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1  Abstract
2 ZCCHC17 is a putative master regulator of synaptic gene dysfunction in Alzheimer’s
3  Disease (AD), and ZCCHC17 protein declines early in AD brain tissue, before significant
4  (liosis or neuronal loss. Here, we investigate the function of ZCCHC17 and its role in AD
5 pathogenesis. Co-immunoprecipitation of ZCCHC17 followed by mass
6  spectrometry analysis in human iPSC-derived neurons reveals that ZCCHC17’s binding
7  partners are enriched for RNA splicing proteins. ZCCHC17 knockdown results in
8 widespread RNA splicing changes that significantly overlap with splicing changes found
9 in AD brain tissue, with synaptic genes commonly affected. ZCCHC17 expression
10  correlates with cognitive resilience in AD patients, and we uncover an APOE4
11  dependent negative correlation of ZCCHC17 expression with tangle
12 burden. Furthermore, a majority of ZCCHC17 interactors also co-IP with known tau
13 interactors, and we find significant overlap between alternatively spliced genes in
14  ZCCHC17 knockdown and tau overexpression neurons. These results demonstrate
15 ZCCHC17’s role in neuronal RNA processing and its interaction with pathology and
16  cognitive resilience in AD, and suggest that maintenance of ZCCHC17 function may be
17  atherapeutic strategy for preserving cognitive function in the setting of AD pathology.
18
19  Significance: Abnormal RNA processing is an important component of AD
20 pathophysiology. We show here that ZCCHC17, a previously identified putative master
21 regulator of synaptic dysfunction in AD, plays a role in neuronal RNA processing, and
22 illustrate that ZCCHC17 dysfunction is sufficient to explain some of the splicing
23 abnormalities seen in AD brain tissue, including synaptic gene splicing abnormalities.
24 Using data from human patients, we demonstrate that ZCCHC17 mRNA levels correlate

25  with cognitive resilience in the setting of AD pathology. These results suggest that


https://doi.org/10.1101/2023.03.21.533654
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.21.533654; this version posted March 21, 2023. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

26

27

28

29

30

31

available under aCC-BY-NC-ND 4.0 International license.

maintenance of ZCCHC17 function may be a therapeutic strategy for supporting
cognitive function in AD patients, and motivate future work examining a possible role of

abnormal RNA processing in AD-related cognitive decline.
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32 Introduction

33

34  Synaptic dysfunction linked to cognitive performance is an early occurrence in AD

35 animal models (Trinchese et al., 2004; Smith et al., 2009; Siskova et al., 2014), and

36  dysregulation of synaptic gene expression has consistently been shown in AD autopsy
37  tissue (Loring et al., 2001; Colangelo et al., 2002; Liang et al., 2008). Understanding the
38  molecular basis of synaptic dysfunction is therefore of high importance in the AD field
39 (Teich et al., 2015). We previously used mutual information relationships between RNA
40  expression profiles of autopsy brain tissue to identify transcriptional regulators that may
41  be driving dysregulated synaptic gene transcription in AD, and reported ZCCHC17 as a
42  candidate regulator that is predicted to have reduced activity in AD, leading to

43  dysregulation of gene expression across a broad range of categories (including synaptic)
44  (Tomljanovic et al., 2018). ZCCHC17 was discovered in 2002 while screening a cDNA
45  library for RNA binding proteins (Gueydan et al., 2002) and was also independently

46  found in 2003 using a yeast two-hybrid screen that searched for pinin-interacting

47  proteins (Chang et al., 2003). Additionally, ZCCHC17 interacts with SRrp37, which

48  regulates splicing of pre-mRNA (Ouyang, 2009), and has recently been shown to

49  interact with the splicing factors SRSF1 and SRSF2 (Lin et al., 2017). ZCCHC17

50 contains an S1 RNA binding domain, zinc-finger (CCHC) domain, and 2 nuclear

51 localization signals, and northern blot analysis has shown that its transcripts are found
52  throughout the body, with strongest expression in the normal brain, heart, skeletal

53  muscle, and thymus (Chang et al., 2003). Although the exact function of ZCCHCA17 is
54  unknown, recent evidence showing that it is involved in mRNA (Lin et al., 2017) and

55  rRNA (Lin et al., 2019) processing have led some to suggest that it may help coordinate

56  a wide range of homeostatic functions in the cell (Lin et al., 2017). Our prior work
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57  demonstrated that ZCCHC17 protein is expressed in neurons and declines early in AD
58 brain tissue before significant gliosis or neuronal loss, while knockdown of ZCCHC17 in
59 rat neuronal cultures leads to dysregulation of a wide range of genes, including synaptic
60 genes (Tomljanovic et al., 2018). ZCCHC17 has been bioinformatically linked to AD

61  more generally by others as well (Li et al., 2015). However, the activity of ZCCHC17 in
62  human neurons has not yet been explored, and its clinical relevance in AD patients has
63  not been examined.

64

65 Here, we investigate the functional role of ZCCHC17 in a human iPSC-derived neuronal
66  model, and explore how this role may contribute to clinical decline in AD patients. By

67  performing co-immunoprecipitation of ZCCHC17 in human neurons followed by mass

68  spectrometry analysis, we show that ZCCHC17 interacts with a network of splicing

69  proteins. Furthermore, ZCCHC17 knockdown leads to dysregulation of mMRNA splicing
70  across a broad range of gene categories (including synaptic), and these differentially

71  spliced genes overlap significantly with those seen in AD brain tissue. ZCCHC17

72  expression correlates with cognitive resilience in AD patients through two different

73  approaches (using ROSMAP data and PrediXcan analysis), and we uncover an APOE4-
74 dependent correlation of ZCCHC17 expression with neurofibrillary tangle burden. Finally,
75  we show that a majority of ZCCHC17 interactors identified by co-IP also co-IP with

76  known tau interactors, and we find significant overlap between alternatively spliced

77  genes in ZCCHC17 knockdown and tau overexpression neurons. Taken together, the
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78  above results support a role for ZCCHC17 in neuronal RNA splicing and cognitive
79 resilience in AD, and point to tau as a possible mediator of ZCCHC17 dysfunction.
80

81

82  Methods

83

84  hiPSC and Neuronal Cell Culture

85  All human cell line work was performed on de-identified cell lines and approved by the
86  Columbia University Institutional Review Board (IRB). IMR90 cl.4 hiPSCs (WiCell) (Yu
87 etal., 2007; Yu et al., 2009; Chen et al., 2011; Hu et al., 2011) were grown in StemFlex
88 media (Thermo Scientific) on Cultrex (Biotechne) and passaged with ReLeSR as
89  described previously (Song et al., 2021). Human neural progenitor cells (NPCs) were
90 generated using dual SMAD inhibition as non-adherent embryoid bodies, followed by
91 plating on polyornithine (10 ug/mL, Sigma P4957)/laminin (10 ug/mL, R&D Systems
92  3400-010-02) and subsequent manual rosette selection and expansion, as described
93  previously (Topol et al., 2015; Sun et al., 2019). NPCs were maintained on Matrigel
94  (Corning 354230) and split 1:2 to 1:3 at every 5-7 days. Neuronal differentiations were
95 carried out by plating 200,000 cells/12 well-well or 500,000 cells/6 well-well in
96 DMEM/F12 base media (Gibco 11320-033) supplemented with B27 (Gibco 17504-044),
97 N2 (Gibco 17502-048), penicillin/streptomycin (Gibco 15140-122), BDNF (20 ng/mL,
98 R&D Systems 248-BDB), and laminin (1 ug/mL). After 1 week of differentiation, AraC
99 (Tocris 4520) was added at 100 nM to reduce remaining NPC proliferation. Neurons
100  were differentiated for 6-11 weeks post NPC stage.
101

102 Lentiviral Construct and Lentiviral Particle Formation
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103  cDNA corresponding to human ZCCHCA17 transcript variant 3 was ordered from the
104  MGC Collection from Dharmacon (Horizon Discovery Biosciences MHS6278-

105  202760302). This was used as a template for PCR using Amplitag Gold (Life

106  Technologies, as per user instructions), utilizing the following primers that introduced a
107  Kozak sequence and an N-terminal FLAG sequence after the translational start site:

108 ZCC NFLAG TOPQO_F:CACCATGGACTACAAAGACGATGACGACAAGAATTCAGGA

109 AGGCCTGAGACC

110 ZCC NFLAG TOPO R:TCACTCCTTGTGCTTCTTCTTGTGC.

111 Purified PCR products were then TOPO-cloned into pENTRE/D-TOPO (Life

112 Technologies). Transformed bacterial colonies (Stb3, Life Technologies) were

113 miniprepped (Qiagen) and confirmed to be correct by Sanger sequence

114  (Genewiz/Azenta). One correct clone was subsequently Gateway-cloned (Life

115  Technologies, as per user instructions) into pLEX-305, which was a gift from David Root
116  (Addgene plasmid#41390; http://n2t.net/addgene:41390; RRID:Addgene_41390).

