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ABSTRACT:

Locomotor ability declines with old age. A person’s capacity to maintain locomotor ability
depends on genetic and environmental factors. Currently, the specific genetic factors that
work to maintain locomotor ability are not well understood. Here we report the involvement
of hda-3, encoding a class I histone deacetylase, as a specific genetic factor that contributes
to the maintenance of locomotor ability in C. elegans. From a forward genetic approach, we
identified a missense mutation in HDA-3 as the causative mutation for progressive decline in
locomotor ability in one of the isolated strains. From transcriptome analysis, we found
downregulated expression of two clusters of genes on Chromosome Il and 1V in this strain.
Genes carrying CUB-like domains and genes carrying BATH domains were found on
Chromosome Il and 1V, respectively. Knockdown of CUB-like genes, KO8D8.5 and dod-17,
and BATH genes, bath-1, bath-21 and bath-24 led to a progressive decline in locomotor
ability. Our study identifies specific genetic factors that work to maintain locomotor ability

and reveals potential targets for delaying age-related locomotor decline.
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INTRODUCTION:

Locomotor ability is a key determinant of quality of life in the elderly (Groessl et al. 2007).
Age-related declines in locomotor ability are predictors of loss of independence, depressive
symptoms, morbidity, and mortality (Trombetti et al. 2016). A combination of genetic and
environmental factors contribute to how well a person can maintain locomotor ability during
adulthood. Currently, the specific genetic factors that contribute to the maintenance of
locomotor ability are largely unknown. A better understanding of the genetic factors that
work to maintain locomotor ability may enable novel approaches to prevent or delay age-

related declines in locomotor ability.

In order to identify genetic factors that regulate adult locomotor ability, we previously
carried out a forward genetic screen for C. elegans mutants that show progressive declines in
adult locomotor ability (Kawamura and Maruyama 2019). Characterization of one of the
isolated strains led to the identification of a nonsense mutation in elpc-2 and implicated the
Elongator complex and tRNA modifications as factors that regulate locomotor healthspan in
C. elegans (Kawamura and Maruyama 2019). Mutation in human ELP3, the catalytic subunit
of the Elongator complex, has been linked to amyotrophic lateral sclerosis which suggests the
evolutionarily conserved nature of the genetic factors that regulate locomotor healthspan

(Simpson et al. 2009; Bento-Abreu et al. 2018).

In the present study, we analyzed another strain, ix241, to identify other genes that
contribute to progressive decline in locomotor ability. In this strain, two notable mutations
remained after four backcrosses: a splice site mutation in dys-1 and a missense mutation in
hda-3 that leads to a glycine to glutamic acid substitution at the 271% amino acid (G271E) in
HDA-3. DYS-1 is the C. elegans ortholog of human Dystrophin, the causative gene that is

mutated in Duchenne and Becker muscular dystrophies (Hoffman et al. 1987; Bessou et al.
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1998). HDA-3 is a C. elegans ortholog of human class | histone deacetylases HDAC1-3 (Shi
and Mello 1998). Surprisingly, mutation in hda-3, but not dys-1, contributed to progressive
decline in locomotor ability during adulthood. Downstream of the G271E mutation in HDA-
3, specific genes carrying CUB-like domains and genes carrying BATH domains are
transcriptionally repressed. Proper induction of CUB-like and BATH genes are required for

full maintenance of locomotor ability during adulthood.

MATERIALS AND METHODS:

Strains

C. elegans Bristol N2 strain was used as the wild type strain. Worms were cultivated at 20°C
on Nematode Growth Media (NGM) agar plates with Escherichia coli strain OP50 as a food

source (Brenner 1974). All strains used in this study are listed in Table S1.

Sanger sequencing

The target genomic region was amplified using PCR and purified using Wizard SV Gel and
PCR Clean-Up System (Promega, Madison, WI). The DNA sequence of the PCR fragment
was determined using cycle sequencing with BigDye v3.1 reagents (Applied Biosystems,
Foster City, CA). Sequencing products were purified by EtOH/EDTA precipitation.
Sequencing was performed by capillary sequencing using ABI3100 (Applied Biosystems).

Primers used for Sanger sequencing are listed in Table S2.

Whole-genome DNA sequencing
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C. elegans DNA was sequenced using the MiSeq next-generation sequencing system
(Mumina, San Diego, CA) as previously described (Kawamura and Maruyama 2019).
Libraries for sequencing were prepared with lllumina TruSeq Library Prep Kit. Sequenced
reads were mapped using BWA software (Li and Durbin 2009). Mapped read files were
converted to bam format, then to pileup format with Samtools (Li et al. 2009). Variant
detection was carried out using VarScan and SnpEff (Blankenberg et al. 2010; Cingolani et
al. 2012; Giardine et al. 2005; Goecks et al. 2010; Koboldt et al. 2009). Mutation frequencies

were calculated and visualized using CloudMap (Minevich et al. 2012).

Measurements of maximum speed and travel distance

“Synchronized egg-laying” was used to raise a batch of worms of similar age. Five adult day
1 worms were placed onto an NGM plate with food, and allowed to lay eggs for 3 h. When
the offspring reached adult day 1, 15 worms were randomly picked onto a 6 cm NGM plate
without bacteria. After the worms moved away from the initial location with residual food,
worms were again moved onto a different NGM plate without bacteria. The maximum speed
and travel distance of worms were measured on the first, third, and fifth days of adulthood as
previously described (Kawamura and Maruyama 2019). R was used to make plots (Team

2015).

