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32  Abstract

33  Pericentromeric satellite repeats are enriched in 5-methylcytosine (5mC). Loss of 5mC at
34 these sequences is common in cancer and is a hallmark of Immunodeficiency,
35 Centromere and Facial abnormalities (ICF) syndrome. While the general importance of
36 5mC is well-established, the specific functions of 5mC at pericentromeres are less clear.
37 To address this deficiency, we generated a viable animal model of pericentromeric
38  hypomethylation through mutation of the ICF-gene ZBTB24. Deletion of zebrafish zbtb24
39 caused a progressive loss of 5mC at pericentromeres and ICF-like phenotypes.
40 Hypomethylation of these repeats triggered derepression of pericentromeric transcripts
41 and activation of an interferon-based innate immune response. Injection of
42 pericentromeric RNA is sufficient to elicit this response in wild-type embryos, and mutation
43  of the MDA5-MAVS dsRNA-sensing machinery blocks the response in mutants. These
44  findings identify activation of the innate immune system as an early consequence of
45  pericentromeric hypomethylation, implicating derepression of pericentromeric transcripts

46  as a trigger of autoimmunity.
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47  Introduction

48 In vertebrate genomes, the majority of cytosine residues within CpG dinucleotides are
49  methylated at the 5 position of the cytosine ring (5-methylcytosine, 5mC) (Suzuki and Bird,
50 2008). 5mC is established by the de novo DNA methyltransferases of the Dnmt3 family,
51 and is propagated by the maintenance DNA methyltransferase, Dnmt1 (Goll and Bestor,
52 2005). In mice, frogs and zebrafish, mutation or morpholino-mediated depletion of Dnmt1
53  results in extensive genome-wide methylation loss and embryonic lethality (Anderson et
54  al., 2009; Lei et al., 1996; Rai et al., 2006; Stancheva and Meehan, 2000). In these
55 species, global methylation deficiencies are linked to a variety of adverse outcomes
56 including deregulation of gene expression, derepression of transposons, elevated levels
57  of DNA damage and increased genome instability during mitosis (Smith and Meissner,
58 2013). Recent studies have further linked global hypomethylation to activation of antiviral
59 signaling pathways in zebrafish mutated for dnmt71 and in cancer cells treated with the
60  DNA methyltransferase inhibitor 5-azacytidine (Chernyavskaya et al., 2017; Chiappinelli
61 etal., 2015; Roulois et al., 2015). While these studies reinforce the general importance of
62 DNA methylation in vertebrate development and tissue homeostasis, the extensive
63  genome-wide loss of methylation in these models makes it difficult to assign significance
64 to methylation deficiencies at any particular subclass of sequence.

65 The pericentromeric satellite sequences that juxtapose chromosome centromeres
66 represent an essential structural component of chromosomes and a significant source of
67 5mC in vertebrate genomes. These highly repetitive sequences appear particularly
68  susceptible to methylation loss in cancer and senescent cells, although the consequences
69  of this hypomethylation are not well understood (Enukashvily et al., 2007; Fanelli et al.,
70  2008; Nakagawa et al., 2005; Narayan et al., 1998; Qu et al., 1999; Suzuki et al., 2002;
71  Tsuda et al., 2002). In contrast to global hypomethylation, loss of 5mC at pericentromeric

72  repeats is compatible with human development. Individuals with the rare, autosomal
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73  recessive disorder Immunodeficiency, Centromere and Facial anomalies (ICF) syndrome
74  show extensive hypomethylation of pericentromeric repeats, while methylation across the
75  rest of the genome is relatively intact (Tuck-Muller et al., 2000; Weisenberger et al., 2005).
76  Affected individuals usually die in late childhood or early adulthood, and exhibit variable
77  symptoms including immunoglobulin deficiency, facial dysmorphism, growth retardation
78  and a generalized failure to thrive (Ehrlich et al., 2008). Chromosome anomalies including
79  whole-arm deletions and multiradial chromosomes have also been reported in mitogen-
80  stimulated lymphocytes from ICF-patients. However, similar chromosome anomalies are
81 not observed in primary tissues from affected individuals (Ehrlich, 2003).

82 Homozygosity mapping and whole-exome sequencing have separately implicated
83  four genes in ICF syndrome: DNA Methyltransferase 3B (DNMT3B, ICF type-1), Zinc-
84 finger and BTB domain containing 24 (ZBTB24, ICF type-2), Cell division cycle associated
85 7 (CDCAY7, ICF type-3) and Helicase, lymphoid-specific (HELLS, ICF type-4) (de Greef et
86 al.,, 2011; Thijssen et al., 2015; Xu et al., 1999). Most of the described mutations in
87 DNMT3B cause amino acid substitutions within the C-terminal catalytic domain,
88  suggesting they may be hypomorphic. In contrast, the majority of mutations in ZBTB24,
89 CDCAY and HELLS are predicted to cause loss of function. Mechanistically, ZBTB24,
90 CDCAY and HELLS are thought to converge in a singular pathway that facilitates DNMT3B
91  access to pericentromeric DNA (Jenness et al., 2018; Wu et al., 2016).

92 To date, most studies of pericentromeric 5mC loss have been performed using
93 transformed B-cell lines derived from ICF patients carrying mutations in DNMT3B (Ehrlich
94 et al., 2008). Attempts to generate viable mouse models of pericentromeric
95  hypomethylation through mutation of ICF genes have had limited success. Mice harboring
96  ICF-like mutations in Dnmt3b exhibit some characteristics of ICF syndrome including small
97  size and facial anomalies. However, most mice die within 24 hours of birth (Ueda et al.,

98  2006). Global methylation profiles were not assessed in these mutants; but significant


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

99  hypomethylation was reported at both pericentromeric repeats and retroviral sequences.

100  Similar perinatal lethality was observed following deletion of the mouse HELLS orthologue.
101 In this case, mutations were accompanied by roughly 50% reductions in 5mC, and
102  methylation loss was noted at pericentromeres, retroviruses and some single copy
103  sequences (Tao et al., 2011). Deletion of the mouse Zbtb24 gene was reported to cause
104  embryonic lethality; but methylation changes in these mutants have not been investigated
105 (Wuetal., 2016).
106 Here, we describe a viable model of pericentromeric methylation loss, generated
107  through mutation of the zebrafish zbtb24 gene. Homozygous mutant adults exhibited key
108 phenotypic hallmarks of ICF syndrome including hypomethylation of pericentromeric
109 satellite repeats. Hypomethylation of these repeats was first detected in mutants at 2
110  weeks post fertilization (wpf) and became more severe as animals matured. This
111  progressive methylation loss allowed us to investigate the primary consequences of
112  pericentromeric hypomethylation in the context of a vertebrate animal. Using this model,
113  we link derepression of transcripts from hypomethylated pericentromeres to activation of
114  an interferon-based innate immune response, and we demonstrate that this response is
115 mediated through the MDA5-MAVS dsRNA sensing machinery. Our findings provide
116 insights into the earliest consequences of pericentromeric hypomethylation,
117 demonstrating an unappreciated function for methylation of pericentromeric repeats in
118  protecting against autoimmunity.

119
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120  Results

121

122  Mutation of zebrafish zbtb24 causes ICF syndrome-like phenotypes

123  The zebrafish genome encodes a single, well-conserved orthologue of ZBTB24, which we
124  mutated using TAL effector nucleases (TALENs) (Figure 1A and Figure 1-figure
125  supplement 1 and 2). The recovered 7.9 kb deletion allele (zbth24™??; here after referred
126  to as zbtb24"), eliminates coding sequence between exons 2 and 5 (Figure 1B). Animals
127  that were homozygous for this deletion lacked detectable zbtb24 transcripts, suggesting
128  zbtb24“is a null allele (Figure 1-figure supplement 2D). Zbtb24*“ embryos were born to
129  heterozygous parents at the expected Mendelian ratios and had no obvious morphological
130 abnormalities during the first two weeks of development (Figure 1C). Phenotypes that
131  were reminiscent of ICF syndrome emerged as animals matured. Consistent with the small
132  stature observed in ICF syndrome, by 3-4 weeks post fertilization (wpf), zbth24** mutant
133  zebrafish were smaller than wild-type siblings raised under identical conditions, and this
134  size reduction persisted into adulthood (Figure 1D-F). As adults, zbtb24** mutants
135  exhibited facial anomalies that were characterized by a quantifiable elongation of the snout
136  (Figure 1G-H). We also noted evidence of hypogammagloblulinemia in the presence of
137  normal lymphoid cell numbers, which is an immunological hallmark of ICF syndrome
138 (Figure 11-J). Significant death was noted among homozygous mutants at 4 months of
139  age and fewer than 10% of zbtb24“* animals survived beyond 8 months (Figure 1K).
140  Similar phenotypes were observed in zebrafish that were homozygous for a second
141  independently-isolated mutant allele of zbth24 (zbtb24™'°) (Figure 1-figure supplement
142  3). Taken together, these findings identify zbtb24 homozygous mutant zebrafish as a
143 faithful animal model of ICF syndrome phenotypes.