117  Transformed bacterial colonies were miniprepped and confirmed to be correct by Sanger
118 sequence, and then midiprepped (Machery-Nagel) for use in lentiviral particle

119  generation. A similar strategy was later used for C-terminal tagged ZCCHC17, using the
120 following primers:

121 ZCC_CFLAG TOPQO_F:CACCATGAATTCAGGAAGGCCTGAGACC

122 ZCC_CFLAG TOPO R:TCACTTGTCGTCATCGTCTTTGTAGTCCTCCTTGTGCTTCTT

123 CTTGTGC.

124  “True empty” pLEX-305 was generated by excision of the ccdB8 selection cassette using
125  Age1 and Xho1 restriction digest, blunting via Large Klenow Fragment, and gel

126  purification of the digested plasmid (2243 bp excised), followed by blunt ligation and

127  bacterial transformation. After bacterial colonies were miniprepped and confirmed to be
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128  correct by Sanger sequence, a correct clone was midiprepped for lentiviral particle

129  production.

130

131  Lentiviral particles from N- and C-terminal FLAG-tagged ZCCHC17 as well as empty

132 pLEX_305 vector were generated as described previously (Song et al., 2021). Briefly,
133 HEK 293T cells were plated at 180,000 cells/cm? on gelatin-coated 15-cm plates and fed
134  with 20 ml FM10 media. Cells were confirmed to be 80-90% confluent preceding

135 transfection the following day. 80 pl Lipofectamine 3000 (Invitrogen L3000-015) was

136  mixed with 2 ml Opti-MEM (Gibco 31985-070) in a 15-ml conical tube and vortexed for 3
137  seconds. A plasmid DNA master mix was prepared in a separate 15-ml conical tube,

138  comprising 20 ug FLAG-ZCCHC17, ZCCHC17-FLAG, or control pLEX_305 empty

139  vector, 15 ug psPAX2 (Addgene #12260), and 10 ug VSV-G (Addgene #14888) in 2 ml
140  Opti-MEM, supplemented with 80 ul P3000 reagent (Invitrogen L3000-015). The 2 mixes
141  were combined and incubated at room temperature for 10 minutes, and the transfection
142  mixture was subsequently pipetted onto cells in a dropwise manner. Cells were then

143  incubated for 5-6 hours at 37°C, after which the transfection media was replaced with
144  18.5 ml fresh FM10. Viral supernatants were collected 48 and 72 hours post-transfection
145  and centrifuged for 3 min at 300 x g. Supernatants were then combined, vacuum-filtered,
146  transferred to new tubes, supplemented with 1/3 volume Lenti-X Concentrator (Takara
147  631232), mixed by gentle inversion, and incubated overnight at 4°C. The following day,
148  samples were centrifuged for 45 minutes at 4°C at 1,500 x g. Supernatants were

149  removed and the lentiviral pellets were resuspended in DPBS (Gibco 14190-044) and
150  stored at -80°C.

151

152 Immunofluorescence
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153  hiPSC-derived neurons on glass coverslips in 12-well plates were infected with FLAG-
154  tagged ZCCHC17 and control lentivirus one week prior to fixation and immunostained to
155  assess expression of constructs via immunofluorescence. Cells were fixed in 4%

156  paraformaldehyde for 20 minutes, incubated with 0.2% Triton X-100 (Thermo 85111) in
157  PBS for 5 minutes, and washed 3x with PBS. Coverslips were incubated for 1 hour at
158  room temperature in blocking solution, consisting of 5% goat serum in PBS, and then
159  overnight at 4°C in primary antibody solution, consisting of anti-ZCCHC17 (1:1000,

160  Abcam ab80454) and anti-FLAG (1:1000, Sigma F3165) in blocking solution. Coverslips
161  were rinsed 3x with PBS, incubated with 1:1000 secondary antibody in blocking solution
162  for 1 hour at room temperature, and washed 3x with PBS. Coverslips were incubated for
163 5 minutes with DAPI in PBS, washed 1x with PBS, mounted with Vectashield (Vector H-
164  1000), and stored at 4°C. Imaging was carried out using an LSM 800 confocal

165  microscope (Zeiss).

166

167 Immunoprecipitation

168  hiPSC-derived neurons were differentiated in 6-well plates and infected with FLAG-

169 tagged ZCCHC17 and control lentivirus one week prior to immunoprecipitation. Cells
170  were rinsed 2x with cold PBS, incubated on ice for 15 minutes with cold IP lysis buffer
171  (Thermo 87787) supplemented with protease and phosphatase inhibitors (Thermo

172 1861280), collected into tubes by scraping, and centrifuged at 12,000 x g for 10 minutes.
173 40 ulL/sample of anti-FLAG conjugated magnetic bead slurry (Sigma M8823) was

174  prepared by washing 6x with PBS to remove glycerol from beads. Lysates were diluted
175  to 1 mL total volume with additional IP lysis buffer with inhibitors. Anti-FLAG beads were
176  added to samples, gently mixed, and incubated at room temperature on a rotator for 2

177  hours. Anti-FLAG beads with bound sample were magnetically separated from
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178  remaining unbound sample and rinsed 2x with 1 mL PBS. Immunoprecipitated samples
179  were further processed by in-gel digestion for mass spectrometry or were prepared for
180  western blot as detailed below.

181

182 Western Blotting

183  Tris-glycine SDS sample buffer (Thermo LC2676) was added to beads with bound

184  sample and boiled for 3 min. Bound sample in sample buffer was magnetically separated
185  from beads and stored at -80°C. Thawed samples were supplemented with sample

186  reducing agent (Thermo NP0009), and boiled for 5 min prior to loading to 4-20%

187  gradient gels (Thermo XP04200BO). Samples were separated by SDS-PAGE and

188  transferred to nitrocellulose membrane at 30V overnight at 4°C. Membranes were

189 incubated for 1 hour in 100% sea block blocking buffer (Thermo 37527) on a rocker at
190 room temperature. Anti-FLAG (1:1000, Sigma F3165), anti-ZCCHC17 (1:1000, Abcam
191  ab80454), anti-AP2A1 (1:1000, Proteintech 11401-1-AP) or anti-hnRNPU (1:1000,

192  Abclonal A3917) were added to 50% sea block in TBS-Tween (TBST) buffer solution
193  and incubated at 4°C overnight with rocking. After washing with TBST, secondary

194  antibodies (Licor) were added at 1:10,000 to 50% sea block in TBST and incubated for 1
195  hour at room temperature with rocking. Membranes were washed and imaged using the
196  LI-COR Odyssey imaging system.

197

198 In-gel Digestion for Mass Spectrometry

199  Immunoprecipitated samples (n = 3 per group, including FLAG-ZCCHC17, ZCCHC17-
200 FLAG, and negative control samples) were separated on 4-12% gradient SDS-PAGE
201 and stained with SimplyBlue. Protein gel slices were excised and in-gel digestion was

202  performed as previously described (Shevchenko et al., 2006), with minor modifications.

10
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203  Each gel slice was washed with 1:1 Acetonitrile and 100 mM ammonium bicarbonate for
204 30 minutes, then dehydrated with 100% acetonitrile for 10 minutes until shrunk. The

205  excess acetonitrile was then removed and the slice was dried in a speed-vacuum at

206  room temperature for 10 minutes. The gel slice was reduced with 5 mM DTT for 30 min
207  at 56 °C in an air thermostat, cooled down to room temperature, and alkylated with 11
208  mM IAA for 30 minutes with no light. The gel slice was then washed with 100 mM of

209  ammonium bicarbonate and 100% acetonitrile for 10 minutes each. Excess acetonitrile
210  was removed and dried in a speed-vacuum for 10 minutes at room temperature, after
211 which the gel slice was re-hydrated in a solution of 25 ng/ul trypsin in 50 mM ammonium
212 bicarbonate for 30 minutes on ice and digested overnight at 37 °C in an air thermostat.
213  Digested peptides were collected and further extracted from the gel slice in extraction
214  buffer (1:2 ratio by volume of 5% formic acid:acetonitrile) by shaking at high speed in an
215  air thermostat. The supernatants from both extractions were then combined and dried in
216  a speed-vacuum. Peptides were dissolved in 3% acetonitrile/0.1% formic acid.

