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ABSTRACT: Methylation of adenine N6 (m°A) is the most frequent RNA modification. On mRNA4, it is catalyzed by the

METTL3-14 heterodimer complex which plays a key role in
acute myeloid leukemia (AML) and other types of blood can-
cers and solid tumors. Here we disclose the first proteolysis
targeting chimeras (PROTACs) for an epitranscriptomics tar-
get. For designing the PROTACs we made use of the crystal
structure of the complex of METTL3-14 with a potent and se-
lective small-molecule inhibitor (called UZH2). The optimiza-
tion of the linker started from a desfluoro precursor of UZH2
whose synthesis is more efficient than the one of UZH2. The
first nine PROTAC molecules featured PEG- or alkyl-based link-
ers but only the latter showed cell penetration. With this infor-
mation in hand, we synthesized 26 PROTACs based on UZH2
and alkylic linkers of different lengths and rigidity. The for-
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mation of the ternary complex was validated by a FRET-based biochemical assay and an in vitro ubiquitination assay. Three
PROTACs with three different rigid extensions of UZH2 showed 50% or higher degradation of METTL3 and METTL14 meas-
ured by Western blot in MOLM-13. Substantial degradation was measured also on three others AML cell lines and the prostate

cancer cell line PC3.

Introduction

Post-transcriptional (epitranscriptomic) modifications of
RNA have a key role in gene expression and cell homeosta-
sisregulation.!? The N6-adenosine methylation (m°A) is the
most abundant among over 150 reported modifications.? It
has been found on mRNA, tRNA, rRNA and several noncod-
ing RNAs.* The mfA is a dynamic and reversible modifica-
tion deposited by proteins defined as “writers” and re-
moved by “eraser” proteins. A third family of epitran-
scriptomic proteins (“readers”) recognize the methylated
RNA, leading to splicing, nuclear export, translation, altered
stability and degradation of transcripts.5-? In this way, the
m°A modification can mediate the expression or silencing of
specific genes.?

This epitranscriptomic machinery enables processes such
as stem cell differentiation??, cell response to stress!?, and
regulation of the circadian cycle!? under physiological con-
ditions. Its dysregulation has been linked to a growing
amount of pathological conditions. In particular, abnormal
meA levels have been connected to different kinds of cancer
including leukemia, prostate cancer, breast cancer, liver
cancer, colorectal cancer, and others.13-20

Methyltransferase-like 3 (METTL3) and METTL14 form the
heterodimeric protein complex that catalyses the deposi-
tion of the m°A modification (writer). METTL3 is the cata-
lytic subunit which binds the co-substrate S-adenosyl-L-
methionine (SAM) while METTL14 facilitates RNA binding
and stabilization of the complex.21.22 Many studies show that
increased m®A levels can lead to enhanced cell proliferation,
antiapoptotic effects, promotion of migration and inva-
sion.?3 Moreover, METTL3 has been reported to promote
other cancerogenic processes independently of its catalytic
activity.?* This makes the METTL3-14 complex an interest-
ing therapeutic target for anti-cancer drugs.

To date, only three series of SAM-competitive, potent and
selective inhibitors of METTL3 have been reported, two of
them originating from medicinal chemistry campaigns car-
ried out in our group at the University of Zurich (UZH).25-28
The low nanomolar inhibitors UZH2 and the compound
published by Storm Therapeutics (STM2457) have shown
antiproliferative effects in acute myeloid leukemia (AML)
cell lines, strengthening the therapeutic potential of target-
ing the METTL3-14 complex.2>2” However, the high cellular
concentration of SAM (60 to 160 uM as measured in rat
liver)?° can limit the scope of SAM-competitive inhibitors.
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Proteolysis targeting chimeras (PROTACs) are a valid alter-
native to small-molecule inhibitors.39-33 PROTACs are het-
erobifunctional molecules bearing a protein of interest
(POI) ligand covalently linked to an E3 ligase ligand. Upon
binding to both targets, PROTACs promote the ubiquitina-
tion of the POI and its subsequent degradation by the 26S-
proteasome. This is a promising approach already applied
to a variety of targets, in particular in the epigenetic field.3*
Their catalytic-like mechanism of action results in the recy-
cling/re-use of the PROTAC molecules upon protein

degradation. Moreover, thanks to the degradation of the
whole protein, PROTACs eliminate both its enzymatic and
scaffolding functions.

Here, we report a medicinal chemistry campaign that aimed
at the development of PROTAC molecules against METTL3-
14, the human m°A-RNA writer complex. To the best of our
knowledge, there are currently no degraders in the litera-
ture for proteins involved in epitranscriptomics.

Scheme 1. General structure of PROTACs and optimization strategy.
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Results and discussion
Protein structure-based design

The medicinal chemistry campaign builds upon our previ-
ous results obtained during the development of small mole-
cule inhibitors for METTL3-14.2> Here, we start from two
potent and selective METTL3-14 inhibitors, UZH2 (ICso = 5
nM, selectivity data in Table S1) and its desfluoro derivative
AD22 (ICso = 89 nM, compound 10 in Ref.2°) (Figure 1A). As
E3 ubiquitin ligase, we selected Cereblon (CRBN), for which
the most common ligands are 4-amino thalidomide (poma-
lidomide) and lenalidomide.?53¢ The general structure of
the synthesized PROTACs is represented in Scheme 1. The
UZH2/AD22 atom for the covalent bond with the linker was
identified from crystallographic analysis. The binding poses
of UZH2 (PDB 702F) and AD22 (PDB 700P) in the METTL3-
14 complex (Figure 1B) provide an exit vector from the py-
rimidine ring into the solvent-exposed area. Replacing the
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methylamino moiety with a propyl diamino motif (handle)
allowed a convenient connection to the CRBN ligand via a
linker. The amino group directly connected to the pyrimi-
dine ring was intended to maintain a favorable hydrogen
bond interaction with the side chain of Asp377 in METTL3
(Figure 1C). The terminal amino functionality allowed the
final amide bond formation, thus connecting the POI ligand
with pomalidomide through the linker (Scheme 1). The pro-
pyl diamino moiety is formally considered part of the linker.
Nevertheless, it affects the affinity of the PROTACs for
METTL3-14 as measured in our time-resolved FRET assay
(hereafter referred to as binary assay).3” For this reason,
this portion is called “handle”, to clearly distinguish it from
the rest of the linker. The structures of all the synthesized
PROTACs (compounds 1-35) are reported in Table 1. The
first set of PROTAC molecules (compounds 1-4) consists of
AD22 as POI ligand, propyl diamine handle, polyethylene
glycol (PEG) linker, and pomalidomide as the E3 ligase
binder. Their synthesis was achieved by a final amide bond