CRISPR-Cas9 genome editing

Targeted mutagenesis was carried out using CRISPR-Cas9 genome editing with single-
stranded oligodeoxynucleotide (ssODN) donors as previously described (Dokshin et al.
2018). First, a ribonucleoprotein complex was created by mixing together 0.5 pL of 10 pg/pL

Cas9 protein, 5.0 pL of 0.4 pg/pL of tracrRNA, and 2.8 pL of 0.4 pg/uL of crRNA (Target-
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specific sequence: 5’-CCGAUUCACUGGCAGGAGAU-3’) and incubating at 37°C for 10
min. Following incubation, 2.2 pL of 1 pg/pL ssODN, 2.0 uL of 400 ng/pL pRF4::rol-
6(su1006) co-injection marker, and 7.5 pL of nuclease free water was added to the mixture.
This mixture was then injected into the gonad of worms subject to genomic editing. F1
offspring that showed the roller phenotype were singled onto individual plates, and allowed
to lay eggs. Editing of the target sequence was checked by single worm PCR of the F1 worm,

followed by Sanger sequencing. sSODN sequences are listed in Table S3.

RNA sequencing

Worms were synchronized by placing ten adult day 1 worms onto an NGM plate with food,
and allowed to lay eggs for 3 h. At the L4 stage, worms were collected and washed with M9
buffer and placed on 9 cm NGM plates with 25 uM floxuridine (FUDR). On the third day of
adulthood, worms were collected with M9 buffer and RNA was extracted. Worms were
homogenized using Micro Smash MS-100R (Tomy Seiko, Tokyo, Japan). RNA was
extracted by the phenol-choloroform method using Trizol reagent (Thermo Fisher Scientific).
Sequencing was performed on the HiSeq platform (Illumina). For bioinformatics analysis,
reads were aligned using STAR (Dobin et al. 2013), sorting and marking duplicates were
done by Picard, and read counting was done by Featurecounts (Liao et al. 2014). EdgeR
(Robinson et al. 2009) and R (Team 2015) were used to create figures to visualize differential

gene expression.

Quantitative PCR (qPCR)

RNA was extracted by the phenol-choloroform method using Trizol reagent (Thermo Fisher

Scientific). cDNA was synthesized using SuperScript I11 with oligo-dT primers (Thermo
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146  Fisher Scientific). g°PCR was carried out with Luna Universal gPCR Master Mix (New

147  England Biolabs, Ipswich, MA) using StepOnePlus (Thermo Fisher Scientific).
148
149  RNA interference

150  The Ahringer RNAI library was used to reduce the expression of target genes (F55G11.8,

151 K08D8.5, K10D11.1, F59H6.8, F59H6.9, B0047.3). Frozen stocks of the RNAI bacteria were
152  streaked onto agar plates containing 100 pg/mL ampicillin. Single colonies of the RNAI

153  bacteria were cultured for 8 h at 37°C with vigorous shaking in lysogeny broth (LB)

154  containing 100 pug/mL ampicillin. 100 pL of bacterial culture was spread on NGM plates

155  with 50 pg/mL ampicillin and 1.0 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Plates
156  with RNAI bacteria were dried overnight with the lid on at room temperature (25°C). Adult
157  wild-type worms were placed on RNAI plates and allowed to lay eggs for 3 h. The locomotor
158  ability of the offspring was tested from the first day of adulthood. For mock control, an empty

159  vector L4440 was used.
160
161  Statistics

162  All results are expressed as means with error bars representing a 95% confidence interval. For
163  pairwise comparisons, Student’s t test was used with Excel 2010 (Microsoft). For multiple
164  comparisons to a control, one-way ANOVA was followed with Dunnett’s post hoc test using
165 R (Team 2015). For multiple comparisons, one-way ANOVA was followed with Tukey’s
166  Honest Significant Difference test using R (Team 2015). Statistical significance was set at *P

167 < 0.05; **P < 0.01; ***P < 0.001.
168

169  Data availability
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170  All isolated strains are available upon request. DNA and RNA sequencing results are

171  available on NCBI sequence read archive PRINA530333.
172

173

174  RESULTS:
175  ldentification of novel dys-1(ix259) mutant allele in ix241 strain

176  Previously, we carried out a forward genetic screen for C. elegans mutants with a shortened
177  adult locomotor healthspan (Kawamura and Maruyama 2019). One of the isolated strains was
178  the ix241 strain which shows a slight developmental deficit in locomotor ability and a

179  progressive decline in locomotor ability during adulthood (Kawamura and Maruyama 2019).
180  The ix241 strain retained an exaggerated head bending phenotype after four backcrosses,

181  suggesting that the phenotype may be linked with progressive decline in locomotor ability
182  (Figure 1A). Exaggerated head bending has previously been observed by numerous

183  independent research groups in mutants with loss-of-function mutations to dys-1, the C.

184  elegans ortholog of human Dystrophin, and to components of the Dystrophin associated

185  protein complex (DAPC) (Fig. S1A) (Oh et al. 2012; Kim et al. 2004, 2009; Grisoni et al.

186  2003; Zhou and Chen 2011; Bessou et al. 1998).

187 Whole genome sequencing of backcrossed ix241 strains that show progressive

188  declines in locomotor ability revealed a splice site mutation in dys-1 prior to the 34™ exon,
189  which was confirmed by Sanger sequencing (Figure 1B, Table S4). We refer to this mutation
190  site as dys-1(ix259), since later we found that this mutation site is not involved in the

191  progressive decline in locomotor ability. Reverse-transcriptase PCR using primers that flank
192 the dys-1(ix259) splice site mutation indicated that intron retention occurs in the majority of

193  dys-1 mRNA in the ix241 strain (Figure 1C). A small proportion of dys-1 transcripts are
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spliced using an adjacent splice site, but results in a 2 bp frameshift (Figure 1C). Intron
retention or the 2 bp frameshift would likely lead to nonsense-mediated mRNA decay of dys-

1 transcripts.

dys-1 mutations do not cause progressive decline in locomotor ability in C. elegans

In humans, Dystrophin mutations cause progressive weakness of muscles (Hoffman et
al. 1987). Therefore, we hypothesized that the dys-1(ix259) splice site mutation may be the
causative mutation site for the progressive decline in locomotor ability in the ix241 strain.
However, after the fifth backcross we isolated ix241(5x BC) #8, a strain that carries the dys-
1(ix259) mutation but does not show a progressive decline in locomotor ability as measured
by maximum velocity and travel distance (Figure 1D, 1E, Fig. S1B, S1C). The ix241(5x BC)
#8 strain shows the exaggerated head bending phenotype observed in dys-1 mutants (Figure
1E). The phenotype of the ix241(5x BC) #8 worms raised the possibility that dys-1(ix259)

does not lead to progressive decline in locomotor ability in the ix241 strain.

