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Abstract

Arginine methylation is a prevalent posttranslational modification which is deposited by a

family of protein arginine methyltransferases (PRMTS), and is found in three different forms

in mammalian cells: monomethylarginine (MMA), asymmetric dimethylarginine (ADMA) and
symmetric dimethylarginine (SDMA). Pan-methylarginine antibodies are critical for identifying
proteins that are methylated on arginine residues, and are also used for evaluating signaling
pathways that modulate this methyltransferase activity. Although good pan-MMA, -ADMA and
-SDMA antibodies have been developed over the years, there is still room for improvement. Here
we use a novel antigen approach, which involves the separation of short methylated motifs with
inert polyethylene glycol (PEG) linkers, to generate a set of pan antibodies to the full range

of methylarginine marks. Using these antibodies, we observed substrate scavenging by PRMT1,
when PRMTS5 activity is blocked. Specifically, we find that the splicing factor SmD1 displays
increased ADMA levels upon PRMTS5 inhibitor treatment. Furthermore, when the catalysis of both
SDMA and ADMA is blocked with small molecule inhibitors, we demonstrate that SmD1 and
SMN no longer interact. This could partially explain the synergistic effect of PRMT5 and type |
PRMT inhibition on RNA splicing and cancer cell growth.
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Introduction

Posttranslational modifications (PTMs) are a major regulator of protein function. PTMs can
subtly alter protein structure, either by causing local or distant changes to protein folds, or
by creating a docking site for effector proteins if the PTM occurs in an unstructured region
of a protein. There are over 200 different types of PTMs [1] and examples of the most
common PTMs include: 1) the phosphorylation of serine (pS), threonine (pT) and tyrosine
(pY) residues; 2) the acetylation of lysine residues; 3) the modification of lysine by ubiquitin
and ubiquitin-like proteins; and 4) the methylation of lysine and arginine residues. More
than 5% of the human proteome is dedicated to enzymes that mark proteins with PTMs [2],
which can be further broken down to about 1% of the proteome focused on the regulation of
phosphorylation, and another 1% dedicated to the regulation of methylation [3]. Most PTMs
are revisable, so the enzymes that regulate these modifications include families of proteins
that both write and erase these marks.

A central theme, when studying PTMs, is the development of antibodies that recognize these
different marks. These antibodies are used to track the deposition and removal of specific
marks during signal transduction, and also to identify novel substrates in combination with
mass spectrometric approaches. For the latter application, it is ideal to have antibodies that
are pan (recognize all modified substrates) or semi-pan (recognize a subset of modified
substrates) for a particular PTM. Antibodies that recognize a broad spectrum of substrates
were first developed for tyrosine phosphorylated protein detection, and include monoclonals
like 4G10 and P-Y20 [4, 5]. The development of broadly reactive phosphoserine and
phosphothreonine specific antibodies has been more difficult, although the development

of kinase consensus motif antibodies for AKT and PKC sites has been successful [6].
Currently, there are a number of commercial sources for pan phosphoserine/ threonine
antibodies, as well as antibodies that recognize all three phospho-states — pY, pS and

pT. Similarly, acetyllysine-specific antibodies have also been successfully developed. Early
work, before the turn of the century, with histone H4K12ac-specific antibodies investigated
X-chromosome inactivation [7], and an antibody to acetylated tubulin was used to map the
site of acetylation to K40 [8]. Pan-acetyllysine antibodies have also been developed [9], and
they are available from commercial sources.

