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HRPU-2, a Homolog of Mammalian hnRNP U, Regulates
Synaptic Transmission by Controlling the Expression of
SLO-2 Potassium Channel in Caenorhabditis elegans

Ping Liu,' Sijie Jason Wang,?> “Zhao-Wen Wang,' and “Bojun Chen'
'Department of Neuroscience, UConn Health, Farmington Connecticut 06030-3401, and 2Department of Hospital Medicine, Concord Hospital, Concord,
New Hampshire 03301

Slo2 channels are large-conductance potassium channels abundantly expressed in the nervous system. However, it is unclear how their
expression level in neurons is regulated. Here we report that HRPU-2, an RNA-binding protein homologous to mammalian heteroge-
neous nuclear ribonucleoprotein U (hnRNP U), plays an important role in regulating the expression of SLO-2 (a homolog of mammalian
Slo2) in Caenorhabditis elegans. Loss-of-function (If) mutants of hrpu-2 were isolated in a genetic screen for suppressors of a sluggish
phenotype caused by a hyperactive SLO-2. In hrpu-2(If) mutants, SLO-2-mediated delayed outward currents in neurons are greatly
decreased, and neuromuscular synaptic transmission is enhanced. These mutant phenotypes can be rescued by expressing wild-type
HRPU-2 in neurons. HRPU-2 binds to slo-2 mRNA, and hrpu-2(If) mutants show decreased SLO-2 protein expression. In contrast,
hrpu-2(If) does not alter the expression of either the BK channel SLO-1 or the Shaker type potassium channel SHK-1. hrpu-2(If) mutants
are indistinguishable from wild type in gross motor neuron morphology and locomotion behavior. Together, these observations suggest
that HRPU-2 plays important roles in SLO-2 function by regulating SLO-2 protein expression, and that SLO-2 is likely among a restricted
set of proteins regulated by HRPU-2. Mutations of human Slo2 channel and hnRNP U are strongly linked to epileptic disorders and
intellectual disability. The findings of this study suggest a potential link between these two molecules in human patients.
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Heterogeneous nuclear ribonucleoprotein U (hnRNP U) belongs to a family of RNA-binding proteins that play important roles in
controlling gene expression. Recent studies have established a strong link between mutations of hnRNP U and human epilepsies
and intellectual disability. However, it is unclear how mutations of hnRNP U may cause such disorders. This study shows that
mutations of HRPU-2, a worm homolog of mammalian hnRNP U, result in dysfunction of a Slo2 potassium channel, which is
critical to neuronal function. Because mutations of Slo2 channels are also strongly associated with epileptic encephalopathies and
intellectual disability in humans, the findings of this study point to a potential mechanism underlying neurological disorders
caused by hnRNP U mutations. /
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each have the following two Slo2 channels: Slo2.1/Slick and
Slo2.2/Slack (Kaczmarek, 2013). Both channels are widely ex-

Introduction
Slo2 channels are a family of large-conductance potassium chan-

nels found in mammals and invertebrates. Humans and mice
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pressed in the nervous system (Bhattacharjee et al., 2002, 2005;
www.brain-map.org), where Slack is a major contributor to de-
layed outward currents in a variety of neurons examined (Budelli
et al., 2009; Lu et al., 2010; Martinez-Espinosa et al., 2015). Mu-
tations of Slack in humans are strongly associated with epileptic
encephalopathies and intellectual disability (Barcia et al., 2012;
Heron etal., 2012; Ishii et al., 2013; Martin et al., 2014; Vanderver
etal., 2014). Knockout of Slack in mice causes hyperexcitability of
neurons, enhanced pain and itch responses, and cognitive im-
pairment (Bausch et al., 2015; Lu et al., 2015; Martinez-Espinosa
etal., 2015). These findings suggest that Slo2 channels, especially



1074 - J. Neurosci., January 31,2018 - 38(5):1073-1084

Slack, have important physiological functions in the nervous
system.

It is well recognized that the proper function of a potassium
channel in vivo generally depends on many interacting proteins.
For example, studies of the BK channel Slo1, which is a paralogue
of Slo2, have identified a variety of interacting proteins that
regulate various aspects of Slo1 biology, including expression, mem-
brane trafficking, voltage dependence, activation and inactivation
rates, and subcellular localization (Schopperle et al., 1998; Xia et al.,
1998; Zhou et al., 1999; Kim et al., 2009; Abraham et al., 2010; Chen
etal., 2010a, b; Contreras et al., 2012; Li and Yan, 2016). In contrast,
aside from some general ion channel regulators [e.g., protein ki-
nases, CAMP, and PIP2 (phosphatidylinositol 4,5-bisphosphate)],
only a single protein, the mRNA-binding protein fragile X mental
retardation protein (FMRP), has been identified as a regulatory
protein for Slo2 (Kaczmarek, 2013). FMRP can bind to Slack C
terminal to enhance channel activity, and a lack of FMRP com-
promises Slack-mediated outward currents in neurons without
reducing Slack protein expression (Brown etal., 2010). In Aplasia
bag cells, where FMRP also regulates Slack, knockdown of Slack
prevents recovery from a prolonged inhibitory period that nor-
mally follows an evoked discharge of action potentials. This ac-
tion is replicated by treatment with a protein synthesis inhibitor,
which has led to the suggestion that interactions between Slack
and FMRP may link changes in neuronal firing to changes in
protein translation (Zhang et al., 2012).

Heterogeneous nuclear ribonucleoproteins (hnRNPs) comprise
a family of RNA-binding proteins with 20 members in humans.
They exist predominantly in the nucleus but can translocate to the
cytosol (Han et al., 2010; Geuens et al., 2016). hnRNP U is the
largest in size among this family of proteins. Prominent struc-
tural domains of hnRNP U include an N terminal rich in acidic
residues and a C-terminal arginine-glycine-glycine (RGG) box,
which contains a cluster of RGG repeats and mediates RNA bind-
ing (Kiledjian and Dreyfuss, 1992). Documented roles of hnRNP
U include the regulation of gene transcription (Spraggon et al.,
2007; Matsuoka et al., 2009; Vizlin-Hodzic et al., 2011), excision
of introns and alternative axons from precursor mRNA (Xiao et
al., 2012; Wee et al., 2014; Ye et al., 2015), and maintenance of
RNA stability (Yugami et al., 2007). As with mutations of Slack,
mutations of hnRNP U are strongly linked to epileptic encepha-
lopathies and intellectual disability (Carvill et al., 2013; Allen et
al., 2013; Hamdan et al., 2014; de Kovel et al., 2016; Bramswig et
al., 2017; Depienne et al., 2017). However, it is unclear whether
such disorders caused by hnRNP U mutations are related to Slo2
function. Despite their important roles in protein expression,
hnRNPs have been rarely implicated in regulating the expression
of ion channels (Ferron et al., 2008; Liu et al., 2012).

