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PRMT5- mediated symmetric arginine
dimethylation is attenuated by mutant huntingtin
and is impaired in Huntington’s disease (HD)
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Abnormal protein interactions of mutant huntingtin (Htt) triggered by polyglutamine expansion are thought to
mediate Huntington’s disease (HD) pathogenesis. Here, we explored a functional interaction of Htt with protein
arginine methyltransferase 5 (PRMT5), an enzyme mediating symmetrical dimethylation of arginine (sDMA) of key
cellular proteins, including histones, and spliceosomal Sm proteins. Gene transcription and RNA splicing are impaired in
HD. We demonstrated PRMT5 and Htt interaction and their co-localization in transfected neurons and in HD brain. As a
result of this interaction, normal (but to a lesser extend mutant) Htt stimulated PRMT5 activity in vitro. SDMA of histones
H2A and H4 was reduced in the presence of mutant Htt in primary cultured neurons and in HD brain, consistent with a
demonstrated reduction in R3Me2s occupancy at the transcriptionally repressed promoters in HD brain. SDMA of
another PRMT5 substrate, Cajal body marker coilin, was also reduced in the HD mouse model and in human HD brain.
Finally, compensation of PRMT5 deficiency by ectopic expression of PRMT5/MEP50 complexes, or by the knock-down of
H4R3Me2 demethylase JMJD6, reversed the toxic effects of mutant Htt in primary cortical neurons, suggesting that
PRMTS5 deficiency may mediate, at least in part, HD pathogenesis. These studies revealed a potential new mechanism
for disruption of gene expression and RNA processing in HD, involving a loss of normal function of Htt in facilitation of
PRMTS5, supporting the idea that epigenetic regulation of gene transcription may be involved in HD and highlighting
symmetric dimethylation of arginine as potential new therapeutic target.

Introduction undefined. Numerous studies, including our recent study of

normal and mutant Hrtt protein interactome in striatal cells,

Huntington’s disease (HD) is a progressive autosomal domi-
nant neurodegenerative disorder caused by a polyglutamine
(polyQ) expansion in the HD gene product, huntingtin (Htt).
While this genetic mutation was found to cause HD,' mecha-
nisms of HD cellular pathogenesis remain elusive.”* Studies
using cellular and mouse models of HD have revealed disrup-
tions in many cellular processes and molecular functions,
including protein homeostasis, energy expenditure, cellular traf-
ficking, gene transcription and RNA processing. Many of these
defects are believed to be mediated by abnormal interactions of
mutant Het with other proteins,”* triggered by a conforma-
tional change in the mutant Htt protein, but the full range of
alterations of protein interactions of mutant Het is still

highlighted gene transcription and RNA metabolism as key
pathways potentially disrupted in HD.">?® We have identified
many novel Htt interactors within these pathways, including
several protein arginine methyltransferases, (PRMTs 1, 3 and
5),'® enzymes that carry out protein methylation resulting in
the mono-and di-methylation of arginine either in a symmetri-
cal (sDMA) or asymmetrical (aDMA) manner. Arginine meth-
ylation has recently emerged as an important protein
modification involved in signaling, RNA processing and regula-
tion of gene transcription.””*® In particular, PRMTS5 is an
enzyme mediating symmetrical dimethylation of arginine

(sDMA) of histones and spliceosomal Sm proteins. Since both
gene transcription and RNA splicing are impaired in HD, we
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decided to focus on the PRMT5/Htt interaction to investigate a
potential involvement of Htt in sDMA protein modification
carried out by PRMTS5.

PRMTS is one of the 3 known type II protein arginine meth-
yltransferases, catalyzing @“-monomethylation and »“ N%-sym-
metric dimethylation of arginine. PRMT5 has been found in
multiple complexes mediating diverse cellular functions includ-
ing RNA processing and transcriptional regulation. Among the
known substrates of PRMTS are histones H3, H2A and H4.>°-%3
As a component of the 20S methylosome, PRMT5 methylates
SmD1 and SmD3 proteins, and induces their interaction with
the survival of motor neuron (SMN) protein, which is essential
for cytoplasmic assembly of the small nuclear ribonucleoprotein
particles (snRNPs).>*3> PRMTS has also been co-purified with
the members of chromatin remodeling complexes, hNSWI/SNF
and NURD, and has been implicated in transcriptional repres-
sion of genes that control cell cycle and tumor suppression.”' >
PRMTS5 was also found to methylate p53, thereby regulating its
response to stress signals and affecting the p53 specificity toward
its target genes.3

In this study, we demonstrate the Htt/PRMTS5 interaction in
transfected cells and in HD brain, and show co-localization of
these 2 proteins in primary neurons. Our results suggest that a
normal function of Htt may include facilitation of PRMT5
activity, while mutant Htt might fail to do it efficiently, possibly
due to a conformational shift and its abnormal protein interac-
tions. As a result of PRMT5 impairment, the sDMA of histones
H2A and H4 was reduced in neurons expressing mutant Htt,
and in HD human brain tissues, compared to controls. Further-
more, using chromatin immunoprecipitation (ChIP), we
detected a reduction in R3Me2s occupancy of histones H4 and
H2A at the transcriptionally repressed promoters in HD brain.
Our findings of the PRMT5/Htt functional interaction raise the
possibility that mutant Htt may in part exert its effects on tran-
scription via direct interaction with histone-modifying enzymes,
such as PRMT?5, and by modulating their activity.