The focus of this study is the development of pan methylarginine-specific antibodies.
There are three types are arginine methylation — monomethylarginine (MMA), symmetric
dimethylarginine (SDMA) and asymmetric dimethylarginine (ADMA) [10]. These three
methylarginine marks are deposited by a family of nine related protein arginine
methyltransferases (PRMTSs), as well as a tenth mitochondrial enzyme called NDUFAF7
[11], which is not highly related to the PRMT family. The arginine methyltransferases fall
into three categories according to their catalytic activities: PRMT1, 2, 3, 6, 8 and CARM1
(also called PRMT4) are type | PRMTs that deposit the ADMA mark. PRMT5, PRMT9
and NDUFAFT7 are type 1l enzymes that deposit the SDMA mark [12]. PRMT7 is type

11 PRMT which is primarily responsible for depositing the MMA mark [13]. Arginine
methylation is a very abundant PTM, with approximately 0.5% of all arginine residues
methylated in human proteome, and the relative ratios of the three different types of arginine
methylation are roughly as follows: 1500 /3 /2 / 1 for arginine / ADMA / SDMA /| MMA
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[14]. Most of the PRMTs methylate a very similar motif, which is glycine and arginine

rich (GAR moatifs). Using GAR motifs with different methylated states as antigens, it is
possible to generate polycolnal antibodies that recognize many PRMT substrates. Although
we refer to these antibodies as pan-methylarginine antibodies, they will likely not recognize
all PRMT substrates, because they will not identify proteins that harbor methylation site
outside of GAR motifs. These non-GAR motif methylation sites are not very usual for the
dominant enzymes like PRMT1 and PRMTS5, but are very common for CARML. Indeed,
pioneering work from the Richard lab, generated the first pan-methylarginine specific
antibodies that recognized SDMA marks (SYM10 & 11) and ADMA marks (ASYM?24

& 25), and these antibodies were used, in conjunction with mass spectrometry, to identify a
slew of novel substrates for PRMT1 and PRMT5 [15]. Subsequently, in collaboration with
Cell Signaling Technology (CST), we developed a panel of rabbit monoclonal antibodies
against MMA, SDMA and ADMA marks [16]. The advantage of having rabbit monoclonal
antibodies for the different methylarginine marks is that the hybridomas serve as a renewable
resource of the antibodies. The disadvantage is that you will lose a large number of immune-
reactive bands when you select a rabbit with good reactivity and then generate monoclonal
antibodies. To alleviate some of this loss, different monoclonal antibodies to the same mark
can be pooled, and this is what CST did. These CST antibodies have been used by us

to demonstrate cross-talk between the different types of arginine methylation [14], and by
others to mine the proteome for more PRMT substrates [17, 18].

In order to better investigate the role of arginine methylation, we used a novel antigen
design to develop a panel of antibodies that specifically recognize MMA, ADMA and
SDMA substrates (Figure 1). We have previously shown that with PRMT1 loss, or small
molecule inhibition of Type | PRMTs (MS023), as expected ADMA levels are dramatically
reduced, and we also showed that under the same conditions, MMA and SDMA levels
unexpectedly go up, suggesting that PRMT5 and PRMT1 target the same substrates for
different types of methylation [14]. Using our new antibody set, we showed that the opposite
is also true; when PRMTS5 is inhibited (using EPZ015666) there are substrates that display
reduced SDMA levels and increased ADMA levels. In particular, the splicing factor SmD1
displays a remarkable increase of ADMA levels under EPZ015666 treatment. Furthermore,
we demonstrated that combined EPZ015666 and MS023 treatment synergistically inhibited
the interaction between SmD1 and SMN. The disrupted interaction between SmD1 and
SMN by combined PRMT5 and type | PRMT inhibition might be partially responsible for
the reported synergistic effect of these two inhibitors on RNA splicing [17].

Materials and Methods

2.1 Materials

The antigens for the antibody production were generated by New England Peptide (NEP).
The same antigen structure was used to generate all three types of antibody (MMA,
ADMA, SDMA), namely NoH-GGRG(dPEG4)GRG(dPEG4)GRG(dPEG4)C-amid. All the
R residues in the peptide were modified with either MMA, SDMA or ADMA, depending
on the antibody project. The cysteine residue at the C-terminal end of the peptides was
used for attachment to KLH. The MMA, ADMA, and SDMA antibodies were produced
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in rabbits by NEP. The antibodies used in this study were not affinity purified or negativel

depleted the unmodified peptide backbone or PEG. Other antibodies used were anti-p-actin
(Sigma, #A1978), anti-MMA (CST, #8711), anti-ADMA (CST, #13522), anti-SDMA (CST,
#13222), anti-SmD1 (Santa Cruz, #sc-166650), and anti-SMN (BD Biosciences, #610646).

