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ABSTRACT: The protein arginine methyltransferases PRMT7 and PRMTS,
respectively, monomethylate and symmetrically dimethylate arginine side-chains of
proteins involved in diverse cellular mechanisms, including chromatin-mediated control
of gene transcription, splicing, and the RAS to ERK transduction cascade. It is believed
that PRMTS and PRMT7 act in conjunction to methylate their substrates, and genetic
deletions support the notion that these enzymes derepress cell proliferation and
migration in cancer. Using available structures of PRMTS, we designed DS-437, a
PRMTS inhibitor with an ICs, value of 6 uM against both PRMTS and PRMT?7 that is
inactive against 29 other human protein-, DNA-, and RNA-methyltransferases and
inhibits symmetrical dimethylation of PRMTS substrates in cells. This compound
behaves as a cofactor competitor and represents a valid scaffold to interrogate the

potential of the PRMTS—PRMT7 axis as a target for therapy.
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P rotein arginine methyltransferases are a class of enzymes
that transfer a methyl group from the cofactor S-
adenosylmethionine (SAM) onto the arginine omega nitrogens
of substrate proteins, including histones, and can be divided
into three subclasses based on their product specificity: type I,
I, and III PRMTSs asymmetrically dimethylate, symmetrically
dimethylate, and monomethylate their substrates, respectively.
Of the nine confirmed human PRMTs, PRMTS is currently the
only known type II PRMT, and PRMT7 the only
monomethylase.”> PRMTY is uncharacterized, and other
PRMTs are type I enzymes.'

PRMTS has been reported to methylate a number of
substrates, both nuclear and cytoplasmic: methylation of
arginine 3 of histone 4 (H4R3) by PRMTS generates a binding
site for DNMT3A and is associated with gene silencing;4
PRMTS-mediated methylation of RAF proteins regulates the
RAS to ERK signal transduction cascade and promotes cell
proliferation;> methylation of Sm ribonucleoproteins (Sm) by
PRMTS mediates recruitment of SMN, and deletion of
PRMTS results in aberrant splicing/degradation of MDM4,
associated with derepression of pS53-mediated apoptosis.”’
These results suggest that PRMTS may represent an attractive
cancer target. Further supporting this notion, PRMT5-targeting
siRNAs lead to cell-cycle arrest, apoptosis, and loss of cell
migratory activity in glioblastoma cell lines, and increase
survival in mice xenograft models of glioblastoma.®

Similar to PRMTS, PRMT?7 plays a role in the methylation of
H3R2 as well as Sm proteins.”” PRMT7 only monomethylates
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arginine side-chains® and interacts with PRMTS, suggesting
that the two enzymes may function in conjunction to
symmetrically dimethylate protein substrates.' Genetic silenc-
ing of PRMT7 reduces symmetrical dimethylation of H4R3
(H4R3me2s), derepresses E-cadherin expression, and attenu-
ates cell migration and invasion in breast cancer cells.'

Potent, selective, and cell-active chemical probes targeting
PRMTS and PRMT?7 would be useful tools to investigate
molecular pathways, phenotypic responses, and toxicity
associated with the chemical inhibition of these methyltrans-
ferases. Toward this goal, we present here a low micromolar,
dual PRMTS5—PRMT?7 inhibitor that represents a promising
template for the development of potent and selective PRMTS—
PRMT?7 chemical probes.

The structure of human PRMTS (hPRMTS) was recently
solved in complex with a cofactor mimetic (A9145C), an H4
peptide, and MEPS50, a WD repeat protein necessary for full
PRMTS catalytic activity.'' The guanidinium group of the
substrate arginine H4R3 forms multiple hydrogen-bonds with
the side-chains of the conserved “PRMT double-E loop”
glutamates E435 and E444 in a conformation where it is poised
to accept a methyl group departing from the cofactor (Figure
1). A Xenopus laevis PRMTS (xPRMTS) structure in complex
with MEPS0 and the cofactor product S-adenosine homo-
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Figure 1. Design of a PRMTS inhibitor. Superimposing structures of
human PRMTS in complex with a cofactor analogue and a substrate
peptide (top left), and Xenopus laevis PRMTS in complex with SAH
(top right) suggests that compound DS-437 would occupy the
cofactor binding site, and recapitulate interactions between the
substrate arginine and a conserved glutamate side-chain (E444 in
hPRMTS). Stick color-coding: yellow, PRMTS; sky blue, cofactor;
magenta, substrate arginine; white, DS-437.

cysteine (SAH) largely recapitulates structural features
observed in the hPRMTS complex.12 In particular, the
conformation of the catalytic glutamates E431 and E440 and
the adenosine moiety of the cofactor are absolutely conserved.
However, in the xPRMTS complex, the H4 peptide is absent,
and the methionine tail of SAH fills the section of the substrate-
binding site that is occupied by the H4R3 guanidinium group in
the hPRMTS structure. Superimposing the two structures
suggests that replacement of the amino-acid end of SAH with a
urea would recapitulate hydrogen bonds formed between the
arginine side-chain and E444 in hPRMTS (Figure 1). Such a
compound may present more interesting selectivity and
physicochemical profiles than typical SAM analogues such as
sinefungin or SAH. To test this hypothesis, we synthesized the
corresponding compound, DS-437.