144

145 Progressive methylation loss at pericentromeric repeats in zbtb24 mutants
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146  Pericentromeric satellite type-1 (Sat1) repeats are found on all zebrafish chromosomes
147  and comprise 5-8% of the zebrafish genome (Phillips and Reed, 2000). As expected, we
148 found that Sat1 sequences from wild-type adults were resistant to digestion with the
149  methylation sensitive restriction enzyme HpyCH41V, indicating that these pericentromeric
150  repeats were heavily methylated. In contrast to wildtype, Sat1 sequences from zbtb24**
151  and zbtb24™'9™19 muytant adults were readily digested with HpyCH4IV, indicating
152  extensive loss of methylation at these repeats (Figure 2A-B and Figure 2-figure
153  supplement 1A). Comparable Sat1 methylation deficiencies were observed when DNA
154 was isolated from dissected adult brain, skin, muscle and fin, suggesting that these
155 sequences were similarly hypomethylated in most adult tissues (Figure 2-figure
156 supplement 1B and Figure 2-figure supplement 2A).

157 Somewhat unexpectedly, we found that pericentromeric methylation loss in
158  zbtb24** mutants was progressive. While extensive hypomethylation of Sat1 sequences
159 was detected in adults lacking zbtb24, similar hypomethylation was not observed in
160 mutants at 1 wpf (Figure 2C-D). At 2 wpf, zbtb24 mutants exhibited roughly 3-fold
161 increases in HpyCHA4IV digestion, and sensitivity to digestion became increasingly
162  pronounced in older animals (Figure 2C-D). By 32 weeks, Sat1 sequences from zbth24
163  mutants exhibited a 23-fold increase in HpyCH4IV digestion compared to wildtype,
164  suggesting a greater than 95% reduction in methylation of these repetitive sequence
165  blocks.

166

167 Zbtb24 mutants exhibit modest reductions in 5mC at non-pericentromeric
168 sequences

169 To clarify whether additional sequences were hypomethylated in zbtb24 mutants,
170  we performed Enhanced Reduced Representation Bisulfite Sequencing (ERRBS) using

171  genomic DNA isolated from the fins of three zbtb24** mutant adults and three wild-type
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172  siblings at 25 wpf (Garrett-Bakelman et al., 2015). At this stage, Sat1 sequences from
173 isolated fins were 20-fold more sensitive to HypCH41V in zbtb24 mutants compared to
174  controls, indicating extensive loss of DNA methylation at pericentromeric repeats (Figure
175  2-figure supplement 2A-B). We then used ERRBS data to interrogate the methylation
176  status of 979,971 non-pericentromeric CpG sites across the genome in the same tissue
177  samples. Our analysis revealed a strong correlation between genome wide 5mC levels in
178  wild-type and zbtb24** mutant adults (Pearson’s correlation value of 0.928), although
179  overall methylation levels were reduced by ~10% in mutants (Figure 2E and Figure 2-
180 figure supplement 2C). This 10% methylation reduction in mutants consisted primarily of
181  small-magnitude changes in 5mC across the genome, with only 1.3% (13,205) of
182 examined CpG dinucleotides exhibiting methylation differences of greater than 20%.
183  Consistent with this finding, at a threshold of 20% change (p-value<0.01), only 55
184 differentially methylated regions (DMRs) were identified between wild-type and zbtb24**
185  adults (Supplementary File 4). Methylation levels at endogenous retroviruses and other
186 transposable elements were also examined by methylation sensitive restriction digest. All
187  tested elements were similarly resistant to digestion in zbth24* mutant adults and wild-
188 type siblings, indicating that these sequences are comparably methylated in both
189  genotypes (Figure 2-figure supplement 3). Collectively, these data reveal limited

190 methylation changes at non-pericentromeric CpG sites across the genome.

191

192  Mutation of zbtb24 causes activation of innate immune response genes

193  To gain insights into the early consequences of methylation loss in zbtb24 mutants, we
194  performed transcriptome analysis on RNA isolated from wild-type and zbtb24** zebrafish
195  at 2 wpf. At this stage, zbtb24** mutants remain morphologically indistinguishable from

196  wildtype, but show clear hypomethylation of pericentromeric sequences. RNA-seq


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

197  identified 58 genes that were downregulated by more than 2-fold in zbtb24** larvae at 2
198  wpf, while 119 were upregulated by 2-fold or more (Figure 3A). No gene enrichment
199  signature was observed among downregulated genes. However, roughly 30% of
200 upregulated genes were associated with activation of the innate immune system. In
201  particular, we noted that upregulated transcripts included those associated with interferon
202  stimulated genes (ISGs) and inflammatory cytokines (Figure 3B). Consistent with these
203  observations, Gene Set Enrichment Analysis (GSEA) identified significant enrichment of
204  genes involved in viral response, a key function of innate immune pathways (Figure 3C).
205  Upregulation of ISGs was also observed in zbtb24** and zbtb24™ ™" mutants by qRT-
206 PCR at 3 wpf, whereas the same genes were expressed at wild-type levels at 1 wpf
207  (Figure 3D-E and Figure 3-figure supplement 1). No immune-related genes (and only 1
208 gene differentially upregulated in the RNA-Seq) were found within 100kb of identified
209 DMRs, suggesting that direct loss of methylation at these sequences was unlikely to cause
210 the response (Figure 2-figure supplement 2D and Supplementary File 4).

211

212  Theinnate immune response in zbtb24 mutants is mediated by sensors of cytosolic
213 RNA

214  The innate immune system represents an ancient defense system in which pathogen-
215 associated molecular patterns (PAMPs) are recognized by pattern recognition receptors
216 (PRRs). These PRRs induce signaling cascades that drive the production of interferons
217 and other inflammatory cytokines with antiviral and immune modulating functions
218  (Schneider et al., 2014). In addition to extracellular pathogens, PRRs also recognize
219 PAMPs associated with cell-intrinsic stimuli including DNA damage, endogenous retroviral
220  RNA and RNA-DNA hybrids (Chiappinelli et al., 2015; Hartlova et al., 2015; Mankan et al.,

221  2014; Roulois et al., 2015).
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222 To clarify the origin of the response in zbtb24 mutants, we examined the major
223  families of PRRs involved in innate immunity. These include the Toll-like receptors (TLRs),
224  which have broad functions in detecting PAMPs, the RIG-I like receptors (RLRs), which
225 are involved in the detection of cytosolic RNA and cGAMP synthase (cGAS), which
226  functions as a cytosolic sensor of DNA and RNA/DNA hybrids (Crowl et al., 2017).
227  Mutations in key mediator proteins required to propagate interferon signaling from each
228 PRR family were introduced onto the zbtb24 mutant background and we tested the effect
229  onISG expression. Mutations in the zebrafish orthologs of mitochondrial antiviral-signaling
230  protein (mavs), which is an intermediate in RLR signaling and stimulator of interferon
231 genes (sting), which is involved in cGAS signaling were generated using CRISPR/Cas9
232  technology (Figure 4-figure supplement 1A-B).The mutant allele of Mpyeloid
233  differentiation primary response 88 (myd88), which is required for signaling through most
234  TLRs, was previously described (van der Vaart et al., 2013).