We wondered whether other dys-1 mutants show a progressive decline in locomotor
ability. There are two available dys-1 mutants from the Caenorhabditis Genetics Center:
BZ33 strain carrying dys-1(eg33) and LS292 strain carrying dys-1(cx18). Both dys-1(eg33)
and dys-1(cx18) mutant alleles are nonsense mutations. Interestingly, dys-1(eg33) mutant
worms show a progressive decline in locomotor ability while dys-1(cx18) mutant worms do
not show a progressive decline in locomotor ability from the first to fifth days of adulthood
(Figure 2A, Fig. S2A). Similar to our findings, dys-1(eg33) worms, but not dys-1(cx18)
worms were found to have significantly weaker adult muscle strength compared to wild-type
worms (Hewitt et al. 2018). The discrepancy was attributed to a difference in the dys-1

mutation allele. However, in light of the newly isolated dys-1(ix259) mutant worms which do
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218  not show a progressive decline in locomotor ability, we hypothesized that the progressive
219  decline in adult locomotor ability in the BZ33 strain may not be caused by the dys-1(eg33)

220  mutation.

221 In order to test whether the progressive decline in locomotor ability in the BZ33 strain
222  is caused by a mutation aside from dys-1(eg33), we backcrossed the BZ33 strain based on the
223  exaggerated head bending phenotype (Fig. S2B). After one backcross, we were able to isolate
224  two strains that carry the dys-1(eg33) mutation and show the exaggerated head bending, but
225  do not show progressive decline in locomotor ability from the first to fifth days of adulthood
226  (Figure 2B, Fig. S2C). This suggests that loss-of-function mutations in dys-1 does not cause
227  progressive decline in locomotor ability from the first to fifth days of adulthood in C.

228  elegans. A mutation site aside from dys-1(eg33) likely causes progressive decline in

229  locomotor ability in the BZ33 strain.

230

231 hda-3 mutation causes progressive decline in locomotor ability in ix241 strain

232 In order to identify the causative mutation site that leads to progressive decline in

233 locomotor ability in the ix241 strain, we carried out whole genome sequencing in strains that
234  showed and did not show the progressive decline in locomotor ability after backcrossing. We
235 identified the mutations that were shared among the genomes of ix241 backcrossed strains
236  that showed the progressive decline in adult locomotor function, and subtracted the shared
237  mutations among ix241 backcrossed strains that did not show the progressive decline in adult
238  locomotor function. A peak of mutations remained on Chromosome | (Figure 3A, 3B, Table

239 S5).

240 We identified a list of candidate mutation sites, which included hda-3(ix241) that

241  would cause a G271E missense mutation in HDA-3 (Figure 3C, 3D). HDA-3 is an ortholog
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of human class I histone deacetylases, HDAC1-3 (Shi and Mello 1998). The G271 residue is
evolutionarily conserved from C. elegans to humans and is located in the variable loop region
(Figure 3D, 3E, 3F). The variable loop region is suggested to play a role in substrate
recognition and binding to the HDAC cofactors zinc and inositol phosphate (Watson et al.

2012; Schuetz et al. 2008) (Figure 3E, 3F).

The effect of the hda-3(ix241) mutation was tested by two strategies. In the first
strategy, CRISPR-Cas9 genome editing was used to revert the hda-3(ix241) mutation in the
ix241(4x BC) strain back to the WT sequence (Fig. 3G). In order to prevent repetitive editing,
a synonymous mutation was introduced that would disrupt the protospacer adjacent motif
(PAM) sequence, 5 bp upstream of the editing site (Fig. 3G). We refer to this reverted allele
as hda-3(ix260), which has the same HDA-3 amino acid sequence as WT HDA-3 (Fig. 3G).
In the second strategy, the HDA-3 G271E mutation was introduced into the WT N2
background using CRISPR-Cas9 genome editing. Again, a synonymous mutation was
introduced that would disrupt the PAM sequence, 5 bp upstream of the editing site (Fig. 3G).
We refer to this mutation allele as hda-3(ix261), which causes the same HDA-3 G271E
mutation as the hda-3(ix241) mutation (Fig. 3G). Strains carrying hda-3(ix261) were

backcrossed twice.

The reversion of the hda-3(ix241) mutation in the ix241(4x BC) strain to hda-3(ix260)
rescued the progressive decline in locomotor function (Figure 3H, Fig. S3A). This result
indicated that the hda-3(ix241) mutation is necessary for the progressive decline in locomotor
function in the ix241 strain. Introduction of the G271E mutation in the N2 WT strain in hda-
3(ix261) strains led to progressive declines in locomotor ability (Figure 3I). This result
indicated that the HDA-3 G271E mutation alone is sufficient to cause progressive decline in

locomotor ability. In addition, an independently isolated hda-3(0k1991) deletion strain
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showed progressive decline in locomotor ability (Figure 3J, Fig. S3C). Proper functioning of

HDA-3 is likely to be required for full maintenance of locomotor ability during adulthood.

Expression of specific CUB-like and BATH genes are dysregulated in hda-3 mutant

strains

In order to identify gene expression changes that occur in the ix241(4x BC) strain,
transcriptome analysis was carried out. In comparison to wild-type worms, ix241(4x BC)
worms had 64 transcripts that were significantly upregulated and 47 transcripts that were
significantly downregulated (Figure 4A). In comparison to ix241(5x BC) #8 worms, ix241(4x
BC) worms had 27 transcripts that were significantly upregulated and 25 transcripts that were
significantly downregulated (Figure 4A). Twenty-two transcripts were commonly
upregulated in the ix241(4x BC) strain compared to wild type and the ix241(5x BC) #8.
Thirteen transcripts were commonly downregulated in the ix241(4x BC) strain compared to
wild type and the ix241(5x BC) #8 (Figure 4B). Gene ontology enrichment analysis indicated
that transcripts involved in the immune response were significantly enriched in both

upregulated and downregulated transcripts (Fig. S4A, B).