As another evidence of PRMTS5 impairment in HD, we
showed that sDMA of a Cajal body (CB) marker, coilin, was
reduced in HD tissues, which was previously shown to interfere
with incorporation of SMN protein in Cajal bodies and pre-
mRNA splicing.>”*® This observation is consistent with the
defects in RNA processing previously observed in HD models.
Thus our studies provide a potential new mechanism for the pre-
viously well-documented disruption of gene expression and RNA
processing in HD, involving a loss of normal function of Htt in
facilitation of PRMTS5. Compensation of PRMT5 deficiency by
expression of PRMTS5/MEP50 complexes improved the survival
of primary neurons expressing mutant Htt, suggesting that
PRMT?5 deficiency may mediate, at least in part, HD pathogene-
sis. Consistent with that, reducing the levels of H4R3Me2 deme-
thylase JMJDG reversed the toxic effects of mutant Htt in
primary cortical neurons. The broad significance of this work is
that it supports the idea that epigenetic regulation of gene tran-
scription may be involved in HD, and highlights, for the first
time, symmetric dimethylation of arginine as potential new ther-
apeutic target.
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Results

Huntingtin interacts with PRMT5/MEP50 complex
and co-localizes with PRMT5

We have previously conducted a comprehensive proteomics
analysis of normal and expanded Htt interactome using tandem
affinity purification of Htt N586 fragment expressed in striatal
cells."® In this study, we found initial evidence that both normal
Htt and expanded Htt could interact with several protein argi-
nine methyltransferases (PRMTs 1, 3 and 5), as well as a few his-
tones and Sm proteins. Since both histones and Sm proteins are
known substrates for sDMA by PRMT5, we decided to focus on
the PRMT5/Htt interaction to further investigate a potential
involvement of Htt in sDMA protein modification carried out
by PRMTS.

To validate the PRMT5/Htt interactions, previously identi-
fied by mass spectrometry of Htt pull-downs,'® we performed
the reverse immunoprecipitation (IP) using FLAG antibody to
pull-down FLAG-PRMTS5 protein from transfected HEK293
and ST14 cells. As shown on Figure 1A and B, exogenous Hrt-
N511-8Q and Htt-N511-52Q proteins were co-precipitated
with the exogenous FLAG-PRMTS5 in both cell lines.

Using MAB2166 antibody to Htt, we further found that
endogenous PRMT5 (detected with PRMTS5 antibody) was co-
precipitated with the endogenous Htt in STHdh Q7/Q7 and
Q111/Q111 knock-in cells (Fig. 1C). Notably, increased levels
of endogenous PRMTS5 were observed in Q111/Q111 cells
expressing expanded Htt, compared to normal Q7/Q7 cells. We
next examined whether the endogenous PRMT5/Htt interaction
could be detected in human brain tissues. Hrt proteins were pre-
cipitated from total cell homogenates of frozen human frontal
superior cortex of normal controls and HD cases using
MAB2166 (Fig. 1D). A robust band was detected with a specific
antibody to PRMTS5 in the Htt pull-downs of HD brain tissues,
but not in normal controls, or negative controls (with normal
mouse immunoglobulin, IgG). We have analyzed a total of 12
HD cases and 12 normal controls and obtained similar results
(representative gel is shown). Notably, there was no significant
change in overall PRMTS5 levels between normal and HD brain
tissues (data not shown).

To investigate whether endogenous Htt and PRMTS5 co-local-
ize in neuronal cells, primary mouse cortical neurons were co-
transfected with normal or polyQ-expanded Htt and PRMTS,
and co-labeled with the antibody to Hte (MAB2166) and
PRMTS, followed by immunofluorescence confocal microscopy.
We detected substantial cytoplasmic co-localization of PRMT5
with both normal and expanded N586 fragment of Htt (Fig. 2A,
B) and full-length Htt (Fig. 2C, D).

PRMT5 was previously found within multimeric complexes
with a few protein partners, regulating its function and specific-
ity 2731343942 A core component of these complexes is the
WD40 protein MEP50 (methylosome protein 50), which pro-
motes PRMT5 interactions with substrates and stimulates
PRMTS activity.*>** Since Htt often acts as a scaffolding protein
facilitating protein complexes, we investigated whether Htt is
involved in PRMT5/MEP50 functional interaction. As expected,
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PRMT5 protein was detected
within the MEP50 IPs, demon-
strating PRMT5/MEP50 inter-
action in HEK293 cells
transfected with PRMT5 and
MEP50  expression plasmids
(Fig. 3B, middle panel). Inter-
estingly, transfected Het-N586
fragments have been also
detected within these complexes
(Fig. 3B, bottom panel), sug-
gesting the interaction of all 3
proteins.  Confirming  this
notion, we have detected both
PRMT5 and MEP50 within
Htt IPs using 2166 antibody to
Hte (Fig. 3C, top and middle
panels). Notably, more
PRMTS5 co-precipitated with
polyQ-expanded Htt compared
to normal Htt, suggesting an
increased affinity of expanded
Htt toward PRMTS5. Consis-
tent with previously reported
multimeric nature of PRMT5
and MEP50 complexes, we
have detected high-molecular
weight complexes (marked by
asterisk) using PRMT5 and
MEP50 antibodies. Notably,
MEP50 high molecular weight
complexes were absent in the
presence of expanded Htt frag-
ments in transfected HEK293
cells (Fig. 3B, top panel), rais-
ing a possibility that expanded
Htt may affecc MEP50 multi-
merization, and potentially its
interaction with PRMTS5.

Huntingtin modulates
PRMTS5 activity toward
histones in vitro

To gain further insights into
a potential functional signifi-
cance of the PRMT5/Htt inter-
action and co-localization, we
investigated ~ whether ~ Htt
affected PRMT5 activity in
vitro. PRMT5 was shown to
methylate histones H2A and
H4 at arginine 3.2 A radioac-
tive iz vitro methylation assay
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Figure 1. Htt interacts with PRMTS5 in cell lines and human brain. (A) HEK 293 cells were transiently transfected
with the indicated plasmids, keeping the amount of Htt and PRMT5 plasmids and total amount of DNA equal
between transfections by supplementing with empty vector. Cells were lysed 48 h after transfection, and
PRMT5 complexes were immunoprecipitated using the anti-FLAG-agarose beads. Normal and expanded Htt
were detected in the immunoprecipitates (IPs) from cells co-transfected with Htt and PRMT5, but not in control
samples without the primary antibody or in cells transfected with Htt constructs only (first panel and data not
shown). IPs were also analyzed for the presence of PRMT5 using the PRMT5-specific antibody (second panel).
The inputs are shown on the right 2 panels. (B) Rat striatal ST14 cells were transiently transfected with indicated
plasmids, lysed 48 h after transfection, and PRMT5 complexes were immunoprecipitated using the anti-FLAG-
agarose beads. Normal and expanded Htt were detected in the IPs from cells co-transfected with Htt and
PRMTS5, but not in mock transfection, or in cells transfected with Htt constructs only (left panel). IPs were also
analyzed for the presence of PRMT5 using PRMT5-specific antibody (right panel). (C) Endogenous Htt proteins
were immunoprecipitated from STHdh Q7/Q7 and Q111/Q111 cells using a specific antibody to Htt (MVAB2166).
Endogenous PRMT5 monomers and high-molecular weight PRMT5 complexes were detected in the IPs using
the PRMT5-specific antibody, but not in control samples without the primary antibody (top panel, left side).
PRMTS5 inputs are shown on the last 2 lanes. IPs were also analyzed for the presence of Htt using the Htt-specific
antibody, and Htt inputs are shown (bottom panel). (D) Htt complexes were immunoprecipitated from total cell
homogenates from frozen human front superior cortex of normal controls and HD cases. Endogenous PRMT5
monomers and high-molecular weight PRMT5 complexes were detected in the IPs from HD brain using the
PRMTS5-specific antibody, but not in normal controls or in control samples where normal IgGs were used for IP
(top panel). Htt inputs are shown on the bottom panel.

