least partially dependent on p21.
We hypothesized that the decrease in proliferation upon
OGT inhibition shown above could result from induction of
cell cycle arrest, which occurred as a result of the increasing
levels of p21. Accordingly, we analyzed the cell cycle in
response to OGT inhibition and found that, indeed, OGT
inhibition led to arrest in both parental and p53KO
HT1080 cells, (Fig. 3, A and B), as well as in parental SK-HEP1 cells (Fig. 3C) and in H1299 cells (Fig. S3B). Further, loss of
p21 expression completely rescued the effects of OGT inhibition on the cell cycle in both HT1080 p21KO and SK-HEP-1
p21KO cells (Fig. 3, B and C). These data together show that
p21 is a crucial player in mediating the effects of OGT inhibition on cell proliferation, which occurs through the regulation of the cell cycle by p21.
OGT regulates p21 protein stability independent of p53
O-GlcNAcylation modulation in cells harboring WT p53
leads to increased expression of p21 mRNA (22). Since, as
mentioned in the introduction, there are p53-independent
modes of regulating p21 RNA expression, we measured
mRNA levels of p21 in response to inhibition of OGT. As
expected, p21 mRNA was induced in HT1080 cells harboring
WT p53 in response to OGT silencing; however, in p53KO
cells, there was no signiﬁcant change in p21 mRNA (Fig. S4A).
Similarly, there was no increase in p21 mRNA in H1299 (p53
null) cells when expression of OGT was inhibited by siRNAs
(Fig. S4B), indicating that p53 is needed for transcriptional
activation of the p21 gene in response to inhibition of OGT.

indicated cell lines harboring WT p53 or p53-KO derived cells in response to treatment with OSMI-1 (50 μM, 24 h). There were no THP-1 p53KO cells
available for these experiments. F, p21 protein levels in cells harboring WT p53 or p53-KO cells as in (E) where OGT was silenced using siRNA. Bar graphs in
(A–D) were derived by combining biological replicates where p21 protein levels were normalized to β-actin. Experiments shown represent at least three
biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. OGA, O-GlcNAcase; OGT, O-GlcNAc transferase.
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Figure 2. OGT inhibition decreases cell proliferation without inducing cell death through modulation of p21. A, cell viability in response to OSMI-1
(50 μM) treatment in HT1080 p53KO cells for the indicated time periods measured by CellTiter-Glo. B, colony formation in response to OSMI-1 treatment for
the indicated time periods in HT1080 p53KO cells. C, quantiﬁcation of dead cells (SYTOX green positive) in response to treatment with OSMI-1 for 24 h in
HT1080 p53KO cells. Dot plots represent positive and negative cells for dead/alive dye for each condition. D, cell viability in response to OSMI-1 treatment as
in (A) in HT1080 cells (white bars) and HT1080 p21KO cells (black bars). E, colony formation in response to OSMI-1 treatment as in (B) in HT1080 cells and
HT1080 p21KO cells. F, quantiﬁcation of dead cells (SYTOX green positive) in response to treatment with OSMI-1 for 24 h in HT1080 cells and HT1080 p21KO
cells as in (C). G, cell viability in response to OSMI-1 treatment as in (A) in SK-HEP-1 cells (white bars) and SK-HEP-1 p21KO cells (black bars). H, colony
formation in response to OSMI-1 treatment as in (B) in SK-HEP-1 cells and SK-HEP-1 p21KO cells. I, quantiﬁcation of dead cells (SYTOX green positive) in
response to treatment with OSMI-1 for 24 h in SK-HEP-1 cells and SK-HEP-1 p21KO cells as in (C). Quantiﬁcation plots correspond to different biological
replicates combined. Experiments shown represent at least three biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. OGT, O-GlcNAc
transferase.

We then examined p21 protein stability ﬁrst by treatment
of cells with cycloheximide and assaying p21 protein levels
over 2 h. The results showed that when HT1080 p53KO cells
have OGT inhibited, either by OSMI-1 or by using siRNA, the
half-life of the p21 protein was signiﬁcantly increased
(Fig. 4A). We surmise that since OSMI-1 was more efﬁcient
in boosting p21 levels, the difference in p21 half-life was more
dramatic in this condition than in cells where OGT was
silenced by siRNA.