Among the downregulated transcripts, we noticed that multiple gene transcripts were
downregulated within two narrow regions of the genome. One of the downregulated regions
is on Chromosome Il, where BATH domain carrying proteasome-related genes bath-1, bath-
21, and bath-24 are located (Figure 5A). The other downregulated region was on
Chromosome 1V where CUB-like domain carrying innate immune response genes dod-17,
F55G11.6, F55G11.8, KO8DA8.5 are located (Figure 5A). All genes showed high levels of
expression except for F55G11.6, which showed very low expression levels in WT and

ix241(5xBC) #8. Downregulation of CUB-like and BATH genes were also seen in hda-
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290  3(ix261) mutant worms (Figure 5B). In the hda-3(0k1991) deletion mutant, bath-1, bath-21,
291  bath-24, and F55G11.8 were downregulated while dod-17 and KO8D8.5 remained unchanged

292  (Figure 5C).

293

294  Induction of CUB-like and BATH genes are required for full maintenance of locomotor

205 ability

296 We tested whether the downregulation of the CUB-like and BATH genes contribute
297  to the progressive decline in locomotor function. We knocked down the CUB-like and BATH
298  genes in wild-type worms and measured their locomotor ability for seven days. Knockdown
299  of five out of the six genes led to a significant decline in locomotor ability on the fifth day of
300 adulthood (Figure 6A, 6B, Fig. S5A, S5B). We observed significant declines in locomotor
301 ability as compared from the first to fifth day of adulthood in five out of the six tested genes

302 (Figure 6A, 6B, Fig. S5A, S5B).

303

304

305 DISCUSSION:

306 In this study, we found that proper HDA-3 function is required for the full

307  maintenance of locomotor ability in C. elegans. In the ix241 strain, progressive decline in
308 locomotor ability is caused by the hda-3(ix241) mutant allele which leads to a G271E

309  substitution in HDA-3. In hda-3 mutants carrying the G271E mutation, we observed specific
310 downregulation of gene clusters located on chromosome Il and IV. The downregulated

311  cluster of genes on chromosome Il carry a CUB-like domain, and downregulated genes on

312  chromosome IV carry a BATH domain. Knockdown of several of the most significantly
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313  downregulated CUB-like and BATH genes leads to a progressive decline in locomotor
314  ability. This study indicates the importance of proper HDA-3 functioning and induction of

315  genes carrying CUB-like or BATH domains for the maintenance of adult locomotor ability.

316 HDA-3 is a histone deacetylase that can affect the transcriptional expression of many
317  downstream genes (Struhl 1998). Generally, histone acetylation is positively associated with
318 transcriptional activation and deacetylation is associated with transcriptional repression

319  (Eberharter and Becker 2002). However, some studies have found that HDACs are involved
320 in both repression and activation (Wang et al. 2002; Nusinzon and Horvath 2005). Our

321  transcriptomics results show a similar number of upregulated and downregulated genes in the
322  hda-3(ix241) mutant strain, and support the notion that HDACSs have dual roles in

323  transcriptional repression and activation.

324 Transcriptome analysis and quantitative PCR of mutant strains carrying the HDA-3
325  G271E mutation indicated two regions in the genome that are transcriptionally repressed on
326  Chromosome Il and IV. The Chromosome Il region carried multiple genes that contain

327 BATH domains, which are suggested to work as part of the immunoproteasome to target

328  foreign proteins for degradation (Thomas 2006). The Chromosome IV region carried multiple
329  genes that contain CUB-like domains, which are implicated in innate immune function (Bork
330 and Beckmann 1993). Knockdown of the most significantly repressed CUB-like and BATH
331  genes caused progressive decline in locomotor function in C. elegans, indicating that these
332  genes may be functional targets of HDA-3 to maintain locomotor ability in C. elegans.

333  Expression of genes carrying CUB-like domains and genes carrying BATH domains may be
334  important for the maintenance of locomotor ability. Interestingly, the structural properties of
335  both the BATH domain and CUB-like domain are characterized by beta sandwiches which
336  were first characterized in immunoglobulins. The ix241 strain may enable further exploration

337  of the link between the innate immune system and neuromuscular maintenance.
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338 The G271E mutation occurs at an evolutionarily conserved residue. The same residue
339 is present in human HDAC1-3. This residue is likely a critical residue for proper HDAC

340  function and may enable novel approaches for the inhibition of HDACs. The G271 amino
341  acid is located on one of the four variable loop regions which is implicated in substrate

342  recognition (Schapira 2011). The G271 amino acid is in close proximity to R269, which is an
343  evolutionarily conserved amino acid that mediates the interaction between human HDAC3
344  and its coactivator, inositol phosphate (Watson et al. 2012; Millard et al. 2013). D263 is also
345  anearby amino acid which is predicted to mediate the interaction between HDAC family

346  proteins with the cofactor zinc (Schuetz et al. 2008). The G271 amino acid site may provide a

347  novel location for drug targets to alter the activity of class | histone deacetylases.

348 The role of class | HDACs during the aging process has been difficult to study, as

349 HDACI1, HDAC2, HDACS3, and HDACS have been found to play important roles during

350 development in vertebrates (Haberland et al. 2009). For example, HDAC3 knockout mice die
351  during embryonic development (Montgomery et al. 2008). Since C. elegans can tolerate the
352 loss of hda-3 during development, the HDA-3 G271E mutants and hda-3(0k1991) deletion
353  mutant may be valuable tools to study the role of a specific class I histone deacetylase during

354  aging.

