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Abstract

Background

Huntington's Disease (HD) is a neurodegenerative disorder caused by a CAG
trinucleotide repeat expansion in the HTT gene for which no therapies are available.
This mutation causes HTT protein misfolding and aggregation, preferentially affecting
medium spiny neurons (MSNs) of the basal ganglia. Transcriptional perturbations in
synaptic genes and neuroinflammation are key processes that precede MSN

dysfunction and motor symptom onset. Understanding the interplay between these
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processes is crucial to develop effective therapeutic strategies to treat HD. We
investigated whether protein kinase CK2a’, a kinase upregulated in MSNs in HD and
previously associated with Parkinson's disease (PD), participates in the regulation of

neuroinflammation and synaptic function during HD progression.

Methods

We used the heterozygous knock-in zQ175 HD mouse model and compared that to
zQ175 mice lacking one allele of CK2a’. We performed neuropathological analyses
using immunohistochemistry, cytokine proteome profiling, RNA-seq analyses in the
striatum, electrophysiological recordings, and behavioral analyses. We also used the
murine immortalized striatal cell lines STHdh®” and STHdh?'"! and studied the

expression of various synaptic genes dysregulated by CK2a’.

Results

We showed that CK2a’ haploinsufficiency in zQ175 mice ameliorated
neuroinflammation, HTT aggregation, transcriptional alterations, excitatory synaptic
transmission, and motor coordination deficits. RNA-seq analyses also revealed a
connection between a-syn, a protein associated with PD, and the transcriptional
perturbations mediated by CK2a’ in HD. We also found increased a-syn serine 129
phosphorylation (pS129-a-syn), a post-translational modification linked to a-
synucleinopathy, in the nuclei of MSNs in zQ175 mice and in patients with HD. Levels of

pS129-a-syn were ameliorated in zQ175 lacking one allele of CK2a’.

Conclusions
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Our data demonstrated that CK2a’ contributes to transcriptional dysregulation of
synaptic genes and neuroinflammation in zQ175 mice and its depletion improved
several HD-like phenotypes in this mouse model. These effects were related to
increased phosphorylation of S129-a-syn in the striatum of HD mice, suggesting that
CK2a’ contributes to worsening HD by mediating synucleinopathy. Our study highlights
a possible convergent mechanism of neurodegeneration between HD and PD and
suggests targeting CK2a’ as a potential therapeutic strategy to ameliorate synaptic

dysfunction in HD as well as other neurodegenerative diseases.

Introduction

Huntington’s disease (HD) is a neurodegenerative disorder that manifests with
progressive motor, cognitive, and psychiatric deficits for which there is no cure. HD is
caused by a poly-glutamine (polyQ) expansion in exon 1 of the Huntingtin (HTT) gene.
This mutation results in progressive misfolding and aggregation of mutant HTT protein
(mtHTT) and preferentially affects GABAergic medium spiny neurons (MSNs) in the
striatum (1-3). Transcriptional perturbations in synaptic genes and neuroinflammation
are key processes that precede MSN death and motor symptom onset (4). However,
our understanding of the interplay between these processes, mtHTT aggregation, and

their contributions to MSN susceptibility in HD is still incomplete.

Protein kinase CK2 is at the crossroads between neuroinflammation, protein
aggregation, and synaptic activity, and has recently emerged as a potential therapeutic
target of neurodegeneration (5-7). CK2 is a highly conserved serine/threonine kinase

4
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84  composed of two regulatory beta (CK2B) subunits and two catalytic subunits, alpha

85 (CK2a) and alpha prime (CK2a’) (8, 9). The two catalytic subunits share high structural
86 homology, but they differ in their tissue distribution and their ability to phosphorylate

87  different substrates (10, 11). Our previous work showed that CK2a’, but not CK2aq, is
88 induced in HD MSNs and contributes to the dysregulation of protein quality control

89 systems and HTT aggregation in cells and mouse models of HD (12, 13). However,

90 other studies conducted in vitro have suggested a protective role of CK2 in HD via HTT
91  phosphorylation (14, 15), imposing the necessity to clarify the specific involvement of

92 CK2d' in HD pathogenesis and its potential as a therapeutic target in HD.

93 CK2 is involved in the phosphorylation and aggregation of other pathological proteins

94 like microtubule associated protein tau (MAPT) and alpha-synuclein (a-syn), proteins

95 involved in Alzheimer’s (AD) and Parkinson’s disease (PD) (16, 17). Phosphorylation of

96 Tau and a-syn contribute to the activation of neuroinflammatory processes,

97 transcriptional dysregulation, and synaptic deficits in AD and PD (18, 19). Alterations in

98 these proteins have also been associated with HD pathology (20-22). In particular,

99 increased levels of a-syn were observed in the plasma of patients with HD (23) and its
100 deletion in R6/1 mice resulted in amelioration of motor deficits (20, 24). However, the
101  mechanisms by which these proteins are altered in HD and the extent to which they

102  contribute to HD pathophysiology are still unknown.

103 In this study, we characterized the role of CK2a’ in HD in vivo by using the
104  heterozygous zQ175 HD mouse lacking one allele of CK2a’. We showed that CK2a’
105  haploinsufficiency decreased the levels of pro-inflammatory cytokines and improved

106  astrocyte health, restored synaptic gene expression and excitatory synapse function,

5
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107  and improved motor behavior in zQ175 mice. These neuropathological and phenotypic
108  changes correlated with alterations in a-syn serine 129 phosphorylation (pS129-a-syn)
109 in the striatum, a post-translational modification involved in a-synucleinopathy,

110  establishing a novel connection between CK2a’ function and synucleinopathy in HD.
111 Collectively, our data demonstrated that CK2a’ plays a negative role in HD and

112 indicates the therapeutic potential of modulating CK2a’ to achieve enhanced neuronal

113 function and neuroprotection.

114

115 Results

116  Increased CK2da’ levels in the striatum of zQ175 mice parallel progressive HTT

117 aggregation and NeuN depletion

118 Increased CK2 activity has been associated with detrimental effects in protein

119  homeostasis and neuroinflammation in different neurodegenerative diseases, but its
120  role in HD is still controversial (12, 14, 15). To determine whether CK2a’ plays a

121  negative role during HD pathogenesis, we first evaluated the relationship between HTT
122 aggregation, neuronal loss, and CK2a’ levels in the striatum over time for the

123  heterozygous zQ175 mouse model at 3 (pre-symptomatic), 6 (early symptomatic), 12
124  (symptomatic), and 22 months (late-stage disease) of age (25, 26). We observed an
125 age-dependent increase of HTT aggregates (EM48* puncta) and fewer NeuN* neurons
126  (pan-neuronal marker) in the striatum of zQ175 mice (Fig. 1A-D, S1A-C). Increased
127  HTT aggregates were also seen over time in the cortex of zQ175 mice, but they were
128 delayed and significantly lower than in the striatum (Fig. S1A, B), as previously

6
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129  described (27). We confirmed that the depletion of NeuN™ cells correlated with

130  decreased Ctip2* neurons (MSN marker) (28)(Fig. S1D-E). However, we did not

131  observe a significant difference in the total number of neurons, measured by cresyl

132 violet (Fig. S1F-H), or in striatum volume (Fig. $11, J), suggesting that changes in NeuN
133  and Ctip2 reactivity may reflect transcriptional dysregulation and/or neuronal

134  dysfunction rather than neuronal loss.