4 J. Biol. Chem. (2022) 298(9) 102289

These results indicated that OGT inhibition stabilizes p21
protein, possibly by decreasing its degradation by the proteasome. To conﬁrm this hypothesis, we treated cells with the
proteasome inhibitor MG132. While, as expected, in the
absence of MG132, p21 levels were much higher in OGTinhibited cells (Fig. 4B); in cells where proteasomal degradation was inhibited, there was only a very subtle increase in p21
levels in the OSMI-1–treated cells compared to the vehicletreated control cells. Similarly, in cells where OGT was

O-GlcNAc transferase regulates p21 independently of p53

Figure 3. OGT inhibition induces cell cycle arrest through p21 in a p53-independent manner. A, cell cycle analysis of HT1080 p53KO cells in response
to treatment with OSMI-1 (50 μM). B, cell cycle analysis of HT1080 cells WT (white bars) or p21KO cells (black bars) in response to treatment with OSMI-1 as in
(A). C, cell cycle analysis of SK-HEP-1 cells WT or p21KO in response to treatment with OSMI-1 for 24 h as in (A). Representative histograms show control
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Figure 4. OGT inhibition regulates p21 protein stability in cells lacking p53. A, HT1080 p53KO cells were treated with OSMI-1 (50 μM for 24 h; left) or
siRNA silencing (for 24 h; right) after which cycloheximide (100 μg/ml) was added for the indicated times prior to processing for immunoblotting.
Quantiﬁcation plots and representative blots are shown. Plots correspond to combined biological replicates where protein levels were normalized to
β-actin. Representative blots on left are shown light (L) and dark (D) exposures of p21 bands. B, levels of p21 after OGT inhibition or silencing in response to
MG132 (25 μM for 4 h) treatment. Quantiﬁcation plots correspond to combined biological replicates where protein levels were normalized to β-actin. OGTinhibiting conditions (OSMI-1 and siOGT) were normalized by their respective controls (DMSO or siCtrl) for comparison. Experiments shown represent at
least three biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. OGT, O-GlcNAc transferase.

silenced by siRNA, the difference between control and OGT
siRNA cells that were treated with MG132 was not signiﬁcant.
These results together indicate that inhibition of OGT induces
stabilization of p21 protein through impairment of its degradation by the proteasome.

OGT inhibition stabilizes p21 through the FoxM1–Skp2
pathway
p21 is known to be a target of different ubiquitin complexes,
including the SCF-ubiquitin complex that contains Skp2 (11).
FoxM1 is a key regulator of Skp2 mRNA transcription (26),

condition, DMSO, in gray and OGT inhibition, OSMI-1, in blue. Bar graphs were derived from combined biological replicates. Experiments shown represent at
least three biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. OGT, O-GlcNAc transferase.
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Figure 5. OGT inhibition increases expression of p21 through downmodulation of the FoxM1-Skp2 axis. A, protein levels of FoxM1 and p21 in HT1080
p53KO cells in response to treatment with OSMI-1 (50 μM) or OGA inhibitor, TMG (10 μM) for the indicated times. B, protein levels of FoxM1 and p21 in
HT1080 p53KO cells in response to OGT silencing using siRNA. C and D, protein levels of the indicated proteins in HT1080 WT and p53KO cells in response to
(C) OGT inhibition using OSMI-1 for 24 h or (D) OGT silencing using siRNA. E, protein levels of FoxM1 in HT1080 parental cells (WT) or p21KO cells in response
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and inhibition of OGT was reported to decrease FoxM1
expression and consequentially lower the levels of Skp2 (27).
Skp2 is a classic regulator of p27 protein stability and is also
involved in p21 stabilization by the formation of the SCF–Skp2
complex (28).
We ﬁrst conﬁrmed that FoxM1 is regulated by OGT in our
model, showing that inhibition by either OSMI-1 or siRNA led
to decreased levels of FoxM1 (Fig. 5, A and B). Since FoxM1
upregulates the Skp2 component of the SCF complex, we also
determined protein levels of Skp2. Our results showed that
when OGT was inhibited by OSMI-1 or siRNAs, FoxM1 as
well as Skp2 were decreased while levels of p21 and p27 (both
targets of the SCF complex by interaction with Skp2) were
increased and this was independent of the presence of p53
(Fig. 5, C and D).
However, p21 was also shown previously by our group to
repress FoxM1 expression under certain conditions (29). We
investigated if a decrease in FoxM1 levels is the cause or
consequence of increased p21 stability. We determined the
levels of FoxM1 protein in both parental HT1080 and
HT1080 p21KO cells treated with OSMI-1. In both cell lines,
FoxM1 levels were markedly lower by 24 h after treatment
with OSMI-1 (Fig. 5E). Since this occurred in both cell lines,
it is likely that p21 is not regulating FoxM1 levels in this
setting.
To extend the ﬁndings that FoxM1 is indeed involved in the
regulation of p21 by OGT we overexpressed FoxM1 in HT1080 p53KO cells and examined the impact of OSMI-1
treatment on p21 levels in this situation. Ectopic expression
of FoxM1 prevented the increase in p21 levels caused by
treatment with the OGT inhibitor (Figs. 5F and S5). This result
supports our assumption that OGT acts on p21 protein stability by reducing FoxM1 levels and thereby p21 degradation.