235 As in prior experiments, significant increases of the ISGs, signal transducer and
236  activator of transcription 1b (stat1b) and interferon regulatory factor (irf7) were observed
237  in zbth24** larvae at 3 wpf by qRT-PCR (Figure 4A-C). Introduction of myd88 or sting
238 mutations had little impact on expression of these ISGs, as similar transcript levels were
239  detected in zbtb24*” single mutant animals compared to myd88™3°¢#mu3%68. zpth 2442 or
240  sting™3"™k30. zbth24** double mutants (Figure 4A-B). Sustained ISG expression in these
241  double mutants suggests limited roles for TLR and cGAS PRRs in mediating the interferon
242  response in zbtb24 mutants. In contrast to myd88 and sting, mutation of mavs suppressed
243  stat1b and irf7 upregulation in zbtb24** mutant animals. Expression levels of irf7 and
244  stat1b were reduced 2- and 4-fold respectively in mavs™?¥ ™28, zptb24** double mutants
245  when compared to zbtb24** single mutant zebrafish, indicating a requirement for mavs in

246  the upregulation of these ISGs (Figure 4C). This finding implicates RLR signaling in the
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247  activation of the innate immune system in zbtb24 mutants and suggests a cytosolic RNA
248  trigger for the response.

249

250 Pericentromeric RNA transcripts are sufficient to trigger the interferon response in
251  zbtb24 mutants

252 Given known roles for DNA methylation in transcriptional repression, we next
253 tested whether loss of methylation at pericentromeric sequence resulted in increased
254 levels of Sat1 transcripts that could trigger the RNA mediated interferon response.
255  Consistent with this model, strong derepression of Sat1 RNA from hypomethylated
256  pericentromeres was noted in zbth24 mutant adults (Figure 5A and Figure 5-figure
257  supplement 1A), whereas transcripts for other dispersed repetitive elements remained
258  unchanged between mutants and wildtype (Figure 5-figure supplement 1B). Increases
259 in Sat1 transcripts correlated with levels of irf7 expression in adult zebrafish (r=0.77), and
260  upregulation of Sat1 transcripts coincided with the window of ISG induction during
261 development (Figure 5B-C). Both sense and antisense transcripts were detected in
262  mutants using TAG-aided sense/antisense transcript detection (TASA-TD) strand-specific
263 PCR (Henke et al., 2015), suggesting the potential for derepressed Sat1 transcripts to
264  form double stranded RNAs (Figure 5D-E).

265 To determine whether Sat1 transcripts were sufficient to activate an innate immune
266  response, in vitro synthesized RNA corresponding to Sat1 sense and antisense sequence
267  was injected into wild-type embryos at the 1-cell stage. Expression of the ISGs stat1b, irf7,
268 irf1b and mxa was then assessed at 8 hours post fertilization. Injection of Sat1 RNA was
269 sufficient to cause a 3 to 4-fold upregulation in expression of these ISGs, whereas injection
270  of control transcripts encoding the dsRed fluorophore had no effect on expression of these
271 genes (Figure 5F). These results functionally link the derepression of Sat1 transcripts to

272  the activation of the innate immune response in zbtb24 mutants.
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273  The cytosolic dsRNA helicase MDAS5 is required for the interferon response in
274  zbtb24 mutants

275  Finally, we sought to identify the specific PRR required for the interferon response in
276  zbtb24 mutants. The RLR family of PRRs consists of two RNA helicases that signal
277  through Mavs: Melanoma Differentiation-Associated protein 5 (Mda5) and Retinoic acid-
278 inducible gene | (Rig-I). Rig-l binds 5’ triphosphorylated RNA molecules, whereas Mda5
279  recognizes long double-stranded RNAs in the cytosol (Crowl et al., 2017). Given that 5’
280 triphosphorylation of RNAs is a typical viral signature that is unlikely to be present on
281 endogenous RNA transcripts, we reasoned that Mda5 was a more likely candidate for the
282  receptor. To test the requirement for mda5, we generated a 7 base-pair deletion in this
283  gene that disrupted the DEAD box helicase domain (Figure 4-figure supplement 1C).
284  This mda5™? allele was then introduced onto the zbtb24 mutant background, and
285  expression of the ISGs stat1b and irf7 was examined at 3 wpf. Homozygous mutation of
286  mda5was sufficient to restore stat1b and irf7 expression to wild-type levels in zbtb24**
287  mutant larvae, suggesting that Mda5 is the primary PPR required for the response (Figure
288 6A). This requirement was further validated by RNA-seq, which revealed that a broad
289  panel of ISGs that showed elevated expression in zbtb24 single mutants were no longer
290  upregulated in mda5™?¥™2%: zhth24“ double mutants (Figure 6B-C).

291 Taken together, these results support a model in which derepression of transcripts
292  from hypomethylated pericentromeres triggers activation of the innate immune system
293  through the Mda5/Mavs viral RNA recognition pathway (Figure 6D). These findings
294  identify roles for pericentromeric RNA as a trigger of autoimmunity and reveal important
295  functions for pericentromeric methylation in suppressing the generation of these
296 immunostimulatory transcripts. Based on these results, we propose that induction of the
297 innate immune system is one of the earliest in vivo consequences of pericentromeric

298  methylation loss.
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299 Discussion

300 In this study, we describe a viable animal model of ICF syndrome which recapitulates key
301 phenotypic hallmarks of the disease including slow growth, facial anomalies,
302 immunoglobulin deficiencies and reduced lifespan. Given that previous attempts to model
303 ICF syndrome have resulted in perinatal or embryonic lethality (Geiman et al., 2001; Ueda
304 etal., 2006; Wu et al., 2016), this zebrafish model provides an important new resource for
305 understanding ICF disease etiology during juvenile and adult life stages. In particular,
306  zbtb24 mutant zebrafish will be useful for understanding phenotypes such as
307  immunoglobulin deficiency, which have not been observed in mouse models and are
308 difficult to study in cell culture systems.

309 Methylation analysis of zbtb24 mutant zebrafish suggests that the general
310 methylation landscape in these mutants is comparable with that in ICF syndrome. Recent
311 methylome analysis of primary blood from ICF patients identified methylation changes of
312  greater than 20% at roughly 3% of examined CpG dinucleotides. Significant changes in
313 methylation of retroviruses and other dispersed repeats were not observed in these
314  patients (Velasco et al.,, 2018). Consistent with these findings, our ERRBS analysis
315 revealed methylation changes of greater than 20% at roughly 1.3% of assayed CpG
316 dinucleotides and found methylation of dispersed repeats to be similar between wildtype
317  and in zbtb24 mutant zebrafish.

318 In the current study, methylation levels at pericentromeric Sat1 sequences could
319 not be quantified by ERRBS, as this technique relies on Msp1 restriction digest to enrich
320 for CpG containing sequences, and zebrafish Sat1 repeats are lacking in this restriction
321 site. Instead we employed digestion with the methylation sensitive restriction enzyme
322 HpyCHA4IV to measure methylation at these repeats. This approach remains the most
323  effective way to assess methylation at highly repetitive sequences. At 32 wpf, we observed

324 increases in sensitivity to HpyCH4IV digestion that are consistent with up to 95%


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

325 reductions in methylation at Sat1 pericentromeric repeats in zbth24 mutants, while
326  methylation of these sequences was similar to wildtype at 1 wpf. This progressive loss of
327 5mC implicates Zbtb24 in regulating the long-term maintenance of methylation at
328  pericentromeric repeats. We note that the onset of ICF-like growth defects in zbtb24
329  mutant zebrafish emerged in the weeks following Sat1 methylation loss. In at least one
330 case of ICF syndrome type 2, growth reductions and immunodeficiency were also reported
331 to develop with age, raising the possibility that similar progressive methylation loss may
332  impact ICF etiology in humans (von Bernuth et al., 2014). It is also possible that Zbtb24
333 functions in both maintenance and establishment of pericentromeric methylation, but that
334  requirements for establishment are masked by maternally deposited RNA in zbtb24
335  mutant zebrafish lines. Unfortunately, zbtb24 homozygous mutant zebrafish are sterile,
336 preventing the generation of the maternal-zygotic mutants required to address this
337  question.