was conducted using purified histones H2A and H4 as substrates.  fragments, or with Htt fragments alone. FLAG-agarose beads
ST14 rat striatal cells were co-transfected with the recombinant

plasmids expressing FLAG-PRMTS5 with or without N511 Htt

from IPs were used as an enzyme source. An expected increase in
the radiolabeling of both histones was observed in the presence of
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Htt-N586-20Q

Figure 2. Htt and PRMT5 co-localize in primary neurons. Primary mouse cortical neurons were co-
transfected at 5 DIV with the expression vectors for PRMT5 and either normal or polyQ-expanded Htt
N586 fragment (A, B) or the full-length Htt constructs (C, D). Confocal immunofluorescence detection
of Htt with 2166 monoclonal antibody is shown in red (Alexa Fluor 555); detection of PRMT5 with
polyclonal specific antibody is shown in green (Alexa Fluor 488); nuclear staining (DAPI) is shown in
blue. Yellow staining in merged images demonstrated partial co-localization. Representative images

are shown for each construct.

recombinant PRMT5 compared to non-transfected cells (Fig. 4).
In the presence of Het N511-8Q fragments we detected a further
significant increase in the amounts of labeled histones H2A and
H4, indicating induction of PRMT5 activity by Htt fragment
(Fig. 4). This effect was less evident in the presence of expanded
Hee N511-52Q. This difference was significant in case of histone
H2A methylation (Fig. 4B). Thus, these data demonstrate that
normal (but to a lesser extend mutant) Htt stimulates PRMT5
activity in vitro.

Symmetric arginine dimethylation of histones is attenuated
by mutant Htt in primary neurons and is impaired in HD brain

PRMTS5 was previously reported to mediate a specific post-
translational modification of histones H2A and H4, sDMA of
R3.“* As demonstrated by our methylation assay, normal Hit
stimulated PRMT5 activity toward histones 7z vitro, while this
stimulation was decreased in the presence of mutant Hee. Thus
we sought to evaluate the appearance of sDMA on H2A/H4
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(R3Me2s) in primary neurons trans-
fected with either normal (FL-Het-22Q)
or mutant (FL-Hte-82Q) full-length
Htt. 48 h following transfection, neu-
rons were fixed and co-stained with the
modification-specific antibody
(R3Me2s) and an antibody to Hrte
(MAB2166) to identify transfected cells
(Fig. 5A, B). R3Me2s antibody specifi-
cally reacts with the symmetrically dime-
thylated arginine 3 on both histones
H2A and H4 (according to the informa-
tion provided by supplier, www.abcam.

Htt-N586-82Q

com). Immunofluorescence intensity
analysis was performed using the Zen
2012 software. To measure the intensity
of the signal in the nucleus, a confocal
plane was established at a level passing
through the centers of the nuclei of Het-
positive cells. We found that H2A/H4
sDMA was significantly increased in

neurons transfected with the normal full-

FL-Htt-82Q

length Htt plasmid compared to cells
transfected with an empty vector, and
significantly decreased in cells transfected
with mutant Het, with 29% difference
between normal and expanded Hrt
(Fig. 5C).

Next, we examined if the total levels
of sDMA on H2A/H4 were changed in
vivo in human HD brains compared to
non-affected controls. Total cell homo-
genates from frozen human frontal supe-
rior cortex of 6 normal controls and 6
HD cases were analyzed by Western
blotting using the modification-specific
antibody R3Me2s. As expected, expres-
sion of expanded Htt was detected with
a polyQ-specific MW1 antibody in HD brain, but not in con-
trols (Fig. 5D, top panels). The total levels of histones H2A and
H4, although somewhat variable, were slightly elevated in HD
brains compared to controls, but the difference was not signifi-
cant. However the levels of R3Me2s modification on histones
H2A and H4 (presented as a ratio of R3Me2s signal intensity to
total levels of histones and normalized to tubulin as loading con-
trol) were significantly decreased (30%) in HD brains compared
to normal controls (Fig. 5E).

Reduction of H2A/H4R3Me2s occupancy at the y-globin
and BDNF promoters in HD brain

PRMTS5 has been shown to mediate gene silencing through
the induction of repressive histone marks, such as symmetric
dimethylation of H4R3, H2AR3 and H3RS, at the promoters of
PRMTS target genes, including y-globin,® cyclin E1,%® tumor
suppressor genes ST7 and NM23%? and CUL4." As another
potential evidence of PRMT5 impairment in HD, we tested
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detected a specific H2A/H4

R3Me2s band following ChIP
with R3Me2s antibody, but
not with normal rabbit IgG
(Fig. 6A). Using PCR with
promoter-specific primers, we
detected binding of R3-meth-

Figure 3. Htt interacts with PRMT5/MEP50 complex. HEK 293 cells were transiently transfected with the indi-
cated plasmids, keeping the amount of Htt-N586, PRMT5 and MEP50 plasmids and total amount of DNA equal
between transfections by supplementing with empty vector. Cells were lysed 48 h after transfection, and
MEP50 (B) or Htt (C) complexes were immunoprecipitated using either MEP50-or Htt-specific antibodies. All
three proteins-MEP50 (top panels), PRMT5 (middle panels) and Htt (bottom panels) were detected in both
MEP50 and Htt IPs from cells co-transfected with Htt, PRMT5 and MEP50. High-molecular weight complexes
detected with PRMT5 and MEP50 antibodies are marked by asterisk. The inputs are shown in A.