Discussion
We report here that inhibition or silencing of OGT upregulates p21 protein levels by two different mechanisms: one
dependent on p53 activation of p21 gene expression and by a
second process that is independent of p53, where impairment
of p21 protein degradation by the proteasome is the major if
not sole means by which p21 is stabilized. We demonstrate as
well that the effects of OGT inhibition on p21 levels are
responsible for decreasing cell proliferation through the induction of cell cycle arrest.
In an ovarian cancer model, overexpression of both
O-GlcNAc enzymes, OGA and OGT, leads to activation of p53
and transcription of p53 target genes (22). Here, we found that
modulation of OGT but not OGA induces p21 expression in
ﬁbrosarcoma cells harboring WT p53. Since OGA modulation

did not affect p21 induction by p53 in these cells, our work
suggests that the impact of OGA modulation is cell-type
speciﬁc. In line with this, O-GlcNAcylation levels and importance vary among different tissue types and OGT and OGA
expression have different impacts and roles in different cancer
types (17, 30, 31).
In the current study, we tested more than ﬁve different cell
types that were derived from blood, muscle, and epithelial
sources, and different tumors types (carcinomas and sarcomas)
as well as normal-like cells. In all cells tested, OGT inhibition
leads to increased p21 levels regardless of the presence of p53,
suggesting a common process used by human cells to stabilize
p21 protein levels. We observed that treatment with OSMI-1
has a bigger effect in p21 levels than the use of siRNA in
different cells. This difference may be due to residual OGT
expression after transfection with siRNA against OGT that
although reducing the enzyme levels very signiﬁcantly might
not completely oblate its expression. Although the response to
OGA inhibition varies among different cell types, our study
indicates that blocking OGT is a common pathway in the
regulation of p21 protein stability.
The effects of OGT inhibition on cell viability was shown to
be primarily due to induction of cell cycle arrest by p21;
however, while this arrest was completely rescued by deletion
of p21 in HT1080 and SK-HEP-1 cells treated with OSMI-1,
cell viability was only partially rescued by the lack of the
CDK inhibitor. This indicates that OGT is affecting other
pathways that, in conjunction with the FoxM1–p21 axis, lead
to decreased cell viability. OGT is known to modulate levels
and/or activity of several proteins in cells, many of them
involved in cell proliferation and survival (32) and knockdown
of OGT leads to decreased proliferation in other models (33,
34). Our work indicates that regulation of p21 is a critical
pathway for the regulation of the cell cycle upon OGT inhibition/silencing at least in the three cell lines tested in this
work (HT1080, SK-HEP-1, and H1299).
The relationship between OGT inhibition and FoxM1
expression was ﬁrst reported in a study showing that silencing
of OGT reduces FoxM1 levels (27). The authors reported that
this regulation of FoxM1 happens at the protein level but
FoxM1 is not O-GlcNAcylated (27). Subsequently, OGT was
shown to regulate FoxM1 ubiquitination through SIRT1 (35).
Building on these ﬁndings, we found that rescue of FoxM1
levels in OGT-inhibited cells prevents the stabilization of p21.
Although Caldwell et al. correlated decreased FoxM1 expression with accumulation of p27, they did not show the effects in
p21. We show in our model that both proteins accumulate in
response to OGT-mediated downregulation of FoxM1.
Further, although both members of the Cip/Kip family regulate the cell cycle similarly, in our model, using HT1080 and