https://doi.org/10.26434/chemrxiv-2023-1tr77 ORCID: https://orcid.org/0009-0000-3380-8602 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-1tr77
https://orcid.org/0009-0000-3380-8602
https://creativecommons.org/licenses/by-nc-nd/4.0/

formation, as described in further detail in Scheme 4 in the
synthesis section.

The rationale behind the use of PEG linkers in the first gen-
eration was the commercial availability of PEG chains with
different numbers of PEG subunits.?® This allowed us to
cover different distances between the PROTAC moieties for
POI and CRBN. This is useful for investigating the optimal
range for the formation of the ternary complex
CRBN/PROTAC/METTL3-14. Moreover, the PEG chain is
widely used in cross-linking for bioconjugation and bio-
labeling, due to its favorable physicochemical properties.3°-
4“1 The degradation of METTL3 and METTL14 was measured
individually by Western blot at various PROTAC concentra-
tions (10, 5, 1, 0.1, 0.01 pM) at 16h time point, in MOLM-13
which is an AML cell line. However, none of the four first
generation PROTACs (compounds 1-4) showed degradation
activity. Compounds 1, 2, 3 and 4 were also tested in a
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biochemical ternary complex formation assay (TCFA).*?
Relatively high effective concentrations at the peak of the
Hook curve (ECmax: 6.8 uM, 2.8 uM, 1.9 uM and 2.0 uM, re-
spectively) reflect low affinity towards both CRBN and
METTL3-14. In addition, the amplitude of the Hook curve
(Table S2) is low compared to other compounds in this pa-
per. This can be an indication of weak cooperativity and less
stable ternary complex formation, which is needed for suc-
cessful degradation activity.*> As PROTACs can suffer from
low cellular permeability due to their high molecular weight
and/or high hydrophilicity,* we decided to assess permea-
bility and target engagement in cells using the cellular ther-
mal shift assay (CETSA).45 The first set of PROTACs (com-
pounds 1-4) exhibited low protein stabilization, and only at
the very high concentration of 100 pM. Considering the
CETSA (Figure 2) and TCFA results, the lack of degradation
might be a result of low cell permeability and/or inability to
form a stable ternary complex.

Figurel. a) 2D structures of UZH2 and its desfluoro precursor AD22. b) Overlap of the crystal structures of METTL3 bound to AD22
(carbon atoms in cyan, PDB 700P) and UZH2 (carbon atoms in orange, PDB 702F). ¢) Zoom in on the hydrogen bond between the

side chain of Asp377 and the methylamine of AD22 and UZH2.

Optimization of cell permeability and POI affinity

To address the low permeability, we synthesized a second
set of AD22-based PROTACs (compounds 5-9), aiming to in-
crease the lipophilicity of the molecules. The PEG linker was
replaced by an alkyl chain.*6-48 The positive effect of the in-
creased lipophilicity on the cell membrane permeation was
confirmed through CETSA experiments, as indicated by
more pronounced stabilization effects (Figure 2). To im-
prove the stability of the ternary complex, we decided to

change the POI ligand by replacing AD22 with the ~20-fold
more potent inhibitor UZH2. As expected, the resulting
PROTACs (compounds 10-13) showed a much higher affin-
ity for METTL3-14 in comparison to their AD22 analogues
(Table 1). Furthermore, the ECmax measured in the TCFA
was substantially improved. Compounds 10, 11 and 12
showed an ECmax below 1 pM, with a 3- to 6-fold improve-
ment compared to the non-fluorinated analogues (Table 1).
Despite the increased cellular permeability and binding af-
finity to the target protein, none of the tested compounds
showed degradation of METTL3-14, as measured by
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Western blot at 0.2, 2 and 20 uM PROTAC concentration at
multiple time points (6, 16, 36h). As the PROTACs synthe-
sized so far featured the same handle motif (propyl dia-
mine), we questioned its impact on the ternary complex for-
mation and protein degradation. From previous studies, we
knew that the replacement of the methyl amino group in
UZH2 with an aryl or aliphatic ring can provide favorable
lipophilic interaction with the edge of the METTL3-14 bind-
ing site.2® Moreover, a rigid and bulky feature in the handle
or the linker could lead to a PROTAC conformation more
prone to cell permeation and/or ternary complex for-
mation.3849-51 With this in mind, we moved on with the syn-
thesis of PROTACs bearing a more rigid handle/linker.
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Figure 2. Evaluation of AD22-based PROTACS 1-9 in the
MOLM-13 (AML) cell line. The stabilization of METTL3 (top)
and Cereblon (CRBN, bottom) was quantified by CETSA at 54°C.
The SAM-competitive inhibitor AD22 was employed as a con-
trol for METTL3 (top, left) while lenalidomide (LEN) was used
as a control for Cereblon (bottom, left).

