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ROTACs do not influence O-
GlcNAc transferase and O-GlcNAcylation levels in
cells†

Aleša Bricelj, a Doroteja Novak,ab Lara Smrdel,a Christian Steinebach, c

Izidor Sosič, a Marko Anderluh *a and Martina Gobec *a

The O-GlcNAc transferase (OGT) inhibitors disclosed thus far are burdened with certain shortcomings. We

have incorporated OSMI-4, a nanomolar OGT inhibitor, into PROTACs. The prepared chimeras failed to

induce effective OGT degradation or influence O-GlcNAcylation levels in MM.1S cells.
Glycosylation of proteins is themost abundant and diverse post-
translational modication (PTM) required for the proper func-
tioning of a myriad of biological cellular processes.1–3 One such
process is the covalent binding of O-linked b-N-acetylglucos-
amine (O-GlcNAc) to serine and threonine residues of cytosolic,
nuclear and mitochondrial proteins. O-GlcNAcylation is
reversible and regulated by O-GlcNAc transferase (OGT) and O-
GlcNAcase (OGA), the former being responsible for catalysing
the transfer of O-GlcNAc to target proteins, while the latter
hydrolyses the bond formed.4 Similar to phosphorylation,
cycling between attachment and removal of O-GlcNAc off
proteins is rapid and dynamic, and the process interplays with
many other PTMs that regulate cellular functions.5,6 Since the
donor substrate of OGT, UDP–GlcNAc, is synthesized via the
hexosamine biosynthesis pathway, O-GlcNAcylation acts as
a nutrient sensor and responds to nutrient availability.5,7

Therefore, it is responsible for the proper functioning of nearly
all key cellular processes, and perturbations of the OGT–OGA
activity balance lead to various pathological conditions, most
notably diabetes, cancer, neurodegenerative, and cardiovas-
cular diseases, and possibly steers immune response.5,8–13

Furthermore, research points to OGT playing a role in tumori-
genesis, as elevated OGT levels have been found in numerous
cancers, such as breast,14,15 prostate,16 pancreatic,17 lung and
colorectal cancer.18

In order to better understand the complex role of protein O-
GlcNAcylation and to develop therapeutics to modulate its
aberrant activity, numerous tools have been developed. In
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particular, OGT inhibitors are of interest, as reducing OGT
activity leads to suppressed cancer proliferation.19 Among the
rst compounds used was uracil analogue alloxan (Fig. 1A),
which exhibited nonspecic OGT inhibition with an
Fig. 1 Some of the frequently used OGT inhibitors. (A) UDP and UDP–
GlcNAc analogues: alloxan, BADGP, Ac4-5S-GlcNAc, 5SGlcNHex, Ac4-
ES1; (B) other small molecules: BZX1, BZX2, L01, ST045849, OSMI-4
(ester) and compound 6b.
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View Article Online
unfavourably high IC50 of 100 mM and a short half-life.5,20

Subsequent research focused on the development of UDP and
UDP–GlcNAc analogues and led to compound BADGP,20 and
prodrugs Ac4-5S-GlcNAc,21 5SGlcNHex,22 and Ac4-ES1,23 which
are converted to active drugs aer intracellular deacetylation.
Although these substrate analogues exhibited satisfactory
binding affinities (IC50 in the low micromolar range), they did
not allow for structural modications to improve selectivity.5,24

Due to their mechanism of action, these compounds may also
inhibit other GlcNAc transferases that use UDP–GlcNAc as their
substrate.24 High-throughput or virtual screening efforts resul-
ted in structurally distinct small-molecule OGT inhibitors such
as BZX1 and its analogue BZX2,25,26 natural product L01,27

compound ST045849, OSMI derivatives and quinolone-based
compound 6b (Fig. 1B).28–30 Despite the growing number of
OGT inhibitors being developed, researchers in this eld still
face numerous challenges.4,5,19,24,31 Namely, the limited selec-
tivity (BZX1 and BZX2 show off-target and toxic effects,19,26,31

specicity of OSMI-4 in cells is unknown and may cause adverse
effects in cholesterol biosythesis31), poor aqueous solubility,24

insufficient cell permeability, and the lack of pharmacokinetic/
pharmacodynamic data of the characterized compounds hinder
their applicability in research, as does the fact that treatment of
the cells with some of these inhibitors leads to an increase in
OGT levels due to a compensatory feedback
mechanism.5,19,24,29,31