338 In the current study, we take advantage of the progressive Sat1 methylation loss
339 in zbtb24 mutants to identify activation of interferon signaling as one of the earliest in vivo
340 consequences of pericentromeric hypomethylation. This phenotype cannot be attributed
341 todefects in adaptive immunity, as the zebrafish adaptive immune system is not functional
342  until roughly 4 wpf (Trede et al., 2004). Induction of an interferon response has been
343 reported in the context of global hypomethylation in cancer cell lines treated with the DNA
344  methyltransferase inhibitor 5-azacytidine and in zebrafish mutated for the maintenance
345 DNA methyltransferase machinery (Chernyavskaya et al., 2017; Chiappinelli et al., 2015;
346  Roulois et al., 2015). In each of these cases induction of the interferon response was
347  attributed to massive derepression of endogenous retroviral elements.

348 Our results are distinguished from these earlier studies in that we identify
349 hypomethylation of pericentromeric sequences and subsequent derepression of

350 associated satellite transcripts as a previously unappreciated trigger of innate immunity.
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351  Immunostimulatory motifs have been noted in pericentromeric RNAs derived from mouse
352 and humans, and transcripts derived from these repeats have been observed in p53 null
353  mouse fibroblasts following global methylation loss (Leonova et al., 2013; Tanne et al.,
354 2015). However, while these studies suggest the potential for pericentromeric
355 hypomethylation to drive an interferon response in diverse vertebrate species,
356 experimental evidence in support of this model has been lacking. Here we demonstrate a
357 causative link between derepression of pericentromeric RNAs and the interferon
358 response, and identify a requirement for Mda5/Mavs in mediating the response. Our
359 findings suggest that aberrant upregulation of both sense and antisense transcripts
360 derived from pericentromeric repeats creates an abundance of double stranded RNAs
361  within the cytosol, which mimic features of double stranded RNA viruses. This finding
362 raises the possibility that this pathway may also recognize additional endogenous long
363 dsRNAs that lack viral origin.

364 While mutation of mda5/mavs rescued the interferon response in zbtb24 mutants,
365 mda5/mavs mutation had little impact on other ICF phenotypes observed in zbth24
366 mutants. Therefore, we find it unlikely that the interferon response drives ICF etiology.
367 Rather this response represents an additional consequence of pericentromeric
368 hypomethylation. Hypomethylation of pericentromeric sequences is compatible with
369 human viability and is observed in abnormal cell contexts including cancer and
370 senescence. Massive increases in pericentromeric transcripts and upregulation of
371 interferon genes have both been noted in cancer (Cheon et al., 2014; Ting et al., 2011).
372  Our data raise the possibility that pericentromeric hypomethylation and subsequent
373  derepression of associated RNAs represents an important but underappreciated trigger of
374  autoimmunity in a variety of disease states.

375


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

376  Materials and Methods

377

378  Zebrafish husbandry

379  Zebrafish husbandry and care were conducted in full accordance with animal care and
380 use guidelines with approval by the Institutional Animal Care and Use Committees at
381 Memorial Sloan Kettering Cancer Center and the University of Georgia. Zebrafish were
382  raised under standard conditions at 28° C. Wild-type lines were of the AB background. All
383  mutant alleles are summarized in Supplementary File 1.

384

385 TALEN and CRISPR mutagenesis

386 TALEN sequences were selected using Targeter 2.0 software (Doyle et al., 2012). TAL
387 repeat assembly was achieved using the Golden Gate assembly method, and assembled
388 repeats were integrated into the GoldyTALEN scaffold (Bedell et al., 2012; Cermak et al.,
389  2011). Assembled vectors served as templates for in vitro mRNA transcription using the
390 T3 mMessage mMachine kit (Ambion) according to manufacturer’s instructions. 50-100pg
391 mRNA was injected into wild-type embryos at the one-cell stage. Injected embryos were
392 raised to adulthood and F1 progeny were screened for germline transmission of mutations
393 as previously described (Li et al., 2015). Primers used for detection of mutations and
394  subsequent genotyping are included in Supplementary File 1.

395

396 Target selection for CRISPR/Cas9 mediated mutagenesis was performed using
397 CHOPCHOP (Labun et al., 2016). sgRNA templates were generated either by cloning into
398 pT7-gRNA as described by (Jao et al., 2013) or using the oligo-based approach described
399 in (Gagnon et al., 2014) and (Burger et al., 2016). All template oligos are listed in
400  Supplementary File 3. sgRNAs were in vitro transcribed from their respective templates

401 using T7 RNA polymerase (Promega) as per manufacturer protocol. Cas9 RNA was in
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402  vitro transcribed from the pT3TS-nls-zCas9-nls plasmid (Jao et al., 2013) using the T3
403 mMessage mMachine Kit (Ambion). For mutagenesis, 200-400ng of sgRNA and ~500ng
404  of Cas9 mRNA were co-injected into wild-type embryos at the one-cell stage. Injected
405 embryos were raised to adulthood, and F1 progeny were screened for germline
406 transmission of mutations as previously described (Li et al., 2015). Primers used for
407  detection of mutations and subsequent genotyping are included in Supplementary File 1.
408

409 Zebrafish imaging and length measurements

410  All bright field imaging of zebrafish larvae and adult was performed using Olympus MVX10
411 with CellSens Standard software. Standard-length was documented using ImageJ as
412  defined in (Parichy et al., 2009). Photoshop (Adobe) adjustments to brightness and
413  contrast were equally applied to all images of whole zebrafish in order to improve
414  visualization.

415

416 FACS Analysis of Whole Kidney Marrow

417  Adult zebrafish at 6 months were sacrificed with a combination of tricaine (Sigma-Aldrich,
418 CAS number 886-86-2) and rapid chilling. Whole kidneys were dissected using forceps
419 and placed in 0.9x PBS/5% FCS. Manual disaggregation using a P1000 pipette resulted
420 in single cell suspensions. Cells were filtered over a 40 um nylon mesh filter, and
421 resuspended in PBS/FCS to give a final concentration of 100,000 cells/ul. FACS sorting
422  of single cells were analyzed for forward/side scatter profiles. FACS data were analyzed
423  using FloJo software.

424

425  DNA Methylation Analysis

426  For Southern blot analysis, 1 ug of purified total genomic DNA was digested with the

427 indicated methylation sensitive restriction enzyme, fractionated by electrophoresis through
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428 a0.9% agarose gel and transferred to nylon membrane. Probes were PCR amplified using
429  primers in Supplementary File 2 and radiolabeled with **P-dCTP using Rediprime™ II
430 Random Prime Labelling System (Amersham) according to manufacturer protocol.
431  Hybridization signals were imaged and analyzed using a Typhoon phosphorimager (GE
432  Life Sciences). Signal intensities were measured using ImagedJ. Methylation changes at
433  Sat1 was quantified as a ratio of the intensity of the unmethylated / methylated blot regions
434  asindicated in the respective blot.

435 HypCH4lV was selected for Sat1 methylation analysis over the more traditional
436  Msp1/Hpall isoschizomer pair because Sat1 sequences lack the CCGG sites that are
437  recognized by these enzymes.

438

439 Enhanced Reduced Representation Bisulfite Sequencing (ERRBS)

440 50 ng of high quality genomic DNA was prepared from fin tissue from adult zebrafish at
441 24 wpf as previously described (Garrett-Bakelman et al., 2015). DNA was digested with
447  Msp1. Bisulphite conversion rates (calculated using non-CpG methylation conversion
443  rates) ranged from 99.6 to 99.7% for all samples (Figure 2-figure supplement 2C).
444  Amplified libraries were sequenced on the Hiseq2000 platform for 50 cycles single end
445 read runs. ERRBS data were filtered for sequence adapters, limited to the first 29 bp of
446 the read (Boyle et al., 2012), and mapped to the zebrafish genome (danRer7) using
447  BSmap (v 2.90) (Xi and Li, 2009). Methylation scores were calculated as the number of
448  unconverted reads divided by the number of total reads at each CpG site. DMRs with at
449 least a 0.2 change in methylation were determined using DSS (delta=0.2,
450  p.threshold=0.01) (Park and Wu, 2016). Sat1 sequences are deficient in Msp1 sites, and
451  are therefore not included in ERRBS data.