217

218  Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS)

219  Desalted peptides were injected in an EASY-Spray™ PepMap™ RSLC C18 50cm X
220  75cm ID column (Thermo Scientific) connected to an Orbitrap Fusion™ Tribrid™

221 (Thermo Scientific). Peptide elution and separation was achieved at a non-linear flow
222 rate of 250 nl/min using a gradient of 5%-30% of buffer B (0.1% (v/v) formic acid, 100%
223 acetonitrile) for 110 minutes, with column temperature maintained at 50 °C throughout
224  the entire experiment. The Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer
225  was used for peptide tandem mass spectroscopy (MS/MS). Survey scans of peptide
226  precursors were performed from 400 to 1500 m/z at 120K full width at half maximum

227  (FWHM) resolution (at 200 m/z) with a 2 x 10° ion count target and a maximum injection

11
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228  time of 50 ms. The instrument was set to run in top speed mode with 3-second cycles for
229  the survey and the MS/MS scans. After a survey scan, MS/MS was performed on the
230  most abundant precursors, i.e., those exhibiting a charge state from 2 to 6 of greater

231 than 5 x 10 intensity, by isolating them in the quadrupole at 1.6 Th. We used collision-
232 induced dissociation (CID) with 35% collision energy and detected the resulting

233 fragments with the rapid scan rate in the ion trap. The automatic gain control (AGC)

234  target for MS/MS was set to 1 x 10* and the maximum injection time was limited to

235  35ms. The dynamic exclusion was set to 45s with a 10 ppm mass tolerance around the
236  precursor and its isotopes. Monoisotopic precursor selection was enabled.

237

238 LC-MS/MS Data Analysis

239  Raw mass spectrometric data were analyzed using the MaxQuant environment

240  (v1.6.1.0) and Andromeda for database searches (Cox et al., 2011) at default settings
241 with a few modifications. The default was used for first search tolerance and main

242  search tolerance (20 ppm and 6 ppm, respectively). MaxQuant was set up to search with
243  the reference human proteome database downloaded from Uniprot

244 (https://www.uniprot.org/proteomes/UP000005640). MaxQuant performed the search for
245  trypsin digestion with up to 2 missed cleavages. Peptide, site and protein false discovery
246  rates (FDR) were all set to 1% with a minimum of 1 peptide needed for identification;

247  label-free quantitation (LFQ) was performed with a minimum ratio count of 1. The

248  following modifications were used for protein quantification: oxidation of methionine (M),
249  acetylation of the protein N-terminus, and deamination for asparagine or glutamine (NQ).
250  Results obtained from MaxQuant were further analyzed using R. Protein identifications
251  were filtered for common contaminants. Proteins were considered for quantification only

252  if they were found in at least two replicate samples from a test group. Significant

12
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253  enrichment in protein abundance was determined by t-test with a significance threshold
254  of adjusted p-value < 0.1 (permutation-based FDR correction) and logz(FoldChange) >
255  0.3.

256

257 ZCCHCA17 siRNA Delivery

258  hiPSC-derived neurons were fed and treated with 1 uM Accell self-delivering siRNA,
259  consisting of a pool of four unique ZCCHC17 sequences (Horizon Discovery

260 Biosciences E-105851-00) or four non-targeting control sequences (Horizon Discovery
261  Biosciences D-001910-10). Cells were harvested 7 days after siRNA treatment for

262  corresponding experiments.

263

264 RNA Extraction

265  hiPSC-derived neurons were lysed in Qiazol lysis reagent (Qiagen 79306) on ice and
266  frozen at -80°C. 12 samples were collected for RNA sequencing (n = 6 ZCCHC17

267  knockdown biological replicates and n = 6 negative control biological replicates). RNA
268  was extracted using the miRNeasy Mini kit (Qiagen 217004). RNA library preparation
269  and sequencing were conducted at GENEWIZ, LLC (South Plainfield, NJ, USA) as
270  described below.

271

272 Library Preparation with Stranded PolyA Selection

273  Total RNA samples were quantified using a Qubit 2.0 Fluorometer (Life Technologies,
274  Carlsbad, CA, USA) and RNA integrity was checked by an Agilent TapeStation 4200

275  (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing libraries were prepared
276  using the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina, following the

277  manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, mMRNAs were first

13
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278  enriched with Oligo(dT) beads, and enriched mRNAs were fragmented for 15 minutes at
279 94 °C. First strand and second strand cDNAs were subsequently synthesized. cDNA
280 fragments were end repaired and adenylated at their 3’ ends, and universal adapters
281  were ligated to the cDNA fragments, followed by index addition and library enrichment
282 by limited-cycle PCR. The sequencing libraries were validated on an Agilent TapeStation
283  (Agilent Technologies, Palo Alto, CA, USA), and quantified using a Qubit 2.0

284  Fluorometer (Invitrogen, Carlsbad, CA) as well as by quantitative PCR (KAPA

285  Biosystems, Wilmington, MA, USA).

286

287 HiSeq Sequencing

288  The sequencing libraries were pooled and clustered on 4 lanes of a flowcell. After

289  clustering, the flowcell was loaded on an lllumina HiSeq instrument (4000 or equivalent)
290 according to the manufacturer’s instructions. The samples were sequenced using a

291  2x150bp paired-end (PE) configuration. Image analysis and base calling was performed
292 by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from
293  lllumina HiSeq was converted into fastq files and de-multiplexed using lllumina's

294  Dbcl2fastq 2.17 software. One mismatch was allowed for index sequence identification.
295

296 RNA Sequencing Data Preprocessing

297 Raw RNA-seq data for ZCCHC17 knockdown neurons, Religious Orders Study and

298  Rush Memory and Aging Project (ROSMAP) bulk dorsolateral prefrontal cortex (DLPFC)
299 tissue (Bennett et al., 2018; Mostafavi et al., 2018), and tau overexpression neurons (Raj
300 etal., 2018) was preprocessed as follows. The quality of all FASTQ files was assessed
301 using FastQC (v0.11.9), and all samples for which one or both paired-end FASTQ files

302 failed the "per base sequencing quality" metric were excluded from downstream analysis
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303 in order to ensure confidence in sequence-based inferences. Reads were aligned to the
304 GRCh38 genome (Ensembl Release 101) using STAR (v2.7.6a) in 2-pass mapping

305 mode with standard ENCODE parameters. Gene counts were quantified from STAR-
306 aligned BAM files using featureCounts (v2.0.1). Only samples with RIN = 5 were used
307 for downstream analysis.

308

309 RNA Splicing Analysis

310 Differential splicing analysis was performed using LeafCutter (v0.2.9) in Python (v2.7)
311 and R (v3.4.4) (Li et al., 2018). LeafCutter enables annotation-agnostic quantification of
312  RNA splicing by grouping introns inferred from aligned reads into splicing clusters which
313  enable statistical comparison of differential usage between 2 groups. In brief, splicing
314  events were extracted from STAR-aligned BAM files using regtools (v0.5.2) with

315  minimum anchor length 8 bp, minimum intron length 20 bp, and maximum intron length
316 1M bp. The resulting junction files were then clustered with LeafCutter, allowing introns
317  of maximum length 1M bp and requiring each intron to be supported by at least 100

318 reads and account for at least 5% of the reads in its splicing cluster. Differential splicing
319  analysis was performed by LeafCutter, requiring that each intron analyzed be supported
320 by at least 30 reads in all samples (for NPC-derived neurons and tau overexpression
321  neurons) or in at least half of the samples in each clinical diagnosis group (for ROSMAP
322 bulk DLPFC tissue). Differential splicing in ROSMAP was assessed between AD

323  samples (defined as those with a clinical diagnosis of Alzheimer’'s dementia and no other
324  cause of cognitive impairment) and control samples (defined as those with no cognitive
325 impairment on clinical assessment), controlling for covariates including study (ROS or
326  MAP), sequencing batch and depth, donor age and sex, PMI, and RIN. Downstream

327  analysis of differential splicing results was performed in R (v4.0.2). Differentially spliced
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328 clusters were identified by FDR-corrected p-value < 0.05. Differentially spliced genes
329 (DSGs) were inferred from differentially-spliced clusters which corresponded

330 unambiguously to a single annotated gene. Individual splice junction plots were

331 generated using LeafViz (v0.1.0). Intron usage plots were generated using ggplot2
332 (v3.3.2).

333

334  Gene Ontology Analysis

335 DSGs were extracted from LeafCutter analysis results as described above. Gene

336  ontology (GO) terms spanning GO levels 2-5 and all 3 GO families (biological process,
337  molecular function, and cellular component) were characterized using the “over-

338  representation analysis” function of the ConsensusPathDB web tool. Significantly-

339  enriched GO terms were identified by FDR-corrected p-value < 0.05.

340

341 Nonsense-Mediated Decay Analysis

342  Differential isoform analysis was performed using the IsoformSwitchAnalyzeR package
343  (v1.10.0) in R (v4.0.2). In brief, transcript counts were quantified from STAR-aligned
344  BAM files using Salmon (v1.4.0), and differential isoform usage was assessed using
345 DEXSeq. Differential isoform usage in ROSMAP samples was assessed controlling for
346  covariates including study (ROS or MAP), sequencing batch and depth, donor age and
347  sex, PMI, and RIN. Premature termination codons (PTCs) were defined as annotated
348  STOP codons located at least 50 bp upstream of the final canonical exon-exon junction
349  for a given transcript, and isoforms containing PTCs were classified as NMD-sensitive.
350 For each dataset analyzed, significant changes in differential isoform fraction (dIF) were

351  assessed using two-sided t-tests, and associations between PTC status and dIF sign
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352  were assessed using Fisher’s exact test. NMD sensitivity plots were generated using
353  ggplot2 (v3.3.2).