ylated histones to the human
v-globin promoter P-1 region
and BDNF exon II promoter
in both HD and control human brain (Fig. 6B). The H2A/
H4 R3Me2s mark was not detected at the exon IV of the
BDNF promoter, which demonstrated the specificity of the
assay. A weak binding of PRMT5 (using available PRMT5-
specific antibody) to the human v-globin promoter P-1
region was observed in normal, but not in HD brain (It
should be noted that ChIP-grade antibody for PRMTS5 is not
currently available). ChIP analysis with R3Me2s antibody
was further carried out using 4 HD cases and 4 control
human brains, followed by quantitative (q)-PCR with the
gene-specific primers. We observed a consistent and signifi-
cant reduction of H2A/H4R3Me2s occupancy at the y-globin
and BDNF exon II promoters in HD brain compared to con-
trol samples (Fig. 6C, D).
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Coilin symmetric dimethylation is reduced in HD brain

A major group of proteins that contain sDMA includes RNA-
binding proteins, particularly those involved in the pre-mRNA
splicing. As a part of methylosome, PRMT5 symmetrically meth-
ylates Sm proteins, increasing their affinity for SMN pro-
tein.>**>>* Another PRMTS5 substrate is a Cajal body marker
coilin, and its methylation is required for localization of SMN to
Cajal bodies.””*® sDMA modification of coilin and other proteins
can be specifically detected by SYM 10 antibody.”” Using this anti-
body we assessed the levels of coilin methylation in the knock-in
HD mouse model (KI175Q homozygous mice obtained from
CHDI) and in human HD brain (Fig. 7). Comparison of 4 HD
and 4 wild type (WT) littermates at 6 months of age showed that
coilin was hypomethylated (34%) in KI175Q HD mouse brain
compared to WT brains (Fig. 7A, C). The overall expression of
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raises the possibility that an intervention
designed to compensate for this deregu-
lation may be beneficial in HD. The
only enzyme known to erase dimethyl
arginine marks from histones is a
Jumonji C domain-containing protein

A

NT Hit-8Q Hit-520 PRMTS PRMTS PRMTS

6 (JMJD6), a member of a novel class

fesa Hes2a 1 of qron and 2-oxoglutarate-dependent

NT H#-8Q Hit-520 PRMTS PRMTS PRMTS

dioxygenzlse.sl’52 JMJDG is expressed in
brain, and was shown to demethylate
H4R3.>">? We used siRNA to knock-
down this enzyme in primary neurons
co-transfected with full-length normal
or expanded Htt. The effectiveness of
JMJD6 siRNA knock-down was first

HILED  HiL620 evaluated using immunofluorescence

(Fig. 8B). JMJDG6 contains 5NLS
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Figure 4. Htt modulates PRMT5 activity toward histones. (A) In vitro methyltransferase assay of FLAG
IPs from ST14 cells transfected with indicated plasmids, keeping the amount of Htt and PRMT5 plas-
mids and total amount of DNA equal between transfections by supplementing with empty vector.
Autoradiographs (upper panel), Coomassie stained gel (middle panel) are shown. Western blot detec-
tions of PRMT5 with PRMT5-specific antibody and of Htt with MAB5490 antibody are shown on bot-
tom panels. (B, C) The graphs show the quantification of autoradiographs from 3 experiments for
histones H2A (B) and H4 (C), *n = 3, p = 0.005; **n = 3, p = 0.02; ***n = 3, p = 0.1.

domains for nuclear localization, and an
NES domain, suggesting nuclear/cyto-
plasmic shuttling, and has been previ-
ously detected in both nucleus and
cytoplasm.’* As shown on Figure 8B,
the levels of JMJDG6 were barely detect-
able in cells co-transfected with JMJD6

coilin, detected with a coilin-specific antibody, was largely
unchanged between HD and WT tissues. The difference in the
levels of methylated coilin between HD and control was even
more dramatic in human postmortem tissue. The frontal cortex
brain homogenates from 5 HD cases and 5 controls were analyzed
with SYM10 antibody. As shown on Figure 7 (B, C), the extent
of methylation of coilin in HD brain was only around 10% of that
found in the control tissues. The levels of total coilin were some-
what variable between the cases, however no significant difference
between HD and control was observed.

Modulation of the levels of arginine methyltransferase
PRMTS5 and histone arginine demethylase JMJD6 affects the
survival of HD neurons

As we found that PRMT5 impairment in HD models resulted
in reduced arginine dimethylation of important cellular proteins,
we tested whether forced expression of PRMTS in HD neurons
would compensate for such deficit and could rescue primary neu-
rons from mutant Het-induced toxicity.

Primary cortical neurons were co-transfected with either nor-
mal or mutant full-length Htt and PRMTS5 expression plasmids,
and cell death was measured by nuclear condensation assay
(Fig. 8A). No benefit for survival was observed in neurons co-
transfected with mutant Htt and PRMTS5 alone. However co-
transfection of PRMTS5 with its cofactor MEP50 completely res-
cued primary neurons from the toxicity of mutant Het. These
results are consistent with the proposed role of MEP50 in stimu-
lation of PRMT5 activity. **

Identification of PRMT5 impairment and the resulting reduc-
tion in symmetric arginine dimethylation associated with HD
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siRNA, compared to the cells co-trans-

fected with non-targeting  control
siRNA. As expected, JMJD6 knock-down resulted in an increase
of sDMA levels of histones H2A and H4, detected with the mod-
ification-specific antibody R3Me2s (Fig. 8C, D). We then
assessed the effects of J]MJD6 knock-down on the toxicity of
mutant Htt as measured by nuclear condensation assay. As shown
on Figure 8E, JMJD6 knock-down rescued primary neurons
from the toxicity of mutant Het observed upon co-transfection
with expanded Htt and non-targeting control siRNA.