355 During the process of identifying the causative mutation site of the ix241 strain, we
356  found that dys-1 loss-of-function mutations do not cause a progressive decline in adult

357  locomotor ability. Sufficient backcrossing showed that the progressive decline in locomotor
358  ability does not segregate perfectly with the dys-1 mutation site in the ix241 strain and the
359  BZ33 strain carrying the dys-1(eg33) mutant allele. This came as a surprise since DYS-1 is
360 the ortholog of human Dystrophin, the causative mutation for Duchenne and Becker muscular
361  dystrophies (Hoffman et al. 1987). Our findings suggest the use of caution when interpreting

362 the role of dys-1 in the maintenance of muscle strength or locomotor ability.
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363 These findings should not preclude the use of C. elegans dys-1 mutants to study

364  potential mechanisms of Duchenne muscular dystrophy. Genetic and molecular interactions
365  of Dystrophin are highly conserved in C. elegans. Dystrobrevin and syntrophin, which are
366  components of the Dystrophin-associated protein complex, have C. elegans orthologs which
367 interact with with C. elegans DYS-1 (Grisoni et al. 2003; Oh et al. 2012). One major

368 advantage of C. elegans Dystrophin mutants is the presence of the exaggerated head bending
369  phenotype, which can be readily observed under the microscope (Oh et al. 2012; Kim et al.
370 2004, 2009; Grisoni et al. 2003; Zhou and Chen 2011; Bessou et al. 1998). Future drug

371  screenings and genetic manipulations that suppress the head bending phenotype in the dys-1

372  mutants may be a promising avenue to identify modifiers of dys-1 loss-of-function.

373 In a previous study, we identified a nonsense mutation in elpc-2 that leads to

374  progressive decline in locomotor ability (Kawamura and Maruyama 2019). The role of elpc-2
375  as part of the Elongator complex implicates the role of tRNA modifications for the

376  maintenance of proteostasis and adult locomotor ability. In this study, we identify the G271E
377  mutation in HDA-3 and its role in transcriptional regulation of CUB-like and BATH genes
378  for the maintenance of adult locomotor ability. Together, these mutants provide insights into
379  the mechanisms that contribute to the maintenance of adult locomotor ability. Future studies
380 of mutants that show progressive declines in locomotor ability may provide further insights

381 into the genetic programs that work to maintain our locomotor healthspan.
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519  Figure 1. Novel dys-1(ix259) loss-of-function mutation allele is present in ix241 strain but does

520  not cause progressive decline in locomotor ability

521  (A) Photos of head curvature during forward crawling in WT and ix241(4x BC) worms. ix241(4x
522  BC) worms show exaggerated head bending (indicated by arrow). (B) (Top) DNA sequence of dys-
523  1(ix259) mutation site from WT worms and (Bottom) ix241(4x BC) worms. (C) (Top) cDNA

524 sequence of dys-1(ix259) mutation site from WT and (Bottom) ix241(4x BC) worms. (D) (Left)

525  Maximum velocities of WT, ix241(4x BC), and ix241(5x BC) #8 worms. n=30—45 worms per strain
526  for each day (10—15 worms from 3 biological replicate plates). (Right) Percent change in

527  maximum velocity of WT, ix241(4x BC), and ix241(5x BC) #8 worms on adult day 5 compared to
528  adult day 1. n=3 biological replicate plates. ***P < 0.001; *P < 0.05. (E) (Left) Photo of head

529  curvature during forward crawling in ix241(5x BC) #8 worms. (Right) DNA sequence of dys-

530  1(ix259) mutation site in ix241(5x BC) #8 worms.
531
532

533


https://doi.org/10.1101/794974
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/794974; this version posted October 7, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A dys-1 dys-1
el WT ® B g) ol .33
0.4
— @ 0
£ 03 z 3
E s il -
£ ' . ¢ . 2
— - . n
z o2 1 F ! 5y 20
2 & ) = QA
LRk &
g 01 ' 97 -40
3 m @©
: § 4
= - U~ -60
s 0 [ &
=
1 3 5
Adult Days
B dys-1 dys-1 dys-1
eE WT ol 5 ON (eg33) e m (eg33)
g BC#1 BC#2
mutation
GTCTGG GTCTGA GTCTGA GTCTGA

wieds a0 ) )

0.4

E 0.3 . 20
E K]
£ c &
> 02 sy 0
5 = A
o e Eo
g ' 2l .
5 l T ©
E 52 -40
2 e °
s 0 :

1 3 5

Adult Days

534

535 Figure 2. dys-1(eg33) mutation does not cause progressive decline in locomotor ability

536  from first to fifth day of adulthood

537  (A) (Left) Maximum velocities of WT, dys-1(cx18), and dys-1(eg33) worms. (Right) Percent
538 change in maximum velocity of WT, dys-1(cx18), and dys-1(eg33) worms on adult day 5
539  compared to adult day 1. (B) (Top) DNA sequences of dys-1(eg33) mutation site in WT, dys-
540  1(eg33), and two independent backcrossed lines, dys-1(eg33) BC #1, and dys-1(eg33) BC #2
541  worms. (Left) Maximum velocities of WT, dys-1(eg33), dys-1(eg33) BC #1 and dys-1(eg33)
542  BC#2 worms. (Right) Percent change in maximum velocity of WT, dys-1(eg33), dys-1(eg33)

543 BC #1, and dys-1(eg33) BC #2 worms on adult day 5 compared to adult day 1. For maximum
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544  velocity measurements, n=30-45 worms per strain for each day (10-15 worms from 3

545  biological replicate plates). For percent change in maximum velocity graphs, n=3 biological

546  replicate plates. ***P < 0.001; **P < 0.01; *P < 0.05.

