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Histone phosphorylation by TRPM6's cleaved kinase
attenuates adjacent arginine methylation to

regulate gene expression
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TRPM6 and TRPM7 are members of the melastatin-related transient
receptor potential (TRPM) subfamily of ion channels. Deletion of
either gene in mice is embryonically lethal. TRPM6/7 are the only
known examples of single polypeptides containing both an ion
channel pore and a serine/threonine kinase (chanzyme). Here we
show that the C-terminal kinase domain of TRPM6 is cleaved from
the channel domain in a cell type-specific fashion and is active.
Cleavage requires that the channel conductance is functional. The
cleaved kinase translocates to the nucleus, where it is strictly
localized and phosphorylates specific histone serine and threonine
(S/T) residues. TRPM6-cleaved kinases (M6CKs) bind subunits of the
protein arginine methyltransferase 5 (PRMT5) molecular complex
that make important epigenetic modifications by methylating
histone arginine residues. Histone phosphorylation by M6CK results
in a dramatic decrease in methylation of arginines adjacent to
M6CK-phosphorylated amino acids. Knockout of TRPM6 or inactiva-
tion of its kinase results in global changes in histone S/T phosphor-
ylation and changes the transcription of hundreds of genes. We
hypothesize that M6CK associates with the PRMT5 molecular com-
plex in the nucleus, directing M6CK to a specific genomic location
and providing site-specific histone phosphorylation. M6CK histone
phosphorylation, in turn, regulates transcription by attenuating the
effect of local arginine methylation.

TRPM6 | TRPM7 | kinase | ion channel | PRMT5

mong the several hundred genes encoding cation channels,
the melastatin-related transient receptor potential family
members TRPM6 and TRPM?7 are unique in also being serine/
threonine (S/T) kinases (1). The TRPM6 channel kinase was
brought to greater attention when mutations in this chanzyme
were found to be the cause of familial hypomagnesemia with
secondary hypocalcemia (HSH; see ref. 2 for a recent review).
Characterized by severe hypomagnesemia, infants with HSH
suffer tetany and refractory seizures shortly after birth, resulting
in permanent neurological damage or death if untreated. The
mechanisms by which mutations in TRPM6 lead to HSH are
unknown, although several studies stress the importance of
TRPM6-mediated Mg®* conductance (3-5). Importantly, global
TRPMG6 disruption in mice is embryonic lethal (6, 7). Mice with
loss of TRPM6 at intermediate developmental time points
manifest a reduced life span and skeletal deformations, in ad-
dition to mild hypomagnesemia (5). These data indicate that,
much like TRPM7 (8), TRPM6 may be critical for normal, de-
velopmental, tissue-specific regulation of gene activity.
Recently, our laboratory uncovered a signaling pathway me-
diated by TRPM7, a channel sharing 52% homology with
TRPM6, whereby the functional S/T kinase at the carboxyl ter-
minus of TRPM?7 is proteolytically cleaved from the channel
domain, forming cleaved kinase fragments (M7CKs) that trans-
locate to the nucleus (9). There, M7CKs bind components of
chromatin-remodeling complexes to ultimately phosphorylate
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specific S/T residues of histones, regulate selected histone acet-
ylation, and modulate gene transcription.

The present study investigates whether the TRPM6 kinase
may play a similar role in cells to direct gene expression. Al-
though TRPMG6 is known to undergo autophosphorylation, little
else is understood regarding the phosphorylation targets of
TRPM6 and the functional role of its kinase (10-12). Further-
more, whether there are links between the conductance of the
TRPMS6 channel and the activity of its kinase is unknown.

Here we show that the TRPM6 kinase is cleaved from the
channel domain in a cell type-specific fashion and that kinase
cleavage requires the TRPM6 channel’s conductance. TRPM6-
cleaved kinases (M6CKs) localize strictly to the nucleus and
phosphorylate select S/T residues of histones. M6CKs bind the
protein arginine methyltransferase 5 (PRMTS) molecular complex,
which has been shown to direct important epigenetic modifications
by methylating histone arginines (13). Histone phosphorylation by
MO6CK results in a dramatic decrease in the methylation of arginine
residues adjacent to M6CK-phosphorylated amino acids. Knock-
out of the TRPM6 gene results in global changes in histone S/T
phosphorylation and in the transcriptional activity of hundreds of
genes. We hypothesize that the association of M6CK with the
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PRMTS5 molecular complex in the nucleus directs MO6CK to a specific
genomic location to provide site-specific histone phosphorylation to
attenuate the effect of arginine methylation on transcription.

Results

The C Terminus of TRPM6 Is Proteolytically Cleaved in Vivo, Releasing
the Kinase from the Transmembrane Domains. To characterize the
endogenous TRPM6 protein and decrease off-target antibody
labeling, we first immunoprecipitated the protein from 2 to 3 x 10’
cells using a rabbit antibody (made to the C-terminal 14 amino
acids of TRPM6; aM6C14), followed by Western blotting (WB)
with a mouse antibody recognizing the C-terminal epitope. We
tested a number of cell types and found three cell lines where
native TRPM6 protein expression was robustly detected (Fig. 14).
In addition to a 230-kDa band corresponding to full-length TRPMS6,
we detected several lower-molecular mass bands (Fig. 14). As
with TRPM7 (9), we suggest that the endogenous TRPM6 mol-
ecule is proteolytically cleaved, freeing the kinase domain from
the channel moiety. All subsequent experiments were performed
in HEK 293T (293T) cells.
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Lower-molecular mass bands appear to be true fragments of
TRPMBS, as deletion of the TRPM6 gene in 293T cells eliminated
all protein bands detected by WB (Fig. 14). Stable ectopic ex-
pression of C-terminally HA-tagged TRPMS6 in 293T cells also
produced multiple M6CKs, detected by HA-IP (immunopre-
cipitation) followed by HA-WB (Fig. 1B). We attribute the ob-
servation that overexpressed TRPM6 demonstrates more
cleaved fragments than endogenous TRPM6 to the fact that the
recognition epitope of the mouse monoclonal antibody used for
detection of endogenous TRPM6 is located upstream of amino
acid ~1400 (e.g., this antibody does not recognize fragments
cleaved between amino acid 1400 and the C terminus; Fig. S1). It
is also likely that the avidity of the highly selected HA antibody is
superior to that of the mouse monoclonal antibody.