Alternative modalities to classical inhibitors, which enable
removal of disease-associated proteins, such as targeted protein
degradation (TPD), have shown great promise for the
Scheme 1 (A) Synthesis of OGT ligand 37. Reagents and conditions: (a) (
30min; (b) (R)-2-((tert-butoxycarbonyl)amino)-2-(2-methoxyphenyl)ace
chloroethan-1-amine, HATU, DIPEA, DMF, rt, 18 h; (e) HSO3Cl, 160 °C, 4 h
NaN3, DMF, 80 °C, 4 h; (B) synthesis of linkers L1a–L4a. Reagents and con
rt, 18 h; (ii) 4 M HCl in dioxane, CH2Cl2, rt, 2 h; (C) synthesis of linkers L1b
Bu4NHSO4, 50% NaOH (aq.), toluene, 0 °C to rt, 18 h; (l) BAIB, TEMPO, M

25718 | RSC Adv., 2025, 15, 25717–25723
development of chemical probes and therapies.32 Implementing
TPD approaches to modulate OGT activity might circumvent the
shortcomings of OGT inhibitors. Therefore, we set out to
prepare bifunctional molecules with the aim to induce targeted
OGT degradation.

We systematically designed three series of proteolysis-
targeting chimeras (PROTACs). An established OGT inhibitor,
OSMI-4, was selected as the target ligand due to its favourable
physicochemical parameters (logD and TPSA), and its structure
was modied accordingly to allow facile linker attachment. Our
design relied on the fact that carboxylic acid of OSMI-4 was not
essential for binding and that its ester derivative was even
a slightly more potent OGT inhibitor, leaving the carboxylate as
the plausible attachment point for a linker coupled with E3
ligase ligand (Fig. S1†).33 In each series, OSMI-4 analogue 37
(Scheme 1) was linked to a different E3 ligase ligand, i.e., cere-
blon (CRBN), von Hippel–Lindau (VHL), and inhibitor of
apoptosis (IAP) protein (Table S1†).

First, we prepared two series of appropriately capped alkyne
linkers, which enabled the assembly of nal compounds by
a straightforward click reaction with the synthesized azide-
bearing OSMI-4 derivative 37 (Scheme 1A and S1†). The
synthetic route towards OSMI-4 and derivative 37 had to be
optimized, since the original procedure by Martin et al.29 led to
the formation of a parent diketopiperazine.33 The two linker
series were matched in length and composition. The amino
group-capped linkers of the L1a–L4a series were used in CRBN-
targeting compounds and were prepared from N-Boc-protected
amino alcohols, which were rst mesylated and then reacted
i) Thiophene-2-carboxaldehyde, Et3N, MeOH, rt, 90 min; (ii) NaBH4, rt,
tic acid, HATU, DIPEA, DMF, rt, 18 h; (c) 1 M LiOH (aq.), THF, rt, 5 h; (d) 2-
; (f) (i) 4 M HCl in dioxane, CH2Cl2, rt, 2 h; (ii) 35, DIPEA, DMF, rt, 18 h; (g)
ditions: (i) MsCl, Et3N, CH2Cl2, rt, 3 h; (j) (i) propargyl alcohol, NaH, THF,
–L4b. Reagents and conditions: (k) 80% propargyl bromide in toluene,
eCN/H2O, rt, 18 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 IC50 values for bifunctional compounds and OSMI-4

Compound IC50 (mM) [mean � SD]

CRBN series 1 n.d.a

2 0.77 � 0.18
3 0.68 � 0.26
4 1.52 � 0.86

VHL series 5 0.60 � 0.27
6 1.14 � 0.30
7 0.61 � 0.30
8 0.27 � 0.12

IAP series 9 1.92 � 0.54
10 1.50 � 0.33
11 0.55 � 0.16
12 1.92 � 0.24
OSMI-4 0.36 � 0.14

a Not determined.
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View Article Online
with propargyl alcohol (Scheme 1B). The L1b–L4b linker series
was prepared by etherication of diols with propargyl bromide,
followed by BAIB/TEMPO-mediated oxidation to carboxylic
acids (Scheme 1C).