The nematode Caenorhabditis elegans has a single Slo2 ho-
molog known as SLO-2. Itis a predominant conductor of delayed
outward currents in neurons and muscle cells. Loss-of-function
(If) mutation of slo-2 causes elevated (less hyperpolarized) resting
membrane potential in neurons and muscle cells, increased neu-
rotransmitter release from neurons, and broadened action po-
tentials and diminished afterhyperpolarization in muscle cells
(Liu et al., 2011, 2014). We hypothesized that there are uniden-
tified proteins critical to Slo2 expression or function in vivo and
embarked on a project to identify them using a forward genetic
approach with C. elegans. Here we report the discovery of HRPU-2, a
homolog of mammalian hnRNP U, as an important regulator of
SLO-2 expression in vivo. Our findings may facilitate the under-
standing of the molecular bases of diseases caused by mutations
of hnRNP U and Slo2 in humans.
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Materials and Methods

C. elegans culture and strains. C. elegans hermaphrodites were raised on
nematode growth medium plates spotted with a layer of OP50 Esche-
richia coli at 22°C inside an environmental chamber. The following
strains were used in this study (plasmids used in making the transgenic
strains are indicated by numbers with a “wp” prefix): wild-type (Bristol N2):
LY101, slo-2(nf101); ZW083, zwlIs101[Pslo-1::slo-1:GFP (wp5)]; ZW236,
0xIs215[Punc-47::mRFP]; ZW860, zwls[Pslo-1::slo-2(gf)(wp1311), Pmyo-2::
YFP(wp214)]; ZW798, zwls133[Punc-17:GFP(wp608)]; ZW861, zwIs[Pslo-
IL::slo-2(gf)(wp1311), Pmyo-2:YFP(wp214)]; hrpu-2(zw65); ZW866, zwls
[Pslo-1::slo-2(gf) (wp1311), Pmyo-2:YFP(wp214)]; hrpu-2(zw70); ZW871,
zwls[Pslo-1::slo-2(gf)(wp1311), Pmyo-2::YFP(wp214)]; hrpu-2(zw75); ZWI15,
slo-2(nf101); hrpu-2(zw65). ZW1004: slo-2(nf101); hrpu-2(zw75); ZW1020,
zwls[Prab-3::hrpu-2::GFP(wpl1370)]; ZW1047, zwEx219[Prab-3::hrpu-2:
GEP(wp1370), hrpu-2(zw65)]; ZW1048, zwEx220[Phrpu-2::GFP(wp1372),
lin-15(+)]; lin-15(n765); ZW1049, zwEx221 [Prab-3::slo-2::GFP]; ZW1050,
zwEx221[Prab-3::slo-2::GFP]; hrpu-2(zw65); ZW 1051, zwEx221 [ Prab-3::slo-
2:GFPJ; hrpu-2(zw75); ZW1061, zwls101[Pslo-1:slo-1:GFP (wp5)]; hrpu-
2(zw65); ZW1083, zwls133[Punc-17:GFP(wp608)]; hrpu-2(zw65); ZW1084,
oxIs215[Punc-47::mRFP]; hrpu-2(zw65); ZW1091, zwEx229[Pslo-1::slo-2
(wpl1090); slo-2(nf101); ZW1092, zwEx230[Pslo-1::slo-2(wp1311); slo-2
(nf101); ZW1096, zwEx231[Prab-3::His-58::mStrawberry(p1749), Prab-3::
hrpu-2:GFP(p1370), lin-15(+)]; lin-15(n765); ZW1147, zwls139[Pslo-1::
slo-2(gf)(wp1311), Pmyo-2:YFP(wp214)]; zwEx246[Prab-3:hrpu-2(wp1738),
Prab-3:GFP(wp70)]; hrpu-2(zw65); ZW1149, zwEx247[Pslo-2::mStrawberry
(wpl1776), lin-15(+)];zwEx220[Phrpu-2::GFP(wp1372), lin-15(+)]; lin-15
(n765); ZW1151, zwEx248[Pmyo-3::slo-2::GFP(wp1319); ZW1152, zwEx248
[Pmyo-3::slo-2::GFP(wpl1319);  hrpu-2(zw65); ZW1153, zwEx248[Pmyo-3::
slo-2::GFP(wp1319); hrpu-2(zw75); ZW1159, zwEx253[Prab-3::shk-
1::GFP(wpl1770)]. ZW1160: zwEx253[Prab-3::shk-1::GFP(wpl770)];
hrpu-2(zw65).

Mutant screening and mapping. An integrated transgenic strain ex-
pressing Pslo-1::SLO-2(gf) and Pmyo-2::YFP in the wild-type genetic
background was used for mutant screen. Pmyo-2::YFP, which expresses
YEFP (yellow fluorescent protein) in the pharynx, served as a genetic marker.
Synchronized L4-stage slo-2(gf) worms were treated with the chemical mu-
tagen ethyl methanesulfonate (50 mm) for 4 h at room temperature. F2
progeny of the mutagenized worms were screened for animals that
moved better than the original slo-2(gf) worms. Seventeen suppressors
were isolated in the screen and were subjected to whole-genome sequenc-
ing. Analysis of the whole-genome sequencing data showed that nine
mutants have mutations in hrpu-2 (www.wormbase.org). Expression of a
wild-type cDNA of hrpu-2 under the control of Pslo-1 in slo-2(gf);hrpu-
2(zw65) double mutants fully reinstated the lethargic phenotype.

Analysis of locomotion behavior. Locomotion velocity was quantified
using Track-A-Worm, an automated worm-tracking and analysis system
(Wang and Wang, 2013). Briefly, a single young adult hermaphrodite
was transferred to a nematode growth media plate without food. After an
~30 s recovery time from the transfer, snapshots of the worm were taken
at 3 frames/s for 1 min using a VGA FireWire camera (XCD-V60, Sony)
mounted on a stereomicroscope (SMZ800, Nikon). The worm was con-
stantly kept in the center of the view field with a motorized microscope
stage (OptiScanTM ES111, Prior Scientific). Both the camera and mo-
torized stage were controlled by Track-A-Worm.