354

355

356 Gene Expression Correlational Analysis

357 ROSMAP sample metadata including APOE genotype, cognitive metrics, and midfrontal
358 cortex AD pathology metrics were obtained from the Rush Alzheimer’s Disease Center
359  (Bennett et al., 2018; De Jager et al., 2018). All downstream analysis was performed in
360 R (v4.0.2). After filtering out low-expression genes (defined as all those with <5 raw read
361 counts in at least 90% of all samples), raw gene counts were normalized and variance-
362  stabilized using DESeq2 (v1.28.1). The effects of sequencing batch and depth, donor
363 age and sex, PMI, and RIN were subsequently regressed out using

364 limma::removeBatchEffect (v3.44.3). Processed ZCCHC17 expression values were then
365  Spearman-correlated to cognitive and AD pathology metrics using Hmisc::rcorr (v4.4.2).
366  Separate analyses were run on the subset of samples with documented APOE

367  genotypes to assess correlations for subgroups with and without the APOEA4 risk factor
368 allele. Correlational p-values were BH-adjusted within each analysis.

369

370 Predicted Gene Expression Association with Resilience

371  We leveraged data from a published genome-wide association study (GWAS) of

372  resilience to AD neuropathology (Dumitrescu et al., 2020), defined as better-than-

373  predicted cognitive performance given an individual’s amyloid burden. PrediXcan

374  (Gamazon et al., 2015) was used to quantify predicted levels of ZCCHC17 expression
375 leveraging the GTEx database for model building and applied using GWAS data. Tissue-

376  specific expression models were built leveraging elastic-net regression in the cis gene
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377  region (within 1Mb) and selected based on five-fold cross-validation as previously

378  described (Gamazon et al., 2015). To determine whether genetic regulation of

379 ZCCHC17 was related to resilience, we quantified the association between predicted
380 ZCCHCA17 expression with our published Combined Resilience trait (n = 5,108)

381  (Dumitrescu et al., 2020) covarying for age and sex. The false discovery rate procedure
382  was used to correct for multiple comparisons. The Generalized Berk-Jones test was
383  used to summarize the association across tissues into a single test statistic. Secondary
384  analyses were performed removing individuals with AD from the analytical model (n =
385  3,818). Finally, for all cross-validated ZCCHC17 models that related to resilience, we
386 also assessed whether genetic regulation predicted observed transcript expression of
387 ZCCHCA17 in three brain regions, leveraging the genotype and RNA sequencing data
388 from ROSMAP. All validation models were limited to non-Hispanic white participants
389  without AD (n = 172) to align with the prediction models built in GTEx. For our GWAS
390 analysis, nominally significant SNPs (P <1 x 10°) associated with AD were highlighted
391 from summary statistics from (Jansen et al., 2019), which uses GRCh37.

392

393

394 Results

395

396 Identification of Binding Partners of ZCCHC17

397 ZCCHCA17 has been studied in non-neuronal tissues and has been shown to play a diverse
398 range of regulatory roles in RNA processing (Lin et al., 2017; Lin et al., 2019). Its function
399  has not been previously studied in human neurons, and it may exert its regulatory effect
400 through its CCHC-type zinc finger domain, the RNA-binding capacity of its S1 domain, or

401 via its interactions with proteins involved in RNA processing (Figure 1A; note that it may
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402  beless likely to act as a classical zinc finger transcription factor as it only contains a single
403  zinc finger domain (Lambert et al., 2018)). Since protein function is directly related to
404  protein-protein interactions, we first performed immunoprecipitation-mass spectrometry to
405 identify the binding partners of ZCCHC17 and elucidate its function. N- and C-terminal
406  FLAG-tagged ZCCHC17 lentiviral constructs were expressed in human iPSC-derived
407 neurons to enable isolation of ZCCHC17 protein and its interactors by FLAG
408 immunoprecipitation (Supplemental Figures $1-2). Immunoprecipitated proteins were
409 identified using mass spectrometry. Significant binding partners were identified by
410 comparing proteins bound to FLAG-tagged ZCCHC17, immunoprecipitated from either
411  FLAG-ZCCHC17- or ZCCHC17-FLAG-expressing neurons, to proteins nonspecifically
412 bound to FLAG beads in control neurons expressing an empty vector (Figure 1B-C).
413  FLAG tag location (C-terminal or N-terminal) had only a marginal effect on binding partner
414 hits; there was a significant change in the abundance of only one protein, FTL, which binds
415  to N-terminal FLAG-tagged ZCCHCA17 to a higher degree than to C-terminal FLAG-tagged
416 ZCCHCA17. This suggests that the C-terminal FLAG tag may have generated some steric
417  hindrance which impeded FTL’s ability to bind to ZCCHC17, although FTL remained a
418  significant binding partner in both experiments when compared to control samples.

419

420 91 unique binding partners for ZCCHC17 were identified in human iPSC-derived neurons
421  (Figure 1D, Supplemental Table S1). Seven of these proteins have been previously
422  identified as ZCCHC17 binding partners in non-neuronal cells, including PNN (Chang et
423  al., 2003; Huttlin et al., 2017; Lin et al., 2017), UBTF (Lin et al., 2019), JMJDG6, FTL,
424  SRRM2, NOS1AP, and RNPS1 (Huttlin et al., 2017), suggesting conserved interactions
425 across cell types. Several of ZCCHC17’s binding partners have previously been

426  highlighted for their importance in AD, including those involved in autophagy/lysosome
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427  function (AP2A1, AP2A2, ATP6V1A) (Raj et al., 2018; Wang et al., 2021a), stress granules
428 (PABPC1, PABPC3) (Anderson and Kedersha, 2008), TIA-1 interactors (RPL6, RPL7,
429 RPL7A, RPL10A, RPL13, RPS4X, AP2A1, AP2B1, ATP6V1A, PURA, SYNCRIP,
430 PABPC1) (Vanderweyde et al., 2016), and RNA binding (ACIN1, SNRPB2) in the
431  presence of AD pathology (Apicco et al., 2019). AP2A1 and HNRNPU were also shown
432 by western blot following immunoprecipitation of FLAG-tagged ZCCHC17 (Supplemental
433 Figure S3).

434

435  Enrichment analysis was performed using STRING (v11.0b), which integrates well-known
436  classification systems including KEGG, Reactome, and Gene Ontology (Figure 1D)
437  (Szklarczyk et al., 2019). Significantly-enriched gene ontology (GO) terms included
438 numerous RNA processing pathways such as RNA binding, RNA splicing, and nonsense-
439  mediated decay (NMD) (strength = 1.0, 0.8, 1.9; FDR-adjusted p-values for enrichment =
440 4.4 x10°%, 5.0 x 10°, 1.0 x 1072, respectively). Several of ZCCHC17’s binding partners
441  were also involved in the synaptic vesicle cycle (strength = 1.2; FDR-adjusted p-value for
442  enrichment = 5.5 x 103).

443

444  ZCCHC17 Knockdown Induces Differential Splicing that Overlaps with Known AD Splicing

445  Abnormalities

446  The prevalence of RNA splicing proteins among ZCCHC17’s binding partners inspired
447  further investigation of RNA splicing alterations in hiPSC-derived neurons. Thus, we
448  treated neurons with siRNAs targeting ZCCHC17 or non-targeting control siRNAs.
449  ZCCHC17 was the most significantly downregulated of all differentially expressed genes
450 (DEGs), with log.FC = -2.5 (Supplemental Table S2), confirming robust knockdown

451  (>80%). Alternative splicing analysis, conducted using the LeafCutter algorithm (Li et al.,

20


https://doi.org/10.1101/2023.03.21.533654
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.21.533654; this version posted March 21, 2023. 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-ND 4.0 International license.

452  2018), identified 732 differentially spliced intron clusters corresponding to 637 unique
453  differentially spliced genes (DSGs) in the ZCCHC17 knockdown model (Figure 2A,
454  Supplemental Table S3). Gene Ontology (GO) enrichment analysis revealed 69
455  significant GO terms enriched among ZCCHC17 knockdown DSGs, of which 11 were
456  synaptic-related pathways (Supplemental Table S3). Top GO terms included
457  “postsynaptic specialization organization” and “postsynaptic density organization”
458  (adjusted p-values = 7.8 x 10 and 9.3 x 10, respectively). Taken together, this suggests
459  that ZCCHC17 affects splicing in a significant number of genes, among which synaptic
460 targets are enriched.