547
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549

550 Figure 3. HDA-3 G271E missense mutation leads to progressive decline in locomotor

551 ability

552  (A) Mutation frequency along each chromosome for the ix241 strain before backcrossing.
553  Red bars indicate 0.5-Mb bins and grey bars indicate 1.0-Mb bins. (B) Mutation frequency
554  along each chromosome for remaining mutations after subtracting mutations found in ix241
555  backcrossed strains that did not show a progressive decline in locomotor ability from

556  mutations found in ix241 backcrossed strains that did show a progressive decline in

557  locomotor ability. (C) Effect of ix241 mutation on DNA sequence and amino acid sequence.
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(D) (Top) Depiction of hda-3(ix241) mutation site in HDA-3 protein. (Bottom) Alignment of
amino acid sequences centered around G271E mutation site in C. elegans HDA-3, H. sapiens
HDAC1, HDAC2 and HDACS. (E) Structural modeling of C. elegans WT HDA-3 based on
PDB: 4A69 from H. Sapiens HDAC3. (F) Structural modeling of C. elegans HDA-3 G271E
based on PDB: 4A69 from H. Sapiens HDAC3. Mutated glutamic acid residue is shown in
red. (G) (Left) Sequence of hda-3(ix260) allele which is the same amino acid sequence as
wild type. (Right) Sequence of hda-3(ix261) allele which is the same amino acid sequence as
the hda-3(ix241) allele. Both sequences carry a synonymous mutation site to disrupt the PAM
sequence to prevent repetitive editing by CRISPR-Cas9. (H) (Left) Maximum velocities of
WT, dys-1(ix259);hda-3(ix241) worms, dys-1(ix259);hda-3(ix260) #1 and dys-1(ix259);hda-
3(ix260) #2 worms. (Right) Percent change in maximum velocity of WT, dys-1(ix259);hda-
3(ix241) worms, dys-1(ix259);hda-3(ix260) #1 and dys-1(ix259);hda-3(ix260) #2 worms on
adult day 5 compared to adult day 1. (1) (Left) Maximum velocities of WT, hda-3(ix261) #1,
hda-3(ix261) #2 worms. (Right) Percent change in maximum velocity of WT, hda-3(ix261)
#1, hda-3(ix261) #2 worms on adult day 5 compared to adult day 1. (J) (Left) Maximum
velocities of WT and hda-3(0k1991) worms. (Right) Percent change in maximum velocity of
WT and hda-3(0k1991) worms on adult day 5 compared to adult day 1. For maximum
velocity measurements, n=30—45 worms per strain for each day (10-15 worms from 3
biological replicate plates). For percent change in maximum velocity graphs, n=3 biological

replicate plates. ***P < 0.001; **P < 0.01; *P < 0.05.
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580  Figure 4. Gene expression is dysregulated in hda-3 mutant

581  (A) (Left) Volcano plot of differential expression of transcripts from ix241(4x BC) vs. WT
582  worms. (Right) Volcano plot of differential expression of transcripts from ix241(4x BC) vs.
583  ix241(5x BC) #8 worms. Blue points indicate downregulated genes and red points indicate
584  upregulated genes with p value < 0.0001. (B) (Left) Venn diagram of number of significantly
585  upregulated transcripts with p <0.0001 in ix241(4x BC) vs. WT worms and ix241(4x BC) vs.
586  ix241(5x BC) #8 worms. (Right) Venn diagram of number of significantly upregulated and
587  downregulated transcripts with p <0.0001 in ix241(4x BC) vs. WT and ix241(4x BC) vs.

588  ix241(5x BC) #8 worms. Names of commonly upregulated or downregulated genes are

589 indicated within the Venn diagram.
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Figure 5. Specific BATH and CUB-like genes on chromosome Il and IV are

downregulated from HDA-3 G271E mutatio

n

(A) (Left) Genomic location of strongly downregulated gene transcripts on Chromosome I1.

(Right) Genomic location of strongly downregulated gene transcripts on Chromosome 1V. (B)

Fold change in CUB-like and BATH genes in hda-3(ix261) worms compared to WT, as
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596  measured by gPCR. (C) Fold change in CUB-like and BATH genes in hda-3(0k1991) worms

597  compared to WT, as measured by qPCR. ***P < 0.001; **P < 0.01.

598
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Figure 6. RNAI of certain CUB-like and BATH genes cause progressive decline in

locomotor ability

(A) (Left) Maximum velocities of worms raised on RNAI plates containing empty vector,
F55G11.8, KO8D8.5, K10D11.1. (Right) Percent change in maximum velocity of worms
raised on RNAI plates containing empty vector, F55G11.8, KO8D8.5, K10D11.1 on adult day
5 compared to adult day 1. (B) (Left) Maximum velocities of worms raised on RNAI plates
containing empty vector, bath-1, bath-21, bath-24. (Right) Percent change in maximum
velocity of worms raised on RNAI plates containing empty vector, bath-1, bath-21, bath-24
on adult day 5 compared to adult day 1. For maximum velocity measurements, n=30-45
worms per strain for each day (10—15 worms from 3 biological replicate plates). For percent
change in maximum velocity graphs, n=3 biological replicate plates. ***P < 0.001; **P <

0.01; *P < 0.05.
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613  Figure S1. ix241(5xBC) #8 strain carries dys-1(ix259) mutation but does not show

614  progressive decline in locomotor ability

615  (A) Photos of head curvature during forward crawling in WT and ix241(4x BC) worms.
616  Exaggerated head bending indicated by arrows. (B) Maximum velocities of 24 strains that
617  show the exaggerated head bending phenotype after the fifth backcross on the second and
618  fifth days of adulthood. n=10-15 worms per strain. (C) (Left) Travel distances of WT,

619  ix241(4x BC), and ix241(5xBC) #8 worms. n=30-45 worms per strain for each day (10-15
620  worms from 3 biological replicate plates). (Right) Percent change in travel distance of WT,

621  ix241(4x BC), and ix241(5xBC) #8 worms. n=3 biological replicate plates. ***P < 0.001.