Discussion

Abnormal interactions of polyQ-expanded Htt are fre-
quently observed in HD models, and are thought to play a
major role in the disease mechanism.”'* We focused on Htt/
PRMTS5 interaction, and demonstrated that an altered interac-
tion of expanded Htt with PRMT5 can affect major cellular
functions, such as regulation of gene transcription and RNA
splicing, providing a molecular mechanism for the previously
observed disruption of these pathways in HD.'>¢

Our experiments demonstrate Het and PRMTS5 interaction
in cell lines and in human HD brain, and suggest a change in
stoichiometry of the PRMT5/Htt complexes in the presence of
expanded Htt. In transfected cells we observed an increase in
the amounts of expanded Htt (compared to normal Htt) found
within PRMT5 complexes (Fig. 1A, B). In a reverse IP using
Htt-specific antibody, we detected more PRMTS5 co-precipi-
tated with polyQ-expanded Htt compared to normal Hze, also
suggesting an increased affinity of expanded Htt toward
PRMT5 (Fig. 3C). Finally, in human brain, PRMT5/Htt
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interaction was only detected in
HD  tissues, but not in
normal controls (Fig. 1D). This
may indicate of altered stoichi-
ometry or of a more transient
nature of PRMTS5/Htt com-
plexes in  normal tissues.
Increased levels of endogenous
PRMT5 were observed in
STHdh cells expressing
expanded Htt, compared to nor-
mal cells; however there was no
significant change in overall
PRMTS5 levels between normal
and HD brain tissues (data not
shown). PRMT5/Htt functional
interaction was also confirmed
by co-localization of the 2 pro-
teins, primarily in the cytoplasm
of primary neurons (Fig. 2).
What may be the functional
role of PRMT5/Htt interaction?
Our in vitro methylation assay
(Fig. 4) demonstrated that the
normal function of Htt may
include the stimulation of
PRMT5 activity, which is not
achieved to the same extent by
expanded Htt possibly due to its
conformational ~ change  and
abnormal interactions. A role of
Htt as the facilitator of macro-
molecular complexes has been
suggested previously, e.g. Htt
was found to increase H3K27
tri-methylation  of  polycomb
repressive complex 2 (PRC2),
and the polyQ region augmented
this stimulation.”®> PRMT5 was
also found interacting with sev-
eral cofactors, including MEP50,
pICln,34’39’42’44 COPR5,!
RioK1%* and Blimp1,”” and has
been co-purified with the chro-
matin remodeling complexes,
hSWI/SNF and NURD.’'"*
Recently the crystal structure of
the human and Xenopus laevis
PRMT5:MEP50 complex has
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Figure 5. Symmetric arginine dimethylation of histones is attenuated by mutant Htt in primary neurons and is
impaired in HD brain. (A, B) Primary mouse cortical neurons were transfected at 5 DIV with normal (A) or
mutant (B) full-length Htt expression constructs. Representative images of confocal immunofluorescence
detection of Htt with 2166 monoclonal antibody (in red, Alexa Fluor 555) and of sDMA modification of H2A
and H4 with R3Me2s modification-specific antibody (in green, Alexa Fluor 488) are shown. Transfected cells
are indicated with white arrows The nuclear staining (DAPI) is shown in blue. (C) Quantification of H4R3me2s
staining in transfected cells presented as a ratio of mean intensity of the staining in transfected and non-trans-
fected cells. 100 transfected cells were analyzed for each condition in 3 experiments. (*n = 3, p = 0.004). (D)
Total cell homogenates from frozen human front superior cortex of 6 normal controls and 6 HD cases were
analyzed by Western blotting using the following antibodies: MW1 for detection of expanded Htt; 2166 MAB
for detection of normal and expanded Htt; histone-specific antibodies for detection of histones H2A and H4;
modification-specific antibody R3Me2s for detection of sSDMA on R3 of histones H2A and H4; B-tubulin as a
loading control. Representative blots are shown. (E) Quantification of the levels of R3Me2s modification on his-
tones H2A and H4 presented as a ratio of R3Me2s signal intensity to total levels of histones based on Western
blot repeated 3 times (*n = 3, p = 0.045; ** n = 3, p = 0.045).

been determined, revealing a tight hetero-octameric complex in cells expressing normal Htt. These complexes were absent in
between MEP50 and the PRMTS.*>%* In addition, it was dem-  cells transfected with expanded Htt fragment, suggesting that
onstrated that MEP50 is required for PRMT5-catalyzed histone  expanded Htt may affect MEP50/PRMT5 complex formation,
H2A and H4 methyltransferase activity and binds substrates providing a potential mechanism for observed PRMT5
independently.44 In this study we found that Htt interacted with  impairment in the presence of mutant Het. Whether Htt is
both PRMT5 and MEP50 in transfected HEK293 cells (Fig. 3).  directly affecting PRMTS activity, its self-association,”>> or its
We have also detected high molecular weight MEP50 complexes interaction with other cofactors, is a subject for further
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> o | that mutant Htt exerts its well-docu-
mented effects on transcription via direct
interaction  with  histone-modifying
enzymes, such as PRMT5, and by modu-
lating their activity.
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e ¢ g o1 ? scription from the exon II BDNF pro-
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3o 9008 1 reduced in HD mouse and human
£o goo brain.*’ So far PRMTS has been mostly
Z 2% ] implicated in transcriptional repression
o of target genes.m’33 However, the effects

01 . .

Cont HD of histone methylation are thought to be
context-dependent, and the same modifi-

Figure 6. Reduction of H2A/H4R3Me2s occupancy at the y-globin and BDNF promoters in HD brain. cat.lon's Cafl be a.ssoc'lated Wgh both tr:an—

(R) Confirmation of ChIP assay by Western blotting with the R3Me2s modification-specific antibody. SC“RUOHa actl\{atlon an represmf)n

Representative image for 2 controls and 2 HD samples is shown. (B) Detection of H2A/H4 R3Me2s POSSlbly due to different effector proteins

marks at the y-globin P-1 and BDNF promoters by ChIP assay. Chromatin fractions from HD (bottom within the chromatin remodeling com-

panel) or control (top panel) human brain were immunoprecipitated with the indicated antibodies plexes at speciﬁc promoters.% Further-
and amplified with the indicated primer pairs. Normal rabbit IgG used as a negative control. (C and more. a recent analvsis of genome-wide

D) R3Me2s enrichment at the y-globin P-1 (C) and BDNF-ex Il promoters (D) were measured by ChIP ’ f 14 Y gl d th

and g-PCR assays in HD and control human brains (*n = 4, p = 0.1; **n = 3, p = 0.1). pattern of H4R3Me2s revealed that up

investigation. Another intriguing possibility is that Htt may be a
substrate for PRMTS5 activity itself. Further studies using mass
spectrometry combined with advanced enrichment techniques
will determine whether Htt protein undergoes symmetric or/and
asymmetric arginine dimethylation, potentially carried out by
PRMTS or other protein methyltransferases.