2.2 PRMT inhibitor treatment

MS023 was purchased from Sigma (#SML1555, 1mM in DMSO as stock). TP064 was
purchased from Tocris (#6008, 10mM in DMSO as stock). EPZ015666 was purchased
from Sigma (#SML1421, 5mM in DMSO as stock). All the inhibitors were used at 1:1000
dilution for 48h for cell treatment, and DMSO was used as the untreated control.

2.3 Co-immunoprecipitation and western blotting

293T cells were harvested and total cell extracts were prepared in mild lysis buffer (10mM
Tris/Cl pH 7.5; 150mM NaCl; 0.5mM EDTA,; 0.5% NP-40). SMN antibody was incubated
with Protein A/G beads (Thermo Scientific) for 2h at 4°C, washed three times with lysis
buffer, followed by incubation with the cell lysates for 1h at 4°C. Then the beads were
washed three times with lysis buffer and boiled in loading buffer to elute the bounded
proteins. The cell extracts or immunoprecipitated samples were separated by SDS-PAGE
and transferred onto PVDF membranes. Blots were blocked in PBS containing 5% non-fat
dry milk, then incubated with the appropriate primary antibody in the blocking buffer
overnight at 4°C. The blots were then washed with PBST (PBS with 0.05% tween-20) and
probed with an HRP-labelled secondary antibody for 1h at room temperature. After washing
three times with PBST, the membranes were incubated with ECL reagent and the signal was
detected on X-ray film.

2.4 LC-MS/MS (liquid chromatography-tandem mass spectrometry)

293T cells were treated with DMSO or EPZ015666 for 48h, then were harvested and the
cell extracts were prepared in mild lysis buffer. ADMA antibody was incubated with Protein
AJG beads, washed, followed by incubation with the cell lysates at 4°C for 2h. The bounded
beads were washed and boiled in SDS loading buffer, and analyzed using SDS-PAGE
followed by silver staining. After comparison with DMSO-treated samples, the differentially
expressed band within 10~15kD in EPZ015666-treated sample was cut from the gel and

the protein was identified with LC-MS/MS on a Thermo Ultimate 3000 RSLCnano UPLC
in-line with an Orbitrap Fusion at the Proteomics Facility at UT Austin. Proteins were
identified with Proteome Discoverer 2.2 (Thermo) using the Sequest HT search engine, with
10 ppm mass tolerance for the MS at 0.6 Da for the MS/MS. Identifications were validated
with Scaffold 4.1 (Proteome Software) using protein threshold of 1% FDR for 2 peptides at
peptide threshold of 0.1% FDR.

2.5 RNA interference

For small interfering(siRNA)-mediated knockdown of SmD1, cells were transfected with
200 pmol of either targeting or control siRNA using Lipofectamine 2000 (Invitrogen) for
48h, and the cells were harvested for western blot analysis. siSmD1-1 (hs.Ri.SNRPD1.13.1),
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siSmD1-2(hs.Ri.SNRPD1.13.2) and siNC (Negative Control DsiRNA, 51-01-14-03) were
purchased from IDT, and used according to manufacturer’s instructions.

3. Results and discussion
3.1 Generation and evaluation of new MMA, ADMA and SDMA antibodies

The majority of PRMTs prefer to methylate arginine residues within glycine- and arginine-
rich (GAR) motifs [19, 20]. In order to develop a panel of antibodies that recognize MMA,
ADMA, and SDMA marks, we designed immunogens that harbored short GAR motifs
(GGRG or GRG) that were linked together. As a linker/spacer, we used polyethylene glycol
(dPEG4), which is highly flexible and displays reduced immunogenicity. This approach
allows us to obtain antibodies that interact preferentially with the focused small methylated
epitopes. We chose the same strategy for the design and synthesis of all three immunogens.
A daisy-chain of PEG-linked short amino acid motifs has been used previously on a handful
of occasions, including the generation of antibodies that recognize y-carboxylated glutamic
acid [21], and arginine-derived advanced glycation end-products [22, 23].