Optimization of length and rigidity of the linker

The next set of seven PROTAC molecules contained a benzyl
diamine handle instead of propyl diamine. In addition, we
varied the length of the linear portion of the linker. We re-
tained the alkyl (compounds 14-17) and alkyl-triazole
linker (compounds 18-20) from previous optimization
steps. The presence of the aromatic ring significantly im-
proved the affinity for METTL3-14 (measured by the FRET-
based binary assay) as well as the values of ECmax (Table 1).
Substantial degradation of both METTL3 and METTL14
proteins after 24-hours incubations was observed with 2
uM PROTAC concentration in MOLM-13 cells. Compounds
14, 19 and 20 reduced the level of both METTL3 and
METTL14 by 52%, 33% and 42%, respectively. The most
promising derivative, PROTAC 14, contained a shorter
linker in comparison with the other PROTACs of this set.
Furthermore, we synthesized another set of 11 PROTACs
that contained lipophilic and rigid handles (piperidine, pi-
perazine, triazole) in combination with different alkyl linker
lengths. After a round of protein degradation screening in
cells and quantification by Western blot analysis (2 uM, 24h
MOLM-13), the compounds featuring piperidine

(compounds 21-25) or piperazine (compounds 29-32) han-
dles exhibited the highest degradation efficacy (Table 1, Fig-
ure 3A).5253 The correlated degradation of the two proteins
of the heterodimeric complex METTL3-14 provides evi-
dence that a PROTAC binding at the SAM-pocket of METTL3
is able to degrade both proteins (Figure 3B, S1). PROTAC 30
displayed the most significant degradation activity, achiev-
ing a reduction of both METTL3 and METTL14 of about
60%. In contrast, the PROTACs with a triazole ring as a han-
dle (compounds 26 and 27) performed worse, showing a
degradation efficacy of 13% and 12% respectively.

The highest degradation (50-60%) was achieved with com-
pounds featuring a linker length spanning between five to
seven atoms, i.e.,, PROTACs 14, 22, 23 and 30. The TCFA
shows gradual ECmax improvement when reducing the
linker length, as we can see for the piperidine handle series
PROTACs 25, 24, 23, 22 and 21 (Figure 3C). Among them,
the shortest PROTAC, compound 21, has the best ECmax (0.06
uM), but in terms of degradation, it is worse than its slightly
longer analogues 22 and 24, with 21%, 46% and 36%
METTL3 reduction, respectively. A possible explanation of
the discrepancy between the biochemical TCFA and the cel-
lular degradation assay is that the TCFA employs truncated
protein constructs. PROTAC 21 might be too short to form a
stable ternary complex with full-length proteins, and some
steric clashes can cause a non-optimal conformation of the
ternary complex. This ECmax improvement tendency is not
observed at even shorter linker lengths, as shown with
PROTAC 32 (no linker) which is inactive in both TCFA and
cell degradation assay. Thus, there seems to be an optimal
range for the linker length (three to five methylene groups).

To further increase the rigidity of the handle/linker part, we
synthesized three PROTACs (compounds 33-35) with re-
duced linker flexibility. Among them, PROTAC 33 turned out
to be the best, showing 44% METTL3 reduction, while com-
pounds 34 and 35 displayed a METTL3 reduction of 11%
and 25% respectively. Considering that compounds 34 and
35 contain a much shorter linker than PROTAC 33, these re-
sults further highlight the importance of linker length.

Once the most promising handles and ideal length to
achieve protein degradation were defined, we tried to mod-
ify the connection to the CRBN ligand.5#55 PROTAC 23 is
linked to thalidomide at position 5. This modification is well
tolerated, and the compound causes a 50% degradation of
METTL3. Nonetheless, compared to its 4-substituted ana-
logue (PROTAC 22) the difference in both degradation (50%
vs 46%) and ECmax (0.16 uM vs 0.19 uM) is negligible (Figure
30).

The degradation activity of selected compounds (14, 20, 22,
24, 30) was investigated in different AML cell lines (THP-1,
NOMO-1 and KASUMI-1) (Figure 34, S1). While the degra-
dation levels observed in THP-1 and NOMO-1 cell lines were
comparable to those in MOLM-13, a higher degradation of
both METTL3 and METTL14 was measured in KASUMI-1.
The treatment of KASUMI-1 cells with 2uM of PROTAC 30
for 24h caused a 70% degradation of the POL.

To further validate the top PROTACs we tested some of
them against cell lines of solid tumors. We decided to focus
on two prostate cancer cell lines (DU145 and PC3) because

https://doi.org/10.26434/chemrxiv-2023-1tr77 ORCID: https://orcid.org/0009-0000-3380-8602 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-1tr77
https://orcid.org/0009-0000-3380-8602
https://creativecommons.org/licenses/by-nc-nd/4.0/

of recent evidence for the importance of METTL3 in pros-
tate cancer.5657 The selected PROTACs 14, 20, 22, 24 and 30
showed only a minor effect in the DU145 cell line. In con-
trast, the METTL3 levels were reduced substantially in PC3,
with PROTACs 20 and 24 showing the highest degradation

cell lines, but they have a good potential also against pros-
tate cancer. Moreover, the correlated degradation of
METTL3 and METTL14 was observed not only in MOLM-13
(Figure 3B) but also in all the other cell lines tested (Figure
34A,S1).

with 48% and 64% reduction of METTL3 (after 24 hours),
respectively. This result indicates that the degradation ac-
tivity of our PROTAC molecules is not limited to leukemia
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Figure 3. a) METTL3 Western blot quantification by densitometry from a cellular degradation assay with PROTAC compounds 14,
20, 22, 24 and 30 in the AML cell lines MOLM-13, THP-1, NOMO-1, KASUMI-1 and in the prostate cancer cell lines PC3, DU145. b)
Correlation of the degradation of METTL3 and METTL14 in MOLM-13 (corr. coeff. of 0.95). c) Correlation between the number of -
CH:z- groups in the linker and the ECmax value measured in the TCFA. The color of the data points reflects the degradation of METTL3
as measured by Western blot in MOLM-13 (legend on the right). While the ECmax improves until the shortest length of the linker
(one -CHz-), the highest degradation is observed at intermediate lengths, i.e., (-CHz-)s.
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Table 1. Synthesized PROTACs and activity data.
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Validation of PROTACs cellular activity