Analysis of expression pattern and subcellular localization. The expres-
sion pattern of hrpu-2 was assessed by expressing GFP under the control
of 3.1 kb hrpu-2 promoter (Phrpu-2::GFP, wp1372). Primers for cloning
Phrpu-2 were 5'-GAAGCTGCAGCCACCAAACTCCACATGC (for-
ward) and 5'-TTTACCGGTTCGTCGGTCATTTTTATTGAG (reverse).
Subcellular localization of HRPU-2 was determined by fusing GFP to its
C terminus and expressing the fusion protein under the control of Prab-3
(Prab-3::hrpu-2::GFP, wp1370). Primers for cloning hrpu-2 cDNA are
5'-CTTAGTCGACACGATGACCGACGAGACTGAAAAT (forward)
and 5'-TTTACCGGTCCGTAGCGACGGCGTTCAAAGA (reverse). A
plasmid (wp1749) harboring Prab-3::his-58::mStrawberry was con-
structed to serve as a nucleus marker. Primers for cloning his-58 cDNA
are 5'-TAAGGTACCATGCCACCAAAGCCATCTGC (forward) and 5'-
ATAGCTAGCTTACTTGCTGGAAGTGTACTTGG (reverse). The plas-
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verted Microscope equipped with EGFP/FITC
and mCherry/Texas Red filter sets (49002 and
49008, Chroma Technology).

Electrophysiology. Adult hermaphrodites were
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used in all electrophysiological experiments.
Worms were immobilized and dissected as de-
scribed previously (Liu et al., 2013). Borosili-
cate glass pipettes were used as electrodes for
recording whole-cell currents. Pipette tip resis-
tance for recording muscle cell currents was
3-5 MJ(), whereas that for recording motor
neuron currents was ~20 M(). The dissected
worm preparation was treated briefly with col-
lagenase and perfused with the extracellular so-
lution for 5-fold to 10-fold of bath volume.
Classical whole-cell configuration was obtained
by applying a negative pressure to the record-
ing pipette. Current-clamp and voltage-clamp
experiments were performed with a Multi-
clamp 700B amplifier (Molecular Devices) and
the Clampex software (version 10, Molecular
Devices). Data were sampled at a rate of 10 kHz
after filtering at 2 kHz. Spontaneous membrane
potential changes were recorded using the
current-clamp technique without current in-
jection. Motor neuron whole-cell outward cur-
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Figure 1.

solution | were used in both Cand D.

mids were injected into the lin-15(n765) strain along with a lin-15 rescue
plasmid to serve as a transformation marker. To determine whether
hrpu-2 is coexpressed with slo-2, two genomic fragments (5.3 and 5.5 kb
with 0.6 kb overlap) upstream of a common exon of slo-2 were amplified
by PCR using the following primers: 5'-TTCATGCGCGAACAGGATCA
(forward) and 5'-AACAATCAGAGGGCCTTTGGTAG (reverse; 5.3
kb); and 5'-ATACTGCAGGATCCACCTCCTCACATTCACTGA (for-
ward) and 5'-GAAACCGGTCCATACTGCATCCGAGCACTG (reverse;
5.5 kb). The 5.5 kb fragment was cloned into a plasmid containing
mStrawberry, and the resultant plasmid (wp1776) was linearized and
coinjected with the 5.3 kb fragment into the lin-15(n765) strain. A Pslo-2::
mStrawberry transgene thus generated was subsequently crossed into the
strain expressing Phrpu-2::GFP. Images of transgenic worms were taken
with a digital CMOS (complementary metal-oxide semiconductor) cam-
era (C11440-22CU, Hamamatsu) mounted on a Nikon TE2000-U In-
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Mutating three amino acid residues in S6 of SLO-2 creates a gf channel. A, Alignment of amino acid sequences of the
pore region and S6 membrane-spanning domain between rat Slick/Slo2.1 and C. elegans SLO-2. Altered residues in Slick-EE and
SLO-2(gf) are indicated by red letters. B, Wild-type SLO-2 and SLO-2(gf) expressed in muscle cells of slo-2(nf101) differ in single-
channel properties. Symmetrical K ™ solutions (pipette solution |1l and bath solution II) were used. The sample size was 7 for both
groups. ¢, Comparison of whole-cell currents between muscle cells expressing wild-type SLO-2 and SLO-2(gf). SLO-2(gf) displays
fasteractivation and a leftward shift in the conductance—voltage relationship. The sample size was 7 for both groups. D, Expression
of SLO-2(gf) in muscle cells causes a more hyperpolarized resting membrane potential. The sample size was 7 SL0-2 and 8
SLO-2(gf). The asterisks (***) indicate a statistically significant difference ( p << 0.001, unpaired t test). Pipette solution | and bath

rents were recorded by applying a series of
voltage steps (—60 to +70 mV at 10 mV inter-
vals; 1200 ms pulse duration) from a holding
potential of —60 mV. Spontaneous postsynap-
tic currents (PSCs) were recorded from body-
wall muscle cells at a holding potential of —60
mV. Two bath solutions and three pipette so-
lutions were used in electrophysiological ex-
periments, as specified in figure legends. Bath
solution I contained the following (in mm): 140
NaCl, 5 KCl, 5 CaCl,, 5 MgCl,, 11 dextrose,
and 5 HEPES, pH 7.2. Bath solution II contained
the following (in mm): 100K * gluconate, 50 KCl,
1 Mg?* gluconate, 0.1 Ca** gluconate, and 10
HEPES, pH 7.2. Pipette solution I contained the
following (in mm): 120 KCl, 20 KOH, 5 Tris, 0.25
CaCl,, 4 MgCl,, 36 sucrose, 5 EGTA, and 4
Na,ATP, pH 7.2. Pipette solution II differed from
pipette solution I in that 113.2 KCI was substi-
tuted by K gluconate. Pipette solution IIT con-
tained the following (in mm): 150 K gluconate,
1 Mg>" gluconate, and 10 HEPES (pH 7.2).
Quantification of SLO-2:GFP fluorescence
intensity. Young adult worms expressing Prab-
3:SLO-2::GFP were immobilized in M9 solu-
tion containing 1 mM azide. Images of the
ventral nerve cords posterior to the vulva or
the body-wall muscle cells were obtained using
the Hamamatsu digital CMOS camera with an
identical exposure time for each groups. Image] software was used to extract
straightened ventral cord images and to quantify fluorescence intensity. For
each image, SLO-2::GFP intensity was calculated by subtracting the mini-
mum intensity (background fluorescence) from the average intensity.
Expression of SLO-1::GFP and SHK- 1::GFP fusion proteins. To compare
slo-1 expression between wild-type and hrpu-2 mutants, an integrated
Pslo-1::slo-1::GFP transgene (Chen et al., 2011) was crossed into the
hrpu-1(zw65) strain. To compare shk-1 expression between wild-type
and hrpu-2 mutant, a shk-1 cDNA was cloned and inserted before GFP in
an existing plasmid containing Prab-3::GFP. Primers for cloning shk-1
were 5'-ATTGGATCCATGCGATTCGGTGGTCAACG (forward) and
5'-TGTGCCGGCGCGATGTCGTCGTCTGCAT (reverse). The Prab-3::
shk-1::GFP plasmid (wp1770) was first injected into wild-type worms to
create a stable transgenic line, and then the transgene was crossed into
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different worm strains. The sample size was 10 —12 for each group. The asterisks (***) indicate a significant difference compared with wild type (wt; p << 0.001, one-way ANOVA with Tukey's post
hoctests). B, Alignment of amino acid sequences between HRPU-2b and the human hnRNP U (NP_114032). Identical residues are in black boxes. RGG repeats are shaded in red. The molecular lesions
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and a nuclearlocalization signal (NLS) and an RGG domain at the Cterminal. The NLS was identified using cNLS mapper (nls-mapper.iab.keio.ac.jp/). D, hrpu-2(zw65) reverses the effects of slo-2(gf)
on whole-cell currents in VA5 motor neuron, and these effects are restored by the expression of the wild-type hrpu-2 in neurons of slo-2(gf);hrpu-2(zw65) (Rescue). The sample sizes were 6 wt, 5
slo-2(gf), 6 slo-2(gf);hrpu-2(zw65), and 7 Rescue. Pipette solution | and bath solution | were used. The asterisks (***) indicate a significant difference compared with slo-2(gf) (p << 0.001, two-way
ANOVA with Tukey's post hoc tests). E, hrpu-2(zw65) suppresses inhibitory effects of slo-2(gf) on the frequency and mean charge transfer of PSC bursts, and these effects are restored by expression
of the wild-type hrpu-2 in neurons of slo-2(gf);hrpu-2(zw65) (Rescue). Shown are representative traces of spontaneous PSCs and the comparison of PSC burst properties. The vertical dotted lines
mark PSCbursts, which are defined as an apparent increase in PSC frequency accompanied by a baseline drop lasting >3 s. The sample sizes were 7 wt, 6 slo-2(gf), 7 slo-2(gf);hrpu-2(zw65), and 8
Rescue. Pipette solution Il and bath solution | were used. The asterisks indicate a statistically significant difference compared with slo-2(gf) (*p << 0.05; ***p << 0.001, one-way ANOVA with Tukey’s