461

462  We have previously demonstrated that ZCCHC17 levels are reduced early in AD, before
463  significant astrogliosis or neuronal loss (Tomljanovic et al., 2018). To identify whether
464 ZCCHC17 might alter the RNA processing of any synaptic genes affected in AD,
465  differential splicing analysis was repeated using ROSMAP data comprising postmortem
466  DLPFC brain tissue samples from 238 AD and 227 control patients (Raj et al., 2018). 371
467  differentially spliced intron clusters were identified in ROSMAP AD samples,
468  corresponding to 323 unique differentially spliced genes (Figure 2B, Supplemental Table
469 83). GO enrichment analysis revealed 212 significant GO terms enriched among
470 ROSMAP AD DSGs, of which 15 were synaptic-related pathways (Supplemental Table
471  S3). “Postsynapse” was a top GO term (adjusted p-value = 9.6 x 107).

472

473  When ZCCHC17 knockdown and ROSMAP AD splicing analyses were compared, 55
474  DSGs emerged in common (Figure 2C). This represents 17% of all DSGs we detected in
475  the bulk DLPFC RNA-seq data from ROSMAP, and is statistically significant (p = 1.0 x 10

476 % by Fisher’s exact test). GO enrichment analysis of the 55 shared DSGs revealed 160
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477  significant GO terms, of which 24 were synaptic-related pathways (Supplemental Table
478 S3). Top GO terms enriched among overlapping DSGs included “postsynapse,”

479  “postsynaptic specialization,” “neuron to neuron synapse,” and “postsynaptic density”
480 (adjusted p-values = 2.4 x 10°, 3.2 x 10%, 3.2 x 10°, and 4.7 x 10%, respectively).
481  Examination of individual shared DSGs revealed similar patterns of differential splicing
482  induced by ZCCHC17 knockdown and presence of AD. FLNA was the most dramatically
483  affected synaptic DSG in both contexts; it was the most significant hit in the ZCCHC17
484  knockdown neuronal model and the third-most significant hit in the ROSMAP AD analysis
485  (Supplemental Table S3, Figure 2D). Filamin A (FLNA) is the most common member of
486  the filamin family of proteins, which bind to actin and are associated with synaptic activity.
487  Filamin A modulates ion channel abundance, controls aspects of membrane trafficking,
488 and is involved in the hyperphosphorylation of tau through amyloid signaling (Noam et al.,
489  2014; Burns and Wang, 2017). Differential splicing of filamin A occurs at the same intronic
490 location and to a similar degree in both ZCCHC17 knockdown and AD contexts (Figure
491  2E). Overall, the overlap in splicing changes between ZCCHC17 knockdown human
492  neurons and AD human brains, combined with our previous study demonstrating that
493  ZCCHCA17 is reduced in AD brains (Tomljanovic et al., 2018), suggests that loss of
494  ZCCHC17 function may explain a subset of splicing changes seen in AD brain tissue.

495

496 ZCCHC17 Knockdown Alters Nonsense-Mediated Decay

497  As noted in Figure 1, ZCCHC17 also binds to 47 proteins involved in nonsense-mediated
498  decay (NMD). Although NMD has not been extensively examined in the context of AD, we
499 investigated NMD in neurons following ZCCHC17 knockdown. Differential isoform fraction
500 (dIF) was quantified for isoforms with premature termination codons (PTCs) and those

501  without. ZCCHC17 knockdown resulted in significantly increased (p = 1.2 x 10™"" by two-
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502 sided t-test) expression of PTC-containing isoforms (which are sensitive to NMD),
503 compared to isoforms lacking PTCs (Figure 3A). More precisely, there is a sign skew in
504 dIF by PTC status (p = 3.5 x 107 by Fisher’s exact test). This relationship persists when
505 considering only isoforms which exhibited individually-significant dIF changes upon
506 ZCCHC17 knockdown (p = 2.8 x 10 by two-sided t-test and p = 1.7 x 10™ by Fisher’s
507 exact test, Figure 3B). Figure 3C illustrates an isoform switch in VMP1, a critical
508 regulatory protein involved in the autophagy process that mediates autophagosome
509 assembly via its ER contacts and maintains neuronal homeostasis (Zhao et al., 2017;
510 Wang et al.,, 2020; Wang et al., 2021b), which has both NMD-insensitive and NMD-
511  sensitive isoforms. Upon ZCCHC17 knockdown (“siZCC”), overall expression of VMP1
512  decreases significantly and expression of the more stable NMD-insensitive isoforms also
513 trends downward. In conjunction, expression of the NMD-sensitive isoform significantly
514 increases, and the isoform fractions converge toward more similar expression levels.
515  Additionally, the C-terminal domain of VMP1, which interacts with beclin-1 and is essential
516 for its autophagy-promoting behavior (Vaccaro et al., 2008), is not present in the NMD-
517  sensitive isoform. NMD-sensitive isoforms are more likely to undergo nonsense-mediated
518 decay and therefore less likely to be translated into functional proteins; thus, a shift toward
519 NMD-sensitive isoforms for a specific gene could result in functional downregulation of
520 that gene.

521

522  We also investigated NMD in the ROSMAP RNA-seq data, but no significant change was
523 detected in dIF values between NMD-sensitive and NMD-insensitive isoforms
524  (Supplemental Figure S4B). Note that below, we also examine NMD in a tau
525  overexpression model, which does show a weak but significant shift in NMD

526  (Supplemental Figure S4A). Our overall impression from these data is that, while
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527 ZCCHC17 knockdown and tau overexpression do cause a shift in NMD, the present
528  analysis does not support a role for NMD shift in AD brain tissue.
529

530 ZCCHC17 Expression Correlates with Cognitive Resilience

531 To identify whether ZCCHC17 levels may affect patient outcomes and disease
532  progression in real-world data, we analyzed ZCCHC17 expression data in brain tissue
533 samples from the ROSMAP study and compared its relationship to various cognitive
534  metrics and the accumulation of AD-relevant neuropathologies. After filtering for sufficient
535  RNA quality, 680 donor samples were analyzed from persons exhibiting varying degrees
536  of cognitive decline and disease pathology. ZCCHC17 expression was found to correlate
537  significantly and positively with all listed measures of cognitive function. Notably, these
538 significant relationships were maintained after additionally controlling for various
539  neuropathologies (Figure 4A), although with a slight decrease in significance, suggesting
540 thatZCCHC17 mRNA levels in general are minimally affected by increasing AD pathology.
541  Apolipoprotein E4 (APOE4) is a major genetic risk factor of AD, with carriers of even one
542  APOE4 allele having triple the risk of developing late-onset AD compared to patients
543  without it (Uddin et al., 2019). As this patient cohort included a significant number of
544  patients carrying at least one APOE4 allele (APOE4+), we also analyzed this data after
545  splitting samples into groups based on APOE4 status to better understand the impact of
546 this risk factor (Figure 4B-C). ZCCHC17 expression was found to correlate significantly
547  with all cognitive metrics in both APOE4+ and APOE4- groups. When pathology was
548  controlled for in the APOE4+ group, this effect was lost for semantic memory, working
549 memory, perceptual orientation, and perceptual speed, and attenuated for episodic
550 memory and global cognition metrics (Figure 4B). Controlling for pathology in the APOE4-

551  patient group had less of an effect on the relationship between ZCCHC17 expression and
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552  cognition, which was maintained across the majority of cognitive metrics (Figure 4C).
553  Global cognition and episodic memory were consistently correlated with ZCCHC17
554  expression across all sample types and subgroups.

555

556  Since we observed an effect of pathology on ZCCHC17 correlations with cognition in
557  APOE4+ subjects, we next correlated ZCCHC17 expression with various measures of
558  pathology. As seen in Figure 4D, ZCCHC17 expression weakly and negatively correlates
559  with beta-amyloid load in the midfrontal cortex, and the effect is lost when subjects are
560 divided by APOE status. Interestingly, tangle density shows a strong negative correlation
561  with ZCCHC17 expression that is specific for the APOE4+ group. Tau pathology has a
562  well-known effect on cognition (Brier et al., 2016; Hansson et al., 2017), and this explains
563 in part the relative loss of ZCCHC17 correlation with cognitive decline in APOE4+ subjects
564  after regressing out the effect of various neuropathologies. It is unclear why this effect is
565 APOE4-dependent, although several groups have demonstrated that APOE4 exacerbates
566  neurodegeneration and neuronal death in the setting of tau pathology (Shi et al., 2017;
567 Zhao et al, 2020). Whether this effect is mediated in part through ZCCHC17
568 transcriptional suppression should be investigated in future work (see Discussion).

569

570  In summary, the results shown in Figure 4 suggest that cognitive resilience in AD is linked
571 to ZCCHC17 expression levels, and that this effect persists even after controlling for
572 multiple neuropathologies (although APOE4 patients have a more complex picture). We
573  previously found that ZCCHC17 protein levels decline early in the course of AD, before
574  significant astrogliosis or neuronal loss (Tomljanovic et al., 2018). Taken together, one
575  possible interpretation of these findings is that ZCCHC17 supports cognitive function in

576  part through maintenance of RNA splicing/processing, and declines early in AD at the
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577  protein level for reasons other than transcriptional suppression. This loss then contributes
578  to synaptic dysfunction and cognitive impairment by impeding normal RNA splicing and
579  processing mechanisms.