Upon completion of synthesis, the immunogen peptides were conjugated to keyhole limpet
hemocyanin (KLH), which is a widely employed carrier protein for effective immune
response and antibody production. The conjugate was then used to immunize rabbits. Serum
samples were collected three times from the same rabbit. The “Pre-bleed” serum sample
was collected before immunization, and the “Bleed 1” serum sample was collected one
month later after the first immunization. The rabbit was then immunized again, which we
call a “boost”; the serum sample (Bleed 2) was collected 10 days after the “boost”. The
processes of immunization and serum sample collection are the same for all of our antibody
development and two rabbits were used for each of the three (MMA, SDMA & ADMA)
antibody development projects.

The newly developed antibodies were then subjected to Western blot (WB) analysis. To help
evaluate the specificity of this antibody set, 293T cells were treated with different PRMT
inhibitors for 48 hours, and total cell lysates were then harvested for WB analysis. The
following PRMT inhibitors were used: 1) EPZ015666 which is a very selective PRMT5
inhibitor [24]; 2) MS032 which is a type | PRMT inhibitor that blocks the activity of
PRMTL, 2, 3, 4, 6, and 8 [25]; and 3) TP064 which is a CARM1-specific inhibitor [26].

For both MMATX1 and MMATX2 antibodies, no signal was detected on the WB membrane
when it was incubated with pre-bleed sera. However, when bleeds 1 and 2 were used, we
saw multiple bands in the DMSO-treated lane, for both MMATX1 and MMATX2 antibodies
(Figure 2A). Furthermore, both MMA antibodies display an increase in immuno-reactivity
when cells are pre-treated with the PRMTS5 (a few bands increase) or Type 1 inhibitors
(many bands increase). This phenomenon is called substrate scavenging and was reported by
us a number of years ago [14], and confirmed by others more recently [17, 18, 27]. These
data indicated that both MMATXL and MMATX2 are high specificity antibodies.

A similar approach was taken to evaluate the the ADMATX1 and ADMATX2 antibodies.
Again, we saw no bands when WB membranes were incubated with pre-bleed, while
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strong signals were observed with the two bleeds for both rabbits (Figure 2B). Moreover,

a dramatic loss of bands was seen when cells were treated with MS023. These data
indicated that the ADMATX1 and ADMAT*2 antibodies are also highly specific and

can recognize many different substrates for the Type | PRMTs. Interestingly, ADMATX2
antibody recognizes a 50kD protein in the presence of MS023-treatment, and this band is
lost in the adjacent lane with TP064-treatment, suggesting that ADMATX2 can recognize

at least one CARM1 substrate. Also, the WB results show that ADMATX2 antibody can
detect a strong 13kD band when cells are treated with the PRMT5 inhibitor (Figure 2B),
which suggests “scavenging” by PRMT1 when the deposition of SDMA marks is blocked.
Scavenging in this direction is not as common as the broad impact that Type | inhibitors has
on methylarginine type switching that results in an obvious elevation of MMA levels (Figure
2A), but it has been reported in quantitative mass spectrometry studies performed by the
Bonaldi group [17, 18].

Next, the SDMA antibody set was also evaluated by WB analysis. We detected strong
signals on the WB membranes that were incubated with both bleeds for the two rabbits
(Figure 2C). Also, both antibodies (SDMAT*! and SDMATX2) displayed a decrease in
signal when cells were treated with the PRMTS5 inhibitor (EPZ015666). These data indicated
that the SDMATX! and SDMAT*2 antibodies are also highly specific and can recognize
many different substrates for PRMTS. It should be noted that all the SDMATX2 bleeds,
including the pre-bleed, recognize a 100 kD band that is not impacted by any of the

PRMT inhibitors. This represents a cross-reactive band that was present in the serum of

this particular rabbit before it was immunized with the SDMA/PEG antigen. Thus, the
SDMATX2 antibody, although useful for mass spectrometry studies and WB analysis, cannot
be used for immunohistochemical approaches.