To reveal all endogenous TRPM6 kinase-containing fragments,
we used CRISPR-Cas9 techniques to incorporate a 2xHA epitope
tag sequence into TRPM6 immediately before the stop codon
(293T-M6y14). The cleavage pattern of endogenous HA-tagged
TRPM6 protein was identical to that of ectopically expressed
protein (Fig. 1B). This result argues against the possibility that the
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Fig. 1. Invivo TRPM6 cleavage releases its kinase from the channel domain. (A) Endogenous TRPM6 extracted from 2.5 x 107 LoVo (human colon), HuH6 (human
hepatoblastoma), and 293T (human embryonic kidney) cells, immunoprecipitated from lysates with TRPM6 C-terminal rabbit antibody (aM6C14), and probed on
Western blot with mouse TRPM6 antibody. (A, Right) 293T parental (WT) and TRPM6~"~ clonal (KO18 and KO98) cells. (B) Lysates of WT 293T and 293T cells with
endogenous C-terminally 2xHA-tagged TRPM6 (endo-M6-HA) immunoprecipitated with «aM6C14 antibody. 293T cells stably expressing ectopic C-terminally HA-
tagged TRPM6 (ecto-M6-HA) immunoprecipitated with aHA agarose. All IPs were probed on WB with aHA-peroxidase conjugate. (B, Right) TRPM6 protein
NP_060132.3: the approximate position of the cleavage sites calculated from their electrophoretic mobility relative to standard molecular-mass markers; aa, amino
acid; K, kinase domain; NLS, predicted nuclear localization signal. (C) The TRPM6 channel conductance is required for the proteolytic release of the kinase domain.
Endogenous TRPM6 protein was detected as in A in TRPM6~"~ (KO), parental (WT), and endogenous TRPM6 pore mutant (PM) 293T cells.
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detected TRPM6 fragments are products of alternative splicing. In
addition, we conclude that these fragments are not the result of
proteolysis during IP, because their relative abundance did not
vary with time over 2 to 17 h.

We next sought to investigate whether the channel activity of
TRPM6 is required for cleavage of M6CKs from the channel
domain. Using CRISPR-Cas9, we introduced a pore mutation in
the sixth transmembrane domain of TRPM6 in 293T-M6y, cells
(amino acids 1063 to 1065, NLL to FAP), which eliminated the
channel’s conductance (Fig. S2). We previously demonstrated
that an identical TRPM7 pore mutant acted as a dominant
negative, preventing ion conduction by the native channel (14).
We found that pore mutations in TRPM6 did not effect
TRPM6 expression but completely abolished endogenous pro-
tein cleavage (Fig. 1C). These data support the conclusion that
TRPM6’s C terminus is proteolytically cleaved in vivo and sug-
gest that conductance of the TRPM6 channel is required for
kinase cleavage. Hence, channel activity regulation will be mir-
rored in kinase release.

Nuclear Localization of M6CKs. The heterologously expressed full-
length TRPMG is localized to intracellular vesicles (Fig. 24)
similar to TRPM7-containing vesicles (15) and colocalizes with
TRPM7. Unfortunately, very low expression of endogenous
TRPM6 hindered our ability to further resolve its cellular loca-
tion, even with high-avidity HA antibodies. M6CKs cleaved at
amino acids 1100, 1225, and 1365 were localized strictly in the
nucleus by immunofluorescence (Fig. 2B). M6CK cleaved at
amino acid 1658 was localized to both the nucleus and cytoplasm.
Analysis of the TRPM6 amino acid sequence (nls-mapper.iab.
keio.ac.jp/cgi-bin/NLS Mapper_form.cgi) predicted several puta-
tive nuclear localization signals (NLSs) on the C terminus after
the sixth transmembrane domain, that may provide the basis
for importin-mediated M6CK nuclear localization (see the po-
sition for the highest-score NLS in Fig. 1B). In interphase cells,
nuclear M6CKs display a granular pattern, suggesting M6CK
binding to specific chromatin loci (Fig. 2B). This interpretation
was supported by the observation that M6CK extraction from
nuclei required high salt concentrations (0.4 to 0.6 M NaCl),

merge

merge

Fig. 2. Nuclear localization of M6CK. (A) 293T cells stably expressing FLAG-tagged full-length TRPM6. Fixed cells were labeled with antibody to FLAG and DNA
was labeled with DAPI (red, panel 1). Panels 2 to 4 show colocalization of TRPM6 and TRPM7 in 293T cells stably expressing FLAG-tagged full-length TRPM6 and
transiently transfected with GFP-tagged TRPM7. (B) M6CK-HA (first amino acid is 1365 of full-length TRPMS6) stably expressed in 293T cells localized to nuclei in
interphase cells. Fixed cells labeled with anti-HA antibody. (C) M6CK is excluded from the DNA in mitotic cells (cells and labeling are as in B).
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similar to conditions for chromatin-bound nuclear proteins. In
mitotic cells, M6CK was excluded from chromatin structures
(Fig. 20).