135  Due to the differences observed in the timing and level of HTT aggregation between
136  striatum and cortex (Fig. S1A, B), we hypothesized that specific up-regulation of CK2a’
137  in the striatum contributes to the enhanced accumulation of HTT aggregates in the

138  striatum. The levels of CK2a’ increased over time in zQ175 mice in the striatum but not
139  in the cortex (Fig. 1E-G), coinciding with the timing of HTT aggregation and preceding
140  robust NeuN depletion in the striatum. Regression analysis demonstrated that CK2a’
141  levels had a significant positive relationship with HTT aggregation (Pearson r(22)=0.87,
142 p value<0.001) (Fig. 1H) and a significant negative relationship with the number of

143 NeuN" cells (Pearson r(22)=-0.78, p value<0.001) (Fig. 11).

144

145  Depletion of CK2a’ improves neuronal function and motor coordination

146  CK2 has been involved in the regulation of glutamate receptor trafficking via

147  phosphorylation of receptor subunits as well as scaffolding proteins, suggesting a role of
148  CK2 in neuronal signaling (29, 30). In addition, upregulation of the CK2a’ subunit in HD
149  has been associated with alterations in MSN spine maturation and striatal synapse

150 density in HD mice (12). Based on this evidence we decided to explore the functional
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151  extent of CK2a’ in HD by using a zQ175 mouse model lacking one allele of CK2a’

152 (zQ175:CK2a’*")) (12) (Fig. 2A, B). We first assessed MSNs abundance and striatal
153  synaptic proteins expression (Fig. S2A-C). CK2a’ haploinsufficiency in zQ175 mice did
154  not alter the number of MSNs (Ctip2* cells) or the mRNA levels of the MSN markers
155  (Drd1 and Drd2), but increased the levels of synaptic proteins like the scaffold protein
156  Dlg4 (PSD-95) and Ppp1rb1 (dopamine- and cAMP-regulated neuronal phosphoprotein
157 DARPP-32), a key regulator of the electrophysiological responses in striatal neurons

158 (32, 33) (Fig. S2A-C).

159  We then assessed the impact of CK2a’ depletion in AMPA-mediated excitatory

160 transmission by conducting whole-cell patch clamp recordings from acute dorsolateral
161  striatum coronal slices at 12 months (Fig. 2C). MSNs from all genotypes showed similar
162  profiles in the analysis of basal synaptic transmission, including input/output curves,

163  paired-pulse facilitation, and synaptic fatigue (Fig. 2D-F). We observed a trend towards
164 increased normalized excitatory postsynaptic currents (EPSCs) in zQ175:CK2a’*") mice
165 compared to the other two genotypes, but the data did not reach statistical significance
166  (Fig. 2F). Spontaneous neurotransmitter release and synaptic activity via miniature

167 EPSC (mEPSC) recordings showed that mEPSC amplitude, reflecting postsynaptic

168  AMPA receptor function, was comparable among the 3 genotypes (Fig. 2G). However,
169 mEPSC frequency, which reflects the probability of neurotransmitter release from

170  presynaptic vesicles and also correlates with the number of synapses, was reduced in
171 zQ175 mice (Fig. 2H, 1), as previously reported (31), and rescued in zQ175:CK2a’*"),
172  These data supported the role of CK2a’ in the dysregulation of striatal synaptic activity

173  and excitability in HD mice.
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174  Glutamatergic synaptic transmission is often related to motor and cognitive function in
175  HD mouse models (33, 34). We conducted a series of motor tests including accelerating
176  rotarod and beam walk in WT, zQ175, and zQ175:CK2a’*") mice at 3, 6, and 12 months
177 (Fig. 3). We also conducted cylinder and open field assessments on a different cohort
178  at 12 months comparing zQ175 and zQ175:CK2a’*") (Fig. $3). We did not observe

179  significant differences between WT and zQ175 or between zQ175 and zQ175:CK2a’*-)
180 at any tested age in the accelerating rotarod test (Fig. 3A-C), open field, or cylinder test
181  (Fig. S3). However, when we evaluated fine motor coordination and whole-body

182  balance in the beam test, we observed a significant increase in foot slips of zQ175 mice
183 compared to WT at 3 months, but only with the most challenging beam (small round),
184  indicating early subtle motor deficits (Fig. 3D). At 12 months, zQ175 mice showed

185 increased foot slips in both the small round and small square beams compared to WT,
186  highlighting a worsening motor deficit (Fig. 3F). zQ175:CK2a’*") mice showed a

187  significant reduction in foot slips compared to zQ175 mice at all tested ages and no

188  significant differences compared to WT.

189  We also performed tests to evaluate associative learning (fear conditioning), spatial

190 learning and memory (Barnes maze, BM), cognitive flexibility (BM reversal), and spatial

191  working memory (Y radial arm maze) by comparing zQ175 and zQ175:CK2a’*") mice at
192 12 months of age, but no significant differences were observed between the two groups
193  (Fig. S4). This observation suggests that the positive effects of CK2a’ depletion on

194  motor behavior may not additionally translate to improved cognitive functions.