622
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623

624  Figure S2. dys-1(eg33) mutation does not cause progressive decline in locomotor ability

625  (A) (Left) Travel distances of WT, dys-1(cx18), and dys-1(eg33) worms on adult days 1, 3,
626  and 5. (Right) Percent change in travel distance of WT, dys-1(cx18), and dys-1(eg33) worms
627  on adult day 5 compared to adult day 1. (B) Photos of head curvature during forward

628  crawling in dys-1(eg33) BC #1 and dys-1(eg33) BC #2 worms. Arrows indicate exaggerated
629  head bending. (C) (Left) Travel distances of WT, dys-1(eg33), dys-1(eg33) BC #1, and dys-
630 1(eg33) BC #2 worms on adult days 1, 3, and 5. (Right) Percent change in travel distance of
631  WT, dys-1(eg33), dys-1(eg33) BC #1, and dys-1(eg33) BC #2 worms on adult day 5

632  compared to adult day 1. For travel distance measurements, n=30-45 worms per strain for
633  each day (10-15 worms from 3 biological replicate plates). For percent change in travel

634  distance graphs, n=3 biological replicate plates. ***P < 0.001; **P < 0.01; *P < 0.05.

635
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Figure S3. hda-3 mutation causes progressive decline in locomotor ability

(A) (Left) Travel distances of WT, dys-1(ix259);hda-3(ix241), dys-1(ix259);hda-3(ix260) #1
and dys-1(ix259);hda-3(ix260) #2 worms on adult days 1, 3, and 5. (Right) Percent change in
travel distance of WT, dys-1(ix259);hda-3(ix241), dys-1(ix259);hda-3(ix260) #1 and dys-
1(ix259);hda-3(ix260) #2 worms on adult day 5 compared to adult day 1. (B) (Left) Travel
distances of WT, hda-3(ix261) #1, and hda-3(ix261) #2 worms on adult days 1, 3, and 5.
(Right) Percent change in travel distance of WT, hda-3(ix261) #1, and hda-3(ix261) #2
worms on adult day 5 compared to adult day 1. (C) (Left) Travel distances of WT and hda-
3(0k1991) worms on adult days 1, 3, and 5. (Right) Percent change in travel distance of WT
and hda-3(0k1991) worms on adult day 5 compared to adult day 1. For travel distance

measurements, n=30—45 worms per strain for each day (10—15 worms from 3 biological
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649  replicate plates). For percent change in travel distance graphs, n=3 biological replicate plates.

650 ***P <0.001; **P < 0.01.

651
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653
654  Figure S4. Dysregulated genes are enriched for those involved in immune function

655  (A) Enriched GO terms among genes upregulated in ix241(4x BC) strain versus WT and
656  ix241 (5x BC) #8. (B) Enriched GO terms among genes downregulated in ix241(4x BC)

657  strain versus WT and ix241 (5x BC) #8.
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658

659  Figure S5. Knockdown of CUB-like and BATH genes lead to progressive decline in

660  locomotor ability

661  (A) (Left) Travel distances of worms raised on RNAI plates containing empty vector,

662 F55G11.8, KO8DS8.5, K10D11.1. (Right) Percent change in travel distance of worms raised on
663  RNAI plates containing empty vector, F55G11.8, KO8D8.5, K10D11.1 on adult day 5

664  compared to adult day 1. (B) (Left) Travel distances of worms raised on RNA. plates

665 containing empty vector, bath-1, bath-21, bath-24. (Right) Percent change in travel distance
666  of worms raised on RNAI plates containing empty vector, bath-1, bath-21, bath-24 on adult

667 day 5 compared to adult day 1. For travel distance measurements, n=30-45 worms per strain
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668  for each day (10-15 worms from 3 biological replicate plates). For percent change in travel

669  distance graphs, n=3 biological replicate plates. ***P < 0.001; **P < 0.01; *P < 0.05.

670
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674

675

Table S1. List of strains used in this study

Strain

OF1262

OF1263

OF1350
LS292
BZ33
OF1351
OF1352
OF1353
OF1354
OF1355
OF1356
RB1618

Genotype

dys-1(ix259) I; hda-3(ix241)

dys-1(ix259) I; hda-3(ix241) | (4x backcrossed)

dys-1(ix259) I (5x backcrossed)
dys-1(cx18)

dys-1(eg33)

dys-1(eg33) (1x backcrossed) #1
dys-1(eg33) (1x backcrossed) #2
dys-1(ix259) I; hda-3(ix260) #1
dys-1(ix259) I; hda-3(ix260) #2
hda-3(ix261) | (2x backcrossed) #1
hda-3(ix261) I (2x backcrossed) #2
hda-3(0k1991) I

Obtained from

Isolated in previous study (Kawamura and Maruyama, 2019);
Also referred to as ix241

Isolated in previous study (Kawamura and Maruyama, 2019);
Also referred to as ix241 (4x BC)

This study; Also referred to as ix241 (5x BC) #8
CGC

CGC

This study

This study

This study

This study

This study

This study

CGC
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676  Table S2. List of primers used in this study

Primer Name 5'-3" Sequence
dys-1(ix259) 5  atgggcatgatgggtgtcaaatgaa
dys-1(ix259) 3'  cagaaaggcttccaccagtcggttg
dys-1(eg33) 5' tcttttcaaattagtttcccaggacggtca
dys-1(eg33) 3' ttttgatttctaggacaccggctcaaaatc
hda-3(ix241) 5 ggaatttgaaatttccggcaaatgtgcgaatggca
hda-3(ix241) 3' tccacgaggagtacacgagagcttcttcgtaa
bath-1 gpcr 5' ggttatcgatgatgatgacgtg
bath-1 gpcr 3' gagacaagactttttcaaattgtcc
bath-21 gpcr 5  ttctcagaaagttccttgecte
bath-21 gpcr 3'  caaccgtgtcatcatctatagc
bath-24 gpcr 5 tgcgattgatgattctaccatcg
bath-24 gpcr 3'  gagaggcaaacggttttcaaatt
K08D8.5 gpcr 5'  attggatactgcggctgetg
K08D8.5 gpcr 3'  acgtttgcattgtatggaaaagce
F55G11.8 gpcr 5' caagcatctagatacttgactgg
F55G11.8 gpcr 3' tgacggtagattcatctttcatc
dod-17 qgper 5' tcaagctaacagatatttgactgg