452

453 RNA Expression Analysis
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454  For qRT-PCR, total RNA was isolated using Trizol (Invitrogen) and precipitated with
455 isopropanol. RNA used for assaying expression of repeat sequences subsequently was
456 treated with DNase using TURBO DNA-free™ Kit (Ambion) prior to analyses. RNA was
457  converted to cDNA using GoScript™ Reverse Transcriptase Kit (Promega) and Real Time
458 PCR was performed using an Applied Biosystems 7500 PCR Machine. Analysis was

AACt

459  performed using the 2~ method, with relative mRNA levels of all transcripts normalized
460 to B-actin1. All primer sequences are listed in Supplementary File 2.

461

462  For Northern blot analysis, total RNA was extracted with using Trizol (Invitrogen). 2 ug of
463 RNA was subjected to electrophoresis on 1% agarose gel and transferred to Amersham
464  Hybond-N+ membrane (GE Healthcare). The membrane was probed with **P-dCTP
465 radiolabeled Sat1 DNA probe at 42°C. Hybridization signals were imaged and analyzed
466  using a Typhoon phosphorimager (GE Life Sciences).

467

468 TAG-aided sense/antisense transcript detection (TASA-TD) strand-specific PCR was
469  performed as described by (Henke et al., 2015). Oligos used are listed in Supplementary
470  File 3.

471

472  Transcriptome sequencing

473  After RiboGreen quantification and quality control by Agilent BioAnalyzer, 500 ng of total
474  RNA underwent polyA selection and TruSeq library preparation according to instructions
475  provided by lllumina (TruSeq Stranded mRNA LT Kit), with 8 cycles of PCR. Samples
476  were barcoded and run on a HiSeq 2500 High Output in a 50bp/50bp paired end run, using
477  the TruSeq SBS v4 Kit (lllumina). An average of 45.3 million paired reads was generated

478  per sample. The percent of MRNA bases averaged 62.8%.


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

479  For single-mutant RNA-seq analysis presented in Fig 3, reads were mapped to the
480  Zebrafish genome (danRer7) using the rnaStar aligner v2.5.0a (Dobin et al., 2013). We
481  used the two pass mapping method outlined in (Engstrom et al., 2013). The first mapping
482  pass used a list of known annotated junctions from Ensemble. Novel junctions found in
483  the first pass were then added to the known junctions and a second mapping pass was
484  done (on the second pass the RemoveNoncanoncial flag was used). Expression counts
485  (counts per million, cpm) were computed from the mapped reads using HTSeq v0.5.3
486  (Anders et al., 2015) and Ensemble D.rerio v79 gene annotations. Normalization and
487  differential expression was performed using DESeq (Anders and Huber, 2010).

488

489  For RNA-seq analysis presented in Fig 6, raw RNA-seq FASTQ reads were trimmed for
490 adapters and preprocessed to remove low-quality reads using Trimmomatic v0.33
491  (arguments: LEADING:3 TRAILING:3 MINLEN:36) (Bolger et al., 2014) prior to mapping
492  to the Danio rerio GRCz10 reference genome assembly. Reads were mapped using
493  TopHatv2.1.1 (Kim et al., 2013) supplied with a reference General Features File (GFF) to
494  the Danio rerioGRCz10 reference genome assembly, and with the following arguments: -
495  i10 -1 5000 --library-type fr-firststrand. Gene expression was estimated using Cuffquant
496 (a tool from Cufflinks v2.2.1), with following arguments --library-type fr-
497  firststrand. Expression level were normalized in FPKM units by Cuffnorm (a tool from
498  Cufflinks v2.2.1), with following arguments --library-type fr-firststrand.

499

500 RNA synthesis and injections

501 Sat1 RNA and dsRed RNAs were in vitro transcribed using Riboprobe® in vitro
502 transcription systems (Promega). Oligos to amplify the DNA template for in vitro
503 transcription are included in Supplementary File 3. Sense and anti-sense transcripts were

504 transcribed in vitro using the T3 and T7 RNA polymerases respectively. RNA was purified
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505 illustra MicroSpin G-50 Columns (GE Healthcare) and 50 ng of sense and antisense RNA
506  was co-injected into zebrafish embryos at the 1-cell stage.

507

508 Statistical Analysis

509 The Student unpaired 2-tailed t-test was used for statistical analysis unless specified
510 otherwise. Statistical analysis was performed using GraphPad PRISM software.

511

512  Accession Number

513 All ERRBS and RNA-Seq data reported in this paper have been deposited in GEO under
514 the accession GSE116360. The data is currently private and will be released at
515  publication.

516
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724  Figure Legends
725
726  Figure 1. Mutation of zbtb24 causes ICF syndrome-like phenotypes in zebrafish.

727  (A) Schematic of human and zebrafish Zbtb24 proteins. The BTB/POZ domain is indicated
728  in blue and C2H2-type zinc fingers in dark grey. (B) Schematic of zebrafish zbtb24 gene.
729  Location of TALEN target sequences are indicated in red (not to scale). Brackets indicate
730  the region deleted by the zbth24™**® allele. (C) Representative images of zbtb24** and
731  zbtb24™” zebrafish at 2 wpf. Scale bar: 1 mm. (D) Standard length measurements for
732  zbtb24™* and zbtb24™* zebrafish at 1, 2, 3 and 4 wpf (n=6 for each group). (E)
733  Representative images of zbtb24"* and zbtb24** zebrafish at 5 months. Scale bar: 5 mm.
734  (F) Average weight of zbtb24"* and zbtb24“* zebrafish at 5 months (n=5 for each group).
735  (G) Representative images of facial abnormalities in zbtb24"* and zbtb24** adults at 6
736  months. Scale bar: 2 mm. (H) Schematic and quantification of facial abnormalities in
737  zbtb24™* zebrafish (n=5 for each group). (I) Abundance of IgM, IgD and IgZ transcripts in
738  zbtb24™* and zbtb24“* zebrafish at 6 weeks post fertilization (n=5 for each group). (J)
739  Quantification of lymphoid cell populations in total blood isolated from zbtb24** or
740  zbtb24™* kidney marrow from adults, measured by Forward/Side scatter flow cytometry
741  (n=11 for each group). (K) Kaplan-Meier curve indicating survival among groups of
742  zbtb24"* and zbtb24** zebrafish (n=12 for each group). All error bars indicate standard
743  error of the mean (SEM).

744  Figure 2. Mutation of 2zbtb24 causes progressive methylation loss at
745  pericentromeric satellite repeats.

746  (A) Southern blot of genomic DNA digested with 5mC-sensitive restriction enzyme
747  HpyCH4IV and probed with zebrafish Sat1 sequence. Each lane represents DNA isolated
748  from one adult individual of the indicated genotype. DNA from dnmt1” zebrafish larvae at
749 7 days post fertilization and their phenotypically wild-type siblings (WT) provides a positive
750  control. (B) Quantification of methylation changes at Sat1 sequences in panel A. Error
751  bars indicate SEM from the 3 biological replicates. (C) Southern blot of genomic DNA
752  digested with 5mC-sensitive restriction enzyme HpyCH4IV and probed with zebrafish Sat1
753  sequence. Genomic DNA was isolated from zbtb24"* and zbtb24** animals at 1, 2, 4, 16
754  and 32 wpf as indicated. (D) Quantification of methylation changes at Sat1 sequences in

755 panel C. Data represent averages from two independent experiments. Error bars
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756  represent the standard deviation (SD). (E) Heat map of CpG methylation in zbtb24** and
757  zbtb24™* as assessed by ERRBS (Data reflects 3 biological replicates of each genotype).
758

759  Figure 3. Mutation of zbtb24 leads to activation of innate immune response genes.
760  (A) Volcano plot representation of differential gene expression in zbtb24** vs zbtb24**
761  zebrafish at 2 wpf. Blue and red points mark genes with >2 fold downregulation or
762  upregulation respectively. (B) RNA-seq heatmap showing innate immune genes
763  upregulated in zbth24** mutant compared to zbtb24** siblings. Shown are Z-score
764  normalized gene expression values. (C) GSEA of a set of genes involved in Response to

+/+

765  Virus in zebrafish comparing zbtb24™* vs zbtb24**. NES, normalized enrichment score;
766  FDR, false discovery rate. (D) qRT-PCR demonstrating upregulated interferon and
767  inflammatory response genes in zbtb24** mutants at 3 wpf. Expression levels are
768  reported relative to S-actin. Error bars indicate SEM from at least 3 independent biological
769  replicates with n=8 total animals for each replicate. (E) gRT-PCR analysis reveals similar

+/+

770  expression of interferon genes in zbth24"* and zbtb24** larvae at 1 wpf. Error bars

771  represent SEM from at least 5 biological replicates.