CRBN-ligand – linker conjugates 38–41 were obtained by
subjecting 4-uorothalidomide (25) to nucleophilic aromatic
substitution with linkers L1a–L4a, whereas the intermediates of
the VHL- and IAP-series were prepared by coupling carboxylic
acid linkers L1b–L4b with either VHL ligand 26 or Boc-protected
IAP ligand 28, respectively (Scheme 2). Conjugates 38–49 were
‘clicked’ to OGT ligand 37 through a copper-catalysed azide–
alkyne cycloaddition to obtain nal PROTACs 1–8. The removal
of the Boc-protecting group for the IAP series yielded the
desired nal compounds 9–12 (Scheme 2). The physicochemical
properties of OSMI-4 and nal heterobifunctional molecules are
collected in the ESI (Table S4†). While the molecular weight of
the prepared compounds increased, the lipophilicity of nal
PROTACs was generally decreased (except compound 1) in
Scheme 2 Synthesis of heterobifunctional compounds 1–12.
Reagents and conditions: (a) linkers L1a–L4a (Table S2†), DIPEA,
DMSO, 90 °C, 18 h; (b) 37, CuSO4, sodium ascorbate, THF, H2O, rt,
18 h; (c) linkers L1b–L4b (Table S3†), HATU, DIPEA, DMF, rt, 18 h; (d)
linkers L1b–L4b (Table S3†), HATU, DIPEA, CH2Cl2, rt, 18 h; (e) 4 M HCl
in dioxane, CH2Cl2, rt, 2 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
comparison to the parent OGT inhibitor (e log D7.4 from 2.3 to
2.6, versus 2.8 for OSMI-4).

The library of bifunctional molecules was rst assessed for
target inhibitory potency and compared with that of OSMI-4, to
conrm that the inhibition and therefore binding was not
affected by linker attachment. The determined IC50 values are
collected in Table 1 and show a comparable inhibitory potency
and therefore affinity to the unmodied OGT binder. These
values conrm our assumption that the carboxylate of OSMI-4 is
a plausible point of attachment for a linker coupled with E3
ligase ligand, as it does not dramatically interfere with inhibi-
tion and therefore binding. Inhibition curves are provided in
Fig. S2 in ESI.†

We then investigated the effects of chimeras on the protein
levels of OGT by western blot analyses in MM.1S cells that
express both OGT and E3 ligases of interest. Aer treatment
with the 12 heterobifunctional molecules at 1.0 mM for 16 h, no
signicant reduction of OGT levels was observed (Fig. 2). We
additionally screened the prepared compounds by treating
MM.1S cells for 16 h at 0.1, 1.0 and 10 mM, however, no
reduction of OGT levels was observed (representative gures
and quantication of the western blots is collected in the ESI
(Fig. S3–S5†)). IKZF1 levels were reduced in the CRBN series,
indirectly proving that compounds do permeate cell membrane
and induce degradation of CRBN neosubstrate IKZF1. Similarly,
cIAP1 levels were signicantly reduced aer treatment with
Fig. 2 OGT, cIAP1 and IKZF3 protein levels in MM.1S cells after 16 h
treatment with heterobifunctional compounds 1–12 at 1 mM
concentration. Tubulin was used as loading control.

RSC Adv., 2025, 15, 25717–25723 | 25719
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Fig. 4 (A) OGT protein levels under different conditions. MM.1S cells
were subjected to treatment with either 10 mM OSMI-4 or PROTAC 12
at 0.1 mM, 1.0 mM, or 10 mM concentration for 16 h. If inflammatory
microenvironment was mimicked, cells were first pre-treated for 1 h
with 1.0 mM 12, and then TNFa (30 ng mL−1) was added for the
subsequent 16 h. The number above OGT bands present the average
protein level from two independent biological repeats. Tubulin was
used as loading control. (B) Proliferation rate of MM.1S cells treated for
96 h with either 1.0 mM OSMI-4 or mM PROTAC 12, as determined by
CFSE staining. Data represent the mean of three independent bio-
logical replicates.
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PROTACs 9–12, consistent with cIAP1 autoubiquitination trig-
gered by engagement with IAP antagonists. Since cell perme-
ability is conrmed, the lack of OGT depletion may stem from
other factors, such as unproductive OGT:PROTAC:E3 ternary
complexes formation, ineffective ubiquitination, or insufficient
intracellular concentrations of the compounds.