to treatment with OSMI-1. F, protein levels of p21 in response to treatment with OSMI-1 (50 μM) for 24 h in HT1080 p53KO cells overexpressing FoxM1 or
empty vector (EV). p21 protein levels were normalized to DMSO controls. Experiments shown represent at least three combined biological replicates
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. G and H, model depicting how inhibition or depletion of OGT leads to stabilization of p21 in human cells.
G, in the presence of OGT, basal levels of FoxM1 lead to expression of Skp2, a component of the SCF-ubiquitin complex. The SCF complex ubiquitinates p21
targeting it to the proteasome for degradation. H, in the absence of OGT or decreased OGT activity, the levels of FoxM1 drop dramatically leading to
decreased expression of Skp2. The SCF complex lacking Skp2 cannot target p21 for degradation, thereby stabilizing the protein. OGA, O-GlcNAcase; OGT,
O-GlcNAc transferase; SCF, Skp-Cullin-F-box.
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SK-HEP-1 cells, p21 is the main functional factor involved in
the regulation of the cell cycle.
Whether OGT inhibition has cancer relevance in physiological settings is still somewhat unclear. Silencing of OGT was
shown to decrease tumor burden (27, 35), which was partially
rescued by inhibiting FoxM1 depletion by SIRT1 (35), showing
the importance of the pathway to disease progression.
Clinically, our data are relevant to studies on aging, cancer,
chronic obstructive pulmonary diseases, diabetes, and neural
degeneration among other pathologies. For instance, senescence was shown to be an important driving mechanism in
chronic obstructive pulmonary disease (36) and this process is
regulated by p21. Of relevance to cancer treatment, we propose that OSMI-1 be considered as a possible candidate for
adjuvant therapy due to its apparent lack of cytotoxicity in
mice (24) as well its reported effects on tumor volume
reduction (37, 38). In line with this, since p21 was recently
reported to induce immune surveillance (39), OSMI-1 may
have additional beneﬁts for cancer treatment. Although
investigation of possible off-target effects of the drug and more
speciﬁc cytotoxicity analysis are needed, future studies to
examine these possibilities are strongly encouraged.
In conclusion, we have expanded a previously described
pathway for induction of p21 expression by modulation of
O-GlcNAcylation through p53 activation. Previously, OGT
was shown to regulate levels of p21 mRNA (22), and we now
add another level of regulation of p21 expression that works
through protein stabilization (Fig. 5, G and H). Additionally,
we discovered a new pathway by which OGT regulates p21
protein levels independent of p53, through the FoxM1–Spk2
axis; this pathway was seen in both naturally occurring p53
null cells and CRISPR-engineered cells that cannot express
p53 protein and appears to be the main form of regulating the
cell cycle by OGT in different cells.

Experimental procedures
Chemicals and reagents
All primary and secondary antibodies for immunoblotting
were used at 1:1000 and 1:2000 dilutions, respectively. The
following reagents were used for the experiments in this study:
anti-O-linked-N-acetylglucosamine antibody (RL2) (MA1072) and anti-OGT (PA5-22071) were from Thermo Fisher
Scientiﬁc; anti-b-actin (A2066), anti-rabbit-HRP (A6154), and
anti-mouse-HRP (A4416) were from Sigma-Aldrich; anti-p21
(2947S), anti-p27 (3686S), and anti-Skp2 (4358S) were from
Cell Signaling; and anti-FoxM1 (sc-502) was from Santa Cruz.
TMG (SML-0244), OSMI-1 (SML-162), and cycloheximide
(C4859) were purchased from Sigma-Aldrich. siRNAs against
OGT #7 (SI02665131) and #8 (SI04713604) were purchased
from Qiagen, and siRNA #1 (SI6094) and siCtrl siRNA
(4390843) were purchased from Ambion. A FoxM1 overexpression plasmid (sc-128214) and empty vector control
plasmid were purchased from OriGene. Transfection of plasmids was performed using Mirus TransIT X2 transfection
reagent, and siRNAs were transfected using Lipofectamine
RNAiMax (Thermo Fisher).