Further evidence of PRMT5 impairment in the presence of
mutant Het comes from our analysis of sDMA modifications of
histones H2A and H4 (known substrates of PRMT5%®), which
can be specifically detected by modification-specific antibody
R3Me2s. In two HD models-primary neurons transfected with
expanded Htt and in HD brain-we observed a decrease in sDMA
on histones H2A and H4 (Fig. 5). This was also reflected in a
reduction of H2A/H4R3Me2s occupancy at the y-globin and
BDNF promoters in HD brain (Fig. 6). Methylation of histones
is an important step in epigenetic regulation of tramscription.56
Transcriptional dysregulation has been widely implicated in HD
pathogenesis,'>'*?%2%2>2¢ however the mechanism of this dys-
regulation is still elusive. A recent genome-wide analysis of
H3K4 trimethylation in mouse and human HD brain found a
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to 87% of both active and inactive pro-
moters in ES cells were enriched in this
mark.”” Thus the impairment of PRMT5 may lead to a wide-
spread dysregulation of both transcriptional activation and
repression.

RNA processing and splicing abnormalities has emerged as a
molecular mechanism associated with HD based on several
expression profiling studies in cells, mouse, yeast and fly models
of HD."° QOur recent analysis of Htt interactome in striatal
cells also demonstrated that expanded Htt complexes were
enriched in the proteins related to RNA processing and regula-
tion of translation, and identified several novel Htt interactors
within these pathways.'® The more recent collaborative protein
profiling study in HD iPS cells also highlighted RNA metabo-
lism as one of the major pathways altered in HD*® (and unpub-
lished data). Arginine methylation is found in many RNA-
binding proteins important for mRNP biogenesis and RNA
splicing.”” An important group of proteins known to be methyl-
ated by PRMT5 are the components of spliceosome, Sm pro-
teins. The sDMA modification on Sm proteins is recognized by
Tudor domain protein SMN and is required for their interaction
and cytoplasmic assembly of the spliceosome.***> Methylation
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of another PRMT5 substrate, Cajal body marker coilin, is
required for localization of SMN to Cajal bodies and pre-mRNA
splicing.””?® In this study, we showed that the symmetric dime-
thylation of coilin was reduced in HD mouse and human brain,
likely due to PRMT5 impairment (Fig. 7). The absence of
PRMTS5 in the NPCs from PRMTS5 knock-out mice has been
shown to result in a reduced methylation of Sm proteins and
aberrant constitutive and alternative RNA splicing, suggesting
that PRMTS is a master regulator of RNA splicing.®® Further
studies are needed to show whether Sm proteins methylation and
snRNPs assembly is disrupted in HD models due to PRMT5
deficiency and may underlie the observed splicing abnormalities
in HD.

We found that total levels of SDMA on histones and coilin
and R3Me2s occupancy at 2 transcriptionally repressed pro-
moters were reduced in HD brain likely due to PRMT5
impairment. Furthermore, increasing the levels of PRMTS5/
MEP50 complexes by ectopic expression improved the survival
of primary neurons expressing mutant Hee (Fig. 8A), suggesting
that PRMTS5 deficiency may mediate, at least in part, mutant
Hitt toxicity and thus restoring the levels of SDMA may be benefi-
cial for neuronal survival in HD.

The promoter occupancy of another histone methyl-modifica-
tion, H3K4 trimethylation, was previously found to be reduced
as well in HD mouse and human brain.*® This reduction was
reversed in primary neurons by a knock-down of an enzyme with
proven H3K4Me3 demethylase activity, Jaridlc. The knock-
down of Jarid1c also rescued HD phenotypes in primary neurons
of BACHD mice and in fly HD model.*® In our study we
employed a similar approach to restore the balance of sDMA dis-
rupted in the tested HD systems due to the impairment of
PRMT5. We used siRNA knock-down to reduce the levels of
JMJDG6, the only enzyme known to reverse arginine dimethyla-
tion.”"** Although JMJDG6 has no lysine demethylase activity, it
is a dual action enzyme: In addition to its arginine demethylase
activity, it acts as lysyl-hydroxylase that catalyzes 5-hydroxylation
on specific lysine residues of target proteins, such as U2AF65°!
and p53.62 We found that the JMJDG6 knock-down in primary
neurons resulted in an increase of SDMA levels of histones H2A
and H4, and reversed the toxic effects of exogenous mutant Htt
on transfected neurons (Fig. 8). These data support the notion
of the dynamic nature of protein post-translational modifica-
tions, and suggest that a delicate balance of protein methylation/
demethylation is essential for neuronal survival in HD. Thera-
peutic strategies restoring this balance may be an effective
approach to ameliorate mutant Htt toxicity.

Materials and Methods

Plasmid construction and mutagenesis

Full-length Htt constructs (HD-FL-23/82Q) were described
previously.®> Truncated Hit expression constructs N511-8Q/
82Q were generated as previously described®® from the full-
length Htt constructs by an introduction of a stop codon after
amino acid 511 of Htt. The stop codons were introduced by site-
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Figure 7. Coilin symmetric dimethylation is reduced in HD mouse and
human brain. (A, B) Whole brain homogenates from 4 KI175Q HD and 4
WT mice (A) or homogenates from frozen human frontal superior cortex of
5 normal controls and 5 HD cases (B) were analyzed by Western blotting
using the following antibodies: MW1 for detection of expanded Htt; coilin-
specific antibody; SYM10 for detection of symmetrically dimethylated coilin
and B-tubulin as a loading control. Representative images are shown. (C)
Quantification of the relative extent of symmetric dimethylation of coilin
presented as a ratio of SYM10 signal intensity to total levels of coilin. (*n =
4, p = 0.007; *n = 5, p = 0.03).The experiment was repeated 3 times.