195
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196 CK2a’ depletion rescued transcriptional dysregulation of genes involved in

197 glutamatergic signaling

198  We sought to determine whether depletion of CK2a’ levels had any influence in the

199  overall transcriptional dysregulation characteristic of HD and whether those changes
200 could be associated with the functional improvement observed in zQ175:CK2a’*") mice.
201 We performed RNA-seq in the striatum of 12-14 month old mice, followed by Weighted
202  Gene Co-Expression Network Analysis (WGCNA) to investigate which molecular

203 pathways are affected by CK2a’ using n=5 mice/genotype for WT, zQ175, and

204  zQ175:CK2a’*) and n=3 mice for CK2a'*-). We found that the mouse transcriptome
205 could be clustered into 20 gene co-expression modules (Fig. S5, Table S1). Nine

206 modules showed a significant difference in eigengene expression between zQ175 and
207 WT in a Kruskal-Wallis test (p value < 0.05) (Table S2, Fig. S6A) and two modules

208  (Greenyellow: 255 genes, and Red: 639 genes) were significantly different between

209 zQ175 and zQ175:CK2a’*") mice (p value < 0.05) (Fig. 4A, B, Table S2). Cook’s

210 distance (DESeqg2) analyses revealed that these differences were not due to the

211 presence of outliers in our data set (Fig. S6B). We focused our analyses on the

212 Greenyellow module due to its higher significance. Ingenuity pathway analysis (IPA)
213 indicated that the five most significant pathways in the Greenyellow module were

214  signaling pathways for synaptogenesis (p-value 1.68E-06), Ephrin A (p-value 7.84E-05),
215  glutamate receptor (p-value 1.98E-04), axonal guidance (p-value 7.13E-04), and G-
216  protein coupled receptor (GPCR) (p-value 1.14E-03) (Fig. 4C), all of which are

217  pathways previously shown to be dysregulated in HD (35). IPA in the Red module also

218 revealed synaptic signaling related pathways among their five most significant pathways

10
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219 (Fig. S6C). Additional Gene Ontology (GO) annotation of cellular components of the

220 Greenyellow indicated that genes were enriched in synaptic components (Fig. 4D).

221 Connectivity analyses (Fig. S6D) revealed that the two most connected genes within
222 the hub were Slit1 (Slit Guidance Ligand 1), associated with “poor” behavior and a

223 worse prognosis in the R6/1 mouse mode (36), and Ncald (Neurocalcin delta), which
224  regulates multiple endocytosis-dependent neuronal functions and is situated on a locus
225 that has been associated with earlier clinical onset of HD (37, 38). Differential Gene
226  Expression (DGE) between WT and zQ175 mice confirmed a large transcriptional

227  dysregulation (n=885 genes, Q<0.1) (Fig. S6E, F, Table S3), as previously reported
228  (35) while the DGE between zQ175:CK2a’™*) and WT mice only reported 123 genes
229 (Fig. S6G, H). R package variance Partition confirmed that these expression changes
230 were driven only by genotype and not by differences in sex distribution among our

231 groups (Fig. S6l).

232 CK2 has been previously associated with neuroinflammatory processes (6, 39), which
233  was supported by the amelioration in the levels of inflammatory cytokines upon

234  reduction of CK2a’ in both HD cells and mice (Fig. S7A-D). Therefore, we examined our
235 data set for microglial and astrocytic inflammatory RNA signatures (40) but did not

236  observe significant changes in the expression of these gene signatures across

237 genotypes (Fig. 4E, F, Table S4, S5). Inmunoblotting analyses of the microglial marker
238 Iba1 (lonized calcium binding adaptor molecule), considered a reactive marker of

239  microgliosis, indicated an increase in total Iba1 protein levels between WT and the HD
240  groups but immunohistological analyses of Iba1 showed no differences in the number or

241  area size of Iba1* cells across all genotypes (Fig. STE-H), in line with the results

11
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242  obtained by RNA-seq (Fig. 4E). The discrepancy between changes in protein levels of
243  inflammatory cytokines and the absence of an inflammatory transcriptional signature
244  could be related to post-translational events potentially regulated by CK2a’. In addition,
245  no changes in the RNA signature characteristic of reactive neurotoxic A1 astrocytes
246  were seen across genotypes in our data set (Fig. 4F). The absence of robust microglial
247  and astrocytic inflammatory RNA signatures in zQ175 and other HD models has

248  previously been demonstrated (41). However, we recapitulated some transcriptional
249  changes for the so called ‘HD-associated astrocyte molecular signature’ (41, 42) (Fig.
250 4G). Among all genes, zQ175 mice showed a significant decreased expression of

251  Snc4b, Penk, Pppp1rib, Arpp19, Pcp4, Pcp41 and Bcr, compared to WT mice,

252 indicative of astrocytic dysfunction (Fig. 4G). Notably, these changes were ameliorated
253  when comparing zQ175:CK2a’*") and WT mice, suggesting diminished astrocytic

254  pathology upon reduction of CK2a’ levels. These results were supported by the

255  amelioration of astrogliosis (Fig. S8A, B) and the reduction in the astroglia marker myo-
256  inositol, measured by in vivo proton magnetic resonance spectroscopy ('H-MRS) (25,

257 43, 44), when comparing zQ175:CK2a’*")and zQ175 mice (Fig. S8C-F).

258  The DGEs analyzed between zQ175 and zQ175:CK2a’*") revealed 39 specific and

259  significant genes (FDR<0.1) (CK2a’ RNA signature) (Fig. 4H, Table S6), which included
260 Csnk2a2 (CK2a’ gene) as a positive control. Three genes (Ncald, Nrp2, and Slc30a3)
261  were also among the 15% most highly connected members of the Greenyellow module
262 (Fig. S6l). At least 40% of the DGEs (n=16) were related to synaptic functions (Table
263  S6). IPA on the 39 genes showed that the most significant canonical pathway was for

264  glutamate receptor signaling (p-value 2.59E-03) (Fig. 4l), confirming the contribution of

12
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265 CK2a’ to the dysregulation of genes related to excitatory synaptic transmission in
266 HD. However, the available information for the regulation of the 39 gene set did not
267  provide a direct connection between any of these hits and CK2a, therefore suggesting

268 additional regulators implicated in the CK2a’-mediated RNA signature.

269

270  a-syn participates in CK2a’-mediated synaptic gene dysregulation

271 When looking at the most significant upstream regulators identified by IPA of both the
272 Greenyellow module and the 39 gene set identified by DGE, we found SNCA (a-syn) (p-
273 value 9.10E-11 and 1.03E-07, respectively). a-syn regulates multiple processes

274  including synaptic vesicle trafficking, neurotransmitter release and transcription (45, 46),
275 and has been previously connected with CK2 (17, 47). IPA connected a-syn with some
276 of the most differentially dysregulated genes by CK2a’ including Ttr (Transthyretin),

277  Grm2 (Glutamate Metabotropic Receptor 2), Slc17a7 (Solute Carrier Family 17 Member
278  7; alias VGlut1), C1qI3 (Complement Component 1, Q Subcomponent-Like), Cckbr

279  (cholecystokinin B receptor), Nrp2 (Neuropilin 2), and the transcription factors Tbr1 (T-
280 Box Brain Transcription Factor 1) and Nr4a2 (Nuclear Receptor Subfamily 4 Group A

281  Member 2; alias Nurr1) (Fig. 5A).

282  To determine the extent to which a-syn participates in the regulation of genes identified
283 in the CK2a’-mediated RNA signature by IPA, we silenced or overexpressed SNCA in
284  the murine striatal cell models Q7 (control) and Q111 (HD) cells. We first validated that
285 Q111 cells presented similar gene expression alterations to those observed in zQ175
286  mice for the putative SNCA targets when compared to Q7 cells (Fig. 5B). Slc30a3 was