M6CKs Tune Gene Transcription. We previously demonstrated that
M7CKs translocate to the nucleus to regulate the activity of
hundreds of genes (9). The nuclear localization of M6CKs and the
structural similarity of M6/M7 channel kinases motivated us to test
the effect of TRPM6 on gene activity. We performed microarray
analysis for differential gene expression in WT and TRPM6™/~
293T cells. Microarray data (Dataset S1) demonstrated that cel-
lular deletion of TRPMG6 is associated with changes in expression
of more than 2,000 genes. Functional annotation of differentially
expressed genes (16) reveals significant enrichment of genes with
nuclear and organelle lumen function (Table S1). To further
validate our microarray data, we selected several genes that were
highly down-regulated in TRPM6’/’ cells and performed gene
expression analysis with quantitative PCR (gPCR). Comparison of
gene expresswn in WT 293T and 293T-TRPM6~"~ cells confirmed
the microarray data (Fig. 3). To distinguish whether the activity of
the TRPM6 channel or its kinase was responsible for modulating
gene expression, we generated 293T cells with a point mutation in
the phosphotransferase domain (K1804A) of TRPM6. As shown in
Fig. S2, this mutation eliminated TRPM6 kinase activity but did
not change the channel’s conductance or endogenous full-length
TRPM6 protein expression. TRPM6 kinase inactivation repro-
duces TRPM6~"~-dependent changes in gene activity (Fig. 3). We
conclude that TRPM6’s kinase activity is responsible for TRPM6
deletion-dependent alterations in gene expression.

M6CK Binds Components of the PRMT5 Complex. To gain insight into
the cellular mechanisms regulated by M6CKs, we studied the
TRPM6 interactome, harnessing tandem affinity purification
methodology, followed by mass spectrometry identification of
proteins copurified with TRPM6 (17). To reveal M6CK inter-
actors, we chose as bait a full-length, C-terminally tagged TRPM6
stably expressed in 293T cells, as this tagged protein has the same
cleavage pattern as endogenous TRPM6 (Fig. 1B). These ex-
periments showed a substantial proportion of putative TRPM6
interactors to be nuclear proteins (Dataset S2). The most striking
finding in purified TRPM6 molecular complexes was the abun-
dance of PRMTS5 and accessory subunits of the PRMTS methyl-
osome molecular complex WDR77 (13) and ICLN (pICln), along
with core spliceosomal proteins (Dataset S2).

> &
RN SN P PR
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RNA expression, Log(2) fold changes

Fig. 3. M6CK tunes gene transcription. Expression of selected genes was
quantified by RT-gPCR in 293T wild-type cells (WT), TRPM6~'~ (KO), and cells
with_a TRPM6_genomic single-amino_acid _mutation (K1804A) inactivating
the kinase (kinase-dead; k-d). Data are normalized to expression in WT cells.
Error bars represent SD.
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To examine whether endogenous TRPM6 complexes with the
identified presumed interactors, we immunoprecipitated endoge-
nous TRPM6ya from 293T-M6ya cells with HA antibody and
performed WB for endogenous candidate proteins. WT 293T cells
were used as controls for the determination of nonspecific binding.
Fig. 44 demonstrates that PRMTS5, WDR77, and ICLN were
specifically bound to endogenous TRPM6. To test whether the
PRMTS5 complex specifically interacts with M6CK, we immuno-
precipitated stably, ectopically expressed, FLAG-tagged full-
length TRPM6 and M6CK. We found that specific binding of
endogenous PRMT5 and subunits of the PRMTS complex to
M6CK cleaved at amino acid 1365 (Fig. 4B). M6CK cleaved at
amino acid 1658 also binds components of the PRMTS complex,
which suggests that the binding site is located on the C terminus,
proximal to the kinase or within the kinase domain. Hence, M6CK
binds components of the PRMTS5 complex.

M6CK Phosphorylates Specific S/T Residues of Histones and Attenuates
Methylation of Adjacent Arginine Residues. We first tested whether
bound PRMTS5, WDR?77, and ICLN were phosphorylated by
M6CK in vitro. Epitope-tagged, ectopically coexpressed, and
immunoprecipitated M6CK did not phosphorylate coimmuno-
precipitated PRMTS, WDR77, or ICLN. We were also unable
to detect phosphorylation of purified PRMTS, WDR77, and
ICLN proteins with purified M6CK.

PRMTS is known to symmetrically dimethylate arginine resi-
dues in many proteins, including nuclear proteins. This post-
translational modification regulates the functional activity of
these proteins and is associated with transcriptional regulation
(primarily inhibition), apoptosis and cell-cycle progression, DNA
repair, and developmental gene regulation (18, 19). Great at-
tention has been paid to PRMT5-mediated methylation of spe-
cific arginine residues in histones. These modifications alter
chromatin structure by affecting the recruitment of nonhistone
proteins that modulate the accessibility of genomic DNA, thus
tuning gene expression involved in cell-cycle progression, dif-
ferentiation, and DNA repair, among other cellular functions
(20-23). As we recently demonstrated, the highly homologous
M7CK phosphorylates specific histone S/T residues, enhancing
neighboring lysine acetylation to alter gene expression (9).
Analogously, we hypothesize that binding of M6CK to the
PRMTS complex or its histone-associated subunits may target
M6CKs for S/T phosphorylation at specific chromatin locations,
adjacent to PRMT5-methylated arginine residues.