To compare the proteome-wide effects of compound 12
versus the OGT inhibitor OSMI-4, we employed a diaPASEF-
based mass spectrometry approach.34 MM.1S cells were
treated with 1.0 mM of the selected compounds for three hours.
The proteomics data conrmed previous literature reports that
OGT inhibition by OSMI-4 leads to increased intracellular OGT
levels (Fig. 3A).29 Interestingly, treatment with 12 seemingly
counteracted this compensatory OGT overexpression (Fig. 3B).
This observation points to a rather seldom documented
rebound expression of proteins of interest, which can appar-
ently hamper the effectiveness of PROTACs or other proximity-
induced protein degraders, and we advise the scientic
community to carefully assess this phenomenon when evalu-
ating potential protein degraders.

As observed in the proteomic analysis, additional western
blot experiments conrmed that inhibition of OGT by OSMI-4
leads to its upregulation aer 16 hours (Fig. 4A). Surprisingly,
in a concentration-dependent experiment no effect of
compound 12 on OGT expression was detected at any
Fig. 3 diaPASEF quantitative proteomics for (A) OSMI-4 and (B)
PROTAC 12. MM.1S cells were treated with compound at 1.0 mM for
3 h. Bioconductor's limma package was used to perform statistical
analysis of degrader treatment compared to DMSO vehicle treatment.
The identified proteins were plotted as log 2 fold change (PROTAC/
DMSO) versus −log 10 of p-value. Proteins with −log 10 (p-value) > 3
(p-value < 0.001) and log 2 fold change > 0.6 or < −0.6 (translating to
1.5-fold up- or downregulation) were considered to have significantly
changed in abundance. Data are mean of biological duplicates.

25720 | RSC Adv., 2025, 15, 25717–25723
concentration tested (0.1 mM, 1 mM, or 10 mM). This nding also
minimizes the possibility that a hook effect is preventing target
degradation, which is occasionally observed with PROTACs. As
observed previously, the efficiency of protein degradation by
PROTACs can be inuenced by the cellular microenvironment.
Inammatory conditions, in particular, can alter the proteome
and impact degradation outcomes.35 To simulate an inam-
matory environment, MM.1S cells were treated with TNFa (30
ng mL−1) in the presence or absence of compound 12. However,
even under these conditions no improvements in OGT degra-
dation were observed.

Given that OGT serves as a metabolic switch, we hypothe-
sized that its modulation might manifest over a longer period of
time. Namely, even though we have observed no signicant
difference in the OGT levels aer 16 hours of incubation with
12, we hypothesised that 12 counteracted the compensatory
OGT overexpression aer 3 hours. The combination of these
experiments indicates that OGT overexpression and equaliza-
tion is not immediate. We questioned whether the potential
effect of 12 on OGT degradation in the short post-treatment
period (before 3 hours) was sufficient to trigger an effect on
cell proliferation as a phenotypic response to lowered OGT
levels. Therefore, we further investigated the potential effect of
compound 12 on cell proliferation aer 96 hours, using OSMI-4
for comparison. None of the compounds altered cell prolifera-
tion compared to control demonstrating that short-term inhi-
bition or depletion of OGT has no long-term effects on cell
proliferation (see Fig. 4B).