13


https://doi.org/10.1101/2020.10.29.359380

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.29.359380; this version posted January 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

287 included as a non-SNCA target control. Ttr expression was not detected in either Q7 or
288 Q111. RT-qgPCR showed a significant increase in Slc30a3, Slc17a7, Grm2, Cckbr, Tbr1
289 and Nr4a2 in Q111 compared to Q7 as observed in zQ175 mice when compared with
290  WT. Interestingly, SNCA transcripts in Q111 cells were significantly lower compared to
291 Q7 (Fig. 5B). Silencing SNCA in Q111 cells significantly increased the expression of
292  several putative SNCA targets; Sic17a7, Grm2, Cckbr, Tbr and C1ql3, but not the non-
293  SNCA targeted control gene Slc30a3. No significant effects on Q7 cells were observed
294  (Fig. 5C-E). On the contrary, a-syn overexpression (OE) in Q111 cells had opposite
295  effects on the same SNCA target genes with no effect on Q7 cells. We also conducted
296  analyses in R6/1 and R6/1:SNCAK® mice compared to WT (Fig. S9A, B) (20). Although
297 R6/1 mice did not show a similar transcriptional alteration for the SNCA target genes to
298 that observed in zQ175, possibly due disease severity differences between these two
299 mouse models, we observed significantly decreased SNCA transcripts in R6/1 mice
300 compared to WT, as observed in Q111 compared to Q7 cells (Fig. S9B). We also

301 observed that SNCAKO significantly altered the expression of Grm2 in the R6/1

302  background but not in the WT background (Fig. S9B). Altogether, the effects mediated
303 by SNCA manipulations suggested that transcriptional alterations of some synaptic

304 genes in HD could be mediated by a-syn dysregulation.

305

306 Striatal synucleinopathy is found in zQ175 mice and is reduced by CK2a’

307 depletion

14
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308 We next explored whether CK2a’ was involved in the regulation of a-syn in HD. We

309 observed the total amount of a-syn was similar between WT and zQ175 (Fig. 6A-C)

310 mice. zQ175:CK2a’*~) mice showed a trend towards increased a-syn, but did not reach
311  statistical significance (Fig. 6B, C). Nuclear and cytoplasmic fractionation confirmed the
312  presence of a-syn in nuclear fractions from striatum samples (45, 48), and showed a
313  modest but significant increase in nuclear a-syn in zQ175 mice (Fig. 6D, E). IF analyses
314 for a-syn and HTT (EM48) also confirmed the colocalization between these two

315 proteins, as previously shown in R6/1 mice (20)(Fig. 6F, G). To determine if there was a
316 difference in the number and distribution of co-localized a-syn/HTT, we first analyzed
317  the number of EM48* puncta in both the nucleus and cytoplasm between zQ175 and
318  zQ175:CK2a’™*") mice. Cytoplasmic HTT aggregates were reduced in zQ175:CK2a’*")
319 compared to zQ175 mice, consistent with previous studies (12), although no significant
320 differences were observed in the number of nuclear HTT aggregates (Fig. 6H, I).

321 Despite the decrease in cytoplasmic HTT aggregates in zQ175:CK2a’*) mice, no

322  significant differences were observed in the number of nuclear and/or cytoplasmic a-

323 syn/HTT colocalized puncta between zQ175 and zQ175:CK2a’*") mice (Fig. 6J).

324  We then evaluated whether pS129-a-syn, a marker of synucleinopathy (49, 50), was
325 altered in HD and whether CK2a’ could influence its levels. We observed that the levels
326  of pS129-a-syn increased in the striatum of zQ175 mice at 12 months compared to WT
327 (tested with 3 different pS129-a-syn antibodies: 81A, EP1536Y and D1R1R), and in the
328  striatum of patients with HD (Fig. 7A-E, Fig. S10A), indicating signs of synucleinopathy.
329  The levels of pS129-a-syn were significantly reduced in zQ175:CK2a’*") mice

330 compared to zQ175, while no significant differences were observed with WT mice (Fig.
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331 7D, E, Fig. S10A-C). pS129-a-syn was detected in both the cytoplasm and the nucleus
332 of zZQ175 striatal cells, while no nuclear presence was detected in zZQ175:CK2a’*") mice
333 (Fig. 7F, G). In addition, we observed that pS129-a-syn colocalized with both

334 cytoplasmic and nuclear HTT puncta in zQ175 mice, while only cytoplasmic

335  colocalization was observed in zQ175:CK2a’*") mice (Fig. 7F, G, Suppl. Video 1).

336

337 Discussion

338 Increased protein kinase CK2 activity has been associated with detrimental effects in
339  protein homeostasis and neuroinflammation in different neurodegenerative diseases,
340 including AD and PD (5). However, the role of CK2 in HD remained unclear. We

341  previously showed that CK2a' is induced in cell and mouse models of HD, in human

342 iPSC-MSN like cells derived from patients with HD and in postmortem striatum from

343  patients with HD (12). Increased CK2 was also reported in polyQ-HTT expressing cells
344  and in the YAC128 HD mouse model (14). CK2a’ genetic knockdown in different HD cell
345 models resulted in decreased HTT aggregation and increased cell viability (12) but

346  other studies using CK2 inhibitors resulted in opposite results and suggested CK2 had a
347  protective role in HD (14, 15). These contradictory data claimed a more in-depth

348  characterization of the role of CK2 in HD. Here we have demonstrated the adverse

349  effects of CK2a’ catalytic subunit on several HD-related phenotypes including

350 transcriptional dysregulation, neuroinflammation, protein aggregation, neuronal function,
351 and motor coordination in the zQ175 HD mouse model and consolidated the detrimental

352 contribution of CK2a’ to HD pathogenesis. We found CK2a’ contribution is mediated, at
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353 least in part, by the ability of CK2a’ to influence a-syn phosphorylation, striatal

354  synucleinopathy and synaptic gene dysregulation (Fig. 7H).

355 CK2 has been widely associated with the activation of neuroinflammatory processes
356 (39, 51, 52). One of the proposed mechanisms is the participation of CK2 in the

357  phosphorylation of components of the IKK (IkB kinase)/NFkB pathway that results in the
358  production of proinflammatory cytokines (52). Studies in AD showed that CK2 is

359 involved in the inflammatory response that occurs in astrocytes and demonstrated that
360 pharmacological inhibition of CK2 reduced pro-inflammatory cytokine secretion by

361 human astrocytes (6). Although the role of CK2 in inflammation is mostly attributed to
362 the CK2a subunit (39), we showed that CK2a’ haploinsufficiency reduced the levels of
363  several proinflammatory cytokines and diminished astrogliosis in the striatum of zQ175
364 mice. The benefits of reducing neuroinflammation in HD have been shown in R6/2 mice
365 intracranially injected with a TNF-a inhibitor, which resulted in improved motor function
366  (53). Similarly, CK2a’ haploinsufficiency in zQ175 resulted in improved motor

367 coordination.