Fig. S3 demonstrates that purified M6CK effectively phos-
phorylates purified histones in vitro. We next compared M6CK-
dependent in vivo histone phosphorylation in WT and TRPM6-
KO 293T cells. Using phospho-specific antibodies, we probed S/T
phosphorylation at residues neighboring arginines known to be
methylated by PRMTS (18). In the same chromatin preparations,
we tested histone arginine methylation using antibodies specific
for selected symmetrically dimethylated arginines (Arg-me2).
These experiments demonstrate that knockout of TRPM6 results
in a global decrease in phosphorylation of H2A-S1 and H4-S1
(Fig. 54). To support these findings, we also demonstrated that
H2A-S1 and H4-S1 were directly phosphorylated by purified
M6CK in preparations of purified H2A and H4 histones (Fig. 54).
Coinciding with serine dephosphorylation, deletion of TRPM6
resulted in a dramatic increase of global symmetric methylation
of H2A-R3 and H4-R3, arginines proximal to dephosphorylated
serines. For H3 histones, loss of TRPM6 resulted in dephosphory-
lation of H3-Thr3 and H3-Thr6, concurrent with a substantial in-
crease in the symmetric methylation of H3-R2 and H3-R8 (Fig. 5B).
Again, M6CK directly phosphorylated H3-Thr3 and H3-Thr6
(Fig. 5B).

We previously demonstrated that TRPM?7 kinase phosphory-
lated H3-S10 and H3-S28 in vivo but did not affect T11 phos-
phorylation (9). Here we tested phosphorylation of these residues
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Fig. 4. M6CK binds PRMT5, WDR77, and ICLN subunits of the protein
methylase complex. (A) Endogenous TRPM6 binds endogenous PRMT5 and
associated proteins. Extracts of 293T cells with endogenous HA-tagged
TRPM6 (TRPM6y,s) immunoprecipitated with HA-agarose and probed on
WB with antibodies recognizing proteins of interest. Parental 293T cells (WT)
served as negative controls. (B) Extracts of 293T cells stably expressing FLAG-
tagged full-length TRPM6 or M6CK (first amino acid is residue 1365 of full-
length TRPM6) immunoprecipitated with FLAG-agarose and probed on
Western blot with antibodies recognizing proteins of interest. Parental 293T
cells (WT) served as negative controls.

in TRPM6-KO cells to investigate whether these two homologous
kinases have distinct histone phosphorylation patterns. Unlike
TRPM?7, we found that loss of TRPM6 resulted in hyper-
phosphorylation of H3-S10 and H3-T11, implying that TRPM6
does not phosphorylate these serines directly but rather inhibits
a separate kinase that modifies these residues (Fig. 5C). This
conclusion was corroborated by our finding that purified M6CK
did not phosphorylate purified H3-S10 and H3-T11 in vitro (Fig.
5C). In contrast to TRPM?7, phosphorylation of H3-S28 was not
affected by deletion of TRPM6 (Fig. 5C), and thus served as an
intrinsic control. Antibody recognition of methylated lysine resi-
dues may be compromised when an adjacent residue is phos-
phorylated (24). Similarly, it is possible that a reduction in S/T
phosphorylation might mimic adjacent arginine hypermethylation.
To test this possibility, we pretreated histone extracts with
A-phosphatase and found that the increased Arg-me2 in TRPM6 ™'~
cells was not affected by histone dephosphorylation.

We also tested histone phosphorylation and methylation in cells
where endogenous TRPM6 kinase was inactivated by a selective
point mutation in TRPM6 (Materials and Methods and Fig. S2).
The kinase-dead mutation attenuated the same histone phos-
phorylation and enhanced arginine methylation as seen in knock-
outs of WI' TRPM6 (Fig. 5D). We conclude that M6CK itself is

E7096 | www.pnas.org/cgi/doi/10.1073/pnas. 1708427114
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responsible for modulation of histone phosphorylation and methyl-
ation. This conclusion is supported by the finding that overexpression
of active M6CK in TRPM6-KO cells reversed TRPM6-dependent
histone phosphorylation and methylation to the WT level (Fig. S4).
These data indicate that M6CK can directly phosphorylate selected
S/T residues in histones and abrogate symmetric methylation of the
neighboring arginine residues.

The PRMT5-WDR77-ICLN complex is also critical for core
spliceosome biogenesis (25-27). Using co-IP, we found that TRPM6
binds other components of the core spliceosome: SNRPD1, SNRPD2,
HNRNPA2B1, SmBB’, and the splicing effector Matrin3 (28)
(Dataset S2). These findings suggest that M6CK may participate
in RNA splicing regulation, an avenue that will require more
detailed future study.

Discussion

We demonstrated that fragments of the TRPM6 C terminus
containing the functional protein kinase are cleaved from the
channel domain in a cell type-specific fashion. We also demon-
strated that mutations ablating TRPM6 channel activity (pore
mutants) preclude kinase cleavage, implying that TRPM6 channel
activity plays a critical role in the generation of M6CKs. This
finding suggests that ions permeating the channel activate or
translocate proteases to release the kinase from the channel. We
recently demonstrated that the bulk of the homologous TRPM7
chanzyme is localized to unique intracellular vesicles. These
vesicles are capable of accumulating Zn®* and releasing it via
a TRPM7-dependent mechanism (15). Here we demonstrate that
the TRPM6 chanzyme is localized to the membranes of these
same vesicles. Because TRPM6, like TRPM7, has been shown to
conduct Zn** (29), we speculate that local [Zn**] may initiate the
kinase domain release mechanism. In the present study, we fo-
cused on investigating the targets of released, functional TRPM6
kinase. Future studies will be necessary to further delineate the
mechanisms underpinning the regulation of M6CK cleavage, po-
tentially via local [Zn**]-activated metalloproteases.