post hoc tests).

hrpu-2(zw65). Images of the ventral nerve cord of the transgenic worms
were taken as described above.

RNA isolation and quantitative reverse transcription-PCR. Total RNA
was extracted from synchronized adult-stage worms using TRIzol Re-
agent (Invitrogen) and treated with TURBO DNase (Ambion). One mi-
crogram of total RNA was reverse transcribed with M-MuLV reverse
transcriptase (New England BioLabs) using oligo(dT),, primer.
Quantitative real-time PCR was performed in a 20 ul volume using
iTaq Universal SYBR Green Supermix (Bio-Rad) on CFX Real-Time
PCR Detection System (Bio-Rad). The amplification was performed as
follows: 3 min at 95°C for initial polymerase activation, 40 cycles of 10 s at
95°C for denaturation and 30 s at 62°C for annealing and extension, and
a final melting curve stage from 65°C to 95°C to verify the specificity of
amplicons. The relative amounts of mRNA were determined using the
Comparative Ct method and presented as the fold change relative to
control. Quantitative reverse transcription-PCR (qRT-PCR) was per-
formed in triplicate, and each sample was independently normalized to

the endogenous reference gene act- 1. Primers for slo-2 were 5'-GAAGGG
AAAAGTTGGAAATTTGG (forward) and 5'-AGTGATCATTCGAAG
TCTTGGGA (reverse). Primers for act-1 were 5'-GCCCAATCCAAG
AGAGGTATCC (forward) and 5'-TGAGGAGGACTGGGTGCTCT
(reverse).

RNA immunopurification. The Prab-3::hrpu-2::GFP transgene was in-
tegrated into the genome via y-irradiation, and the integrant was back-
crossed with wild type five times. RNA immunopurification (RIP) assays
were performed with the integrated strain using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore) according to
manufacturer instructions. Briefly, mixed-stage worms were homoge-
nized and lysed in RIP lysis buffer, and an equal amount of the lysate was
incubated with either a mouse anti-GFP antibody (clone N86/38, Neuro-
Mab, University of California, Davis, Davis, CA) or a control IgG (Millipore)
bound to protein A/G magnetic beads. After washing off unbound materials,
the magnetic beads were treated with protease K to digest the protein and
RNA was extracted subsequently. qRT-PCR was performed as described
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earlier. Primers for slo-1 were 5'-TCTGTTCGGTTTGGCCATGT (forward)
and 5'-CACGTCATCACGGTCCTCGT (reverse). Primers for shk-1 were
5'-TTTCTTCGCGGACACAAGC (forward) and 5-ACCAGAGCAATT
GCCATGAAG (reverse).

Data analyses for electrophysiology. Amplitudes of whole-cell currents in
response to voltage steps were determined from the mean current during the
last 100 ms of the 1200 ms voltage pulses using Clampfit software. The
duration and charge transfer of PSC bursts were quantified with Clampfit
software (version 10, Molecular Devices), as previously described (Liu et al.,
2013). The frequency of PSC bursts was manually counted. Statistical com-
parisons were performed with Origin Pro 2017 (OriginLab) using either
ANOVA or unpaired ¢ test, as specified in figure legends. p < 0.05 is consid-
ered to be statistically significant. The sample size (1) equals the number of
cells or membrane patches analyzed. All values are shown as the mean = SE,
and data graphing was performed with Origin Pro 2017.

Results

Mutating SLO-2 S6 creates a hyperactive channel

To identify proteins important to SLO-2 function in vivo using a
forward genetic approach, it is necessary to create a strain ex-
pressing a hyperactive SLO-2 with an obvious behavioral pheno-
type. Because mutating two amino acid residues (glutamine 276 and
tyrosine 279) in the S6 membrane-spanning domain of rat Slo2.1/
Slick to glutamate (Slick-EE) causes a large increase in single-
channel conductance (Chen et al., 2009), we tested whether similar
changes may enhance SLO-2 channel function. While the S6 of the
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mutated Slo2.1 contains the amino acid se-
quence ELAEL, corresponding residues of
wild-type SLO-2 are ELGQT (Fig. 1A). We
therefore mutated GQT to AEL in SLO-2
and tested whether the mutation alters
SLO-2 function in body-wall muscle cells.
The mutated SLO-2 and wild-type SLO-2
were independently expressed in slo-
2(nf101), a putative null resulting from a de-
letion (Wei et al., 2002), using a cloned slo-1
promoter (Wang et al., 2001; Chen et al.,
2010b), which is more effective in driving
GFP reporter expression in neurons and
muscle cells than a cloned slo-2 promoter
(Limetal., 1999; Yuan et al., 2000). The mu-
tation caused several changes in SLO-2
single-channel properties, including a larger
conductance (116.9 £ 0.9vs 110.2 = 1.0 pS;
p < 0.001), a higher open probability at
hyperpolarizing voltages (0.54 * 0.03 vs
0.12 £ 0.03 at —50 mV; p < 0.001), and a
loss of voltage dependence (Fig. 1B). In ad-
dition, the mutation caused faster activation
of whole-cell currents, a shift of the conduc-
tance—voltage relationship to a more hy-
perpolarized voltage range (Fig. 1C), and
a more hyperpolarized resting membrane
potential (—71.6 = 2.7 vs —37.3 £ 4.0 mV;
p <0.001; Fig. 1D). These observations sug-
gest that the mutated SLO-2 is a hyperactive
channel. We henceforth refer to it as gain-
of-function (gf) SLO-2 or SLO-2(gf).