1724 Cell Cycle Volume 14 Issue 11




*

40
35
30
25
20 4

oFL-23Q
mFL-82Q

3

+MEP50+PRMTS

Cell death (%)

R3Me2s # FL-Htt-82Q

+ PRMTS

Hoechst

FL-H1t-82Q

Hoechst

Hoechst

W)
m

40

]

w
=]

- ~
& &

S

Ratio of mean intensity of R3Me2s in
transfected versus non-transfected cells
Cell death (%)
~
3

o

ContsiRNA  JMJDG SIRNA ContsRNA  JM.JDS sIRNA

Figure 8. Modulation of the levels of arginine methyltransferase PRMT5 and histone arginine demethylase
JMJIDE6 affects the survival of HD neurons. (A) Co-transfection of PRMT5 with its cofactor MEP50 rescued primary
neurons from the toxicity of mutant Htt. Primary cortical neurons were co-transfected at 5 DIV with either nor-
mal or mutant full-length Htt and PRMT5 and MEP50 expression plasmids as indicated, and co-transfected with
eGFP to identify transfected cells. Cell death was measured by nuclear condensation assay. * n = 4, P < 0.01; **
(co-transfected with PRMT5 and MEP50 vs with Htt alone) n = 4, P < 0.01. (B-D) JMJD6 knock-down rescued
primary neurons from the toxicity of mutant Htt. (B) Primary mouse cortical neurons were co-transfected at 5
DIV with mutant full-length Htt expression constructs, eGFP (to identify transfected cells) and either JMJD6
siRNA (top panels) or with non-targeting control siRNA (bottom panels). Representative images of confocal
immunofluorescence detection of JMJD6 (in red, Alexa Fluor 555) in GFP-positive (transfected, indicated with
white arrow) and GFP-negative (non-transfected) cells are shown. The nuclear staining (Hoechst) is shown in
blue. (€) Primary mouse cortical neurons were co-transfected at 5 DIV with mutant full-length Htt expression
constructs and either JMJD6 siRNA (top panels) or with non-targeting control siRNA (bottom panels). Represen-
tative images of confocal immunofluorescence detection of Htt with 2166 monoclonal antibody (in red, Alexa
Fluor 555) and of sDMA modification of H2A and H4 with R3Me2s modification-specific antibody (in green,
Alexa Fluor 488) in transfected (indicated with white arrow) and non-transfected cells are shown. The nuclear
staining (Hoechst) is shown in blue. (D) Quantification of H4R3Me2s staining in transfected cells presented as a
ratio of mean intensity of the staining in transfected and non-transfected cells. 100 transfected cells were ana-
lyzed for each condition in 3 experiments. (*n = 3, P < 0.001). (E) Primary cortical neurons were co-transfected
with mutant full-length Htt-82Q and either JMJD6 siRNA or with non-targeting control siRNA as indicated, and
co-transfected with eGFP to identify transfected cells. Cell death was measured by nuclear condensation assay.
300 cells were analyzed per each condition in each experiment. * n = 3, P < 0.001
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directed mutagenesis using the
QuikChange II XL kit (Agilent
Technologies) according to the
manufacturer’s protocol. Het-
N511-8Q/52Q constructs were
produced from N511-82Q by
random contractions of polyQ
repeat in bacterial cells. Het-
N586-20Q and Hrtt-N586—
82Q plasmids were described
previously.'”® Human PRMTS5
cDNA subcloned into pcDNA
expression vector was obtained
from Origene. The N-terminal
FLAG tag was introduced using
QuikChange II XL kit (Agilent
Technologies). Human MEP50
cDNA subcloned into pcDNA
expression vector was obtained
from Origene.

Cell culture and transfection
Human embryonic kidney
(HEK) 293FT cells

obtained from Invitrogen. Rat

were

striatal ST14 cells were origi-
nally derived from rat embry-
onic striatum.®’> Mouse striatal
STHdh neuronal progenitor
lines were generated in the Mac-
Donald lab from E14 striatal
primordia of wild type (Q7) or
HdhQ111  knock-in  mouse
embryos.®® HEK293 and stria-
tal cells were grown in DMEM
(with 4.5 g/ D-Glucose, Life
Technologies)  supplemented
with 10% FBS, 100 pg/ml
Geneticin, 100 units/ml penicil-
lin and 100 units/ml streptomy-
cin. Primary mouse cortical
neurons were prepared as
described previously.®” Cortices
of CD1 mice at embryonic day
15.5 were dissected out, treated
with  trypsin = (0.05%  with
EDTA, Life Technologies) and
mechanically dissociated. Neu-
rons were resuspended in Neu-
robasal medium supplemented
with B27 (Life Technologies)
and plated at 1 x 10° cell/cm2
on poly-D-lysine coated 24 well
plates (Corning). Cells were 1
kept in Neurobasal-2 medium
supplemented with B27 and
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2mM GlutaMAX (Life Technologies) in 5% CO, at 37°C until
3 the day of the experiment. All cells were transfected using Lipo-
fectamine 2000 reagent (Life Technologies) according to the
manufacturer’s protocol.

‘Western blotting and immunoprecipitation

For Western blotting analysis, cells were lysed 48 h after
transfection in Triton lysis buffer (50 mM Tris, pH 7.0,
150 mM NaCl, 5 mM EDTA, 50 mM MgCl,, 0.5% Triton
X100) supplemented with protease inhibitors (PIC, Protease
Inhibitor Cocktail III, Calbiochem). Total cell homogenates
from frozen human front superior cortex of normal controls and
HD cases were prepared by the Dounce homogenization in Tri-
ton lysis buffer, supplemented with 0.5% Na deoxycholate and
PIC), followed by centrifugation at 13,000 g. The whole brain
homogenates from HD KI 175Q 6 months-old mice were pre-
pared as above. Protein concentrations were estimated using
BCA method (BioRad). Lysates were fractionated on NuPAGE
4-12% Bis-Tris polyacrylamide gels (Life Technologies), trans-
ferred to nitrocellulose membranes, and probed with primary
antibodies for 1 h at room temperature. Immunoblots were
developed with peroxidase-conjugated secondary antibodies (GE
Healthcare), (ECLPlus
detection reagent, GE Healthcare). Protein bands were visualized
using Molecular Imager Gel Doc XR System (BioRad) and quan-
tified using Image ] software. For IP, cells were lysed 48 h after
plating or after transfection in Triton lysis buffer, supplemented
with PIC, followed by centrifugation at 13,000g. Lysates were
pre-cleared by incubating with Protein G-Sepharose beads (GE
Healthcare) for 1 h at 4°C, followed by the incubation (ON at
4°C) with primary antibodies and then were incubated with Pro-
tein G-Sepharose for 1 h at 4°C. FLAG IPs were carried out
using anti-FLAG M2 Affinity Gel (Sigma) according to the man-
ufacturer’s protocol. The IPs were washed 3 times with the lysis

and enhanced chemi-luminescence

buffer, and protein complexes were eluted from the beads with
2xSDS Laemmli sample buffer (Bio-Rad), and fractionated on
SDS-PAGE as described above.