We found that M6CKs accumulate in the nucleus, and there-
fore investigated a nuclear-delimited function for the TRPM6
kinase. As demonstrated by genomic inactivation of TRPM6 ki-
nase activity, M6CKs are involved in transcriptional regulation of
more than 2,000 genes in 293T cells. TRPM7 also regulates gene
transcription in a set of target genes that are distinct from that of
TRPM6 (9). We speculate that TRPM6 and TRPM7 channels
destine cells for the expression of divergent transcriptomes via the
action of their cleaved kinases. However, because the channel-
dependent transcriptomes were studied in cells with different
epigenetic landscapes (embryonic stem cells for TRPM7 and
embryonic kidney cells for TRPM6) and cells may vary sub-
stantially in a variety of factors in the TRPM6/7 pathways, further
studies are necessary to understand the initiation and con-
sequences of these transcriptional changes.

Given M6CK’s nuclear localization, it was not surprising that
our TRPM6 interactome contained an array of nuclear proteins.
Among several putative interactors, those most abundantly rep-
resented were subunits of the methylosome molecular complex,
including PRMTS, WDR?77, and ICLN. Endogenous M6CKs also
bind these proteins. The principal component of the methylosome
is the protein arginine methylase PRMTS5, an enzyme that sym-
metrically dimethylates arginine residues (19). In recent years, the
study of histone arginine methylation has attracted great attention.
Studies have revealed a critical role for this mechanism in epige-
netically controlled cellular processes (30) and the functional
significance of specific histone methylation (20-23, 31). WDR77 is
required for substrate specificity (32), and may define PRMTS5-
dependent histone methylation targets (22, 33, 34). ICLN has
been shown to modulate PRMTS5-dependent histone methylation
(33, 35, 36), but its precise function is unknown.
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Fig. 5. TRPM6 kinase-dependent global histone phosphorylation and Arg methylation. Western blots of histone extracts with antibody recognizing the
indicated posttranslational histone modifications (PTMs). (A) Histone H2A-Ser1 and H4-Ser1 phosphorylation (-S1p) and symmetric Arg3 dimethylation
(-R3me2). Note that the epitopes in H2A and H4 are nearly identical, enabling the same antibody to be used to recognize modified residues (cartoon; Top).
Different electrophoretic mobilities of H2A and H4 allow simultaneous measurement of PTM levels in both histones. Histones were extracted from the
parental 293T cell (WT; three independent samples) and several clones of 293T-TRPM6~'~ (KO) cells (clone numbers are shown; three independent samples for
clone 18). Pan-antibody recognized all PTMs of the specific histone; there is equal histone content in all samples. (A, Right) Western blots (same antibodies) of
purified recombinant histones phosphorylated in vitro with purified M6CK. (B) Histone H3-Thr3 and H3-Thr6 phosphorylation and symmetric Arg2 and
Arg8 dimethylation. Labeling as in A. (C) Deletion of TRPM6 indirectly enhanced H3-S10 and H3-Thr11 phosphorylation and did not affect H3-
$28 phosphorylation in vivo. M6CK did not phosphorylate H3-S10, H3-Thr11, or H3-528 in vitro (Right). Phosphorylation conditions and labeling are as in A
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and B. (D) Endogenous TRPM6 kinase inactivation (kinase-dead) resulting in the same histone PTM changes as the TRPM6 knockout.

We found in vivo that M6CK phosphorylates S/T residues of
histones adjacent to arginines known to be methylated by PRMTS.
Moreover, this phosphorylation substantially attenuated symmetric
methylation of these arginines. Thus, our primary hypothesis is that
M6CK phosphorylates histone S/T residues near arginines meth-
ylated by PRMTS5. M6CK’s association with PRMTS5, WDR77, and
ICLN may target M7CK to a specific genomic location to provide
site-specific histone phosphorylation that attenuates the effect of
the local epigenetic arginine-methylation mark. Our observation of
methylation/phosphorylation cross-talk in vivo is directly confirmed
by the observation that PRMTS5-mediated in vitro methylation of
Arg3 in H2A and H4 synthetic peptides was blocked by the
phosphorylation of H2A/H4 Serl (37). It is also feasible that his-
tone phosphorylation by M6CK serves as an independent epige-
netic mark. Further genome-wide studies are required to reveal the
correlation between the location of PRMTS5-dependent histone
methylation and M6CK-dependent histone phosphorylation.

Methylation of histone arginine residues is important in reg-
ulation of cell-cycle progression, transcription, DNA repair, and
cellular differentiation (19). M6CK’s interaction with the PRMTS
molecular complex and inhibition of PRMT5-directed histone
methylation by M6CK-directed phosphorylation potentially im-
plicate TRPMB6 in the regulation of these functions, opening the
door to exciting future studies. In particular, PRMT5-mediated

Krapivinsky et al.

posttranslational histone modification significantly affects gene
expression and ultimately induces abnormal cell growth and
proliferation (38, 39). Overexpression or dysregulation of PRMTS5
has been reported in a number of cancers, including ovarian, breast,
lung, lymphoid, lymphoma, melanoma, colon, gastric, prostate, and
bladder cancer and germ cell tumors (13, 40, 41). Negative regu-
lation of histone arginine methylation by M6CK raises the possi-
bility that TRPM6 could be used as an endogenous PRMTS5
inhibitor to suppress some tumors.