Expression and subcellular localization patterns of HRPU-2. A, Expression of a GFP reporter under the control of hrpu-2
promoter in wild-type worms shows that hrpu-2 is expressed in many neurons in the nerve ring (NR) and along the ventral nerve
cord (VC), pharynx (Phx), intestine (Int), body-wall muscles (BWM), and other unidentified cells. B, HRPU-2 is localized in the
nucleus of neurons. Shown are fluorescence images of the ventral nerve cord of a transgenic worm coexpressing GFP-tagged
HRPU-2 and mStrawberry-tagged HIS-58 (nucleus marker). C, hrpu-2is coexpressed with slo-2 in body-wall muscle cells and many
neurons including VA5, VD5, and VB6 motor neurons in the ventral nerve cord. Scale bar, 20 pum.

hrpu-2 mutants suppress slo-2(gf)
lethargy

Worms expressing the slo-2(gf) transgene
displayed a sluggish phenotype. We sub-
sequently integrated the transgene into
the genome, and performed a forward ge-
netic screen for suppressors of the sluggish phenotype of the
strain (Fig. 2A). Seventeen suppressors were isolated from
screening ~30,000 haploid genomes. Analyses of whole-genome
sequencing data indicated that 9 of the 17 isolated mutants carry
either nonsense or mis-sense mutations in the gene hrpu-2, which
encodes a homolog of mammalian hnRNP U with two predicted
translational products: HRPU-2a and HRPU-2b (www.wormbase.
org). These two isoforms differ in only the presence or absence of
two amino acid residues. Although HRPU-2a and HRPU-2b are
only 16% identical to human and mouse hnRNP U, they contain
key structural domains found in the mammalian homologs, in-
cluding an acidic residue-rich domain in the N terminal, and a
nuclear localization signal (NLS) and an RGG box in the C ter-
minal (Fig. 2B,C). Seven of the nine identified HRPU-2 muta-
tions are in the acidic residue-rich N terminal, while the
remaining two are in the middle of HRPU-2 (Fig. 2 B,C). All the
mutations appear to be recessive in nature because heterozygous
hrpu-2 mutants with one wild-type allele cannot suppress the
SLO-2(gf) lethargy and because phenotypes of homozygous
hrpu-2 mutants can be fully rescued by expressing wild-type
HRPU-2 (shown later). Several of the mutants, such as zw65 and
zw75, are likely nulls because they carry nonsense mutations near
the N terminus of HRPU-2.
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SLO-2(gf) is inhibited in hrpu-2
mutants

The suppression of the slo-2(gf) lethargic
phenotype by hrpu-2 mutants could result
from either a dysfunction of SLO-2 or a
SLO-2-independent mechanism. In C.
elegans, cholinergic motor neurons con-
trol body-wall muscle cells by producing
bursts of PSCs (Liu et al., 2013), and SLO-2
plays important roles in motor neuron
function (Liu et al., 2014). To determine
whether hrpu-2(If) suppresses the lethargy
through SLO-2, we recorded voltage-acti-
vated whole-cell outward currents from a
representative cholinergic motor neuron
(VA5) and postsynaptic currents from
body-wall muscle cells, and compared
them among wild type, slo-2(gf), slo-2(gf);
hrpu-2(zw65), and  slo-2(gf);hrpu-2(zw65)
with hrpu-2 rescued in neurons. In whole-
cell current recordings, the slo-2(gf) strain
displayed significantly larger outward
currents than wild type and apparent
voltage-dependent inactivation that was
not observed in wild type (Fig. 2D). In
postsynaptic current recordings from
muscle cells, the slo-2(gf) strain showed
greatly decreased frequency and strength
of PSC bursts (Fig. 2E). These electro-
physiological phenotypes of slo-2(gf) were
not observed in the slo-2(gf);hrpu-
2(zw65) strain but restored when wild-
type hrpu-2 was expressed in neurons of the
strain (Fig. 2D, E), suggesting that hrpu-2
mutations suppressed the sluggish pheno-
type through inhibiting SLO-2(gf). The be-
havioral phenotype of slo-2(gf) appears to
be mainly due to SLO-2 hyperactivity in
neurons as it was fully reinstated in the slo-
2(gf);hrpu-2(zw65) strain when wild-type

hrpu-2 was expressed as a transgene in neurons (Fig. 2A).

Figure 4.

HRPU-2 is widely expressed and localized in the nucleus
The electrophysiological results described above suggest that
hrpu-2 is expressed in motor neurons. To confirm this and iden-
tify any other cells expressing hrpu-2, we fused a 3.1 kb genomic
DNA fragment upstream of the hrpu-2 translation initiation site
to GFP and expressed this transcriptional fusion (Phrpu-2::GFP)
in wild-type worms. In transgenic worms, GFP signal was ob-
served in a variety of cell types, including motor neurons and
many other neurons, body-wall muscle cells, pharyngeal muscle
cells, and intestinal cells (Fig. 3A). To determine the subcellular
localization pattern of HRPU-2, we tagged HRPU-2a by GFP at
its C terminus and expressed the fusion protein in neurons under
the control of the pan-neuronal rab-3 promoter (Prab-3). The
fusion protein is expected to recapitulate the subcellular localiza-
tion pattern of wild-type HRPU-2 because, as described below, it
fully rescues deficient SLO-2 currents in VA5 of hrpu-2(zw65). In
motor neurons expressing the fusion protein, GFP signal colocal-
ized with mStrawberry-tagged HIS-58, which is a nuclear marker
(Fig. 3B), suggesting that HRPU-2 is localized in the nucleus.
To determine whether HRPU-2 is coexpressed with SLO-2,
we created a transgenic strain expressing Pslo-2::mStrawberry and