Next, we treated MOLM-13 cells with PROTACs 14 and 30 at
five different concentrations (Figure 4). As expected, the
concentration dependence shows the so-called Hook ef-
fect,5859 resulting from a saturation of CRBN and METTL3-
14 at high PROTAC concentrations, where the
PROTAC/CRBN and PROTAC/METTL3-14 binary com-
plexes prevent the ternary complex formation and thus deg-
radation. This result confirms that our compounds behave
according to the principle of the PROTAC mechanism of ac-
tion. For PROTAC 30, the highest degradation was observed
at 0.1 uM concentration, reaching up to 60% degradation,
and for PROTAC 14 the highest effect was seen at 1 pM, with
a METTL3 reduction of around 50%.

normalized to DMSO

—&— METTL3 —— METTL14

—a— METTL3 —a— METTL14
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Furthermore, we evaluated the METTL3-14 protein levels
after PROTAC treatment in combination with high concen-
trations of the small-molecule inhibitors lenalidomide or
UZH2 (Figure 5A). These controls consist of saturating the
binding pockets of CRBN or METTL3-14, respectively, thus
preventing the formation of the ternary complex. Cells were
treated with PROTACs 20 and 24 under three different con-
ditions: 2 pM PROTAC, 2 pM PROTAC + 10 pM lenalidomide,
2 uM PROTAC + 10 uM UZH2. As expected, we did not ob-
serve any degradation when applying a high concentration
of lenalidomide. Interestingly, the presence of a high UZH2
concentration led to elevated levels of METTL3-14 both in
the control as well as in combination with the PROTAC. This
observation indicates a possible cellular compensatory
mechanism aimed at preserving the protein catalytic activ-
ity in the presence of an inhibitor.®° It also offers a potential
explanation for the difficulties in reaching degradation lev-
els of METTL3-14 above 50%.
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Figure 4. Concentration dependence of METTL3 (red) and METTL14 (blue) degradation by PROTACs 30, 14 and the methyl-
ated negative control of 14 (me-14) in MOLM-13 cells (see Figure S2 for representative Western blot).
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To confirm that our compounds lead to protein degradation
by hijacking the Ubiquitin-proteasome system (UPS), we
synthesized negative controls based on a single methyla-
tion, which results in inactive lenalidomide /pomalidomide
derivatives.®1-63 Thus, we prepared the methylated versions
of PROTACs 14 and 24 (me-14 and me-24) (Figure 5B).
These methylated compounds did not show any METTL3-
14 degradation at standard testing conditions (2 uM, 24h)
(Figure 5C). Furthermore, compound me-14 was tested in a
concentration-dependent manner, showing no degradation
and even increasing METTL3 levels at 10 uM (Figure 4),
similar to the UZH2 inhibitor alone. Both control PROTACs
gave no signal in the biochemical ternary complex for-
mation assay (Figure 5D). The methylated derivatives are
inactive, indicating their inability to form a ternary complex
and further confirming the specificity of our PROTACs. Com-
pound me-14 was also tested in CETSA on both METTL3 and
CRBN to provide evidence that it is cell permeable and en-
gages the POI and not CRBN (i.e., validation of the negative
control). As expected, the compound showed stabilization
of METTL3 but not of CRBN (Figure S3).

Lastly, we set up an in vitro ubiquitination assay to quantify
the ubiquitination of METTL3 and METTL14 in the presence
of different concentrations of PROTACs. Compounds 14 and
me-14 were tested at 2 uM, 8 pM and 32 pM (Figure 5E).
While me-14 does not increase the ubiquitination of
METTL3 compared to the control without compound, com-
pound 14 raises the ubiquitination level of METTL3 to
~40% at 2 pM. The decrease of ubiquitination at higher con-
centrations of compound 14 is consistent with the Hook ef-
fect. The ubiquitination of METTL14 is not as pronounced
(Figure S4). This can indicate that the ubiquitination site(s)
is (are) mainly on METTL3. Interestingly, Zeng et al
showed that METTL14 can get ubiquitinated by STUB1 in
the METTL3-14 interface and METTL3 therefore seems to
prevent METTL14 ubiquitination.t* The simultaneous deg-
radation of METTL3 and METTL14 caused by the PROTACs
(Figure 3B) could be explained by either both proteins be-
ing subjected to the proteasome as a complex or by the re-
duced stability of METTL14 without METTL3.

Overall, among the 35 PROTAC compounds synthesized in
this study, five showed significant activity in different cell
lines (AML and prostate cancer) with METTL3-14 degrada-
tion up to 70% of endogenous level (Figure 3A). The con-
centration-dependent degradation activity (Hook effect, Fig-
ure 4), correlation in the degradation of the two proteins of
the METTL3-14 heterodimeric complex (Figure 3B), meth-
ylated PROTAC controls (Figure 5), and the additional val-
idation experiments with competitive small-molecule lig-
ands (Figure 5A), provide strong evidence of cellular target
engagement and selectivity of our PROTAC:s.

To assess whether degradation induced by our compounds
translated into enhanced cell death, we performed cell via-
bility assays (Figure 6A). Significant effects on cell viability
of some PROTACs were observed only at the highest con-
centration tested (10 uM), but not at concentrations previ-
ously considered optimal for METTL3-14 degradation. In-
terestingly, on PC3 cell line only PROTACs (compounds 22,
24 and 30) and not UZH2 showed antiproliferative effect.