772  Figure 4. Interferon response in zbtb24 mutants is mediated by sensors of cytosolic
773 RNA.

774 (A) Expression of interferon signaling genes stat1b and irf7 in indicated genotypes at 3
775  wpf. n = 4 biological replicates. (B) Expression of the ISGs stat1b and irf7 in indicated
776  genotypes at 3 wpf. n =7 biological replicates. (C) Expression of interferon signaling genes
777  stat1b and irf7 in indicated genotypes at 3 wpf. n = 5 biological replicates. All error bars
778 indicate SEM.

779  Figure 5. Pericentromeric transcripts are sufficient to induce the innate immune

780  response in zbtb24 mutants.

781  (A) Northern blot analysis of Sat1 transcripts in zbtb24** and zbtb24** zebrafish at 6 wpf.
782 Each lane represents a biological replicate. The lower panel represents the cropped
783  ethidium-bromide stained gel as loading control. (B) qRT-PCR for Sat1 transcripts in
784  zbtb24™* and zbtb24™” zebrafish at 1, 3 and 6 wpf. Error bars indicate SEM of at least 4
785  biological replicates in each group. (C) Correlation between the expression of Sat1 and
786  irf7 in zbtb24** and zbtb24** at 6 weeks (n=15). (D) TASA-TD PCR amplified sense (s)
787  and antisense (as) transcripts Sat1 (114 bp) and S-actin (125bp) from first strand zbtb24**
788  cDNA. PCR primers: gene-specific (GS); TAG. The products from TASA-TD PCR were
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789 run on the same gel, then cropped and presented. This panel is representative of two
790 independent biological replicates. (E) Quantification of TASA-TD from panel D. Error bars
791 indicate SD from 2 biological replicates. (F) Expression of interferon stimulated genes in
792  wild-type embryos injected with Sat1 or dsRed RNA. 50pg of in vitro transcribed sense
793  and antisense transcripts were injected into wild-type zebrafish embryos at the 1-cell
794  stage. Total RNA was extracted at 8 hours post fertilization for gqRT-PCR analysis. Error
795 bars indicate SEM from at least 3 biological replicates with n=20 embryos for each
796  biological replicate.

797  Figure 6. Mutation of cytosolic dsRNA receptor Mda5 mitigates the interferon

4A/A

798  response in zbthb24™" zebrafish.

799  (A) Expression of interferon signaling genes stat1b and irf7 in indicated genotypes at 3
800 wpf. n = 7 biological replicates. (B) RNA-seq heatmap of interferon stimulated genes
801  upregulated in zbtb24** zebrafish and rescued in mda5™?™°: zpth24** zebrafish at 3
802  wpf. Shown are Z-score normalized gene expression values. (C) Expression of interferon
803  signaling genes stat1b and irf7 in indicated genotypes at 6 wpf. n=6 biological replicates.
804 (D) Model for the activation of interferon response in zbtb24 mutants. Loss of Zbtb24
805 function causes hypomethylation of pericentromeric Sat1 repeats, which leads to
806  derepression of associated Sat1 transcripts. These pericentromeric transcripts are
807  recognized by the dsRNA helicase Mda5 which signals through Mavs and Irf7 to
808 upregulate ISGs. Autoregulatory feedback implicates irf7 as both an ISG and a key

809  downstream effector of Mda5/Mavs signaling.
810  Figure 1-figure supplement 1. Zbtb24 conservation in vertebrate species.

811 (A) Sequence alignment of mouse (Mm), human (Hs) and zebrafish (Dr) Zbtb24 showing
812  conservation of BTB (blue) and Zinc finger (orange) domains. (B) Phylogenetic tree of
813  Zbtb24 with closest members of Zbtb family of proteins, Zbtb14 and Zbtb16 mouse, rat,
814  human, chick, and Tetradon. Alignments were performed on full-length amino acid

815 sequences via ClustalWw and DRAWTREE (http://mobyle.pasteur.fr/cgi-bin/portal.py).

816 Figure 1-figure supplement 2. TALEN design for introducing mutations at the
817 endogenous zbtb24 zebrafish gene.

818 (A) Schematic of TALEN sequences showing target sites for introducing mutations in
819  zbtb24. P1, P2 and P3 indicate locations for genotyping primers. Sequence in blue

820 indicate target site. Sequence in yellow indicates site of restriction enzyme digestion. (B)
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821  Sequence trace confirming generation of large deletion, zbth24™?*® _(C) Representative
822  genotyping of zbtb24™#*® gallele. L: Ladder. P1, P2, P3 represent primers from panel A
823  used for amplifying product in specified lane. (D) gRT-PCR analysis of zbtb24 mRNA in
824  zbtb24™" and zbtb24** zebrafish at 2 wpf (n=6 for each group).

825  Figure 1-figure supplement 3. A second mutant allele of zbtb24 recapitulates key

826 features of ICF Syndrome.

827  (A) Schematic of zbtb24™'? with premature stop codon at aa 82. (B) Representative
828  genotyping of zbth24™" allele. (C) Sequence trace confirming generation of small
829  deletion allele, zbtb24™'. (D) Representative bright field image of zbth24** and
830  zbth24™'9K19 zeprafish at 4 days and 2 months after fertilization. Scale bar: Tmm. (E)
831  Quantification of body weight of zbth24™* and zbtb24™'¥™"° zebrafish at 5 months (n = 6
832  biological replicates). (F) Facial abnormalities in zbtb24"* and zbtb24™"9™9 zebrafish.
833  Scale bar: 3 mm. (G) qRT-PCR analysis of IgM, IgD and IgZ zebrafish immunoglobulins
834 in zbtb24™* and zbth24™'9™ 19 zebrafish measured at 6 weeks post fertilization (n=5
835  biological replicates). (H) Quantification of lymphoid cell populations in total blood isolated
836  from zbtb24"* and zbtb24™ 9™ 9 adult kidney marrow, measured by Forward/Side scatter
837  flow cytometry (n=16 biological replicates). All error bars indicate standard error of the
838 mean (SEM).

839 Figure 2-figure supplement 1. Zbtb24 mutation causes methylation loss at

840  pericentromeric repeats.

841 (A) Southern blot of genomic DNA digested with 5mC-sensitive restriction enzyme
842 HpyCHA4IV and probed with zebrafish Sat1 sequence. Genomic DNA was isolated at 1
843  month from zbtb24"* and zbtb24™'¥™° animals. Each lane represents one biological
844  replicate for the indicated genotype. (B) Southern blot of genomic DNA from different
845 tissues in zbth24™ and zbtb24”* digested with 5mC-sensitive restriction enzyme
846  HpyCHA4IV and probed with zebrafish Sat1 sequence. Each lane represents pooled DNA

847  samples of the indicated tissue from 3 zebrafish adults.

848  Figure 2-figure supplement 2. Zbtb24 mutants exhibit modest reductions in 5mC at

849 non-pericentromeric sequences

850 (A-B) Southern Blot and quantification of HpyCH41V digestion at Sat1 sequences in fin
851 tissues used for ERRBS. (C) Basic statistics of ERRBS analysis in zbth24"* and zbtb24**

852  zebrafish. (D) Venn diagram summarizing the overlap between differentially upregulated


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

853  genes from RNA-Seq (right circle) and genes within 100kb of all DMRs in ERRBS tested

854 for differential expression (left circle).

855 Figure 2-figure supplement 3. Methylation at interspersed repeats is unaffected in
856  zbtb24 mutants.

857  Southern blot analysis of DNA methylation at interspersed repeats (A) Short Interspersed
858  Nuclear Element (SINE), DANA and SINE_HE1 (B) Long Interspersed Nuclear Element
859  (LINE), L1-10 (C) DNA Transposon, Kolobok (D) Endogenous Retroviral (ERV) elements,
860 ZFERV2, ERV1-3, ERV4 and Gypsy21 in zbtb24"* and zbtb24“* 1-month old zebrafish.
861 Each lane represents a biological replicate of the indicated genotype. Genomic DNA from
862  dnmt1” embryos is used as a positive control. The methylation-sensitive enzyme used to

863  digest genomic DNA is indicated below the respective blot.