DS-437 was able to inhibit methylation of an H4[1-24]
peptide by the PRMTS—MEPSO complex under balanced
conditions (cofactor and substrate concentrations set at their
respective K, values) in a dose-dependent manner with an ICy,
of 5.9 + 1.4 uM (Figure 2A). It was previously reported that
the DOT1L inhibitor EPZ004777, a SAM analogue where the
amino-acid end is replaced with a fert-butylphenyl-urea moiety,
was a 500 nM PRMTS inhibitor."® This result was obtained
with a PRMTS assay devoid of MEPS0, an interaction partner
that is critical for full PRMTS activity,11 and we were unable in
the past to confirm it in the presence of MEP50."* The urea tail
of EPZ004777 is exploiting a cavity that is absent in the
catalytically competent state of DOT1L, while the urea moiety
of DS-437 is designed to mimic the guanidinium group of the
substrate arginine in the PRMTS complex. In spite of these
distinct putative structural mechanisms, we were intrigued with
the chemical relatedness between the two compounds and
tested the response of the PRMTS—MEPSO complex to
increasing concentrations of EPZ004777. We confirmed that
EPZ004777 has an ICg, value higher than 20 yM with the
PRMTS—MEPS50 complex and only inhibits the methylation of
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Figure 2. Inhibition profile of DS-437. (A) DS-437 inhibits the
PRMTS—MEPS0 complex with an ICy, of 5.9 + 1.4 uM. (B) Out of
31 human methyltransferases tested, DS-437 also significantly
inhibited PRMT7, with an IC, of 6 + 0.5 uM (C).

the peptide substrate by 80%, at 750 uM (Supplementary
Figure 1). An ICj, value of 30 #M can be obtained if the top
and bottom of the partial curves are fixed to 100 and 0,
respectively.

To investigate the selectivity of DS-437, we profiled its
activity against a panel of 27 human protein methyltransferases,
three DNA methyltransferases, and the RNA methyltransferase
BCDIN3D (Figure 2B and Supplementary Table 1). In the
absence of an established assay for PRMTY, a close homologue
of PRMT?7, the activity of DS437 against this enzyme was not
assessed. In spite of its chemical similarity with the pan-
methyltransferase inhibitor SAH, DS-437 showed an exquisite
dual-specificity against PRMTS and PRMT7, and residual
activity against DNMT3A and DNMT3B (ICy, > S0 uM,
Supplementary Figure 2). The compound was able to inhibit
methylation of an H2B[23—37] substrate by PRMT7 in a dose-
dependent manner, with an ICg, value of 6.0 + 0.5 uM (Figure
2C). Reflecting similarities in ICs, values, DS-437 had similar
binding affinities for PRMTS—MEPS0 and PRMT7 as
measured by surface plasmon resonance (K values of 25 and
37 uM, respectively. Supplementary Figure 3). Interestingly,
EPZ004777 also inhibited PRMT?7 activity with an ICy, value
of 7.5 + 0.5 uM (Supplementary Figure 1C).
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Having established that DS-437 was a dual PRMTS—PRMT?7
inhibitor, we determined its mechanism of inhibition. The ICy,
of the compound for the PRMTS—MEPSO complex and
PRMT7 was tested at increasing concentrations of either
cofactor or substrate. As expected for a SAM competitive
inhibitor, an increase in cofactor concentration resulted in
higher ICy, values (Supplementary Figure 4). Conversely,
increasing the concentration of the histone peptide substrate
had no significant effect on the ICs, values, supporting a
noncompetitive pattern toward peptide substrate (Figure 3).
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Figure 3. Cellular activity of DS-437. (A) Immunoblotting with a
Rme2s-specific antibody shows reduced amount of symmetrical
dimethylation in several cellular proteins upon DS-437 treatment
(top panel). Middle panel: immunoblotting with the Y12 antibody that
mostly recognizes Sm proteins with symmetrically dimethylated
arginines. Bottom panel: immunoblotting of the total cellular SmD],
SmD3, and actin proteins. (B) DS-437 has little effect on the
symmetrical dimethylation of histones. (C) Quantitation of sym-
metrical Arg methylation levels. Band intensities were normalized to
SmD3, actin, or total histones.