To better understand cell viability results in MOLM-13 cell
line, we measured the changes in cellular m®A/A levels (by
LC-MS quantification) after PROTAC treatment (Figure
6B). At 2 uM (concentration used for degradation screening)
we did not observe significant effects on the levels of m®A/A
(except for a slight reduction for compound 22). Measurable
reduction of m®A/A was observed at 10 uM concentration.
Taking into consideration the concentration-dependent ac-
tivity of PROTAC molecules (Hook effect), it is more likely
that the observed reduction in m®A modification is due to the
inhibition of the catalytic activity of METTL3 by the UZH2-
based warhead rather than protein degradation. Partial inhi-
bition of the catalytic activity might also explain the ob-
served cytotoxic effect at the highest tested concentrations
of PROTAC:. In conclusion, the modest cytotoxicity and re-
duction of m°A/A suggest that degradation levels higher
than 50-70% are required to observe phenotypic effects spe-
cific to PROTAC-induced METTL3-14 degradation.
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Figure 5. a) Evaluation of METTL3 and METTL14 level in presence of lenalidomide or UZH2 in MOLM-13. b) Chemical structures of
PROTAC negative controls me-14 and me-24. c) METTL3 (left) and METTL14 (right) Western blot quantification by densitometry
of PROTACs 14 and 24 in comparison with their negative controls me-14 and me-24 in MOLM-13. d) Biochemical FRET-based
ternary complex formation assay (TCFA) with PROTACs 14 and 24 and their methylated negative controls me-14 and me-24. e) In
vitro ubiquitination assay results with compound 14 and its negative control me-14. All data originate from biological/biochemical
duplicates or more (see Figure S4 for representative Western blot).
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Conclusions

Here, we report a medicinal chemistry design of PROTACs
against the m°A-RNA writer METTL3-14. We used as start-
ing information the crystal structure of METTL3-14 in com-
plex with the potent (IC50 = 5 nM) and selective inhibitor
UZH2. We efficiently optimized the PROTAC linker by first
employing the desfluoro derivative of UZH2 as moiety for
METTL3-14. While PEG- and alkyl-based linkers were con-
sidered initially, only the PROTACs with alkyl-based linkers
demonstrated cell penetration. Subsequently, we synthe-
sized 26 PROTACs based on UZH2 with alkylic linkers of
varying lengths. The formation of the ternary complex and

ubiquitination of METTL3 were confirmed by a FRET-based
assay and an in vitro ubiquitination assay. Notably, three
PROTACs with distinct rigid extensions of UZH2 achieved
substantial METTL3 degradation (50% or higher) in multi-
ple AML cell lines and the prostate cancer cell line PC3,
showcasing their potential as valuable tools in targeted pro-
tein degradation research. In comparison with the catalytic
inhibitor UZH2, the PROTACs 22, 24, and 30 show higher
antiproliferative activity on the prostate cancer PC3 but not
on AML cell lines. The elevated level of METTL3-14 in the
presence of UZH2 and lack of reduction of the m°A/A level
of polyadenylated RNA (measured by LC/MS) suggest that
a substantially higher degradation of METTL3-14 (probably
above 90%) is required for a strong antiproliferative effect.
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Figure 6. a) Cell viability assay for PROTACs 20, 22, 24, 30 and the METTL3 catalytic inhibitor UZH2 in AML cell lines (top)
and prostate cancer cell lines (bottom). b) LC-MS quantification of méA/A levels in polyadenylated RNA in MOLM-13.
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Synthesis

Starting from the spiro compounds 36 and 37, the prepara-
tion of POI ligands bearing the handle moiety was con-
ducted following the general strategy reported in Scheme 2:

Scheme 2. Synthesis Route for Compounds 40-477
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453, Y=F, R=
\(\O\IBOC
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428, Y=H,R= N "NHBoc 46a,Y=F,R= /K/\N/\
K/NBOC
43a,Y=F, R= % " "NHBoc 47a,Y=F,R=
N
QBOC

aReagents and conditions: (a) (i) HCl aq. 37 %, MeOH; (ii) for
38 and 39: 4,6-dichloro pyrimidine (38)/4,6-difluoro pyrimi-
dine (39), TEA, iPrOH; (b) RNHz, TEA, DMSO (40, 41)/EtOH
(42a-47a); (c) for 42-47: TFA, DCM.

After Boc deprotection followed by an SnAr reaction with
4,6-dichloro or difluoro pyrimidine, compounds 38 and 39
were obtained. A second SnAr was needed to afford com-
pounds 40, 41, 42a-47a. Interestingly, due to the poor re-
activity of chloro-pyrimidine 38 towards SnAr, we were
only able to prepare compounds 42a and 43a. Switching to
its fluorinated analogue 39 was necessary to synthesize
compounds 40, 41, 44a-47a in good yield (from 50 to 70
%). Compounds 42-47 were then obtained upon removal of
the protecting group from the precursors 42a-47a.

Scheme 3. Synthesis Route for Compound 48¢
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aReagents and conditions: (a) tert-butyl 4-(5-bromopyrim-
idin-2-yl) piperazine-1-carboxylate, Cul, (L)-proline, K2CO3,
DMSO; (b) HC1 4M in dioxane, MeOH.
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Through a Ullmann-type reaction, we combined compound
46 with Boc-protected 4-(5-bromopyrimidin-2-yl) pipera-
zine.®> The desired intermediate 48a was obtained in low
yield and upon Boc deprotection afforded compound 48
(Scheme 3).

Scheme 4. Synthesis Route for Compounds 1-20, 22-25,
29-31,33¢
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aReagents and conditions: (a) HATU (1-4, 8, 9, 29-31)/
COMU (5-7,10-28, 32-35), DIPEA, DMF.

Compounds 1-20, 22-25, 29-31, and 33 were synthesized
via an amide coupling reaction between compounds 42-46,
48 and the corresponding pomalidomide /lenalidomide car-
boxylic acids. HATU coupling agent provided decent yields
only for compounds 1-4, 8,9 and 29-31. For the other mol-
ecules, COMU performed better and provided the desired
products with yields up to 60% (Scheme 4).

The final amide coupling (Scheme 4) did not work out for
compounds 21 and 35. Therefore, the synthetic route was
slightly modified. Both intermediate 49 and 51 were pre-
pared starting from 45. An amide coupling between the lat-
ter and Boc-glycine, followed by amino group deprotection,
yielded compound 49. For the synthesis of compound 51,
acetylation of 43 using 2-chloroacetyl chloride resulted in
the formation of 50. Afterwards, we converted 50 into 51
through an Sn2 reaction with Boc-piperazine, followed by
the removal of the protecting group (Scheme 5).