368  Despite the beneficial effects on neuroinflammation and motor behavior observed by
369 reducing the levels of CK2a’ in zQ175 mice, our transcriptomic analyses did not reveal a
370  neuroinflammatory transcriptional response (40) in either zQ175 or zQ175:CK2a’t*")

371  mice. This was also supported by the absence of a robust microgliosis phenotype in

372 these mice. While the disconnection between changes in protein levels of inflammatory
373  cytokines and the absence of an inflammatory transcriptional signature is intriguing,

374  similar results have previously been shown in zQ175 and other HD mouse models like

375 the R6/2 (41). Transcriptomic studies in these mice have instead revealed a
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376  transcriptional signature related to astrocytic dysfunction (41). Our own RNA-seq data
377  confirmed this HD astrocyte molecular signature manifested by the downregulation of
378  several astrocyte-related genes including Snc4b, Penk, Ppp1r1b and Arpp19. We found
379 that changes in CK2a’ levels influenced the expression of some of those genes

380 associated with astrocytic dysfunction, suggesting a role of CK2a’ in HD-related

381  astrocyte pathology.

382 Increased pro-inflammatory cytokines can alter synaptic strength as well as

383 glutamatergic transmission and are also associated with structural and functional

384  disruption of synaptic compartments (54). Similarly, astrocyte dysfunction in HD

385  contributes to reduced striatal glutamatergic transmission and spine density, ultimately
386 decreasing MSN excitability (55, 56). We showed that CK2a’ depletion increased the
387  expression of synaptic proteins (PSD-95 and Darpp-32) and improved AMPA-mediated
388  synaptic transmission. It is possible that these effects are mediated by an improved
389  astrocyte health influenced by the reduction of CK2a’. In support of this hypothesis,
390 conditional deletion of mtHTT in astrocytes of BACHD mice improved astrocyte health
391 and rescued the expression of synaptic proteins like PSD-95 and improved striatal

392  synaptic activity (65). However, whether decreased astrocytic pathology contributes to

393 improved neuronal activity in zQ175:CK2a’*"-) mice is yet to be determined.

394 In contrast to CK2a, which is an essential protein with hundreds of targets, CK2a’ has
395 very few identified substrates (10, 57). Based on pharmacological studies, it was

396 proposed that CK2 protected cells by mediating Ser13 and Ser16 HTT phosphorylation
397 and decreasing HTT toxicity (14, 15, 58), but genetic evidence for the direct role of CK2

398 (either CK2a or CK2a’ subunits) has never been shown. Previously used CK2 inhibitors
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399  were characterized by their high toxicity and poor selectivity with capacity to potently
400 inhibit other kinases (59, 60). This could explain indirect effects on HTT phosphorylation
401 and decreased cell viability when used in HD cells (14, 15). In addition, the N-terminal
402  sequence of HTT (KAFES13LKS16FQQQ) lacks the CK2 consensus sequence (SxxE/D)
403 (10, 57). A recent kinase screening has revealed that other kinases like TBK1 are most
404  likely to be involved in HTT phosphorylation than CK2 (61). Although we cannot rule out
405  potential indirect effects of CK2a’ on HTT phosphorylation in zQ175 mice, we showed
406  that genetic reduction of CK2a’ levels in both HD cells (12) and mouse models

407 decreased HTT aggregation and toxicity, which is contrary to what would be expected if

408 CK2a’ participates in HTT phosphorylation.

409  On the other hand, we previously showed CK2a’ directly phosphorylates the stress

410 protective transcription factor HSF1, which regulates protein homeostasis (13), signaling
411  HSF1 for proteasomal degradation and influencing chaperone expression in HD (12).
412 Our RNA-seq analysis validated the increased expression of chaperones like Hsp70
413 and Hsp25 in zQ175:CK2a’*") mice, consistent with previous findings (12). However,
414 WGCNA and DGE did not reveal global changes in transcriptional pathways associated
415  with protein quality control networks in zQ175:CK2a’*") mice, but instead showed a

416  unique CK2a’-mediated RNA signature related to synaptogenesis and glutamate

417  receptor signaling. This data correlated with the improved frequency of striatal mMEPSCs
418 observed by reducing CK2a’ levels and supports previous findings showing increased
419  MSNs maturation and striatal synapse density in zQ175:CK2a’*") mice (12, 62). a-syn
420 was shown by IPA as one of the top putative upstream regulators of the CK2a’-

421  mediated transcriptional changes. Although a-syn is not a transcription factor, several
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422  reports showed a-syn modulates transcription by either regulating the expression of

423  transcription factors like Nurr1 (45, 46), which is differentially expressed between zQ175
424  and zQ175:CK2a’*"), or by inducing epigenetic modifications in the DNA (63).

425 Interestingly, mice expressing human a-syn selectively altered glutamate receptor

426  signaling genes at both the epigenetic and transcriptional level (63), which supports the
427  hypothesis that CK2a’-mediated alterations in glutamatergic signaling could be a-syn

428  dependent.

429  a-Syn participates in HD pathogenesis since a-syn KO mice decreased mtHTT

430 aggregation and attenuated body weight loss and motor symptoms in R6/1 mice (20,
431  64), although its specific mechanism of action in HD was not stablished. Aggregation of
432  a-syn and consequent synucleinopathy in PD were linked to CK2-dependent

433 phosphorylation of S129-a-syn (YEMPS120EEG), although this site is also the target of
434  other protein kinases (47, 65). Here, we showed that pS129-a-syn levels are increased
435 in the striatum of symptomatic HD mice and patients with HD as well as increased

436  pS129-a-syn localization in the MSN nucleus. pS129-a-syn was decreased when

437  reducing the levels of CK2a'. Increased pS129-a-syn in cortical neurons of aged mice
438  has been correlated with the dysregulation of vesicular glutamate transporter Slc17a7
439  (66), which is also seen in zQ175 mice. Considering all the evidence, it is reasonable to
440 hypothesize that CK2a’-mediated increase of pS129-a-syn in the brains of zQ175 mice
441  could contribute to glutamate signaling dysregulation by altering (directly or indirectly)
442  the expression of genes related to those processes and ultimately affecting several HD-
443  like phenotypes. However, we cannot disregard the possibility that the effects mediated

444 by CK2a’ depletion could be additionally influenced by other CK2a’ substrates. Further
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445  experiments will be necessary to decipher the mechanism by which CK2a’-mediated a-
446  synucleinopathy contributes to HD and to tease apart the differential contribution of HTT

447  aggregation and a-syn pathology to the symptomatology, onset, and progression of HD.