Cell culture
Human cancer cell lines HT1080, A549, MCF-7, SK-HEP-1,
PANC-1, and MIA PaCa-2 were grown in Dulbecco’s Modiﬁed
Eagle’s Medium (12100-061, Thermo Fisher Scientiﬁc) supplemented with 10% heat-inactivated fetal bovine serum, 100
units of penicillin, and 100 mg/ml streptomycin. HT1080 and
SK-HEP-1 cells were also supplemented with nonessential
amino acids (11140050, Gibco). MIA PaCa-2 cells were also
supplemented with 2.5% heat-inactivated horse serum (H1138,
Millipore Sigma). THP-1, BxPC3, and H1299 cells were grown
in RPMI-1640 supplemented with 10% fetal bovine serum, 100
units of penicillin, and 100 mg/ml streptomycin. THP-1 was
also supplemented with 0.05 mM β-mercaptoethanol. All cell
lines were maintained at 37  C with 5% CO2. p53 and p21 KO
HT1080 and SK-HEP-1 stable cell lines were generated using
CRISPR-Cas9 technology as described previously (40, 41).
Immunoblotting
Cells were washed with phosphate-buffered saline and homogenized in lysis buffer (120 mM NaCl, 50 mM, Tris–HCl,
pH 7.4, 1 mM EDTA, 1% NP-40, 0.25% deoxycholate Na,
1 mM PMSF) with the addition of protease inhibitors, phosphatase inhibitor, and OGA inhibitor (TMG, 1 μM). Protein
concentrations were determined by the Bradford assay.
Laemmli buffer was added to samples which were boiled for
2 min. Samples were separated on SDS-polyacrylamide gels
and subsequently transferred to PVDF membrane (Invitrogen).
The membranes were blocked in Tris-buffered saline with
0.1% (v/v) Tween 20 and 3% (w/v) bovine serum albumin. The
blocked membranes were then incubated overnight at 4  C
with primary antibodies. Blots were washed and then incubated with the appropriate secondary antibody for 1 h, prior to
visualization using chemiluminescent horseradish peroxidase
reagent (32106, Thermo Fisher Scientiﬁc) according to manufacturer’s instructions. ImageJ software (https://imagej.nih.
gov/ij/) was used for densitometry analysis of immunoblots,
and measurements were normalized against b-actin as a
loading control.
Quantitative real time PCR
Total RNA was isolated using Qiagen RNeasy kit according
to the manufacturer’s instructions. A total of 1 μg of input
RNA was used to generate cDNA using the Qiagen Quantitect
reverse transcription kit. The cDNA products were diluted
(1:10) with nuclease-free water and analyzed by qPCR using
SYBR Green dye (Thermo Fisher Scientiﬁc) according to the
manufacturer’s instructions. Quantitative PCR analysis was
performed using a AB StepOnePlus real time PCR detection
system (Thermo Fisher Scientiﬁc) with the following protocol:
polymerase activation and DNA denaturation for 30 s at 95  C;
ampliﬁcation denaturation for 5 s at 95  C and annealing for
30 s at 62  C with 40 cycles; and melt curves were done at 65 to
95  C with 0.5  C increments (5 s/step). Quantiﬁcation cycle
values were recorded by StepOne software. Relative changes in
cDNA levels were calculated using the comparative Ct method
(ΔΔCT method). Primers used for CDKN1A detection are as
J. Biol. Chem. (2022) 298(9) 102289
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follows: forward, 50 -GCAGACCAGCATGACAGATTT-30 and
reverse, 50 -GGATTAGGGCTTCCTCTTGGA-30 . RPL32 was
used as a housekeeping gene control using the following
primers: forward, 50 -TTCCTGGTCCACAACGTCAAG-30
and reverse, 50 -TGTGAGCGATCTCGGCAC-30 .
Cell cycle and DNA fragmentation analysis
Cell cycle was analyzed by distribution of cells stained with
propidium iodide (PI) (P4170, Sigma-Aldrich). After the
desired treatment/transfection, cells were harvested and ﬁxed
with 1:1 PBS-ethanol for 24 h. Then, samples were washed
with PBS and resuspended in a PI solution (66 μg/ml PI,
100 μg/ml RNAse A) for 15 min in the dark at 37  C. Cells
were analyzed by ﬂow cytometry (FL-2A) (BD Celesta, BD
Biosciences). Data acquisition and analysis were obtained using BD FACSDiva software (BD Biosciences).
Clonogenic assay
HT1080 and SK-HEP-1 parental, p21KO and p53KO cell
were seeded at 3000 cells/well in 6-well plates and maintained
overnight prior to treating with DMSO or OSMI-1 (50 μM) for
24 h. After treatment, culture dish wells were washed with PBS
and replaced with new media. Cells were maintained in culture
for 7 days. H1299 cells were transfected with ctrl siRNA or
different OGT siRNAs for 24 h and then cells were trypsinized
and reseeded at 5000 cells/well in 6-well plates. Cells were
maintained in culture for 9 days. Colonies formed after the
determined periods of time were stained with Crystal Violet
(C3886, Sigma-Aldrich).
Viability assay
Cells were plated in 96-well plates (1.5 × 104 cells/well) and
treated with DMSO or OSMI-1 (50 μM) for 4 or 24 h. The
viability of cells was measured by adding a 1:1 dilution of
CellTiter-Glo luminescent reagent (G7573, Promega) with
media followed by shaking for 2 min and then 10 min incubation at room temperature. The intensity of luminescence
was determined using a plate reader which was normalized to
DMSO controls.
Quantiﬁcation of dead cells was performed by using SYTOX
Green (S34860, ThermoFisher). Brieﬂy, cells under different
experimental conditions were collected in Tris-buffered saline
and incubated with SYTOX Green for 10 min at room temperature. The dye was washed out and cells were analyzed by
ﬂow cytometry (BD Celesta, BD Biosciences). Data acquisition
and analysis were obtained using by BD FACSDiva software
(BD Biosciences).
Statistical analysis
All data reported in this paper were expressed as the
mean ±SD derived from at least three independent experiments. A signiﬁcant difference from the respective control for
each experimental test condition was assessed by two-way or
one-way analysis of variance or Student’s t test using GraphPad Prism 7.0 software. Values of p < 0.05 were considered