To expand the evaluation of the new developed antibodies, we compared our TX antibody
series with the commercialized MMA, ADMA, and SDMA antibodies from CST. For
WB analysis we used all antibodies at a 1:2000 dilution. The CST antibodies are largely
weaker than the TX series, and we thus included a shorter exposure time for the TX
antibodies to help with the comparison (Figure 3). In general, the TX antibodies recognize
more methylated substrates than do the CST antibodies, and this is most obvious for the
anti-ADMA antibody comparison (Figure 3B). The ability of our antibodies to recognize
more arginine methylated substrates than the CST antibodies is likely due to the fact that
CST has converted their rabbit polyclonal antibodies into rabbit monoclonal antibodies,
which will clearly reduce the spectrum of PRMT substrates recognized.

3.2 SmD1 was identified as a SDMA-to-ADMA switching protein

As we note above, the ADMATX2 antibody unexpectedly detected a new, very clear band
between 10kD~15kD, upon EPZ015666 treatment (Figure 2B). We chose to identify this
PRMT substrate to help us understand the potential consequence of this PRMTS5 inhibitor-
induced gain of ADMA.. Importantly, this band can be immunoprecipitated (IPed) using the
ADMATX2 antibody, but not with pre-bleed sera (an IgG control) (Figure 4A). We also

ran a second gel in parallel with the same IPed sample and a silver stain could detect

a candidate protein that only came down with the methyl-specific antibody. We next cut
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out this region of the gel (between 10~15kD) that included the specific low molecular
weight protein detected with the ADMATX2 [P (Figure 4A), and subjected the proteins
within this gel slice to tryptic digestion and subsequent mass spectrometry (MS) analysis.
MS analysis identified several proteins in this gel slice, including SmD1 (Figure 4B).
Indeed, when comparing the number of SmD1 normalized spectral counts that are 1Ped
with the ADMATX2 antibody, after DMSO-treatment (15 normalized spectral counts) or
EPZ-treatment (21 normalized spectral counts), we observed a 40% increase. To confirm
the identity of this SDMA-to-ADMA switching protein, we performed SmD1 knock-down
experiments using two independent siRNAs. WB analysis demonstrated that the knockdown
was efficient with both siSmD1-1 and siSmD1-2, and the band we focused on was decreased
when SmD1 was specifically knocked-down, which indicated that the switching band was
indeed SmD1 (Figure 4C).

3.3 Blocking both SDMA and ADMA prevents the SmD1/SMN interaction

SmD1 is a small nuclear ribonucleoprotein that belongs to the snRNP core protein family.
snRNPs are RNA-protein complexes that combine with pre-mRNA and various other
proteins to form a spliceosome, a large RNA-protein complex that orchestrates the splicing
of pre-mRNAs. SMN plays an essential role in snRNP assembly and spliceosome formation,
and a genetic defect mutation in the SMNI gene results in a defect in SnRNP dynamics

and accounts for the motor neuron pathology observed in the genetic disorder spinal
muscular atrophy (SMA) [28]. Through its Tudor domain, SMN binds Sm proteins in

an arginine-methylation manner [29] and it recognizes both SDMA and ADMA maodified
splicing factors, albeit with a 3-4 fold preference for the SDMA mark [30, 31]. Thus, we

are very interested in analyzing the interaction between SmD1 and SMN under PRMTS5 or
type | PRMT inhibition conditions, and also under combined PRMT5 and type | PRMT
inhibition treatment. Even though SmD1 has been shown to interact with SMN through its
SDMA marked GAR motif [32], we hypothesized that the ability of SmD1 to garner ADMA
marks, in the absence of PRMTS5 activity, will result in the partial rescue of the SmMD1/SMN
interaction. Indeed, our results showed that combined PRMTS5 and type | PRMT inhibition
had a more pronounced inhibitory effect on the SmD1/SMN interaction, as compared with
either PRMTS5 inhibition or type | PRMT inhibition alone (Figure 5). Thus, the reported
synergistic effect of combined PRMT5 and type | PRMT inhibition on splicing and cell
killing [17], might be due, in part, to the loss of the SmMD1/SMN interaction.