Scheme 5. Synthesis Route for Compounds 49, 51¢

A@ 49a, R = NHBoc
50, R=Cl
c) '
Esu, R= /(N

(_NBoc

,\Ov 4

N 49,R = NH,
51,R= £
SR
aReagents and conditions: (a) For 49a: Boc-glycine, COMU,
DIPEA, DMF; (b) for 50: 2-chloroacetyl chloride, DIPEA, dry
THF; (c) for 51a: Boc-piperazine, DMSO, 50°C; (d) for 49 and
51: TFA, DCM.

With intermediate 49 and 51 in our hands, we were finally
able to obtain PROTACs 21 and 35 using SxAr and 4-fluoro
thalidomide. Using the same reaction as the final step, we
prepared PROTAC 34 from compound 47 (Scheme 6).
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Scheme 6. Synthesis Route for Compounds 21, 34, 35¢
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aReagents and conditions: (a) For 21, 34 and 35: 4-fluoro
thalidomide, TEA, DMSO.

To synthesize 26 and 27, compounds 52 and 53 were first
prepared starting with lenalidomide, which was reacted
with the corresponding carboxylic acids.®¢ A following Sn2
reaction with NaN3 allowed us to prepare intermediates 54
and 55.7 PROTACs 26 and 27 were finally obtained
through the Click reaction (Scheme 7).

Scheme 7. Synthesis Route for Compounds 26, 27
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aReagents and conditions: (a) (i) SOCIz; (ii) lenalidomide,
THF; (b) NaNs, DMF; (c) 40, CuSO4, Na ascorbate, THF.

Compound 56 was obtained from a SnAr reaction between
4-fluoro thalidomide and propargyl amine.8 Similarly to 26
and 27 (Scheme 7), the Click reaction between 56 and 41
was employed to synthesize PROTAC 28 (Scheme 8).

Scheme 8. Synthesis Route for Compound 287
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aReagents and conditions: (a) propargyl amine, TEA, DMSO;
(b) 41, CuSO4, Na ascorbate, THF.

Following the same procedure used for 56 (Scheme 8), we
prepared the protected version of intermediate 57. After
Bocremoval, PROTAC 32 was obtained via SxAr reaction be-
tween compounds 57 and 39 (Scheme 9).

Scheme 9. Synthesis Route for Compound 32¢
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aReagents and conditions: (a) (i) tert-butyl (2-(piperazin-1-
yl) ethyl) carbamate, DIPEA; DMSO; (ii) HCl 4M in dioxane,
MeOH; b) 39, DIPEA, DMSO.

For the synthesis of me-14 and me-24 (Scheme 10), 4-
fluoro thalidomide was methylated using CHzl.®® The two
PROTACs were then synthesized from 58, following the syn-
thetic route used for the non-methylated analogues
PROTACs 14 and 24 (Scheme 4).

Scheme 10. Synthesis Route for Compound 587
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aReagents and conditions: (a) CHsl, K2CO3, DMF.

Material and methods
METTL3-14 expression and purification

For determining the half maximal inhibitory concentration
(IC50) with the full-length complex, the recombinant com-
plex construct pFastBacDual-Strepll-GFP-TEV-METTL3-
His-TEV-METTL14 was expressed using the baculovi-
rus/Sf9 insect cell expression system and purified as de-
scribed previously.?!

For ternary complex formation assays, genes containing the
methyltransferase domains (MTD) of METTL3 (residues
354-580) and METTL14 (residues 107-395) were cloned
into the MacroBac vector 438-GST.7 A histidine tag (His)
was inserted at the N-terminus of GST by site-directed mu-
tagenesis to yield the construct 438-His-GST-METTL3MTP-
METTL14MTP, Recombinant baculovirus to express the com-
plex of His-GST-METTL3M™ and METTL14M™ was gener-
ated using the Bac-to-Bac system. For protein expression,
suspension cultures of Sf9 cells in Sf-90 II SFM medium
(Thermo Fisher) were infected at a density of 2x10¢ ml-1.
Cells were harvested 72 hours post-infection, resuspended
in Buffer A (50 mM Tris-HCI pH 8.0, 500 mM NaCl) supple-
mented with Protease Inhibitor Cocktail (Roche Diagnostics
GmbH, Germany), phenylmethylsulfonyl fluoride (PMSF),
Salt Active Nuclease (Merck), and lysed by sonication. The
protein complex was purified by Ni-affinity chromatog-
raphy on a 5 mL HisTrap HP column (Cytiva) equilibrated
and washed with Buffer A and eluted with 250 mM imidaz-
ole. The complex was further purified by size exclusion
chromatography using a Superdex 200 Increase 10/300 GL
column (Cytiva) in 20 mM Tris-Cl, pH 8.0, and 200 mM KCI.
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The complex was aliquoted flash-frozen in liquid nitrogen
and stored at -80 °C until further use.

Reader-based TR-FRET assay

The inhibitory potencies of the PROTACs for METTL3 were
quantified by a homogeneous time-resolved fluorescence
(HTRF)-based enzyme assay as previously described.?”
Briefly, the level of m°A in an RNA substrate after the reac-
tion catalysed by METTL3-14 was quantified by measuring
specific binding to the m°A reader domain of YTHDC1 (res-
idues 345-509) by HTRF. PROTACs that inhibit METTL3 de-
crease the m®A level and thus reduce the HTRF signal. Dose-
response curves of titrations with the PROTACs were plot-
ted in OriginLab 2018 and fitted with nonlinear regression
“log(inhibitor) vs. normalized response with variable slope”
from which IC50 values were determined. Each PROTAC
was measured in triplicates on a Corning 384 U Bottom
White Polystyrene plate.