10 J. Biol. Chem. (2022) 298(9) 102289

statistically signiﬁcant. In all ﬁgures, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

Data availability
This study includes no data deposited in external
repositories.
Supporting information—This
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article

contains

supporting

Acknowledgments—This study was supported by grants CA87497
and CA220526. We are grateful to Ella Freulich for technical
assistance and to the members of Prives lab for helpful discussions
during the course of this work. We are thankful to Gizem Efe,
Qiaosi Tang, and Anil K Rustgi for studies designed to determine
the effect of OSM1 on tumor formation in xenografted mice.
Author contributions—R. M. d. Q. conceptualization; R. M. d. Q., S.H. M., and C. P. methodology; R. M. d. Q. and S.-H. M. investigation; R. M. d. Q. formal analysis; R. M. d. Q. and C. P. writing–
original draft; R. M. d. Q., S.-H. M., and C. P. writing–review and
editing; C. P. supervision; C. P. funding acquisition.
Funding and additional information—This study was supported by
NIH-NCI grants CA87497 and CA220526 to C. P. The content is
solely the responsibility of the authors and does not necessarily
represent the ofﬁcial views of the National Institutes of Health.
Conﬂict of interest—The authors declare that they have no conﬂicts
of interest with the contents of this article.
Abbreviations—The abbreviations used are: CDK, cyclin dependent
kinase; OGA, O-GlcNAcase; OGT, O-GlcNAc transferase; PI, propidium iodide; SCF, Skp-Cullin-F-box; TMG, Thiamet-G.

References
1. Chen, J. (2016) The cell-cycle arrest and apoptotic functions of p53 in
tumor initiation and progression. Cold Spring Harb. Perspect. Med. 6,
a026104
2. Abukhdeir, A. M., and Park, B. H. (2008) P21 and p27: roles in carcinogenesis and drug resistance. Expert Rev. Mol. Med. 10, e19
3. Karimian, A., Ahmadi, Y., and Youseﬁ, B. (2016) Multiple functions of
p21 in cell cycle, apoptosis and transcriptional regulation after DNA
damage. DNA Repair (Amst.) 42, 63–71
4. Kreis, N. N., Louwen, F., and Yuan, J. (2019) The multifaceted p21 (Cip1/
Waf1/CDKN1A) in cell differentiation, migration and cancer therapy.
Cancers (Basel) 11, 1220
5. Georgakilas, A. G., Martin, O. A., and Bonner, W. M. (2017) p21: a twofaced genome guardian. Trends Mol. Med. 23, 310–319
6. Abbas, T., and Dutta, A. (2009) p21 in cancer: intricate networks and
multiple activities. Nat. Rev. Cancer 9, 400–414
7. Negishi, M., Wongpalee, S. P., Sarkar, S., Park, J., Lee, K. Y., Shibata, Y.,
et al. (2014) A new lncRNA, APTR, associates with and represses the
CDKN1A/p21 promoter by recruiting polycomb proteins. PLoS One 9,
e95216
8. DiGiuseppe, J. A., Redston, M. S., Yeo, C. J., Kern, S. E., and Hruban, R. H.
(1995) p53-independent expression of the cyclin-dependent kinase inhibitor p21 in pancreatic carcinoma. Am. J. Pathol. 147, 884–888
9. Wang, Y., Qiu, C., Lu, N., Liu, Z., Jin, C., Sun, C., et al. (2018) FOXD1 is
targeted by miR-30a-5p and miR-200a-5p and suppresses the proliferation of human ovarian carcinoma cells by promoting p21 expression in a
p53-independent manner. Int. J. Oncol. 52, 2130–2142