Finally, the present study suggests a much wider role for
TRPM6 than magnesium homeostasis, as suggested by the severe
phenotype found in TRPM6~~ mice. Our data support a mecha-
nism in which histone posttranslational modifications by the
channel-dependent TRPMS6 kinase contribute to the regulation of
transcriptional activity of many other genes affecting development.

BIOCHEMISTRY

Materials and Methods

Cell Culture. LoVo (human colon; ATCC, CCL-229) and 293T (human embryonic
kidney; ATCC, CRL-3216) cell lines were maintained according to ATCC
guidelines. HUH6 (human hepatoblastoma) cells (CVCL_1296; a generous gift
of Arlin Rogers, Tufts University, North Grafton, MA) were cultured in DMEM,
10% FBS. 293T cells stably expressing tagged TRPM6 were obtained by selec-
tion with 1 pg/mL puromycin or 200 pg/mL hygromycin and cloned by limiting
dilution. After testing the protein expression by WB and immunofluorescence,

PNAS | Published online August 7, 2017 | E7097
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5 to 10 independent clones with similar proliferation rates and protein ex-
pression were combined and used for experiments.

cDNA Constructs. The human TRPM6 (GenBank, NM_017662) coding sequence
was PCR-amplified from a human ¢cDNA library and cloned into pEGFP-C1 to
make the GFP-TRPM6 fusion construct. TRPM6 FLAG- and HA-tagged constructs
were made in a pPyCAG-IP vector [puromycin resistance; gift of lan Chambers,
University of Edinburgh, Edinburgh (42)]. For stable expression of M6CK in
TRPM6™"~ cells, HA-tagged M6CKs were cloned into pCMV-3Tag-8 (blasticidin
resistance; Stratagene). The GST-M6CK-HA construct (encoding TRPM6 amino
acids 1658 to 2022) was made in the pGEX-4T1 vector (Amersham). cDNA
constructs for mammalian expression of N-terminally HA-tagged PRMT5,
WDR77, and CLNSA1 were made in a modified pcDNA6 vector (Invitrogen).
Mutations in expression constructs were made by QuikChange Lightning
(Agilent).

Biochemical Procedures. For TRPM6 and M6CK immunoprecipitation experi-
ments, proteins were extracted from the cells using NE-PER reagents (Pierce)
supplemented with protease and phosphatase inhibitor mixture (Pierce);
membrane, cytosolic, and nuclear extracts were combined. For histone ex-
traction, the cell pellet was lysed in NI buffer (20 mM Tris, 50 mM NacCl, 1.5 mM
MgCl,, 0.5% Triton X-100) containing protease and phosphatase inhibitor
mixture. The insoluble pellet was washed with NI buffer and solubilized in
SDS gel-loading buffer with brief sonication. For Arg-me2 WB, histones were
dephosphorylated with A-phosphatase as described (43). GST-M6CK protein
was purified from expressing BL21 bacteria using glutathione Sepharose (GE
Healthcare) as described (9). Purification of PRMT5, WDR77, and ICLN pro-
teins was as described (44, 45).

Tandem Affinity Purification and Mass Spectrometry. 293T cells stably
expressing TRPM6-FLAG-HA were lysed as described above for IP experi-
ments. Tagged TRPM6 was bound to FLAGM2-agarose (Sigma) and exten-
sively washed with BW buffer (10 mM Tris, 150 mM Nacl, 1.5 mM MgCl,, 0.5%
Nonidet P-40, protease and phosphatase inhibitor mixture, pH 7.4). Bound
proteins were eluted with 1 mg/mL FLAG peptide in BW buffer. FLAG-eluted
proteins were bound to HA-agarose (Roche) and washed, and bound pro-
teins were eluted with 1 mg/mL HA-peptide. Purified proteins were pelleted
by chloroform/methanol and solubilized in gel-loading SDS buffer. After
separation by SDS/PAGE, proteins were stained with Coomassie blue, ex-
cised, and in-gel-digested with trypsin. Mass spectrometry analyses used
a Thermo Fisher Orbitrap Elite mass spectrometer in the proteomic core
facility at the Whitehead Institute for Biomedical Research.

Antibodies. Rabbit polyclonal aM6C14 antibody was derived against a pep-
tide of the C-terminal 14 amino acids (RETGRNSPEDDMQL) of human TRPM6,
affinity-purified over immobilized antigen, and used for IP of endogenous
TRPM6. Mouse monoclonal TRPM6 antibody (Santa Cruz; sc-365536) was
used for WB of the immunoprecipitated TRPM6. Rabbit PRMT5 and
WDR77 antibodies were as described (44, 45). Commercially available anti-
bodies were as follows: mouse pICLN (Santa Cruz; sc-271327); mouse HA-HRP
and HA affinity matrix (Roche); mouse FLAG-M2 agarose and HRP conjugate
(Sigma); H2A (12349), H3 (4499), H3S10p (9701), H3S28p (9713), H3Thr3p
(9714), and H3Thr11p (9767) antibodies (Cell Signaling); H2A-symR3Me2
(PTM-673), H3-symR2Me2 (PTM-674), and H4-symR3me2 (PTM-639) (PTM
Bio); H2A/H4-S1p (Active Motif; 39115); and H3-Thrép (GeneTex; GTX60916).

Microarray Expression Profiling. Microarray expression profiling was per-
formed on Human Transcriptome Array 2.0 (Affymetrix) at the Microarray
and Sequencing Resource, Boston University Medical School.

qPCR Primers.