580

581  The implication of these data is that elevated baseline ZCCHC17 expression levels may
582  support cognitive resilience in the setting of progressive AD pathology. To test this
583  hypothesis further, we used PrediXcan (Gamazon et al., 2015) to quantify predicted levels
584  of ZCCHC17 expression, leveraging the GTEx database to build a model which we then
585 applied to GWAS data. This methodology enables the use of GWAS/gene expression
586 relationships across diverse tissues in a training set to predict genetically-regulated levels
587  of gene expression in a given tissue from subsequent GWAS data (Hohman et al., 2017;
588  Dumitrescu et al., 2020). Higher predicted expression of ZCCHC17 across 15 tissues was
589  associated with higher cognitive resilience (GBJ p = 0.02), including associations in heart
590 tissue (atrial appendage B = 0.17, p = 0.005) and brain tissue (putamen 3 = 0.09, p =
591  0.002) that remained significant after correction for multiple comparisons. Results were
592  slightly stronger when participants with AD were removed from the analytical models (GBJ
593 p = 0.004), revealing additional associations in tibial nerve (8 = 0.22, p = 0.001, Figure
594  5A), thyroid (8 = 0.15, p = 0.003), pituitary (B = 0.09, p = 0.01), and colon (B = 0.10, p =
595  0.02) after correction for multiple comparisons. When assessing the validity of these
596  significant predicted expression models in ROSMAP, higher predicted expression in 5/6
597 tissues that related to resilience also showed associations with higher measured
598 ZCCHCA17 expression in the brain (Figure 5B-E), suggesting that even the predicted
599  expression models built from peripheral tissues have relevance to the brain. Notably,
600  predicted expression in heart, brain, nerve, colon, and thyroid was significantly associated

601  with both observed expression in ROSMAP and resilience. Taken together, the above
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602 analysis further supports the hypothesis that elevated ZCCHC17 levels are
603  neuroprotective in the setting of AD pathology.

604

605  Although ZCCHC17 has not been identified as an AD-associated risk gene through prior
606  genome-wide SNP analysis, the above findings motivated us to determine whether there
607  are any AD-risk variants in the ZCCHC17 loci that are nominally associated with AD, and
608 if so, the level of significance of this association. We analyzed the summary statistics from
609  a previously published AD GWAS (71,880 AD cases and 383,378 controls) (Jansen et al.,
610 2019) to identify SNPs in ZCCHC17 that are associated with clinical Alzheimer’s Disease.
611  Two variants (rs59705505 at 3.73 x 10 and rs11336043 at 9.24 x 10) are significant
612  lociat P<1x10®°. While not genome-wide significant at the widely used threshold of
613  5x 10 these variants are nominally significant in the NHGRI-EBI GWAS Catalog

614  (Buniello et al., 2019). Although intriguing, it should be noted that ZCCHC17 is in a

615 gene-dense region of the genome, and since these SNPs are not located within

616 ZCCHC17, it is difficult to assign them unambiguously to ZCCHC17.

617

618 ZCCHC17 and Tau Share Common Binding Partners

619 Tau has been shown to bind to DNA and play a role in transcriptional regulation
620 (Greenwood and Johnson, 1995; Hua et al., 2003). Tau also binds to RNA (Schroder et
621 al., 1984; Dinkel et al., 2015) and tau overexpression has been linked to splicing
622  abnormalities (Apicco et al., 2019; Hsieh et al., 2019). To investigate whether tau
623  overexpression may play a causal role in ZCCHC17 dysfunction, ZCCHC17 binding
624  partners were compared to published tau interactors in human postmortem brain tissue
625 (Hsieh et al.,, 2019) (Supplemental Figure S5). ZCCHC17 binding partners are

626  significantly enriched (p = 7.0 x 10™* by Fisher’'s exact test using the brain proteome as
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627  background (Johnson et al., 2020)) for tau binding partners, with 55% (50 proteins) of
628 ZCCHCA17 interactors being shared with tau (Supplemental Figure S5A). These shared
629 interactors include all synaptic vesicle proteins that interact with ZCCHC17, 42% of
630 ZCCHC17 RNA splicing proteins, 57% of ZCCHC17 RNA binding proteins, and 66% of
631 ZCCHC17 nonsense-mediated decay proteins. When looking specifically at tau
632 interactors in AD brains, ZCCHC17 binding partners are also significantly enriched (p =
633 3.7 x 107"° by Fisher's exact test) for tau interactors, with 33% (30 proteins) of ZCCHC17
634 interactors shared with tau under AD conditions (Supplemental Figure S5B). These
635 shared interactors include all synaptic vesicle proteins that interact with ZCCHC17, 25%
636 of ZCCHC17 RNA splicing proteins, 32% of ZCCHC17 RNA binding proteins, and 38% of
637 ZCCHC17 nonsense-mediated decay proteins.

638

639  Tau Overexpression and ZCCHC17 Knockdown in iPSC-Derived Neurons Induce Similar

640 RNA Processing Abnormalities

641 ZCCHCA17 protein binding partners intersect with those of tau, suggesting that they may
642  share overlapping functional roles in neurons. To investigate the effects of alterations in
643  expression of tau on the generation of functional proteins and RNA, differential splicing
644  analysis was conducted on previously-published gene expression data from a tau
645  overexpression model in human iPSC-derived neurons (Raj et al., 2018). 99 differentially
646  spliced clusters, corresponding to 91 unique DSGs, were identified when comparing tau
647  overexpression samples with empty vector control samples (Figure 6A, Supplemental
648 Table S3). Of the 91 DSGs induced by tau overexpression, 17 were also affected following
649 ZCCHC17 knockdown (Figure 6B). GO analysis of these 17 shared genes revealed
650  significant enrichment in only 2 pathways: “cytoskeleton” (strength = 4.63, adjusted p-

651 value = 6.9 x 102) and “actin cytoskeleton” (strength = 11.76, adjusted p-value = 4.8 x 10°
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652 ). 13 out of the 91 tau overexpression DSGs were also affected in AD postmortem tissue
653 from ROSMAP (Supplemental Table S3). Seven genes were significantly differentially
654  spliced in all three data sets examined: ACTN4, AGRN, MYOG6, NEO1, SEPTIN9, TACC2,
655 and TSC22D3 (Supplemental Table S3). a-Actinin-4 (ACTN4) is a Ca**-sensitive actin-
656  binding protein that promotes the remodeling of dendritic spines by metabotropic
657  glutamate receptors (Walikonis et al., 2001; Kalinowska et al., 2015). The significant effect
658  on splicing of ACTN4 in ZCCHC17 knockdown neurons stems from significant changes in
659  clusters 3931 (adjusted p-value = 1.2 x 10°%) and 3932 (adjusted p-vale = 2.5 x 10%), with
660  a greater effect size (loglr = 5.9) in cluster 3931 (Figure 6C). Tau overexpression neurons
661  exhibited a significant splicing change in ACTN4 at the intron location matching cluster
662 3931 (adjusted p-value = 4.2 x 102), with a similar effect size (loglr = 5.4) (Figure 6D).
663  ACTN4 is also a significant DSG in the ROSMAP-AD analysis, with high effect size for its
664  affected clusters (loglr = 7.1 and 5.3), but these clusters correspond to unique intron
665 locations in the ROSMAP data set and are not directly comparable.

666

667  Since tau binding partners included a large number of NMD proteins (Supplemental
668  Figure S5), we also investigated the NMD mechanism in the tau overexpression data.
669  Although the effect was weaker than observed in ZCCHC17 knockdown neurons, tau
670  overexpression neurons exhibited a significant increase in dIF for PTC-containing
671  isoforms (p = 6.6 x 10° by two-sided t-test) as well as a significant positive skew in dIF for
672  PTC-containing isoforms (p = 0.03 by Fisher’s exact test), indicating a similar shift in RNA
673  processing (Supplemental Figure S4A). This previously unreported effect of tau
674  overexpression on RNA processing, while weak, suggests that tau may be affecting RNA
675 metabolism through multiple mechanisms related to RNA splicing. As noted above, we

676  also investigated this mechanism in the ROSMAP AD data set, but no significant change
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677 was detected in dIF values between NMD-sensitive and NMD-insensitive isoforms
678 (Supplemental Figure S4B), suggesting that if NMD changes are relevant in AD, their
679  effects are either weak or difficult to detect in autopsy brain tissue.