677  dod-17 gper3 gttaagttagactcatttatcatctg

678
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680  Table S3. List of single-stranded oligodeoxynucleotide sequences used in this study

ssODN Name 5'-3" sequence

CCATAAGTAGTCAAATTGAATACTCCTAGTCGATCT

hda3(ix241) repair to WT CCTGCCAGTGAATCGGCACCACATTGGAGCACAA

CCATAAGTAGTCAAATTGAATACTTCTAGTCGATCT

hda3(ix241) mutation introduction -~ A GTGAATCGGCACCACATTGGAGCACAA

681

682

683
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684  Table S4. List of remaining mutations in backcrossed ix241 strains

Chrom. Pos. Ref. Alt. Gene Mutation Type Effect*
| 3258592 CA C Y54E10A.20 upstream gene variant modifier
| 8160530 TTATA T T28B8.3 downstream gene variant  modifier
| 10731034 C T rpn-10 missense variant moderate
| 10766899 C T daf-16 intron variant modifier
| 10974485 C T Y52B11A.3 intron variant modifier
| 11307424 C T H25P06.5 Ssynonymous variant low
| 11536456 C T dys-1 splice acceptor variant high
| 11644705 C T WO04G5.9 intron variant modifier
| 11726250 C T F35E2.9 missense variant moderate
T02G6.2-

| 11808061 G T T02G6.4 intergenic region modifier
| 11832340 C T Y47HOC.1 missense variant moderate
| 11864150 T A ced-1 intron variant modifier
| 11896398 C T Y47H9C.12 upstream gene variant modifier
| 11914682 C T hda-3 missense variant moderate
| 11927975 C T wve-1 upstream gene variant modifier
| 12008815 C T fbxa-122 downstream gene variant  modifier
| 12176794 C T R05D7.3 intron variant modifier
| 12298210 C T F56H6.7 missense variant moderate
| 12341691 C T nhr-217 intron variant modifier
| 12343381 T A TO9E11.11 upstream gene variant modifier
| 12414199 C T EO3H4.5 intron variant modifier
| 12493515 C T T27F6.6 Ssynonymous variant low
| 12970406 G A eif-6 downstream gene variant  modifier
| 14083393 A C gadr-6 upstream gene variant modifier
1] 2340737 A C Y54F10BM.1 intron variant modifier
1] 3385124 A AG hecw-1 upstream gene variant modifier
1] 3786851 T TTC acy-3 upstream gene variant modifier
11 6301707 T TC F47D12.9 upstream gene variant modifier
v 1226960 T C W09G12.8 intron variant modifier
v 12319292 TG T F19B6.9 downstream gene variant  modifier
v 12319295 T A F19B6.9 upstream gene variant modifier
v 13506453 GA G nlp-17 upstream gene variant modifier

AACTCGGCTGTCGGCTGGCGCCG
v 13823462 A ACAGCCGAGTCCATTTCGCT HO08MO01.74 downstream gene variant  modifier

CTACTGTAGTGCTTGTGTCGATTT

ACGGGATCGATTTCCTAAATGAA

CCGTAAATCGACACAAGCACTAC
\Y 363225 C AGTAGTCATTTAAAGGAT T22H9.1 intron variant
\Y 1500601 G A sru-27 missense variant moderate
\Y 13231585 T G C34D1.8 downstream gene variant  modifier
\Y 13697695 C T T01D3.1 missense variant moderate

ATCCGACATTTTTATAGCAATGC

GCAGAACCCAAAAAATGTCGGA

CGCGGAGCCAAGGCTGCACCAAA

TAGTGCGATAGGGTATGGCATTA
X 1519515 A TTTGGTGCAAACTTGGCTTCGCG  toca-1 intron variant modifier

Y40A1lA.1-

X 2008595 TA T Y102A11A.9 intergenic region modifier
X 3314891 A AT F11D5.12 upstream gene variant modifier
X 4241974 A G WO01H2.t1 upstream gene variant modifier
X 4674025 G GT F16H11.1 downstream gene variant  modifier
X 6357781 C CCCAT C03B1.10 frameshift variant high
X 8191585 G GT C17H11.6 intron variant modifier
X 11646516 A C TO4F8.15 upstream gene variant modifier
X 12502801 T TACGAAAAATAGATTGTTAC sdz-19 intron variant modifier

685  *Putative impact of mutation (high > moderate > low > modifier)
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686  Table S5. List of remaining mutations after subtraction of mutations in backcrossed

687  ix241 strains that do not show locomotor decline from ix241 strains that show locomotor

688  decline

Chrom.  Pos. Ref. Alt. Gene Mutation Type Effect*
I 10731034 C T rpn-10 missense variant moderate
I 10766899 C T daf-16 intron variant modifier
I 10974485 C T Y52B11A.3 intron variant modifier
I 11307424 C T H25P06.5 synonymous variant low
I 11864150 T A ced-1 intron variant modifier
I 11896398 C T Y47HOC.12  upstream gene variant ~ modifier
I 11914682 C T hda-3 missense variant moderate
I 11927975 C T wve-1 upstream gene variant ~ modifier
I 12008815 C T fbxa-122  downstream gene variant modifier
I 12176794 C T R05D7.3 intron variant modifier
I 12298210 C T F56H6.7 missense variant moderate
I 12341691 C T nhr-217 intron variant modifier
I 12343381 T A TO9E11.11 upstream gene variant ~ modifier
I 12414199 C T EO3H4.5 intron variant modifier
I 12493515 C T T27F6.6 synonymous variant low
I 12970406 G A eif-6 downstream gene variant modifier

689  *Putative impact of mutation (high > moderate > low > modifier)
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