GAPDH: forward: 5-TGTTGCCATCAATGACCCCTT-3', reverse: 5'-CTCCAC-
GACGTACTCAGCG-3’

MAGEAS3: forward: 5-TGTGATCTTCAGCAAAGCTTCCAG-3/, reverse: 5'-
TCCATCAGCTCGATGCCAAAGAC-3’

MAGEAG6: forward: 5-ACCTCGCATTTCCTACCCACTC-3', reverse: 5-AGGAG-
GCAGTGGAAACTAAGGG-3'

MAP7D2: forward: 5'-ACGGAGCCTCCCATGAATAAACG-3/, reverse: 5-TGCAT-
GTGATGAGCTCGGTCTG-3’

MAGEB2: forward: 5'-AGTCAAGCCATCATGCCTCGTG-3/, reverse: 5-GCCTC-
TTCTTCCTCTGCTTCAGTG-3’

E7098 | www.pnas.org/cgi/doi/10.1073/pnas. 1708427114

GTSF1: forward: 5-AGACTCTGGCTGAGAGCACTTG-3/, reverse: 5-TATGT-
TGCTCGCAGGGCTGTTG-3’

PLTP: forward: 5-TTGGGAGCATTGTCCTGCTGAG-3’, reverse: 5'-TAGCAG-
TGACAGAGATGGTGGTG-3'

TERT: forward: 5-CGACATGGAGAACAAGCTGT-3/, reverse: 5-AGGTGA-
GACTGGCTCTGAT-3’

IFTM2: forward: 5'-CCACATTGTGCAAACCTTCTCTCC-3, reverse: 5'-TGCTCCT-
CCTTGAGCATCTCGTAG-3’

CRISPR-Cas9-Mediated Genome Editing. CRISPR-Cas9-mediated genome
editing in 293T cells was performed using homology-directed repair
(46). The optimal CRISPR-Cas9 cleavage site was chosen using DESKGEN soft-
ware (www.deskgen.com). Synthetic CRISPR-Cas9 RNA (crRNA), synthetic trans-
activating crRNA (tracrRNA), recombinant purified Streptococcus pyogenes
Cas9 nuclease (spCas9) protein, and 200-nt synthetic donor single-stranded
DNA (ultramer) were purchased from IDT and transfected into cells using
CRISPRMAX (Invitrogen) or nucleofection (Lonza) as described (47). Donor
DNA contained desirable modifications of the genomic sequence (stop codons,
coding nucleotide mutations, or additional coding sequences) or silent muta-
tions to make unique PCR priming sites for genotyping and to introduce
unique restriction sites for homo/heterozygosity tests. To increase the ho-
mologous recombination rate, cells were synchronized in G2/M phase using
200 ng/mL nocodazole (48) for 16 h before transfection. Transfected cells were
kept in media containing HDR enhancer, 10 pM RS-1 (49), for 2 d and then
cloned by limiting dilution. Genomic DNA extracts (Epicentre) from clonal cells
were genotyped by PCR with one primer unique for the incorporated donor
and another for annealing with the genomic sequence outside the donor
sequence. Genomic DNA from positively genotyped clones was PCR-amplified
with primers annealing 100 to 200 nt outside the donor sequence. Amplified
fragments were digested with restriction enzyme to identify clones with
donor-specific unique restriction sites integrated into both chromosomes.
Genomic DNA fragments of selected clones were PCR-amplified with primers
annealing 100 to 200 nt outside the donor sequence, cloned into plet1.2, and
sequenced. Clones with the predicted donor incorporation were used in
further experiments.

2xHA-Tag Knockin. Cas9 cleavage site: Chr9[74,724,609], TRPM6 NC_000009.12,
exon 39.

Target sequence: 5-ATATGCAACTATAAAAAGGG-3'.

Donor sequence (contains a Zral unique site; in bold): 5-TAGAATCA
GCTGAGGAGCCTCCAGCAAGGGAGACGGGTAGAAATTCCCCAGAAGATGATA-
TGCAACTATACCCATACGATGTTCCAGATTACGCTGGCAGCTATCCTTATG-
ACGTCCCTGATTATGCGTAGGGAGGAGCAAGAAGATCCCAGTGCTTGCCC-
TGCCTGCCAGGAACTCTGTGATAACATAGATTGATCAAC-3".

Genotyping primers: forward: 5-CCCTGCTCCCATAAACAGCA-3’, reverse:
5'-GCATAATCAGGGACGTCATAAGG-3'.

Homo/heterozygosity primers: forward: 5-GAAAGGAGGCTTAATCTAGA-
CATGG-3', reverse: 5'-CTTTAATGTGCAGGATTCTGCTC-3".

Pore mutation: nucleotides AAC CTG TTG (3187:3195 of NM_017662 coding)
>TTC GCA CCG; amino acids NLL (1063 to 1065 of NP_060132.3)>FAP. Cas9
cleavage site: Chr9[74,782,376], TRPM6 exon 23.

Target sequence: 5-ACTTGAAGAAAGCAATCAACAGG-3'.

Donor sequence (contains a Pvul unique site; in bold): 5'-GTTTGTTC-
AAGCCAGCCATCCTGCCCTCCTGGTTCTTTTCTTACTCCATTCTTGCAAGCTGTC-
TACCTCTTCGTGCAATATATCATCATGGTATTCGCACCGATCGCGTTCTTCAAGT-
AGGTTATTTCAATTAAATATGATTATTTAAATAAGAAATGTGGGCAGATATGTT-
GAGTAGATTCACATGTACTTTGAGTATG-3'.