The lack of effects on cellular proliferation prompted us to
reconsider our initial hypothesis, which proposed that
compound 12 could counteract the compensatory over-
expression of OGT. Alternatively, we explored the possibility
that our compound might not interact with OGT in cells at all.
Given that engagement of OSMI-4 leads to a signicant reduc-
tion in O-GlcNAc levels, we performed additional western blot
analyses on cells treated with OSMI-4 (at 1, 10, and 20 mM) and
PROTAC 12 (at 0.1, 1, and 10 mM) for 16 h, assessing their
impact on O-GlcNAcylation. The levels of O-GlcNAc were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative western blots depicting OGlcNAc ((A) RL2 and
(B) MultiMab) and OGT protein levels in MM.1S cells after 16 h treat-
ment with IAP-series PROTAC 12 at 0.1, 1, and 10 mM concentration
and OSMI-4 at 1, 10, and 20 mM. b-actin was used as loading control.
Data represents an average of two independent experiments. To
ensure the equal loading of proteins, the membranes were stripped
(100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris/HCl, pH =

6.8) for 45 min at 50 °C and then washed (3 × 20 min) in 1× TTBS.
Nonspecific binding sites were then blocked for 1 h at room temper-
ature in 5% BSA in TTBS (Tris-buffered saline, 0.1% Tween) and the
membranes were re-probed with appropriate antibodies under the
same conditions as those described above. The stripping was per-
formed on membranes depicted in (A) and (B), where proteins were
first detected using O-GlcNAc MultiMab® Rabbit mAb mix antibody
and anti-O-linked N-acetylglucosamine antibody [RL2]. The stripped
membranes were then re-probedwith antibodies for OGT and b-actin.
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observed using pan-O-GlcNAc antibodies RL2 (Fig. 5A) and
MultiMab (Fig. 5B). Treatment with OSMI-4 led to a signicant
inhibition of O-GlcNAcylation, as conrmed by detection with
both antibodies. In contrast, this effect was largely absent aer
treatment with PROTAC 12, where O-GlcNAc levels remained
© 2025 The Author(s). Published by the Royal Society of Chemistry
similar to those in the untreated control even though 12 was
shown to inhibit OGT and to penetrate cells. Furthermore, we
observed a signicant increase in OGT levels upon OSMI-4
binding, a response not seen with compound 12. These
results suggest that the interaction of PROTAC 12 with OGT in
cells is insufficient to elicit a response comparable to that of
OGT inhibition by OSMI-4.

In summary, we have synthesized a series of heterobifunc-
tional compounds consisting of OSMI-4 as the OGT ligand
coupled to a series of linkers and CRBN, VHL, and IAP E3 ligase
ligands. Our attempts at constructing OGT degraders did not
result in compounds able to potently lower cell OGT levels,
despite of their proven cellular permeability assessed by the
induced degradation of IKZF1 or cIAP1. Further investigation
indicated that compound 12 might mitigate the compensatory
overexpression of OGT observed aer OSMI-4 treatment, as
demonstrated in the diaPASEF quantitative proteomics experi-
ment. However, the lack of response on MM.1S proliferation
rate drove us to explore O-GlcNAcylation levels. The absence of
signicant downregulation of O-GlcNAc led us to conclude that
the engagement of OGT by PROTAC 12 is insufficient to induce
cellular effects. Although there was indirect evidence support-
ing cell permeability, the intracellular concentration of the
prepared chimeric molecules may be too low to facilitate the
formation of productive ternary complexes and/or inhibit OGT.
We hypothesize that binary complexes between the E3 ligase
and PROTAC may form preferentially, thereby hindering the
engagement of OGT and preventing the cellular effects typically
seen with OSMI-4.

Abbreviations
BAIB
 (Diacetoxyiodo)benzene

cIAP
 Cellular IAP

CRBN
 Cereblon

DIPEA
 N,N-Diisopropylethylamine

DMF
 Dimethylformamide

DMSO
 Dimethyl sulfoxide

HATU
 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo

[4,5-b]pyridinium 3-oxide hexauorophosphate

IAP
 Inhibitor of apoptosis

IKZF1
 Zinc nger protein Ikaros

OGA
 O-GlcNAcase

O-
GlcNAc
O-Linked b-N-acetylglucosamine
OGT
 O-GlcNAc transferase

PROTAC
 Proteolysis targeting chimera

TEMPO
 (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

THF
 Tetrahydrofuran

TNFa
 Tumor necrosis factor alpha

TPD
 Targeted protein degradation

TPSA
 Topological polar surface area

UDP
 Uridine diphosphate

VHL
 von Hippel–Lindau
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