Biotinylated CRBNTBD expression and purification

His-TEV-CRBNT8P-Avi was created by inserting a tobacco
etch virus (TEV) cleavage site at the N-terminus and an Avi-
tag at the C-terminus of CRBN thalidomide binding domain
(TBD, CRBN residues 318-442) and the construct was
cloned into pETDuet-1 vector between Sacl and HindlIII re-
striction sites together with full-length enzyme BirA which
was cloned into the same vector between Ndel and Xhol re-
striction sites.

The construct was overexpressed in Rosetta (DE3) cells
upon induction with 100 pM isopropyl thio-beta-D-galacto-
side (IPTG) for 20 h at 18 °C. The expression medium was
supplemented with 50 uM D-biotin. Harvested cells were
resuspended in lysis buffer containing 100 mM Tris-HCI, pH
8.0,500 mM NaCl, 1 mM 1,4-dithiothreitol (DTT), 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), and 1 mM ethylenedia-
minetetraacetic acid (EDTA) and lysed by sonication. The
lysates were centrifuged at 18,000 rpm at 4 °C for 1 h in an
SS-34 rotor. The soluble fraction was then loaded onto a
HisTrap FF crude column (GE Healthcare) and washed with
lysis buffer supplemented with 50 mM imidazole. The pro-
tein was eluted with a buffer containing 250 mM imidazole,
100 mM Tris-HC, pH 8.0, and 500 mM NaCl. Recombinant
TEV protease cleaved the Hiss tag during overnight dialysis
at 4 °C against 100 mM Tris-HCI, pH 8.0, and 500 mM NacCl
buffer. The dialyzed sample was passed through the
HisTrap FF crude column to remove Hiss-tagged TEV prote-
ase and uncleaved protein. The protein was further purified
by size-exclusion chromatography using a HiLoad 16/600
Superdex 200 pg column (GE Healthcare) in 50 mM HEPES,
pH 7.5 and 150 mM NaCl buffer. The protein was aliquoted
and stored at —80 °C until further use. Biotinylation was
confirmed by an avidin shift assay, where a final CRBN-Avi
of 5 uM was mixed with different amounts of NeutrAvidin
(10, 20, 40 pM) (Thermo Fisher # 31000) and the proteins
were analysed by SDS-PAGE (data not shown).

Ternary complex formation assay
Ternary complex formation between the PROTACs,

METTL3, and CRBN was quantified by a homogeneous time-
resolved fluorescence (HTRF)-based enzyme assay. The

HTREF signal of a titration series with PROTACs at constant
METTL3 and CRBN concentrations underlies the hook effect
leading to a characteristic bell-shaped curve where the con-
centration of the ternary complex decreases at high
PROTAC concentrations. Curves of titrations with the
PROTACs were plotted in GraphPad Prism 9.5.1 and fitted
with a Gaussian function if appropriate. His-GST-
METTL3MT™P-METTL14MTP was used at a final concentration
of 15 nM. CRBNTBP-Avi(biotin) was used at a final concen-
tration of 10 nM. XL665-conjugated streptavidin (Cisbio,
610SAXLB) was used at a final concentration of 1.25 nM.
Anti-GST Eu3*-labelled antibody (Cisbio, 61GSTKLB) was
used at a final concentration of 0.8 nM. The final reaction
volume was 20 pL in 50 mM HEPES (pH 7.5), 150 mM Nadl],
0.1 % BSA, 100 mM KF. The assays were carried out in trip-
licate on a Corning 384 U Bottom White Polystyrene plate
(20 ul working volume). The reaction was incubated for at
least 3 hours at room temperature (RT) in the dark before
the HTRF signal was measured using a Tecan Spark plate
reader (Tecan). The plate reader recorded with a delay of
100 ps the emission at 620 and 665 nm after the excitation
of the HTRF donor with UV light at 320 nm. The ratio of the
emissions:

acceptorees nm

donorg,o nm

was considered for further analysis. The maximal control
contained Compound 16, the blank contained no com-
pounds - this was replaced by the appropriate buffer (with
DMSO). The Hook curves were determined by normaliza-
tion with the maximal control (compound 16) where the
maximum of the Hook curve is determined as fraction of the
maximum of compound 16 for each PROTAC. The concen-
trations resulting in the maximum signal (ECmax) and the
amplitudes of the Hook curves were determined from the
parameters of the Gaussian fit (if appropriate) or as the co-
ordinates of the data-point with the highest TR-FRET signal.

In vitro ubiquitination assay

For the cell-free in vitro ubiquitination of METTL3-
METTL14 purified E1, E2, ubiquitin, CUL4A-RBX1, Cere-
blon-DDB1 and METTL3-METTL14 were used. Human full-
length METTL3-METTL14 was expressed and purified as
described above. Human full-length cereblon-DDB1 and
6xHis-CUL4A-6xHis-RBX1 were co-expressed using the
baculovirus/Sf9 insect cell expression system and purified
by nickel affinity chromatography on a 5 mL HisTrap HP col-
umn (Cytiva) followed by anion exchange chromatography
on a 5 mL HiTrap Q HP column (Cytiva) and a final gel-fil-
tration step on a HiLoad 16/600 Superdex 200 pg column.
Purified recombinant human UBE1 E1 (E-305-025) was
purchased from R&D Systems, UbcH5a E2 (23-029) from
Merck and ubiquitin (SBB-UP0013) from South Bay Bio. For
the ubiquitination reaction, components were mixed to final
concentrations of 0.06 uM UBE1, 1.96 uM UbcH5a, 39 uM
Ubiquitin, 0.33 pM CUL4A-RBX1, 0.33 pM Cereblon-DDBI1,
0.5 pM METTL3-METTL14 and different concentrations of
compound 14 or me-14 (0, 2, 8, or 32 uM) in reaction buffer
(50 mM Tris-HCl pH 7.6, 5 mM MgClz, 0.2 mM CaClz, 1 mM
DTT, 100 mM NaCl, 0.01 % BSA, 0.01 % Triton X-100). The
final reaction volume was 15 pL. After the addition of 2 mM
ATP (or the equal volume of water for the control without
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ATP), the reaction mixture was incubated for 2 h at 30 °C.
The reaction was stopped by adding SDS-PAGE loading
buffer (final concentration: 60 mM Tris, 1.5 % SDS, 10 %
Glycerol, 5 % beta-mercaptoethanol, 0.02 % bromphe-
nolblue). The samples were then subjected to Western blot
analysis for METTL3, METTL14 and Ubiquitin. The signals
were quantified using the Image Studio Lite software. To de-
termine the percentage of ubiquitinated METTL3, the frac-
tion of unmodified METTL3 was calculated by dividing the
signal of the band assigned to unmodified METTL3 by the
signal of the area containing both the unmodified and (poly-
Jubiquitinated METTL3 and normalizing to the control
without ATP. The fraction of ubiquitinated METTL3 is 1 mi-
nus the fraction of unmodified METTL3.