Genotyping primers: forward: 5-GGTATTCGCACCGATCGCG-3', reverse: 5'-
TCACTGTTTCCCATGCTCCA-3'.

Homo/heterozygosity primers: forward: 5-ATGGTATTCTGTGCAGTTAAT-
GTG-3, reverse: 5'-TTATTTCACTGTTTCCCATGCTCC-3'.

Kinase mutation: nucleotides AAG (5410 to 5412 of NM_017662 coding)>GCG;
amino acid K1804A. Cas9 cleavage site: Chr9[74,782,376], TRPM6 exon 34.

Target sequence: 5'-TTCTTCCTGAGGTTGTGCGG-3'.

Donor sequence (contains a Hindlll unique site; in bold): 5-TGGATG-
GGGGCCTCCGTAAAGCTATGAGAGTCGTCAGCACTTGGTCTGAGGATGACATT-
CTCAAGCCGGGACAAGTTTTCATTGTCGCAAGCTTCTTGCCAGAGGTAGTCAG-
AACATGGCATAAAATCTTCCAGGAGAGCACTGTGCTTCATCTTTGCCTCAGGG-
TAA-GTCTGAAACTCAGAGACCCATAGCCCAGAGGG-3'.

Genotyping primers: forward: 5'-TCTCCCCTTCCCCACATCTA-3/, reverse: 5'-
TACCTCTGGCAAGAAGCTTGC-3".

Homo/heterozygosity primers: forward: 5-AGTCCCATTCTCCTCTGGTCA-3/,
reverse: 5-AATAGGCTCCCCTTTGGGTT-3'".
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TRPM6 knockout: multiple stop codons inserted after base 96 of the coding
sequence. Cas9 cleavage site: Chr9[74,858,673], TRPM6 exon 2.

Target sequence: 5-GTGAGGATTTTTTGAGCTGG-3'.

Donor sequence (contains a Scal unique site; in bold): 5-GTATAAAA-
TAATGACACTTTCTTTTTAGTCCCAGAAATCCTGGATTAAAGGAGTATTTGAC-
AAGAGAGAATGTAGCACAATCATACCCAGCTGAGCGTAGCTGAGTACTGAAA-
ATTTTCAATTACCTTCTTCTTTTAAAAGCAACACTACCTGATGGACTATTTATAG-
AAACTTAGAAATATGACTTGTTTAGAAGTTTT-3".

Genotyping primers: forward: 5-GGGGTTTGTTCATGTAGGGCT-3’, reverse:
5'-CAGTACTCAGCTACGCTCAGC-3'.

Homo/heterozygosity primers: forward: 5-AATGCTTAGCCTGTGTGGGG-3,
reverse: 5'-CCTCCCATCAAGAGGAACAGA-3'.

Alternative TRPM6 Knockout in 293T Cells. Microhomology domain-mediated
end joining (50) was used to insert puromycin coding sequences followed by
SV40-polyA into the second exon of TRPM6.

Cas9 cleavage site: Chr9[74,858,731].

Target sequence 5-CAAATACTCCTTTAATCCAGG-3’ was cloned into the
SpCas9 sgRNA expression plasmid BPK1520 (51). Puromycin-SV40pA donor
DNA was amplified from pPur (Clontech) with primers that start with 8-nt
sequences flanking the CRISPR-Cas9 cleavage site. 293T cells were cotrans-
fected with sgRNA-BPK 1520, Cas9-HF1-expressing plasmid VP12 (52), and
donor DNA using Lipofectamine LTX (Invitrogen). Three days after trans-
fection, puromycin-resistant cells were selected with 1 pg/mL puromycin for
10 d. Single clones were expanded and genotyped.

Donor primers: forward: 5-ATCCTGGAACGCTGACATGACCGAGTACAA-
GCCCAC-3, reverse: 5-TCCTTTAAGATGAGTTTGGACAAACCACAAC-3".
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Genotyping primers: forward: 5-GCCAAAGTGGGACTTGATGGG-3, reverse: 5'-
CGTGGGCTTGTACTCGGTCAT-3'.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde and per-
meabilized in 0.1% Triton X-100 at room temperature. Nonspecific binding
was blocked with 10% goat serum in PBS, and cells were incubated with
primary antibodies for 2 h at room temperature or overnight at 4 °C, followed
by detection with fluorophore-conjugated secondary antibodies. Nuclei
were stained with DAPI in PBS before mounting the cells on slides using
ProLong Gold (Life Technologies). Images were acquired on an Olympus
Fluoview 1000 confocal microscope.

Electrophysiological Recordings. TRPM6-expressing vectors were transiently
transfected into 293T-TRPM7~'~ cells (15). These cells were used for patch-
clamp studies of TRPM6 mutants to eliminate the background endogenous
TRPM7 current. The cells were voltage-clamped with an Axopatch 200B
amplifier controlled via a Digidata 1440A (Molecular Devices). Pipette re-
sistances were 3 to 5 MQ. The pipette electrode solution contained 120 mM
Cs-MeSO3, 8 mM NaCl, 10 mM 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid (BAPTA), 2 mM CaCl,, 2 mM ATP-Na,, and 10 mM Hepes. The
bath solution was a modified Hepes-buffered Tyrode’s solution, HBT-B, which
contained 140 mM Nadl, 5 mM KCl, 2 mM CaCl,, 10 mM Hepes, and 10 mM
glucose (pH 7.4). Cells were held at 0 mV, and 200-ms ramps from —100 mV to
+100 mV were applied every 2 s. Currents were digitized at 10 kHz and low
pass-filtered at 2 kHz.
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