864  Figure 3-figure supplement 1. Mutation in zbtb24 leads to activation of innate
865 immune response pathways.

866 (A) qRT-PCR validation of genes that are part of the innate immune response pathway

4mk19/mk19

867  that are also upregulated in zbtb2 zebrafish at 3 wpf. Error bars indicate SEM

868 from 5 biological replicates.

869  Figure 4-figure supplement 1. Mutation of zebrafish orthologs of mavs, sting, and
870 mdas.

871 (A) Schematic of mutation in mavs including position of targeted gRNA, sequence
872 information of the mutation, and location of predicted STOP codon. (B) Schematic of
873  mutation in sting including position of targeted gRNA, sequence information of the
874  mutation, and location of predicted STOP codon. (C) Schematic of mutation in mda5
875 including position of targeted gRNA, sequence information of the mutation, and location
876  of predicted STOP codon. The site of deletion is indicated with a red arrow on the

877  sequence trace.

878  Figure 5-figure supplement 1. Mutation in zbtb24 upregulates Sat1 transcripts but

879  not transposons.

880 (A) gRT-PCR of Sat1 RNA in zbtb24"* and zbtb24™"9™'9 zebrafish at 6 wpf. Error bars
881 indicate SEM from at least 3 biological replicates. (B) qRT-PCR reveals similar levels of
882  expression from transposable elements in zbth24** and zbtb24** zebrafish at 6 wpf. Error

883  bars indicate SEM from 4-8 biological replicates.
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Figure 1. Mutation of zbtb24 causes ICF syndrome-like phenotypes in zebrafish.

(A) Schematic of human and zebrafish Zbtb24 proteins. The BTB/POZ domain is indicated in blue and C2H2-type zinc fingers in
dark grey. (B) Schematic of zebrafish zbtb24 gene. Location of TALEN target sequences are indicated in red (not to scale).
Brackets indicate the region deleted by the zbth24m224) allele. (C) Representative images of zbtb24** and zbtb24% zebrafish at 2
wpf. Scale bar: 1 mm. (D) Standard length measurements for zbth24** and zbtb24%2 zebrafish at 1, 2, 3 and 4 wpf (n=6 for each
group). (E) Representative images of zbth24** and zbtb24*2 zebrafish at 5 months. Scale bar: 5 mm. (F) Average weight of
zbtb24** and zbtb24* zebrafish at 5 months (n=5 for each group). (G) Representative images of facial abnormalities in zbtb24**
and zbtb24#2 adults at 6 months. Scale bar: 2 mm. (H) Schematic and quantification of facial abnormalities in zbtb2442 zebrafish
(n=5 for each group). (I) Abundance of IgM, IgD and IgZ transcripts in zbtb24** and zbtb24** zebrafish at 6 weeks post fertiliza-
tion (n=5 for each group). (J) Quantification of lymphoid cell populations in total blood isolated from zbtb24** or zbtb24#2 kidney
marrow from adults, measured by Forward/Side scatter flow cytometry (n=11 for each group). (K) Kaplan-Meier curve indicating

survival among groups of zbtb24** and zbtb24** zebrafish (n=12 for each group). All error bars indicate standard error of the
mean (SEM).
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Figure 2. Mutation of zbtb24 causes progressive methylation loss at pericentromeric satellite repeats.

(A) Southern blot of genomic DNA digested with 5mC-sensitive restriction enzyme HpyCH41V and probed with zebrafish Sat1
sequence. Each lane represents DNA isolated from one adult individual of the indicated genotype. DNA from dnmt1” zebrafish
larvae at 7 days post fertilization and their phenotypically wild-type siblings (WT) provides a positive control. (B) Quantification of
methylation changes in panel A. Error bars indicate SEM from the 3 biological replicates. (C) Southern blot of genomic DNA
digested with 5mC-sensitive restriction enzyme HpyCH4IV and probed with zebrafish Sat1 sequence. Genomic DNA was isolated
from zbtb24** and zbtb24** animals at 1, 2, 4, 16 and 32 wpf as indicated. (D) Quantification of methylation changes at Sat1
sequences in panel C. Data represent averages from two independent experiments. Error bars represent the standard deviation
(SD). (E) Heat map of CpG methylation in zbth24** and zbtb24** as assessed by ERRBS (Data reflects 3 biological replicates of
each genotype).


https://doi.org/10.1101/396671
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/396671; this version posted August 23, 2018. 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.

9 - [ [ *
e Upregulated .
— ® Downregulated
[}
=
®©
3
o
O
2
[2])
=,
©
<
S
~
()]
o
-
1
Log2(Fold Change)
C Response to virus

Enrichment score (ES)

oise)

-0.1
-02 <
-031{
ol
-0.5

-D.G

001

NES=-2.65
p-value< 0.01
FDR< 0.01

L

vs zbtb24*A

WL

zbtb24**

B

zbtb24** zbtb24*

Z-Score

gig2L
rnasel4
mxa

mxe

mxf

ifi27

ifi35

ifi44l
isg12-1
isg12-2
isg12-4
ms4ai7a.4
ms4ai7a.3
ms4ai7a.5
ms4ai7a.10
gbp1

gbp2
mb21d1
stat1b

irf7

irf1lb

mmp9
il22ra2

il1b

CCL20
CRP
cxcl18b
crp7
tnfaip2b
c3a.2

D

Relative Expression

Relative Expression

Interferon stimulated genes at 3 wpf

W zbth24** zbtb24~4
8 A
N
Y,
6 0'0& <
1< S R
EER (1"/0 PP S
I AT O Q T
sad PO e v
ARSI | & I & QQ‘;",,Q’ N
I I — Q PR < & .QQ
I I = A
2 4 < = [ £ =
=

iiiii I I 1
0

IR 0 vl D
(<\ ((\“‘ {\{1' ,\lx Q\ (‘}’QQ N ({\q:lf Q‘ O,O%Q
Interferon stimulated genes at 1 wpf
4. W zbth24** zbtb24~*
3 -
,\'\
PN o
Q/ /Qc.b ‘brb
2d — & ¢ ,QP?J ,Q/'\OJ & &
 — < < __ S
=~ - <
1= l l I I I
0 =ity T T T T T
N 2 N @ N
& &P &

Figure 3. Mutation of zbtb24 leads to activation of innate immune response genes.

(A) Volcano plot representation of differential gene expression in zbtb24** and zbtb24%* zebrafish at 2 wpf. Blue and red points
mark genes with >2 fold downregulation or upregulation respectively. (B) RNA-seq heatmap showing innate immune genes
upregulated in zbtb24** mutant compared to zbtb24** siblings. Shown are Z-score normalized gene expression values. (C)
GSEA of a set of genes involved in Response to Virus in zebrafish comparing zbtb24** vs zbtb24**. NES, normalized enrich-
ment score; FDR, false discovery rate. (D) gRT-PCR demonstrating upregulated interferon and inflammatory response genes in
zbtb24#* mutants at 3 wpf. Expression levels are reported relative to p-actin. Error bars indicate SEM from at least 3 indepen-
dent biological replicates with n=8 total animals for each replicate. (E) gRT-PCR analysis reveals similar expression of interferon
genes in zbtb24** and zbtb24** larvae at 1 wpf. Error bars represent SEM from at least 5 biological replicates.
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Figure 4. Interferon response in zbtb24 mutants is mediated by sensors of cytosolic RNA.

(A) Expression of interferon signaling genes stat1b and irf7 in indicated genotypes at 3 wpf. n = 4 biological replicates. (B)
Expression of the ISGs stat1b and irf7 in indicated genotypes at 3 wpf. n = 7 biological replicates. (C) Expression of interferon
signaling genes stat1b and irf7 in indicated genotypes at 3wpf. n = 5 biological replicates. All error bars indicate SEM.
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Figure 5. Pericentromeric transcripts are sufficient to induce the innate immune response in zbtb24 mutants.