680

681

682

683

684  Discussion

685

686 In this study, we have further explored the function of ZCCHC17, originally identified by
687  our group as a transcriptional regulator whose dysfunction in AD may contribute to

688  dysregulation of synaptic gene expression (Tomljanovic et al., 2018). We define

689 ZCCHCA17’s interactions at the RNA processing and protein level and compare its

690 impacts across multiple disease-relevant models. Our co-immunoprecipitation study

691  provides a comprehensive list of proteins which interact with ZCCHC17 in human

692  neurons under basal conditions, and defines relevant groups of interactions based on
693  protein function. The network of proteins which bind to ZCCHC17 includes synaptic

694  proteins as well as many involved in the regulation and stability of RNA and downstream
695  proteins, specifically from RNA splicing, RNA binding, and nonsense-mediated decay
696 pathways. RNA metabolism proteins have been implicated in several neurodegenerative
697  diseases; amyotrophic lateral sclerosis (ALS) and autism have been linked to the

698  dysfunction of RNA-binding proteins (Parikshak et al., 2016; Kapeli et al., 2017), and
699  pathologic RNA-protein aggregates have been observed in ALS and inclusion body

700 myopathy (Ramaswami et al., 2013; Taylor et al., 2016). In late-onset AD, tau has been

701  shown to interact with RNA (Schréder et al., 1984; Dinkel et al., 2015), RNA-binding
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702  proteins (Broccolini et al., 2000; Bai et al., 2013; Gunawardana et al., 2015; Hsieh et al.,
703  2019), and the ribosome (Ding, 2005; Koren et al., 2020). ZCCHC17 has previously

704  been found to interact with other transcriptional regulators (Chang et al., 2003) as well
705  as splicing factors (Ouyang, 2009; Lin et al., 2017), but our work directly shows these
706 interactions in human neurons and provides a more comprehensive view of its

707  interactions with other proteins.

708

709  We evaluated and quantified differential splicing in human neurons following ZCCHC17
710  knockdown and compared these alterations to those observed in brain tissue from AD
711  patients. We show that ZCCHC17 knockdown leads to dysregulation of mRNA splicing
712  across a broad range of categories (including synaptic genes) and that these splicing
713  abnormalities significantly overlap with splicing abnormalities in AD brain tissue. Pre-
714  mRNA splicing plays a major role in the development of many human diseases; at least
715  20-30% of disease-causing mutations are associated with aberrant splicing (Wang and
716  Cooper, 2007; Lim et al., 2011). Neurodegenerative diseases in particular have been
717  linked to specific splicing alterations, including MAPT exon 10 splice site mutations in
718  frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) (Hutton
719  etal., 1998; Trabzuni et al., 2012) and potentially SCNA isoforms in Parkinson’s Disease
720  (Oueslati, 2016; Kaji et al., 2020). In late-onset AD, intron retention increases to levels
721  significantly beyond those observed in physiological aging, and widespread disruption of
722  splicing mechanisms alters the brain transcriptome (Faustino, 2003; Vaquero-Garcia et
723  al., 2016; Raj et al., 2018; Adusumalli et al., 2019). The DSGs in our ZCCHC17

724  knockdown model which overlap with those in AD brain tissues are enriched for synaptic
725  genes, further supporting the view that loss of ZCCHC17 function in AD may contribute

726  to synaptic dysfunction.
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727

728  Alternative splicing is a complex phenomenon that alters RNA and protein magnitude
729  and diversity. The downstream effects of dysregulated alternative splicing are likely
730  much broader and of a greater magnitude when splicing defects significantly disrupt
731  RNA and protein expression for a prolonged period of time; for example, over the

732 decades of pathologic progression which precede clinical onset of AD (Perrin et al.,
733 2009; Jack, 2011). How ZCCHC17 dysfunction interacts with ongoing RNA metabolic
734  defects in AD and how this contributes to cognitive dysfunction is an interesting

735  question. Indeed, ZCCHC17 is a relatively unstudied protein, and the work detailed here
736  elevates the importance of further investigating its role in health and disease. As noted in
737  one of the original papers that discovered ZCCHC17, the protein contains a number of
738  potential phosphorylation sites, including 10 for protein kinase C, 6 for casein kinase |l,
739  and 2 for cAMP-dependent kinase (Chang et al., 2003). Although early work found that
740  cytoplasmic ZCCHC17 co-fractionates with ribosomes (Gueydan et al., 2002), recent
741  studies have focused on its nuclear function and revealed that it possesses a diverse
742 range of functions relevant to both mRNA (Lin et al., 2017) and rRNA (Lin et al., 2019)
743  processing. This has led some to suggest that ZCCHC17 may play a broad role in

744  coordinating and maintaining cell homeostasis (Lin et al., 2017).

745

746 The effect of ZCCHC17 expression on cognition is both interesting and understandable
747  given these wide-ranging effects on neuronal health. Our group previously showed that
748  ZCCHCA17 protein levels decline early in the course of AD, before significant gliosis or
749  neuronal loss (Tomljanovic et al., 2018). Interestingly, we show here that ZCCHC17
750  mRNA levels, while sensitive to some aspects of AD pathology, are for the most part

751 resilient to AD pathology in patients who lack the APOE4 allele, and correlate with a
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broad range of cognitive metrics even after controlling for neuropathology. One possible
interpretation of these data is that the level of functional ZCCHC17 protein declines in
AD, and higher ZCCHC17 expression can partially buffer this effect. This interpretation is
further supported by our PrediXcan analysis of ZCCHC17 expression, which shows that
predicted levels of ZCCHC17 correlate with cognitive resilience in patients with
documented AD pathology on imaging. Although we have presented evidence
supporting an impact of ZCCHC17 on cognitive function in this study, the exact
mechanism for this impact is not clear. While ZCCHC17’s role in regulating synaptic
gene expression is an obvious candidate, the broader influence that ZCCHC17 may
exert on neuronal health should not be ignored, and ZCCHC17 loss of function may
contribute to neurodegeneration through a variety of mechanisms. Indeed, while in this
paper we have focused on ZCCHC17 interactors involved in RNA processing (which
comprise the majority of the interactors we identified), we also found that proteins
involved in synaptic vesicle cycling, autophagy, and stress granule formation interact
with ZCCHC17. We have not explored the relevance of these findings in this study, but
they warrant further investigation in future studies of ZCCHC17 and its contribution to

neurodegeneration.

We also uncovered a potential interaction between ZCCHC17 and tau, initially by
investigating the overlap of protein binding partners via our co-IP study, which suggests
that tau accumulation in AD could disrupt functionally relevant protein binding partners of
ZCCHCA17. A hypothesized sequestration of the network of proteins supporting
ZCCHC17 function by AD-related tau would likely interfere with its ability to regulate
RNA processing, as >70% of these overlapping proteins are involved in RNA splicing,

RNA binding, or nonsense-mediated decay pathways. Our follow-up alternative splicing
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777  and NMD analysis found similarities between our ZCCHC17 knockdown model and

778  published tau overexpression data at the RNA processing level, which may reflect

779  downstream effects of this protein-level relationship. Future work will need to examine
780  whether ZCCHC17 function is affected by tau in AD brain tissue through sequestration of
781  ZCCHCA17 interactors. Interestingly, we also found a strong correlation between

782  ZCCHCA17 gene expression and neurofibrillary tangle burden in patients carrying an

783  APOEA4 allele, which also impacts the link between ZCCHC17 expression and cognition
784  in APOE4 carriers (particularly semantic memory, working memory, and perceptual

785  memory) after regressing out the effect of AD pathology. Additional investigation is

786  necessary to further elucidate the relationship between ZCCHC17, tau, and APOE.

787

788

789

790
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063  Fig. 1 ZCCHC17 Binding Partners Include RNA Splicing, Binding, and Processing Proteins. (A)

(064 ZCCHCA17 protein domains include an S1 RNA-binding domain, a CCHC-type zinc finger (ZNF) domain,
(065  and two nuclear localization signal (NLS) domains. (B-C) LC-MS/MS of bound proteins from anti-FLAG

(066  immunoprecipitation performed on human iPSC-derived neurons differentiated for 75 days post-NPC

(067  expressing N- or C- terminal FLAG-tagged ZCCHC17 compared to control neurons. Volcano plots display
(068  log.-fold changes and FDR-corrected p-values defined with respect to protein abundance in control neurons
1069  (n = 3 for all groups); significant hits (adjusted p < 0.1 and log2FC > 0.3) are highlighted in red. (D) STRING-
(070  derived known and predicted protein-protein interactions among ZCCHC17 binding partners, with relevant
071  strongly-enriched gene ontology pathways highlighted. ZCCHC17 binding partners were defined as the