Punc-17::GFP in wt
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Punc-17::GFP in hrpu-2

Gross morphology of both cholinergic and GABAergic neurons is normal in hrpu-2(zw65). A, Comparison of cholin-
ergic neurons between wild type (wt) and the mutant. Cholinergic neurons are labeled by expressing GFP under the control of
unc-17 promoter (Punc-17). B, Comparison of GABAergic neurons between wt and the mutant. GABAergic neurons are labeled by
expressing mRFP under the control of unc-47 promoter (Punc-47). Scale bars, 20 m.

crossed this transgene into the Phrpu-2::GFP strain. In the resultant
strain, both transgenes are expressed in body-wall muscle cells and
many neurons, including the VA5 and VD5 motor neurons used for
electrophysiological recordings, although their expression patterns
differ in some tissues such as pharyngeal muscles (Fig. 3C). The
coexpression of HRPU-2 and SLO-2 in many cells is in agreement
with the behavioral and electrophysiological results, suggesting that
HRPU-2 is important to SLO-2 function.

Since HRPU-2 is highly expressed in many neurons (Fig. 3A),
we asked whether it plays an important role in neural development.
To this end, we expressed GFP and monomeric RFP (mRFP)
independently under the control of unc-17 (vesicle acetylcholine
transporter) and unc-47 (vesicular GABA transporter) promoters,
respectively, and compared the gross morphology of the labeled cho-
linergic and GABAergic motor neurons between wild type and hrpu-
2(zw65). Gross morphology, including the number and locations of
motor neurons, was indistinguishable between wild type and the
mutant (Fig. 4A, B). These observations suggest that HRPU-2 does
not play an obvious role in neural development.

HRPU-2 regulates synaptic transmission through SLO-2
We next determined whether the function of wild-type SLO-2 also
depends on HRPU-2 by comparing whole-cell outward currents
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HRPU-2 regulates whole-cell currents of VA5 and VD5 motor neurons through SLO-2. A, Effects of slo-2(If) and

and current-voltage relationships. The sample

sizes were 8 wild type (wt), 9 slo-2(If), 10 hrpu-2(zw65),sl0-2(If), 7 hrpu-2(zw65), 6 hrpu-2(zw75), and 8 hrpu-2(zw65) expressing
GFP-tagged wild type HRPU-2 in neurons (rescue). B, Comparison of the resting membrane potential of VA5 among the different
strains. Sample sizes were identical to those in A. €, hrpu-2(If) mutants have normal muscle whole-cell currents. D, hrpu-2(If)
mutants have normal resting membrane potential in muscle cells. E, Effects of slo-2(1f) and hrpu-2(If) mutants on VD5 whole-cell
currents. Shown are sample current traces and current—voltage relationships. The sample sizes were 10 wt, 7 slo-2(If), 7 hrpu-

2(zw65);slo-2(If), and 9 hrpu-2(zw65). F, Comparison of the resting membrane p

otential of VD5 among the four groups. Sample

sizes were 11 wt, 7 slo-2(1f), 7 hrpu-2(zw65);slo-2(If), and 8 hrpu-2(zw65). Pipette solution | and bath solution | were used in all

experiments. The asterisks indicate a significant difference compared with wt (*p
(A, C, E) or one-way (B, D, f) ANOVA with Tukey's post hoc tests).

and the resting membrane potential of VA5 among wild-type,
slo-2(If), hrpu-2 mutants (zw65 and zw75), slo-2(If);hrpu-2(zw65)
double mutants, and hrpu-2(zw65) with hrpu-2 recued in neu-

rons. Delayed outward currents were greatly decrease

2(If) compared with wild type (Fig. 5A), which is consistent with

< 0.05; **p < 0.01; ***p < 0.001. Two-way

d in slo-
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previous reports (Yuan et al., 2003; Liu et
al., 2011, 2014). hrpu-2(lf) mutants also
showed a large (approximately one-third)
decrease in the delayed outward currents,
and this effect was not additive with that
of slo-2(If) (Fig. 5A), suggesting that
HRPU-2 regulates SLO-2. The deficiency
of motor neuron delayed outward cur-
rents in hrpu-2(If) could be rescued by the
expression of GFP-tagged HRPU-2a in
the same cells (Fig. 5A), suggesting that
HRPU-2 acts cell autonomously to regulate
SLO-2 function and that the GFP-tagged
HRPU-2 is a functional protein. The resting
membrane potential of VA5 became less hy-
perpolarized in slo-2(If) compared with wild
type (Fig. 5B). However, the resting mem-
brane potential of VA5 in both hrpu-2(If)
mutants was not significantly different from
that in wild type (Fig. 5B), suggesting that
either the remaining SLO-2 activity is suffi-
cient to maintain the normal resting mem-
brane potential or hrpu-2(If) may alter the
resting membrane potential in the opposite
direction through affecting the expression
of an unidentified protein. We also com-
pared whole-cell currents and the resting
membrane potential of muscle cells among
wild type, slo-2(If), and the two hrpu-2(If)
mutants. Unlike slo-2(If), both hrpu-2(If)
mutants had normal muscle whole-cell cur-
rents and resting membrane potential (Fig.
5C,D), suggesting that HRPU-2 does not
regulate SLO-2 in muscle cells.

To determine whether HRPU-2 regu-
lates SLO-2 in other types of neurons, we
recorded whole-cell outward currents and
the resting membrane potential from a
representative GABA motor neuron (VD5) in
wild type, slo-2(If), hrpu-2(zwé65), and slo-
2(If);hrpu-2(zw65) double mutant. Con-
sistent with our previous report (Liu et al.,
2014), the whole-cell currents of VD5 were
reduced by approximately one-third in slo-
2(If) mutant compared with wild type (Fig.
5E). The whole-cell currents in VD5 of
hrpu-2(If) mutant were also significantly
reduced, and this effect was not additive
with that of slo-2(If) (Fig. 5E). In addition,
similar to the results obtained with VA5,
the resting membrane potential of VD5
became significantly less hyperpolarized
in slo-2(If) but not hrpu-2(If) compared
with wild type (Fig. 5f). These observa-
tions suggest that HRPU-2 also regulates
SLO-2 in GABA motor neurons.