O-GlcNAc transferase regulates p21 independently of p53
10. Huang, S., Li, Y., Yuan, X., Zhao, M., Wang, J., Li, Y., et al. (2019) The
UbL-UBA Ubiquilin4 protein functions as a tumor suppressor in gastric
cancer by p53-dependent and p53-independent regulation of p21. Cell
Death Differ. 26, 516–530
11. Starostina, N. G., and Kipreos, E. T. (2012) Multiple degradation pathways regulate versatile CIP/KIP CDK inhibitors. Trends Cell Biol. 22,
33–41
12. Chen, Q., Xie, W., Kuhn, D. J., Voorhees, P. M., Lopez-Girona, A.,
Mendy, D., et al. (2008) Targeting the p27 E3 ligase SCF(Skp2) results in
p27- and Skp2-mediated cell-cycle arrest and activation of autophagy.
Blood 111, 4690–4699
13. Wang, W., Nacusi, L., Sheaff, R. J., and Liu, X. (2005) Ubiquitination of
p21Cip1/WAF1 by SCFSkp2: substrate requirement and ubiquitination
site selection. Biochemistry 44, 14553–14564
14. Bashir, T., Dorrello, N. V., Amador, V., Guardavaccaro, D., and Pagano,
M. (2004) Control of the SCF(Skp2-Cks1) ubiquitin ligase by the APC/
C(Cdh1) ubiquitin ligase. Nature 428, 190–193
15. Halfter, H., Friedrich, M., Resch, A., Kullmann, M., Stogbauer, F., Ringelstein, E. B., et al. (2006) Oncostatin M induces growth arrest by inhibition of Skp2, Cks1, and cyclin A expression and induced p21 expression.
Cancer Res. 66, 6530–6539
16. Lwin, T., Hazlehurst, L. A., Dessureault, S., Lai, R., Bai, W., Sotomayor, E.,
et al. (2007) Cell adhesion induces p27Kip1-associated cell-cycle arrest
through down-regulation of the SCFSkp2 ubiquitin ligase pathway in
mantle-cell and other non-Hodgkin B-cell lymphomas. Blood 110,
1631–1638
17. de Queiroz, R. M., Carvalho, E., and Dias, W. B. (2014) O-GlcNAcylation:
the sweet side of the cancer. Front. Oncol. 4, 132
18. Zhu, Y., and Hart, G. W. (2021) Targeting O-GlcNAcylation to develop
novel therapeutics. Mol. Aspects Med. 79, 100885
19. Gambetta, M. C., and Muller, J. (2015) A critical perspective of the
diverse roles of O-GlcNAc transferase in chromatin. Chromosoma 124,
429–442
20. Pravata, V. M., Muha, V., Gundogdu, M., Ferenbach, A. T., Kakade, P. S.,
Vandadi, V., et al. (2019) Catalytic deﬁciency of O-GlcNAc transferase
leads to X-linked intellectual disability. Proc. Natl. Acad. Sci. U. S. A. 116,
14961–14970
21. Lee, J. B., Pyo, K. H., and Kim, H. R. (2021) Role and function of
O-GlcNAcylation in cancer. Cancers (Basel) 13, 5365
22. de Queiroz, R. M., Madan, R., Chien, J., Dias, W. B., and Slawson, C.
(2016) Changes in O-linked N-acetylglucosamine (O-GlcNAc) homeostasis activate the p53 pathway in ovarian cancer cells. J. Biol. Chem. 291,
18897–18914
23. Luanpitpong, S., Angsutararux, P., Samart, P., Chanthra, N., Chanvorachote, P., and Issaragrisil, S. (2017) Hyper-O-GlcNAcylation induces
cisplatin resistance via regulation of p53 and c-Myc in human lung carcinoma. Sci. Rep. 7, 10607
24. Lee, S. J., and Kwon, O. S. (2020) O-GlcNAc transferase inhibitor synergistically enhances doxorubicin-induced apoptosis in HepG2 cells.
Cancers (Basel) 12, 3154
25. Klein, A. M., Biderman, L., Tong, D., Alaghebandan, B., Plumber, S. A.,
Mueller, H. S., et al. (2021) MDM2, MDMX, and p73 regulate cell-cycle

26.