4. Conclusion

In summary, we developed a panel of high-quality antibodies that recognizes MMA,

ADMA and SDMA marks. We show that this panel of antibodies recognize many more
substrates that do the commertially available methylarginine antibodies. Using the developed
antibodies, we found a significant increase of ADMA levels of SmD1 under PRMT5
inhibition. Furthermore, combined PRMT5 and type | PRMT inhibition treatment had more
pronounced inhibitory effects on the interaction between SmD1 and SMN. We propose

that this finding may partially explain the synergistic effect on RNA splicing by combined
PRMTS5 and type | PRMT inhibition.
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Highlights:
Using PEG linked antigens to develop pan-methylarginine antibodies
Successfully developed MMA, SDMA and ADMA antibody sets
SmD1 is a protein that substrate switches in the presence of PRMT5
inhibition
These antibodies can be used to evaluate target engagement of PRMT
inhibitors
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Figure 1.

A scematic representing the use of a PEG linked antigen to develop MMA, SDMA and
ADMA antibodies. All the antigens have same amino acid sequence but harbor different
modification at the arginine(R) sites: one methyl group was added on the nitrogen atom of
each arginine site for MMA antigen, two methyl groups were added on the same nitrogen
atom of each arginine site for ADMA antigen, and two methyl groups were added on
different nitrogen atoms of each arginine site for SDMA antigen. The three short GAR
motifs present in the antigen are seperated by PEG linkers.
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Figure 2.
Evaluation of newly developed MMA, ADMA and SDMA antibodies by WB. 293T was

treated with different PRMT inhibitors for 48 hours, whole cell lysates were harvested

and analyzed with MMA (A), ADMA (B) or SDMA (C) antibodies. For each antibody
project, the pre-bleed sera was also tested. All the antibodies were used at 1:2000 dilution.
The PRMT inhibitors used include MS023 (Type | PRMT inhibitor), EPZ015666 (PRMT5
inhibitor), and TP064 (CARML1 inhibitor). For each antibody type (MMA, SDMA &
ADMA) two rabbits were immunized with the antigen depicted in Figure 1, and the
individual rabbits were referred to as TX1 and TX2.
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Figure 3.
Comparative analysis of the TX antibodies (MMA, ADMA and SDMA) and a similar set of

antibodies developed by CST. (A-C) 293T were treated with different PRMT inhibitors for
48 hours, whole cell lysates were harvested, and analyzed with the TX and CST antibodies.
All the antibodies were used at 1:2000 dilution. In each case, a short exposure of the TX
antibody is also shown.
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SmD1 displays increased ADMA levels under EPZ015666 treatment. (A) 293T was treated
with 5uM EPZ015666 for 48 hours, whole cell lysates were harvested and subjected to

a co-IP assay using ADMATX2 antibody or pre-bleed serum. The samples were analyzed
by Western blot and silver staining. The band that specifically occurred in ADMATX2 |p
sample silver staining panel was cut out for MS analysis. (B) The sequence of the prime

candidate (SmD1) is shown, and the GAR motif is highlighted in red. (C) 293T was

transiently transfected with negative control SiRNAs(siNC) or siSmD1, and then treated with
5uM EPZ015666 for 48 hours, whole cell lysates were harvested for western blot analysis.
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Figure 5.
Combined MS023 and EPZ015666 treatment had synergistic inhibitory effect on the

interaction between SmD1 and SMN. 293T was treated with PRMT inhibitors for 48 hours,
whole cell lysates were harvest and subjected to Co-IP assay using anti-SMN antibody and
analyzed by western blot.
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