SLO-2 channels constitute an impor-
tant regulator of synaptic transmission in

C. elegans. At the neuromuscular junction, they act to reduce the
duration and charge transfer rate of PSC bursts (Liu et al., 2014).
To determine whether HRPU-2 is required for this function of
SLO-2, we compared PSC bursts recorded from body-wall muscle
cells between wild type and different mutant strains. Similar to
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slo-2(If) mutant, the hrpu-2(If) mutants
showed increased duration and charge
transfer rate of PSC bursts without a
change in burst frequency, and these mu-
tant phenotypes were not additive with
those of slo-2(If) and could be rescued by
the expression of wild-type HRPU-2 in '
neurons (Fig. 6A,B), suggesting that
HRPU-2 regulates synaptic transmission
through presynaptic SLO-2.

slo-2(If)

HRPU-2 regulates SLO-2 expression

in neurons

The most common function known for
hnRNPs is to regulate gene expression.
Therefore, the reduced SLO-2 currents in
VAS5 and the altered PSC burst properties
at the neuromuscular junction in hrpu-
2(If) mutants could be due to a decrease in
SLO-2 expression. To examine this possi-
bility, we first generated a transgenic
strain expressing SLO-2::GFP under the
control of Prab-3 with wild-type worms
and then crossed the extrachromosomal
array into hrpu-2(zw65) and hrpu-2(zw?75)
to maintain the transgene dosage. SLO-2::
GFP, in which GFP was fused to the C
terminus of SLO-2, is a functional protein
because it can completely rescue the defi-
ciency of neuronal whole-cell currents in
slo-2(If) (Liu et al., 2014). GFP signal was
reduced by >50% in the two mutant
strains compared with wild type (Fig. 7A),
suggesting that HRPU-2 plays an impor-
tant role in SLO-2 protein expression. In
contrast, the expression of SLO-2::GFP in
body-wall muscle cells under the control
of the muscle-specific myo-3 promoter
was comparable between wild type and
the hrpu-2(If) mutants (Fig. 7B), which is
consistent with the electrophysiological
results (Fig. 5). To confirm the effect of
hrpu-2(If) on SLO-2::GFP expression in
neurons, we performed Western blot
analysis with the strains expressing Prab-
3:SLO-2::GFP using an anti-GFP anti-
body. Consistently, the SLO-2::GFP
protein level was also significantly re-
duced in hrpu-2(If) mutants compared
with wild type (Fig. 7C). It appears that
HRPU-2 does not regulate protein ex-
pression indiscriminately because neuro-
nal expression of GFP-tagged SLO-1 and
SHK-1, two important potassium channels in neurons (Wang
etal., 2001; Liu et al., 2014), was not compromised by hrpu-2(If)
(Fig. 7D).

What is the cause for decreased SLO-2 protein level in hrpu-
2(If) mutants? Because hnRNP U plays roles in facilitating gene
transcription and maintaining mRNA stability, the decreased
SLO-2 protein level in the mutants might result from decreased slo-2
mRNA. To address this possibility, we compared slo-2 mRNA level
between wild type and the hrpu-2(If) mutants (zw65 and zw75) by
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HRPU-2 regulates PSCbursts through presynaptic SLO-2. A, Representative traces of spontaneous PSCs recorded from
muscle cells of wild type (wt) and mutant strains. The vertical dotted lines mark PSC bursts, which are defined as an apparent
increase in PSC frequency accompanied by a baseline drop lasting >3 s. B, Comparison of the frequency, duration, and mean
charge transfer rate of PSC bursts among the different groups. The sample sizes were 8 wt, 7 slo-2(If), 8 hrpu-2(zw65), 8 hrpu-
2(zw75), 7 hrpu-2(zw65);slo-2(If), and 8 hrpu-2(zw65) expressing GFP-tagged wild-type HRPU-2 in neurons (rescue). Pipette
solution Il and bath solution | were used. The asterisks indicate a significant difference compared with wt (*p << 0.05; **p < 0.01;
***p < 0.001, one-way ANOVA with Tukey's post hoc tests).

quantitative RT-PCR. We observed an increase (~10%) rather than
a decrease of slo-2 mRNA in the mutants compared with wild type
(Fig. 7E). Thus, the reduction of SLO-2 protein in the hrpu-2 mu-
tants is not due to decreased slo-2 mRNA.

We next determined whether HRPU-2 binds to slo-2 mRNA
by performing an RIP assay. This assay requires the use of an
antibody for immunoprecipitating HRPU-2. Because HRPU-2 anti-
body was unavailable and tagging HRPU-2 with GFP at its C
terminus did not alter its function (Fig. 5), we used a GFP anti-



Liu et al. @ HRPU-2 Regulates SLO-2 Expression

o N
o =)

o
o

*kk *kk

il

oS
~

SLO-2::GFP intensity
(normalized to wt)
o
9

0.0
hrpu-2 hrpu-2
(zw65) (zw75)
C wt  zw65 zw75
SLO-2:GFP s IR
10{ L
> B-ACHN e s— —
@ < 0.8 c
53 1.0
3] o U
hrpu-2(zw65) =) 7
= 5 0.64 3 0.8 *
g S 06 T
O's 0.4 5
N g o 04
hrou-2(zw75) S 2o2 = o5
n ©
C 00
0.0 wt hrou-2 hrpu-2 24 wt hrou-2 hrpu-2
(zw65) (zw75) (zw65) (zw795)

D wt hrpu-2(zw65)
a
w
o _ _
o
-
o
w
N
I
E ol F € 25+ *k

G 12 i o 3

€ & 20

£ 1.0 kS

e c 15

C 0.8 ]

o T 10

% 06 ) n.s.
[ o 51

0.4 > n.s
3 oz & s R 2 N ]
A
€ 00 & & © & .\,é‘
wt  hrpu-2  hrpu-2 & & & PSS & S
(zw65) (zw75) sio-2 slo-1 shk-1

Figure 7.  HRPU-2 regulates SLO-2 expression post-transcriptionally. A, Expression of SLO-2::GFP in motor neurons under the
control of rab-3 promoter is reduced in hrpu-2(If) mutants. Left, Representative images of posterior segments of the ventral nerve
cord from wild type (wt) and hrpu-2(If) mutants. Right, Comparison of SLO-2::GFP signal normalized to wt. The sample sizes were
18 wt, 21 hrpu-2(zw65), and 17 hrpu-2(zw75). B, Expression of SLO-2::GFP in body-wall muscle cells under the control of myo-3
promoter is comparable between wt and hrpu-2(If) mutants. Left, Representative images from wt and hrpu-2(If) mutants. Right,
Comparison of SLO-2::GFP signal normalized to wt. The sample sizes were 22 wt, 20 hrpu-2(zw65), and 23 hrpu-2(zw75). €, SLO-
2::GFP protein level in neurons is reduced in hrpu-2 mutants in Western blot analysis. SL0-2::GFP signal (quantified by
densitometry using the Image) software) was first normalized with B-actin and then normalized to wt for comparison.
Shown are the mean = SEM from three independent experiments. D, Expression of SLO-1::GFP and SHK-1::GFP is similar
between wt and hrpu-2(zw65). E, slo-2 mRNA level is increased in hrpu-2(If) mutants. Shown are the mean = SEM from
three independent experiments. F, slo-2 mRNA but not slo-7 or shk-7 mRNA is enriched in immunoprecipitates of HRPU-
2::GFP. RNA immunoprecipitation assays were performed with a mouse GFP antibody and control mouse IgG. Shown are
mean = SEM values from three independent experiments. The asterisks indicate a significant difference compared with
either wt or control (n.s., p > 0.05; *p << 0.05; **p << 0.01; ***p << 0.001. One-way ANOVA with Tukey’s post hoc tests).
Scale bars: A, B, and D, 20 pum.
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body to immunoprecipitate mRNAs from
the HRPU-2::GFP strain and compared
the amount of immunoprecipitated slo-2
mRNA with that immunoprecipitated with
control serum by quantitative RT-PCR.
slo-2 mRNA was enriched by >17-fold in
immunoprecipitates with the GFP antibody
compared with the control (Fig. 7f), sug-
gesting that HRPU-2 binds to slo-2 mRNA
directly. In contrast, HRPU-2 does not
bind to either slo-I mRNA or shk-1
mRNA (Fig. 7f).