27.

28.

29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

progression in the absence of wild-type p53. Proc. Natl. Acad. Sci. U. S. A.
118, e2102420118
Wang, I. C., Chen, Y. J., Hughes, D., Petrovic, V., Major, M. L.,
Park, H. J., et al. (2005) Forkhead box M1 regulates the transcriptional network of genes essential for mitotic progression and genes
encoding the SCF (Skp2-Cks1) ubiquitin ligase. Mol. Cell. Biol. 25,
10875–10894
Caldwell, S. A., Jackson, S. R., Shahriari, K. S., Lynch, T. P., Sethi, G.,
Walker, S., et al. (2010) Nutrient sensor O-GlcNAc transferase regulates
breast cancer tumorigenesis through targeting of the oncogenic transcription factor FoxM1. Oncogene 29, 2831–2842
Uehara, N., Yoshizawa, K., and Tsubura, A. (2012) Vorinostat enhances
protein stability of p27 and p21 through negative regulation of Skp2 and
Cks1 in human breast cancer cells. Oncol. Rep. 28, 105–110
Barsotti, A. M., and Prives, C. (2009) Pro-proliferative FoxM1 is a target
of p53-mediated repression. Oncogene 28, 4295–4305
Hanover, J. A., Chen, W., and Bond, M. R. (2018) O-GlcNAc in cancer: an
oncometabolism-fueled vicious cycle. J. Bioenerg. Biomembr. 50, 155–173
Wu, D., Jin, J., Qiu, Z., Liu, D., and Luo, H. (2020) Functional analysis of
O-GlcNAcylation in cancer metastasis. Front. Oncol. 10, 585288
Liu, C., and Li, J. (2018) O-GlcNAc: a sweetheart of the cell cycle and
DNA damage response. Front. Endocrinol. (Lausanne) 9, 415
Wang, L., Chen, S., Zhang, J., Mao, S., Mao, W., Zhang, W., et al. (2019)
Suppressed OGT expression inhibits cell proliferation and modulates
EGFR expression in renal cell carcinoma. Cancer Manag. Res. 11,
2215–2223
Itkonen, H. M., Urbanucci, A., Martin, S. E., Khan, A., Mathelier, A.,
Thiede, B., et al. (2019) High OGT activity is essential for MYC-driven
proliferation of prostate cancer cells. Theranostics 9, 2183–2197
Ferrer, C. M., Lu, T. Y., Bacigalupa, Z. A., Katsetos, C. D., Sinclair, D. A.,
and Reginato, M. J. (2017) O-GlcNAcylation regulates breast cancer
metastasis via SIRT1 modulation of FOXM1 pathway. Oncogene 36,
559–569
Barnes, P. J., Baker, J., and Donnelly, L. E. (2019) Cellular senescence as a
mechanism and target in chronic lung diseases. Am. J. Respir. Crit. Care
Med. 200, 556–564
Lee, S. J., Lee, D. E., Choi, S. Y., and Kwon, O. S. (2021) OSMI-1 enhances
TRAIL-induced apoptosis through ER stress and NF-kappaB signaling in
colon cancer cells. Int. J. Mol. Sci. 22, 11073
Sharma, N. S., Gupta, V. K., Dauer, P., Kesh, K., Hadad, R., Giri, B.,
et al. (2019) O-GlcNAc modiﬁcation of Sox2 regulates self-renewal in
pancreatic cancer by promoting its stability. Theranostics 9,
3410–3424
Sturmlechner, I., Zhang, C., Sine, C. C., van Deursen, E. J., Jeganathan, K.
B., Hamada, N., et al. (2021) p21 produces a bioactive secretome that
places stressed cells under immunosurveillance. Science 374, eabb3420
Venkatesh, D., O’Brien, N. A., Zandkarimi, F., Tong, D. R., Stokes, M. E.,
Dunn, D. E., et al. (2020) MDM2 and MDMX promote ferroptosis by
PPARalpha-mediated lipid remodeling. Genes Dev. 34, 526–543
Venkatesh, D., Stockwell, B. R., and Prives, C. (2020) p21 can be a
barrier to ferroptosis independent of p53. Aging (Albany NY) 12,
17800–17814

J. Biol. Chem. (2022) 298(9) 102289

11