Antibodies

Htt MAB5490 (against residues 115-129 of Hrtr) and Hte
MAB2166 antibody (against residues 181-810 of Httr) were
from EMD Millipore; MW 1 monoclonal antibody to expanded
polyQ was a gift from Paul Patterson;®® PRMTS, SYM10 and
JMJD6 antibodies were from EMD Millipore; FLAG M2 and-
body was from Sigma; B-tubulin and SMN antibodies were from
Santa Cruz Biothechology; MEP50 antibody, antibodies to histo-
nes H4 and H2A and coilin were from Cell Signaling Technol-
ogy; Anti-Histone H4/H2A (symmetric di-methyl R3, R3Me2s)
ChIP Grade antibody was from Abcam.

Immunofluorescence

Primary mouse cortical neurons were prepared and transfected
as described above, fixed (24 h after transfection) with 4% para-
formaldehyde for 15 min, permealized with 0.1% Triton X-100
(Sigma) for 10 min, blocked in 10% normal donkey serum
(Sigma) for 30 min, and incubated (1 h, room temperature or
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overnight at 4°C) with the following antibodies: for Htt and
PRMTS5 co-localization study-with the mouse monoclonal 2166
antibody to Htt and rabbit polyclonal antibody to PRMTS5, fol-
lowed by donkey anti-mouse Alexa Flour-555 (Life Technolo-
gies) and donkey anti-rabbit Alexa Flour-488 (Life
Technologies); for the detection of JMJD6-with the rabbit poly-
clonal antibody to JMJDG6, followed by donkey anti-rabbit Alexa
Flour —555; for the detection of H2A/H4 R3Me2s symmetric
dimethylation-with the mouse monoclonal 2166 antibody to Htt
and rabbit H4R3me2s antibody, followed by donkey anti-mouse
Alexa Flour-555 (Life Technologies) and donkey anti-rabbit
Alexa Flour-488 (Life Technologies). Quantification was per-
formed using ZEN 2012 software. 100 transfected cells were
quantitated for each condition.

In vitro methylation assay

FLAG-agarose beads following the IPs from ST14 cells trans-
fected with FLAG-PRMTS5 alone, or in combination with Htt
N511 constructs, were used as an enzyme source in the iz vitro
methylation assays. Washed beads were incubated with 1 pg of
purified histone H2A and H4 (Roche) and 2 nCi of

S—adenosyl—L—methyl—3 H-methionine *H-SAM, GE Health-
care) as the methyl donor in a mixture of 30 pl of the reaction
buffer (25 mM NaCl, 25 mM Tris, 10 Mm MgCl,, 0.25 Mm
DTT and PIC, pH 8.8) for 2 h at 37°C. Proteins were resolved
on a 12% (w/v) SDS-PAGE gel, stained with Coomassie blue
and the gel was treated with Amplify (GE Healthcare) to enhance
the radioactive signal prior to autoradiography.

ChIP-qPCR analysis

150 mg of human frontal cortex tissue were finely chopped
and fixed with 1.5% formaldehyde. Chromatin isolation and IP
were carried out using SimpleChIP Plus Enzymatic Chromatin
immunoprecipitation Kit (Cell Signaling) according to the man-
ufacturer’s protocol, except the protocol was scaled-up 5 times.
Enzymatic chromatin digestion resulted in the fragments of
about 150-800 base pairs, as assessed by resolving DNA on 1%
agarose gel. We used ChIP-grade antibody to symmetrically
dimethylated arginine H4R3Me2s (Abcam) for IP. Normal rab-
bit immunoglobulin (IgG) served as a control. 2% of each sample
was saved as an input before IP. After elution with 150 pl of
ChIP buffer, 100 wl were saved for the confirmation of ChIP by
Western blotting, and the rest of the sample was processed for
reversal of cross-link and DNA isolation. DNA was dissolved in
50 wl of deionized water and 2 pl of Input and ChIP samples
were used for PCR. For ChIP quantitation we used the previ-
ously published primers to amplify the following gene-specific
promoters: the P-1 region of the human y-globin promoter;*’
the human BDNF exon 2 and exon 4 promoters.48 Q-PCR was
carried out on the QuantStudio™ 12K Flex Real-Time PCR sys-
tem (Life Technologies) using SYBR Green method with SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad). The
differences in threshold cycle (ACt) between IP and Input sam-
ples were calculated and the results were expressed as a percent of
the total Input chromatin using the formula: Percent Input =
2% x 2%
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ture, we used an analysis based on the nuclear condensation
observed during cell death."®%7%° Neurons were co-transfected at

Nuclear condensation cell death assay

To measure the survival of transfected primary neurons in cul-

average intensity of nuclear staining exceeded 200% of the average

DIV5 with either normal (FL-Htt-22Q) or mutant (FL-Htt-
82Q) full-length Htt, siRNA to JMJD6 or non-targeting control

(at 20 nM, ON-TARGET siRNA, Dharmacon) and eGFP (10:1
ratio) using Lipofectamine 2000 (Life Technologies). After 48 h

of expression, cells were fixed with 4% paraformaldehyde for
30 min and nuclei were stained with Hoechst 3325 (bis-benzi-
mide, Sigma-Aldritch). Image acquisition was done using the Axi-

ovision imaging software on an Axiovert 100 inverted microscope
(Carl Zeiss) using the automated Mozaix function to cover the
integral surface of the wells. Analysis and quantification were per-
formed using the Volocity software (Perkin-Elmer). Transfected
cells were identified based on GFP fluorescence and the average
intensity of the nuclear staining was measured. The percentage of
dead cells was calculated as the percentage of cells for which the
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