Discussion

The present study shows that HRPU-2
plays a critical role in SLO-2 function in
vivo by regulating SLO-2 protein expres-
sion. This conclusion is supported by
several lines of evidence, including the
isolation of multiple hrpu-2(If) mutants
as suppressors of slo-2(gf) sluggish pheno-
type, great decreases of SLO-2 currents,
and SLO-2-dependent functions in neu-
rons of hrpu-2(If) mutants, and a large de-
crease in the expression of GFP-tagged
SLO-2 in hrpu-2(lf) mutants.

HRPU-2 is a homolog of mammalian
hnRNP U. Mammalian hnRNPs can reg-
ulate protein expression through acting at
various steps of protein synthesis, includ-
ing gene transcription, mRNA matura-
tion, translocation of mRNA from the
nucleus to the cytosol, and translation of
mRNA into proteins (Han et al., 2010;
Geuens et al., 2016). Our results show that
a deficiency of HRPU-2 causes a great re-
duction of SLO-2 protein without a de-
crease of slo-2 mRNA. Because our assay
for the effects of hrpu-2(If) on SLO-2 ex-
pression was performed with a GFP-tagged
SLO-2, in which SLO-2 was encoded by a
slo-2 cDNA, the reduced SLO-2 expression
did not result from a defect in slo-2 mRNA
splicing. Thus, HRPU-2 likely regulates
SLO-2 expression through an effect on ei-
ther mRNA nucleus to cytosol translocation
or mRNA translation.

Both HRPU-2 and FMRP are RNA-
binding proteins that are important to the
function of Slo2 channels. They have in
common an RGG box that mediates RNA
binding. However, they differ in mecha-
nisms regulating Slo2 channels. While
FMRP binds to Slo2.2 protein to regulate
channel activity, HRPU-2 binds to slo-2
mRNA to regulate SLO-2 protein expres-
sion. In addition, they differ in their roles
with respect to Slol, another member of
the Slo potassium channel family. While a
deficiency of FMRP causes reduced Slol
activity (Deng et al., 2013; Deng and Kly-
achko, 2016), hrpu-2(lf) mutants show
neither altered SLO-1:GFP expression
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nor a head-bending phenotype characteristic of slo- 1 (If) mutants
(Kim et al., 2009; Chen et al., 2010a). The fact that FMRP and
HRPU-2 are among the earliest identified Slo2 regulators sug-
gests that RNA-binding proteins might play critical roles in reg-
ulating the function of this family of potassium channels.

Although hrpu-2(If) greatly compromised SLO-2 function in
vivo, it showed few other effects in our analyses. For example,
hrpu-2(If) mutants are similar to wild type in the expression of
GFP-tagged SLO-1 and SHK-1, gross neural morphology, and
locomotion speed. In contrast, mammalian hnRNP U plays cru-
cial roles in development. For example, a hypomorphic mutation
of the gene causes early embryonic lethality (Roshon and Ruley,
2005). Since the C. elegans genome contains another gene encod-
ing an hnRNP U-like protein (hrpu-1; www.wormbase.org),
functional redundancy between these two genes might account
for the apparently normal development and locomotion of hrpu-
2(If) worms. In addition, our observation that a deficiency of
HRPU-2 compromises SLO-2 expression in neurons but not
muscle cells also suggests that there likely exists functional redun-
dancy between HRPU-2 and other regulators. Although HRPU-2
does not regulate muscle SLO-2, hrpu-2(If) fully suppressed the
slo-2(gf) sluggish phenotype (Fig. 2A). This may seem to be in-
triguing given that SLO-2(gf) has significant effects on whole-cell
currents and the resting membrane potential in muscle cells (Fig.
1C,D). The apparent discrepancy is probably because the in-
creased neuromuscular transmission from motor neurons in
hrpu-2(If) (Fig. 6) can counteract the inhibitory effect of muscle
SLO-2(gf) on locomotion.

hnRNPs have been implicated in neuronal activity-dependent
regulation of gene expression. For example, membrane depolar-
ization can induce high-affinity interactions between hnRNP A2
and RNAs with a specific targeting motif to facilitate RNA deliv-
ery to dendritic sites of protein synthesis (Muslimov et al., 2014)
and can regulate alternative splicing of Slo1 potassium channel
and neurexin 2« through hnRNP L (Liu et al., 2012; Rozic et al.,
2013). Since the expression/function of hnRNPs are subject to
changes in neuronal activities (Liu et al., 2012; Kolisnyk et al.,
2016), HRPU-2 might contribute to activity-dependent neuronal
plasticity by regulating SLO-2 expression.

Epileptic seizures and intellectual disability are disorders af-
flicting millions of people worldwide and resulting from many
different causes. Slo2 channels play predominant roles in con-
ducting outward currents in many neurons. Mutations of Slo2.2/
Slack are strongly linked with epilepsies and intellectual disability
(Barcia et al., 2012; Heron et al., 2012; Helbig and Lowenstein,
2013; Kaczmarek, 2013; Evely et al., 2017). Increasing evidence
indicates that mutations of hnRNA U are also associated with
such disorders (Caliebe et al., 2010; Ballif et al., 2012; Nagamani
etal., 2012; Selmer et al., 2012; Thierry et al., 2012). The similar-
ities in clinical presentations among patients with mutations of
Slo2 and hnRNP U and our finding that HRPU-2 regulates SLO-2
expression raise the interesting possibility that the expression of
Slo2 is also regulated by hnRNP U in mammals.
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