448

449  Materials and Methods

450  See Sl Appendix for complete methods.

451

452  Cell lines

453  Mammalian cell lines used in this study were the mouse-derived striatal cells STHdhY”
454  and STHdh@"" (Coriell Cell Repositories). Cells were grown at 33°C in Dulbecco’s
455  modified Eagle’s medium (DMEM, Genesee) supplemented with 10% fetal bovine
456  serum (FBS), 100 U mlI-! penicillin/streptomycin and 100 ug ml-' G418 (Gibco), as

457  previously described (12).

458

459 Mouse strains

460  For this study we used a full-length knock-in mouse model of HD known as zQ175 on
461 the C57BL/6J background (Stock No. 027410). CK2a' heterozygous mice (CK2a'*) on
462  the 129/SvEv-C57BL/6J background (Taconic Biosciences TF3062) were originally

463  obtained from Dr. Seldin (Boston University) (67). All mice were housed under standard

464  SPF conditions. We also used 5-month WT (mixed background CBA x C57BL/6), R6/1,
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465 SNCAKO, and R6/1SNCAKO obtained from Dr. Lucas. All animal care and sacrifice

466  procedures were approved by the University of Minnesota Institutional Animal Care and
467 Use Committee (IACUC) in compliance with the National Institutes of Health guidelines
468  for the care and use of laboratory animals under the approved animal protocol 2007-

469  38316A.

470

471  siRNA transfection, RNA preparation and RT-qPCR

472 For CK2a’ knock-down, STHdh cells were transfected with FlexiTube siRNA (5 nmol)
473  from Qiagen (Mm_Csnk2a2; S100961051; SI00961058; SI00961065; S100961072)
474  using DharmaFECT1 per manufacturer’s guidelines. As a negative control, ON-

475  TARGETplus control Non-targeting pool siRNA (Dharmacon) was used. Cells were
476  collected 24 h after transfection. RNA was extracted from STHdh cells and mouse
477  striatal tissues by using the RNeasy extraction kit (Qiagen) according to the

478  manufacturer's instructions. cDNA for all was prepared using the Superscript First

479  Strand Synthesis System (Invitrogen). SYBR green based PCR was performed with
480 SYBR mix (Roche). The gPCR amplification was performed using the LightCycler 480
481  System (Roche). Each sample was tested in triplicate and normalized to GAPDH

482 levels.

483  Immunoblot analysis

484  Sample preparation and immunoblotting condition were performed as previously
485  described (12). Striatum protein extracts from one hemisphere of mice were prepared in
486  cell lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100 and
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487  0.1% SDS). Primary antibodies were anti-CK2a’ (Novus NB100-379 and Proteintech

488  10606-1-AP), anti-lba1 (FUJIFILM Wako 019-19741), a-syn (Biolegend 834303 clone
489  4D6), pS129-a-syn (Millipore MABN826, clone 81A and Abcam ab51253, EP1536Y),
490 GAPDH (Santacruz sc-365062). Quantitative analyses were performed using ImageJ

491  software and normalized to GAPDH controls.

492

493  Immunohistochemistry

494  Sample preparation was performed as previously described (12). Fluorescent images
495  were acquired on an epi-fluorescent microscope (Echo Revolve) or confocal microscope
496  (Olympus FV1000). Primary antibodies used are as follows: a-syn (Biolegend 834303),
497  pS129-a-syn (Millipore MABN826 and Cell signaling technology 23076S, D1R1R),

498 CK2a' (Proteintech 10606-1-AP), Ctip2 (Abcam ab18465), C3d (R&D Systems

499  AF2655), GFAP (Invitrogen PA1-10019), S100b (Abcam ab41548), GS (BD

500 Biosciences 610517 and Abcam 49873), HTT (Millipore, clone mEM48 Mab5374, and
501 Abcam ab109115), Iba1 (FUJIFILM Wako 019-19741), NeuN (Millipore MAB377), IL-6
502  (Santa Cruz Bio sc-32296). For cell number (Ctip, GS, NeuN, Iba1, DAPI), the Cell
503  counter plugin from ImagedJ software was used and normalized to the image area

504  (300um?). EM48* and a-syn puncta were counted using annotations in the Echo

505 Revolve software and using the Puncta Analyzer plugin in ImageJ.

506
507 Nuclear/Cytoplasm fractionation
508
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509 Frozen striatum samples (~20 mg) were fractionated using the Minute™ Cytosolic and
510 Nuclear Extraction Kit for Frozen/Fresh tissues (Invent Biotechnologies INC, Cat NT-

511 032) as per Manufacturer’s instructions.

512

513  Electrophysiological analyses

514  Acute dorsolateral striatum coronal slices (350 um thick) were obtained from 12 months
515 old mice using a vibratome, and processed as previously described (68). Researchers
516  were blind to the mouse genotype. The brain was quickly removed after decapitation
517 and placed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 124,
518 KCI 2.69, KH2PO4 1.25, MgSO4 2, NaHCO3 26, CaClz 2, ascorbic acid 0.4, and glucose
519 10, and continuously bubbled with carbogen (95% O2and 5% CO2) (pH 7.4). For

520 excitatory postsynaptic currents (EPSCs) picrotoxin (50 uM) and CGP54626 (1 uM)

521  were added. Whole-cell electrophysiological recordings were obtained using patch

522  electrodes (3—10 MQ) filled with an internal solution containing (in mM): KMeSO4 135,
523 KCI 10, HEPES-K 10, NaCl 5, ATP-Mg 2.5, GTP-Na 0.3 (pH 7.3). Membrane potentials
524 were held at =70 mV. For EPSCs, theta capillaries filled with ACSF were used for

525  bipolar stimulation. Input—output curves of EPSCs were made by increasing stimulus
526 intensities from 0 to 100 pA. Paired-pulse facilitation was done by applying paired

527  pulses (2 ms duration) with 25, 50, 75, 100, 200, 300, and 500 ms inter-pulse intervals.
528 The paired-pulse ratio was calculated by dividing the amplitude of the second EPSC by

529 the first (PPR=EPSC-2/EPSC-1). Synaptic fatigue was assessed by applying 30
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530 consecutive stimuliin 15 ms intervals. For miniature EPSCs (mEPSCs) tetrodotoxin

531 (TTX; 1 uM) was added to the solution.