(A) Northern blot analysis of Sat1 transcripts in zbth24** and zbtb24%* zebrafish at 6 wpf. Each lane represents a biological
replicate. The lower panel represents the cropped ethidium-bromide stained gel as loading control. (B) gRT-PCR for Sat1
transcripts in zbtb24** and zbtb24%* zebrafish at 1, 3 and 6 wpf. Error bars indicate SEM of at least 4 biological replicates in each
group. (C) Correlation between the expression of Sat1 and irf7 in zbtb24** and zbtb24* at 6 weeks (n=15). (D) TASA-TD PCR
amplified sense (s) and antisense (as) transcripts Sat1 (114 bp) and B-actin (125bp) from first strand zbtb244* cDNA. PCR
primers: gene-specific (GS); TAG. The products from TASA-TD PCR were run on the same gel, then cropped and presented. (E)
Quantification of TASA-TD from panel D. Error bars indicate SD from 2 biological replicates. (F) Expression of interferon stimu-
lated genes stat1b, irf7, irf1b and mxa in wildtype embryos injected with Sat1 or dsRed RNA. 50pg of in vitro transcribed sense
and antisense transcripts were injected into wildtype zebrafish embryos at the 1-cell stage. Total RNA was extracted at 8 hours
post fertilization for qRT-PCR analysis. Error bars indicate SEM from at least 3 biological replicates with n=20 embryos for each
biological replicate.
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Figure 6. Mutation of cytosolic dsRNA receptor Mda5 mitigates the interferon response in zbtb242 zebrafish.

(A) Expression of interferon signaling genes stat1b and irf7 in indicated genotypes at 3 wpf. n = 7 biological replicates. (B) RNA-seq
heatmap of interferon stimulated genes upregulated in zbtb24%* zebrafish and rescued in mda5m?9m«2%; zbth24*2 zebrafish at 3 wpf.
Shown are Z-score normalized gene expression values. (C) Expression of interferon signaling genes stat7b and irf7 in indicated
genotypes at 6 wpf. n=6 biological replicates. (D) Model for the activation of interferon response in zbtb24 mutants. Loss of Zbtb24
function causes hypomethylation of pericentromeric Sat1 repeats, which leads to depression of associated Sat1 transcripts. These
pericentromeric transcripts are recognized by the dsRNA helicase Mda5 which signals through Mavs and Irf7 to upregulate 1SGs.
Auto-regulatory feedback implicates irf7 as both an ISG and a key downstream effector of Mda5/Mavs signaling.
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Figure 1-figure supplement 1. Zbtb24 conservation in vertebrate species.

(A) Sequence alignment of mouse (Mm), human (Hs) and zebrafish (Dr) Zbtb24 showing conservation of BTB (blue) and Zinc finger
(orange) domains. (B) Phylogenetic tree of Zbtb24 with closest members of Zbtb family of proteins, Zbtb14 and Zbtb16 mouse, rat,
human, chick, and Tetradon. Alignments were performed on full-length amino acid sequences via ClustalW and DRAWTREE
(http://mobyle.pasteur.fr/cgi-bin/portal.py).
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Figure 1-figure supplement 2. TALEN design for introducting mutations at the endogenous zbtb24 zebrafish gene.

(A) Schematic of TALEN sequences showing target sites for introducing mutations in zbtb24. P1, P2 and P3 indicate locations
for genotyping primers. Sequence in blue indicate target site. Sequence in yellow indicates site of restriction enzyme digestion.
(B) Sequence trace confirming generation of large deletion, zbth24™22(®_(C) Representative genotyping of zbth24m22® gllele.
L: Ladder. P1, P2, P3 represent primers from panel A used for amplifying product in specified lane. (D) gRT-PCR analysis of
zbth24 mRNA in zbtb24** and zbtb24** zebrafish at 2 wpf (n=6 for each group).
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Figure 1-figure supplement 3. A second mutant allele of zbtb24 recapitulates key features of ICF Syndrome.

(A) Schematic of zbtb24™' with premature stop codon at aa 82. (B) Representative genotyping of zbtb24™° allele. (C) Sequence
trace confirming generation of small deletion allele, zbtb24™, (D) Representative bright field image of zbtb24** and zbtb24m«9/mk19
zebrafish at 4 days and 2 months after fertilization. Scale bar: 1mm. (E) Quantification of body weight of zbtb24** and zbtb24m!%mk19
zebrafish at 5 months (n = 6 biological replicates). (F) Facial abnormalities in zbtb24** and zbtb24m'9mk19 zebrafish. Scale bar: 3 mm.
(G) gRT-PCR analysis of IgM, IgD and IgZ zebrafish immunoglobulins in zbtb24** and zbtb24™%m1% zebrafish measured at 6 weeks
post fertilization (n=5 biological replicates). (H) Quantification of lymphoid cell populations in total blood isolated from zbtb24**and
zbtb24mk19mk19 - adult kidney marrow, measured by Forward/Side scatter flow cytometry (n=16 biological replicates). All error bars
indicate standard error of the mean (SEM).
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Figure 2-figure supplement 1. Zbtb24 mutation causes methylation loss at pericentromeric repeats.

(A) Southern blot of genomic DNA digested with 5mC-sensitive restriction enzyme HpyCH4IV and probed with zebrafish Sat1
sequence. Genomic DNA was isolated at 1 month from zbth24** and zbtb24™'%mk19 animals. Each lane represents a biological
replicate for the indicated genotype. (B) Southern blot of genomic DNA from different tissues in zbtb24** and zbtb24** digested

with 5mC-sensitive restriction enzyme HpyCH4IV and probed with zebrafish Sat1 sequence. Each lane represents pooled DNA
samples of the indicated tissue from 3 zebrafish adults.
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Figure 2-figure supplement 2. Zbtb24 mutants exhibit modest reductions in 5mC at non-pericentromeric sequences

(A-B) Southern Blot and quantification of HpyCH41V digestion at Sat1 sequences in fin tissues used for ERRBS. (C) Basic statistics
of ERRBS analysis in zbtb24** and zbtb24*2 zebrafish. (D) Venn diagram summarizing the overlap between differentially upregulat-
ed genes from RNA-Seq (right circle) and genes within 100kb of all DMRs in ERRBS tested for differential expression (left circle).
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Figure 2-figure supplement 3. Methylation at interspersed repeats is unaffected in zbtb24 mutants.

Southern blot analysis of DNA methylation at interspersed repeats (A) Short Interspersed Nuclear Element (SINE), DANA and
SINE_HE1 (B) Long Interspersed Nuclear Element (LINE), L1-10 (C) DNA Transposon, Kolobok (D) Endogenous Retroviral (ERV)
elements, ZFERV2, ERV1-3, ERV4 and Gypsy21 in zbtb24** and zbtb24*2 1-month old zebrafish. Each lane represents a biological
replicate of the indicated genotype. Genomic DNA from dnmt1# embryos is used as a positive control. The methylation-sensitive
enzyme used to digest genomic DNA is indicated below the respective blot.
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Figure 3-figure supplement 1. Mutation in zbtb24 leads to activation of innate immune response pathways.
gRT-PCR validation of genes that are part of the innate immune response pathway that are also upregulated in zbtb24mk19/mkis
zebrafish at 3 wpf. Error bars indicate SEM from 5 biological replicates.
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Figure 4-figure supplement 1. Mutation of zebrafish orthologs of mavs, sting, and mda5.

(A) Schematic of mutation in mavs including position of targeted gRNA, sequence information of the mutation, and location of
predicted STOP codon. (B) Schematic of mutation in sting including position of targeted gRNA, sequence information of the
mutation, and location of predicted STOP codon. (C) Schematic of mutation in mda5 including position of targeted gRNA,

sequence information of the mutation, and location of predicted STOP codon. The site of deletion is indicated with a red arrow
on the sequence trace.
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Figure 5-figure supplement 1. Mutation in zbtb24 upregulates Sat1 transcripts but not transposons.

(A) gRT-PCR of Sat1 RNAin zbtb24** and zbtb24m«19mk19 zeprafish at 6 wpf. Error bars indicate SEM from at least 3 biological
replicates. (B) gRT-PCR reveals similar levels of expression from transposable elements in zbtb24** and zbtb24*2 zebrafish
at 6 wpf. Error bars indicate SEM from 4-8 biological replicates.
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