(072  union of significant hits from both LC-MS/MS experiments and comprise 91 unique proteins in total.
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Fig. 2 ZCCHC17 Knockdown Induces RNA Splicing Alterations in AD-Related Genes. (A) 732 intron
clusters exhibited differential splicing between ZCCHC17 knockdown (n = 6) and controls (n = 6) in human
iPSC-derived neurons differentiated for 42 days post-NPC. (B) 371 intron clusters exhibited differential
splicing between AD and control human DLPFC tissue samples from ROSMAP. (C) Differentially-spliced
genes (DSGs) in both ZCCHC17 knockdown neurons and AD human brain tissue are enriched for synaptic
genes. There is a significant overlap in DSGs between the two datasets (p = 1.0 x 10°° by Fisher’s exact
test). The 55 genes that are differentially spliced in both datasets are highly enriched for synaptic genes. (D)
In ZCCHC17 knockdown neurons, FLNA is differentially spliced at cluster 2795 (p = 2.4 x 10°®),
corresponding to an exon skipping event. All FLNA intron clusters identified by LeafCutter are shown in the
top diagram. DeltaPSI (dPSI) is the difference in usage proportion between the two groups and is red or
blue for introns with significantly increasing or decreasing dPSI, respectively. Clusters shown in grey did not
change significantly. In the lower diagram, exons in cluster 2795 are shown in black, with excision
proportions for introns in both experimental groups shown in red. (E) Exon skipping occurs at the same
location and to a similar degree in both ZCCHC17 knockdown neurons and AD human brain tissue, with

significant changes in both contexts (p = 1.7 x 10° and 2.1 x 1078, respectively).
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094  Fig. 3 Nonsense-Mediated Decay is Significantly Altered Following ZCCHC17 Knockdown. (A)

1095  Isoforms containing premature termination codons (PTCs) exhibit significantly increased (p = 1.2 x 10™")
[096 differential isoform fraction (dIF) in ZCCHC17 knockdown iPSC-derived neurons differentiated for 42 days
1097  post-NPC compared to isoforms lacking PTCs. (B) Among the subset of isoforms exhibiting significant
(098  changes in fractional expression following ZCCHC17 knockdown, there remains a significant increase (p =
1099 2.8 x10?)in dIF in PTC+ vs PTC- isoforms. (C) VMP1 undergoes an isoform switch in ZCCHC17

[100  knockdown neurons, exhibiting decreased expression of NMD-insensitive isoforms (which lack a PTC) and
101  significantly increased expression (adjusted p = 1.4 x 10) of its NMD-sensitive isoform (which contains a
(102  PTC).
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Fig. 4 ZCCHC17 Gene Expression Correlates with Cognitive Metrics and AD Pathology. (A)
ZCCHCA17 expression correlates with cognitive metrics in ROSMAP DLPFC samples, whether these metrics
are controlled for demographics alone or for both demographics and various measures of neuropathology.
(B-C) Several cognitive metrics correlate strongly with ZCCHC17 expression in patients carrying an APOE4
allele (APOE4+) and moderately in patients without an APOE4 allele (APOE4-). (D) ZCCHC17 expression
correlates weakly with amyloid density and tangle density in the full cohort, and strongly with tangle density
in APOE4+ subjects. All values shown in heatmaps are Spearman correlation rho values, with red denoting
positive correlations and blue denoting negative correlations, and the BH-adjusted significance of each

correlation is indicated (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s., not significant).
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[116  Fig. 5 Predicted Expression of ZCCHC17 Correlates with Resilience in Large GWAS Study and

[117 Observed Expression in Brain Tissue. (A) Higher ZCCHC17 predicted expression is associated with
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better-than-predicted cognitive performance given an individual’s amyloid burden, or resilience. Regression
line shading indicates standard error of measurement. To validate our genetically-predicted expression
models, panels B-E demonstrate association between predicted expression built in GTEx and observed
expression measured in ROSMAP. (B) Correlation plot for all tissues that showed a significant association
between predicted expression of ZCCHC17 and resilience. Color bar represents Pearson’s correlation

coefficient (* p < 0.05). (C-E) Predicted expression of ZCCHC17 is presented along the x-axis, and

observed expression is presented along the y-axis.
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Fig. 6 Tau Overexpression Induces RNA Splicing and Processing Alterations Similar to ZCCHC17

Knockdown-Dependent Changes. (A) 99 intron clusters exhibited differential splicing between tau

overexpression iPSC-derived neurons (n = 3) and controls (n = 3). (B) 17 DSGs are shared between

ZCCHC17 knockdown neurons (“ZCCHC17 KD,” 637 DSGs) and tau overexpression neurons (“Tau OE,”

91 DSGs). (C) In ZCCHC17 knockdown neurons, ACTN4 is differentially spliced at clusters 3931 (adjusted

p = 1.2 x 10?) and 3932 (adjusted p = 2.5 x 10, with significantly decreasing dPSI in blue and significantly
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increasing dPSI in red. Other clusters identified by LeafCutter for ACTN4 are shown in grey. The alteration
in cluster 3931 corresponds to an exon skipping event, with usage proportions of significantly-changing
introns shown in red in the lower panel. Exons are shown in black. (D) Alternative splicing occurs at the

same location and to a similar degree in both ZCCHC17 knockdown neurons and tau overexpression

neurons, with significant changes in both (p = 2.1 x 10 and 2.8 x 10?2, respectively).
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DAPI anti-ZCCHC17 anti-FLAG DAPI/ZCCHC17/FLAG

FLAG-ZCC Virus

pLEX305 Empty

ZCC-FLAG Virus

Fig. S1 Neurons Infected with FLAG-tagged ZCCHC17 Viral Constructs Express Both FLAG and Increased
Levels of ZCCHC17. Immunocytochemistry images from 52-day differentiation of iPSC-derived neurons stained with
antibodies against ZCCHC17 and FLAG. Control neurons infected with pLEX_305 empty viral vector do not express
FLAG and express ZCCHC17 at baseline control levels.

FLAG-ZCC Virus

Whole Cell FLAG IP FLAG IP
Lysate Bound Unbound

pLEX_305 Empty

Whole Cell FLAGIP  FLAGIP
Lysate Bound  Unbound

ZCC-FLAG Virus

Whole Cell ~ FLAG IP FLAG IP
Lysate Bound Unbound

anti-ZCCHC17 —— . S

anti-FLAG

Fig. S2 FLAG-tagged ZCCHC17 was Immunoprecipitated from Neurons Prior to LC-MS. Immunoblot of whole cell
lysate, fraction separated by anti-FLAG immunoprecipitation (“FLAG IP Bound”), and remaining depleted lysate
(“FLAG IP Unbound”) from 68-day differentiation of human iPSC-derived neurons infected with FLAG-tagged
ZCCHC17 viral construct or pLEX 305 empty viral vector. ZCCHC17 and FLAG were detected in the anti-FLAG bound
fraction after immunoprecipitation from FLAG-expressing neurons and not from control neurons.
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Fig. S3 Binding Partners of ZCCHC17 Confirmed by Western Blot. Immunoblot of whole cell lysate and fraction
separated by anti-FLAG immunoprecipitation (“FLAG IP”) from 70-day differentiation of human iPSC-derived neurons
infected with FLAG-tagged ZCCHC17 viral constructs or pLEX 305 empty viral vector. AP2A1 and hnRNPU are
present in the anti-FLAG bound fraction after immunoprecipitation from FLAG-expressing neurons and not from control
neurons.

Tau OE ROSMAP AD
+30% +30% A
** n.s
+20% +20% A
+10% +10% A
S 0% S 0%
-10% -10% A
—20% —20% A
-30% -30%
PTC- PTC+ PTC- PTC+
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5,216 genes 1,051 genes 2,241 genes 286 genes

Fig. S4 NMD-Sensitive Differential Isoform Fraction Changes Significantly in Tau Overexpressing Neurons but
not in ROSMAP AD Data. (A) Nonsense-mediated decay is altered following tau overexpression, with a significant
increase (p = 6.6 x 107%) in dIF among isoforms with annotated premature termination codons (PTCs) relative to
isoforms lacking PTCs. (B) In AD human tissue samples from ROSMAP, differential isoform fraction (dIF) is not
significantly increased for isoforms containing PTCs relative to isoforms lacking PTCs.
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TaulP O AD Tau IP

Fig. S5 ZCCHC17 and Tau Share a Significant Number of Binding Partners. (A) Binding partners of ZCCHC17 are
significantly enriched for tau binding partners. Previously-published tau immunoprecipitation data from human
postmortem brain tissue [1] is shown, with 50/91 (55%, p = 7.0 x 10" by Fisher’s exact test) ZCCHC17 binding
partners identified as tau binding partners. (B) 30/91 (33%, p = 3.7 x 107'° by Fisher's exact test) ZCCHC17 binding
partners are identified as AD-associated tau binding partners.

Table S1 (separate file) List of Proteins Imnmunoprecipitated with ZCCHC17
Table S2 (separate file) List of Differentially Expressed Genes in ZCCHC17 Knockdown Neurons

Table S3 (separate file) List of Differentially Spliced Genes in ZCCHC17 Knockdown Neurons, ROSMAP-AD
Brain Tissue, Tau-OE Neurons, and Enriched Gene Ontology Groups
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et al: Tau-Mediated Disruption of the Spliceosome Triggers Cryptic RNA Splicing and
Neurodegeneration in Alzheimer’s Disease. Cell Reports 2019, 29:301-316.e310.
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