532

533 Behavioral assays

534  Sample sizes were calculated using GraphPad Prism 9.0 and GPower 3.1 to detect

535 differences between WT versus zQ175 groups with a power of = 0.8. Researchers at
536 the Mouse Behavioral core at University of Minnesota were blinded to the genotypes of
537 the mice during testing. See Supplementary Methods for a complete description of all
538 behavioral tests conducted in the study. Beam Walk: 19-mm (medium-round) or 10-mm
539  (small-round) diameter and 16-mm (medium-Square) or 10-mm (small-Square) width of
540 3 feet long wood beams (made in house) were used. Each mouse was placed on the
541 beam at one end and allowed to walk to the goal box. Foot slips were recorded

542  manually when the hind paws slipped off the beam. Testing included 3 training days and
543 1 test day with 4 consecutive trials each. Rotarod: Mice were tested over 3 consecutive
544  days. Each daily session included 3 consecutive accelerating trials of 5 min on the

545 rotarod apparatus (Ugo Basile) with the rotarod speed changing from 5 to 50 RPM over

546 300 s, with an inter-trial interval of at least 15 min.

547

548 RNA-Seq Analyses

549  Gene expression analysis was carried out using the CHURP pipeline

550 (HTTps://doi.org/10.1145/3332186.3333156) using n=5 mice/genotype for WT, zQ175,

25


https://doi.org/10.1145/3332186.3333156
https://doi.org/10.1101/2020.10.29.359380

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.29.359380; this version posted January 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

551 and zQ175:CK2a’*") and n=3 mice for CK2a’'*"), with a female (F)/male (M) ratio:

552 4F/1M WT, 1F/2M CK2a'*"), 2F/3M zQ175, 4F/1M zQ175:CK2a’*"), Differential gene
553  expression was determined with DESeq2 using default setting (PMID: 25516281).

554  Genes with a q < 0.1 were considered significant. Outliers’ identification was performed
555 using Cook’s distance (DESeq2). Driver factors of gene expression variance (genotype
556  and/or sex) were evaluated using R package variance Partition. Pathway and clustering
557  analysis were completed with IPA (Ingenuity Systems: RRID: SCR_008653) and

558  gProfiler2 (PMID: 31066453). Data visualization was done using various R graphic

559  packages, including ggplo2, ggraph, and DESeqZ2 visualization functions. The RNA-seq
560 data set generated in this manuscript has been deposited at GEO (accession number

561 GSE160586). Reviewer token “gpqrigisbxgprqf”.

562

563 WGCNA Analysis

564  The count-based gene expressions were first transformed using a variance stabilizing
565 method via DESeqg2 vst function (69). The WGCNA R package (v1.69) was used to

566  construct an unsigned gene co-expression network with a soft threshold power [beta] of
567 6. We used a non-parametric Kruskal-Wallis test (p value < 0.05) to identify modules
568 that differed significantly among different genotypes. Data for the Greenyellow module
569  was exported using a Cytoscape format for visualization. Network figures are limited to
570 the top 15% of genes with the strongest network connections. The size of the circles is
571  scaled by the absolute value of the mean log2 fold change between zQ175 and

572 zQ175:CK2a’*") mice.
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573

574  Quantification and Statistical analyses

575 Data are expressed as Mean + SEM, Mean + SD, or percentage, analyzed for statistical
576  significance, and displayed by Prism 8 software (GraphPad, San Diego, CA) or Excel
577  software (Microsoft). Pearson correlation tests were applied to test the normal

578 distribution of experimental data. Normal distributions were compared with Student t-
579 test (two-tailed or one-tailed), Welch’s t-test or ANOVA with appropriate post-hoc tests
580 (Sidak’s, Dunn’s, or Tukey’s) for multiple comparisons. The accepted level of

581  significance was p < 0.05. Statistical analyses for electrophysiological experiments were
582  performed with SigmaPlot 13.0 software. No statistical methods were used to

583 predetermine sample sizes, but sample sizes were chosen to be similar to those

584  reported in previous publications (11).

585
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825 Figure Legends

826

827  Figure 1. CK2a’ levels progressively increase in the striatum of zQ175 and

828 correlate with HTT aggregation and NeuN depletion. a-f, Imnmunostaining and

829 quantification of HTT puncta detected with anti-HTT EM48 antibody (n=6

830 mice/genotype) (a, b), NeuN™ cells (n=3 mice/genotype) (¢, d) and CK2a’ levels (n=6
831 mice/genotype) (e, f) in zQ175 compared with WT mice at 3, 6, 12 and 22 months. g,
832 CK2da’ mRNA levels analyzed by RT-gPCR in striatum and cortex of 6-month-old mice.
833 Data was normalized to GAPDH and WT striatum (n=3 mice/genotype). h, Linear

834  regression analysis between CK2a’ levels and HTT puncta, and i, between CK2a’ levels
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835 and number of NeuN* cells in zQ175 mice. The Pearson correlation coefficient (p) and
836  R? are indicated. Data are mean + SEM with significance determined by one-way

837  ANOVA with Dunnett’s post-hoc test in b, mean + SD with significance determined by one-
838  way ANOVA Dunnett’s post-hoc test in f and two-way ANOVA withTukey’s post-hoc test in

839 dand g. p-values <0.05 are indicated. n.s = not significant. Scale bar, 50 um.
840

841 Figure 2. CK2a’ haploinsufficiency increased the frequency of AMPA-mediated

842  miniature excitatory postsynaptic currents (MEPSC) in the dorsolateral striatum of

843  zQ175 mice. a, b, Representative images show the labeling (a) and quantification (b) of
844  CK2d' in striatal MSNs immunostained for Ctip2, a specific MSN marker in WT, zQ175
845 and zQ175:CK2a’ *") mice at 12 months of age (n=6 mice/genotype). Scale bar, 50 um.
846 ¢, Image shows whole-cell patch-clamp recording diagram in acute dorsolateral striatum
847  slices, where Ctip2 labeled MSNs from 12-month-old mice. Scale bar 500 um, Ctr:

848  Cortex; Str: Striatum. d, Input—output curve (WT, n = 8; zQ175, n = 9; zZQ175:CK2a’*") n
849 = 13). Representative traces are shown in the top inset. e, Short-term potentiation

850 measured via paired-pulse facilitation (WT, n = 8; zQ175, n = 9; zQ175:CK2a’*") n =
851 11). Representative traces of two consecutive stimuli delivered at 25 ms time intervals
852  are shown in the top inset. f, Short-term depression analyzed through synaptic fatigue
853 (WT, n=7;2zQ175, n = 9; zQ175:CK2a’*") n = 12). Representative traces are shown in
854  the top inset. Values were analyzed using two-way ANOVA with Tukey’s post-hoc