Cell Culture

MOLM-13, NOMO-1, THP-1, Kasumi-1, PC3, DU145 cell lines
were obtained from DSMZ-German Collection of Microor-
ganisms and Cell Cultures GmbH. Cells were cultured in
RPMI 1640 medium (11875093, Thermo Fisher Scientific)
containing 10 % FBS (16140071, Thermo Fisher Scientific)
and 1 % penicillin-streptomycin (15140122, Thermo Fisher
Scientific) in 5 % CO2z at 37 °C in a humidified incubator,
with maintained cell densities at 0.5 - 1-10¢ cells/mL. All cell
lines were tested negative for mycoplasma contamination
(PCR-based assay by Microsynth, Switzerland).

Cell viability assay

Cells were seeded in white clear-bottom 96-well plates at a
density of 6-20 x 103 cells/well in 50 uL of the complete
RPMI medium and treated with 50 pL of increasing concen-
trations of the indicated compounds dissolved in DMSO (fi-
nal concentration of compounds 0.01 - 10 uM) or DMSO only
as a negative control (0.01 % (v/v)) and incubated for 72 h
at 37 °C with 5 % CO2. Cell viability was determined using a
CellTiter-Glo luminescent cell viability assay (Promega)
based on the detection of ATP according to the manufac-
turer’s instructions. 100 pL of the reagent was added to
each well and incubated for 10 min at room temperature.
The luminescence was recorded using a Tecan Infinite 3046
M1000 microplate reader from the top. Background lumi-
nescence value was obtained from wells containing the
CellTiter-Glo reagent and medium without cells. The result-
ing data was analyzed in GraphPad Prism 9.

Cellular Thermal Shift Assay (CETSA)

1 x 107 cells of MOLM-13 cells were suspended in 100 pl PBS
(10010023, Thermo Fisher Scientific) containing 2x Prote-
ase Inhibitor Cocktail (11697498001, Roche), for each con-
dition tested. Cells were incubated with compounds or
DMSO control (1 % (v/v)) for 1 h at 37 °C. They were then
heat treated at 54 °C in a thermoblock for 3 min, followed
by cooling to room temperature (3 min). Next, samples
were lysed by threefreeze-thaw cycles in liquid nitrogen
and centrifuge at 16000 g for 30 min, 4 °C. Equal volumes of
control and tested samples (12 pl) were analysed by West-
ern blot. The changes in the amount of METTL3 protein (af-
ter normalization for -actin and/or GAPDH) were moni-
tored by performing densitometry in Image Studio Lite soft-
ware and analyzed in GraphPad Prism 9.

Cellular degradation assay

METTL3 (and METTL14) protein degradation was moni-
tored by Western blot. Cells were treated with the indicated
concentration of PROTACs or DMSO control (0.1 % (v/v))
for 24h, 37°C with 5% CO2. Samples were then collected and
lysed with RIPA buffer with added protease inhibitors
(11697498001, Roche). After SDS-PAGE, proteins were
transferred to a nitrocellulose membrane, blocked (with 5
% milk, 0.5 % BSA in TBST buffer) and incubated overnight
with primary antibodies. The following antibodies were
used: GAPDH (#2118, Cell Signaling, 1:4000), [-actin
(ab8226, Abcam, 1:2000), METTL3 (ab195352, Abcam,
1:1000), METTL14 (ab220031, Abcam, 1:1000). Mem-
branes were scanned using LI-COR Odyssey DLx Imager af-
ter incubation with appropriate secondary antibodies (anti-
mouse IgG IRDye® 680RD (926-68072, LI-COR, 1:10000),
Goat anti-Rabbit IgG IRDye® 800CW (926-32211, LI-COR,
1:10000)). Densitometry was performed in Image Studio
Lite software and analyzed in GraphPad Prism 9.

Quantification of m6A/A ratio in polyadenylated RNA
by UPLC-MS/MS analysis

UPLC-MS/MS was performed as previously described.26

Briefly, MOLM-13 cells were seeded into 6 well plates at a
density of 1x10° cells/mL in 2 mL of complete RPMI me-
dium. Cells were treated with the indicated concentrations
of compounds or DMSO control (final concentration 0.5 %
(v/v)) for 24 h. Following the incubation, cells were col-
lected by centrifugation and washed once with PBS, and to-
tal RNA was extracted using 0.5 mL of GENEzol™ reagent ac-
cording to the manufacturer’s instructions. The final vol-
ume of 50 uL of total RNA eluate was subjected to two
rounds of purification using 25 pL Sera-Mag magnetic ol-
igo(dT) particles (Cytiva) per sample. The polyadenylated
RNA was eluted with nuclease-free water in a final volume
of 25 pL, and its concentration was determined using
NanoDrop. One hundred nanograms of mRNA were di-
gested to nucleosides and dephosphorylated in a one-pot
reaction using 0.5 pL of nucleoside digestion mix (M0649S,
NEB) in 25 pL of total reaction volume for 4 hours at 37 °C.
The samples were used for UPLC-MS/MS analysis without
further purification steps. The data were plotted using
GraphPad Prism 9.
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