These results confirm that DS-437 is at least partially occupying
the cofactor-binding site, but the accuracy of our design
hypothesis, whereby the urea moiety would occupy the
substrate arginine side-chain binding site, remains unresolved.
Indeed, local conformational rearrangement of H4R3 may be
sufficient to accommodate the ethyl-urea moiety of DS-437
with limited or no impact on binding of the H4[1—24] peptide.
A similar mechanism of inhibition was also observed with
EPZ004777 (Supplementary Figure 4).

While other PRMT inhibitors designed to occupy both
substrate and cofactor binding sites have been reported,'>'®
DS-437 is to our knowledge the first dual PRMTS—PRMT7
inhibitor. This refined selectivity profile is welcome, considering
the suspected cellular synergy between PRMTS and PRMT?7,
but it was not engineered by design. In the expected binding
mode of DS-437, the urea moiety is hydrogen-bonded to E444
(Figure 1), a glutamate that is conserved in all PRMTs. This
does not rationalize the lack of activity against all tested class I
PRMTs (PRMT1, 3, 6, and 8). A structural feature that is
unique to class I PRMTs is a conserved YFxxY motif located on
the a-helix that wraps around the cofactor, makes orthogonal
stacking with the cofactor adenine ring, and stabilizes a
conformation of the glutamate side-chain that is distinct from
that observed in PRMTS and PRMT?7 structures (Supple-
mentary Figure 5)."” This class I specific feature is captured, for
instance, in a structure of CARM1 in complex with SAH (PDB
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code 3B3F).'"® Superimposition of PRMTS and CARMI
structures shows that the YFxxY motif is in the immediate
vicinity of the cofactor and of residues predicted to interact
with DS-437, such as E444 (E267 in CARMI1), which may
antagonize binding of the inhibitor (Supplementary Figure ).
Similarly, the catalytic domain of DNMT3A is structurally
related to PRMTs" but lacks the a-helix of class-I PRMTs,
which may underlie the weak inhibition of this enzyme.

PRMTS and 7 have been reported to symmetrically
methylate Sm  ribonucleoproteins involved in splicing.”*°
Given that these enzymes are mostly cytoplasmic,*' we focused
on the effect of DS-437 on the best characterized SmD and
SmB proteins. We first verified biochemically that the
compound could inhibit methylation of SmD3 by PRMTS
and PRMT7 (Supplementary Figure 6). Breast carcinoma MB-
MDA231 cells were then exposed to increasing concentrations
of the inhibitor and symmetric arginine methylation deter-
mined using two antibodies (Figure 3). Both symmetrically
dimethylated arginine (Rme2s) and Y12 antibodies showed
decreased signal at SmD1/D3 and SmB/B’, as well as at an
unidentified p60 protein that has been reported before.” The
signal was normalized to the total levels of SmD3 and actin
protein. DS-437 inhibitory activity was apparent starting at 10
H“M, a concentration where the compound has no effect on cell
viability (Supplementary Figure 7). In contrast, no inhibitory
activity was observed against the methylation of H4R3 at 50
uM, and limited inhibition against the methylation of H3R2
was detected at SO uM (Figure 3).

PRMTS methylates diverse targets involved in chromatin
structure maintenance, transcription, splicing, and cytoplasmic
and membrane si%naling.22 The knockout of PRMTS is early
embryonic lethal,” and several tissue specific conditional
knockouts indicated profound effects on the splicing machinery
function.® PRMT7, while less well characterized, has been
reported to also methylate splicing associated proteins,”
regulate DNA repair associated genes,”* and play a role in
breast cancer metastasis.'® The reduction of symmetrical
arginine dimethylation of SmD1/3 and SmB proteins in breast
cancer cells upon treatment with DS-437 is consistent with the
cellular effect of PRMTS and PRMT?7 knockout/downs.
PRMTS and PRMT7 have also been found to cooperate in
methylating H3R2.> We see very limited cellular effect of DS-
437 against histone marks, which may indicate longer half-life
of the methylated histone (we note that DS-437 inhibits
methylation of full-length histone 4 by PRMTS—MEPS0 with
an ICg, of 37 + 1.2 uM in a biochemical assay (Supplementary
Figure 8)). More potent analogues will be useful tools to
investigate the role of the catalytic activity of these
methyltransferases in PRMTS/7 mediated signaling.

In summary, we have discovered and characterized, to our
best knowledge, the first dual PRMTS—PRMT?7 inhibitor, a
compound that reduces symmetrical dimethylation of PRMTS
substrates in cells, and propose a rationale for the observed
specificity profile. This compound may serve as a scaffold for
the development of potent and cell-active chemical probes to
investigate the therapeutic potential of targeting the PRMTS—
PRMT?7 arginine methylation pathway.
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