855 analysis. g, h, Spontaneous recordings of mini excitatory postsynaptic currents

856 (mEPSCs). Amplitude (in pA; left panel) (g) and frequency (in Hz; right panel) (h) were

857 analyzed (WT, n =10; zQ175, n = 9; zQ175:CK2a’™*") n = 12). |, Representative mEPSC
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858 traces. Values were analyzed using one-way ANOVA with Dunn’s post-hoc analysis. P
859  values <0.05 are indicated. Error bars represent mean £ SEM from at least 3

860  mice/genotype.
861

862  Figure 3. Genetic deletion of CK2a’ improved motor coordination in zQ175. a-c,

863 Latency to fall off the rod (Rotarod test) for three consecutive days. d-f, Number of foot
864  slips recorded while walking on four different types of beams with different degrees of
865 difficulty from less to more challenging: medium-square, medium round, small-square
866 and small-round (Beam test). Analyses were performed at 3, 6 and 12 months of age (n
867 =16-18 mice/genotype in 3 months, n= 12-14 for 6 months and n = 5-6 for 12 months).
868  Error bars denote mean + SEM, values were analyzed by two-way ANOVA with Sidak’s

869  post-hoc test. p-values <0.05 are indicated, n.s = not significant.
870

871  Figure 4. Depletion of CK2a’ restored the expression of synaptic genes associated with
872  a-syn-dependent regulation in the striatum of symptomatic zQ175 mice. a, Kruskal-

873  Wallis test of module expressions between zQ175 (HD) mice and zQ175:CK2a’(*)

874  mice. The y-axis is the negative log transformed p-values. b, Expressions of module

875  “Greenyellow” in each mouse sample. ¢, IPA canonical pathway analysis, d, enrichment
876  analysis of GO terms in CC (cellular component). e-f, Gene expression for microglia

877  marker genes; A1-inducing and pan-reactive microglia genes (40) (e) and astrocyte

878  markers representative of A1, A2 and pan-reactive astrocytes genes (40) (f) in WT,

879 zQ175, CK2a'*") and zQ175:CK2a’*) mice. g, h, Mean log2 fold change between
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880 zQ175 and zQ175:CK2a’*"-) mice compared to WT for genes representative of the HD-
881  astrocyte molecular signature (41). (g) and the CK2a’-mediated RNA signature (h).

882  Purple asterisk (*) indicates synaptic function, (¢) indicates genes present in the

883  Greenyellow module. i, IPA canonical pathway analysis for the CK2a’-mediated RNA

884  signature.
885

886 Figure 5. SNCA regulates the expression of genes identified in the CK2a’ mediated
887 RNA signature. a, SNCA and DGEs connection by IPA network analysis. Purple

888  asterisks denote synaptic function. b, RT-qPCR in Q7 and Q111 cells (n = 6-8

889  experiments). c-e, siRNA knockdown of SNCA (siSNCA) for 24 h in STHdh Q7 (d) and
890 Q111 cells (e), and RT-gPCR for SNCA (c) and SNCA putative gene targets (d, e).

891 Data were normalized with GAPDH and relativized to non-targeting control siRNA-

892 treated cells (Scr.), (n = 5 experiments). Four data points fell in the axis break for

893  Slc30a3. f, Immunoblotting for a-syn, GFP and GAPDH in Q7 and Q111 cells after

894  plasmid transfections. Q7 and Q111 cells were transfected with pEGFP (control) or a-
895 syn-GFP overexpression (OE) and harvested 24 h after transfection. g, h, RT-gPCR for
896 Q7 (g) and Q111 cells (h) transfected with control or a-syn-GFP. Data were normalized
897  with GAPDH and relativized to non-targeting control pEGFP-treated cells, (n =

898 3 experiments). Data are mean £ SEM with significance determined by Welch’s t-test.
899
900 Figure 6. a-syn differentially accumulates in the nucleus of symptomatic zQ175 mice

901 and colocalized with mtHTT. a, a-syn (4D6 antibody) IB in the striatum of WT, zQ175
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902 and SNCAKC and b in WT, zQ175 and zQ175:CK2a’*") mice at 12 months old. GAPDH
903 used as loading control. ¢, a-syn protein levels analyzed by Image J from IB analyses
904 (n= 5-6 mice/genotype). d, Nuclear/cytoplasmic fractionation of striatum samples from
905  12-month-old WT, zQ175 and SNCAK® mice. e, Quantification of nuclear a-syn from
906 images in D (n=4 mice/genotype). f, a-syn and HTT (EM48 antibody) IF images of

907  dorsal striatum sections from 12 month old WT, zQ175 and zQ175:CK2a’*") (n=3

908 mice/genotype). White arrows indicate a-syn/HTT colocalization. Scale bar, 10 um. g,
909  Magnification of images from F. Scale bar, 2 ym. Grey circles represent nuclei. h

910 Number of cytoplasmic and i nuclear EM48" puncta. A total of three images per brain
911  section and three brain sections per genotype were analyzed (n=27 images, n=3 mice/
912  genotype). j, Number of colocalized a-syn and EM48* puncta calculated using Image J
913  Puncta analysis plugin (n=3 mice/genotype). Error bars denote mean £+ SEM, values

914  were analyzed by Student’s t-test.
915

916 Figure 7. CK2a’ regulates phosphorylation of S129-a-syn and nuclear accumulation in
917 symptomatic zQ175 mice. a, pS129-a-syn (EP1536Y antibody) IB in the striatum of 12-
918  month-old WT, zQ175 and SNCAK® (n=4 mice/genotype). b, pS129-a-syn (81A

919  antibody) IB in the striatum of patients with HD (Vonsattel grade 3 and 4, Harvard Brain
920 Tissue Resource Center) compared to age and sex matched controls. GAPDH is used
921 as loading control. ¢, pS129-a-syn protein levels (combined grades 3 and 4) analyzed
922 by Image J from images in b. d, pS129-a-syn IF (81A antibody) in the dorsal striatum of
923 12-month-old WT, zQ175 and zQ175:CK2a’*") (n=3 mice/genotype), Scale bar, 20 ym.

924 e, pS129-a-syn fluorescence signal was calculated using Image J from images in D
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925 (n=3 mice/genotype, n=27 images per mouse). f, Magnification of images in D, pS129-
926  a-syn and EM48 colocalization in zQ175 and zQ175:CK2a’*") (n=3 mice/group). g,

927  Quantification of pS129-a-syn and EM48 colocalized puncta using Image J puncta plug
928 in. All data are mean + SEM. Statistical analyses were conducted by one-way ANOVA.
929  h, Working model for the role of CK2a’ in the regulation of pS129-a-syn and HD-like

930 phenotype.
931
932

933
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