10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29
30
31
32

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.12.019257; this version posted April 13, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

RbAp46/48-N** and HAT-1 are required for initial CENP-A"P
deposition and de novo centromere formation in Caenorhabditis

elegans embryos

Zhongyang Lin" and Karen Wing Yee Yuen"

! School of biological sciences, the University of Hong Kong, Kadoorie Biological Sciences Building,

Pokfulam Road, Hong Kong

* To whom correspondence should be addressed. Tel: (852) 2299 0848; Fax:(852) 2559 9114; Email:
kwyyuen@ hku.hk

ABSTRACT

Foreign DNA microinjected into the Caenorhabditis elegans germline forms episomal extra-
chromosomal arrays, or artificial chromosomes (ACs), in embryos. Injected linear, short DNA
fragments concatemerize into high molecular weight (HMW)-DNA arrays that are visible as punctate
DAPI-stained foci in oocytes, which undergo chromatinization and centromerization in embryos. The
inner centromere, inner and outer kinetochore components, including AIR-2, CENP—AHCP'S,
Mis18BP1™2 and BUB-1, assemble onto the nascent ACs during the first mitosis. Yet, due to
incomplete DNA replication of the nascent ACs, centromeric proteins are not oriented at the poleward
faces of the nascent ACs in mitosis, resulting in lagging ACs. The DNA replication efficiency of ACs
improves over several cell cycles. We found that a condensin subunit, SMC-4, but not the replicative

HCP3 deposition on nascent ACs.

helicase component, MCM-2, facilitates de novo CENP-A
Furthermore, H3K9ac, H4K5ac, and H4K12ac are highly enriched on newly chromatinized ACs. HAT-
1 and RbAp46/48 ™% which are essential for de novo centromere formation and segregation
competency of nascent ACs, also hyperacetylate histone H3 and H4. Different from centromere

*NL2 functions upstream of

maintenance on endogenous chromosomes, where Mis18BP1
RbAp46/48-N° RbAp46/48-™° depletion causes the loss of both CENP-A"®"? and Mis18BP 1N

initial deposition at de novo centromeres on ACs.
INTRODUCTION

Histone H3 variant, CENP-A, replaces histone H3 in the centromeric nucleosomes and serves as the
foundation for building the kinetochore, which connects the sister chromatids to opposite spindles and
orchestrates chromosome movement. Centromere propagation through cell cycles and generations is

crucial for ensuring accurate chromosome segregation and maintenance of genome integrity, which
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relies on histone chaperones to deposit CENP-A precisely to the centromeric regions of sister

chromatids.

Ectopic formation of a centromere can cause dicentric chromosome formation, which undergoes
chromosome breakage-fusion cycle, leading to chromosomal rearrangements, chromosome loss or
gain, aneuploidy, and potentially chromosome instability and tumorigenesis. Many cases of
neocentromeres were found in human patients with congenital abnormalities or developmental
disorders (1). The mechanism of new centromere formation is still not fully understood because of the
technical challenges in tracing the early events of neocentromere formation in patients’ cells.
However, this phenomenon has been observed in diverse species. For example, tethering CENP-A-
specific chaperones to a euchromatin locus or overexpressing CENP-A could cause ectopic CENP-A
localization and ectopic centromere formation (2,3). Besides, transforming or transfecting centromeric
DNA into yeast or human cells can form artificial chromosomes with de novo centromeres (2,3).
However, artificial chromosome formation in these species often relies on the presence of their own
centromeric DNA sequences, requiring long-term drug selection, and has relatively low frequencies of
de novo centromere formation, which has limited their applications in studying the early events of new

centromere formation.

In C. elegans, injecting foreign DNA, even devoid of C. elegans sequences, into its gonad could form
episomal extra-chromosomal arrays, also known as artificial chromosomes (ACs), in the embryonic
cells. These ACs can be propagated mitotically and inherited through subsequent generations (4,5).
These heritable ACs have established a functional holocentromere, rather than hitchhiking on the
endogenous chromosomes (6). Dissecting the mechanism of de novo centromere establishment on
ACs could help to understand the process of neocentromere formation on endogenous

chromosomes.

In the present study, after injection of short, linear DNA, we investigated the timing of de novo CENP-

AP deposition on ACs, and demonstrated that CENP-A"™2

KNL-2

starts to assemble on ACs after
fertilization. Another inner kinetochore protein, Mis18BP1 and an inner centromere protein, AIR-2,
are also recruited to the nascent ACs in the first mitosis. The ACs attempt to segregate in the first cell
division, but with anaphase bridges. We also analyzed the histone post-translational modifications
(PTMs) that co-occur with de novo CENP-A""? deposition on nascent ACs in one-cell embryos.
Based on the profiles of the enriched histone PTMs on nascent ACs, we depleted the relevant histone
modifiers or the associated histone chaperones by RNA interference (RNAi), and analyzed the AC
segregation rate by live-cell imaging and the centromeric protein signals by immunofluorescence
analysis. We demonstrated that HAT-1 and RbAp46/48L'N'53 are required for the enriched H3K9ac,
H4K5ac and H4K12ac on nascent ACs in one-cell embryos. Depleting HAT-1, RbAp46/48-° or both

will reduce or abolish ACs’ segregation competency by reducing de novo CENP-A"°F3

LIN-53

deposition on
nascent ACs. Surprisingly, at the de novo centromere on ACs, RbAp46/48
loss of both CENP-A"®"2 and Mis18BP1"""Z initial deposition, which suggests that while

Mis18BP 12 could be the self-directing factor for centromere maintenance in existing centromeres,

depletion leads to the

it is downstream of RbAp46/48L'N'53 in initial centromere establishment. We show that efficient de

2
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72 novo CENP-A""? deposition on ACs also requires condensin subunit SMC-4, but it is independent of
73 DNA replicative helicase component, MCM-2. These results demonstrate that the mechanism of de
74 novo CENP-AHCP3 deposition on ACs requires histone acetyltransferase HAT-1, CENP-A deposition
75 machinery, including histone chaperone RbAp46/48-"°, together with M18BP1"“? and SMC-4.

76 MATERIAL AND METHODS
77 Worm strains and maintenance

78  The CRISPR/Cas9 transgenic technique described by Dickinson and Goldstein (7) was used to
79  design and generate a GFP-tagged HAT-1 at the endogenous locus. PCR genotyping was done using
80 primer set: Seq-Hat-1 (Table S1). Worm strains used in this study are listed in Table S2. All worms

81 were maintained at 22°C on standard EZ plates seeded with E. coli OP50.
82 Double-stranded RNA (dsRNA) synthesis and RNA interference (RNAi)

83 PCR primers were designed to amplify a region of target genes from N2 C. elegans genomic DNA or
84 cDNA. T3 promoter (AATTAACCCTCACTAAAGG) or T7 promoter (TAATACGACTCACTATAGG)
85  was added to the 5’ end of primers. Primers (Table S1) were selected using NCBI-Primer-Blast and
86 were subjected to BLAST search using the C. elegans genome to confirm the primer specificity. PCR
87 was performed using TaKaRa Ex Tag® DNA Polymerase and the PCR products were purified by

88 Qiagen PCR purification kit. Purified PCR products were subjected to in vitro transcription using

89  Ambion T3 and T7 MEGAscript® Kit at 37°C for 4-6 hours. Reaction products were digested with

90 TURBO DNase at 37 °C for 15 min and purified using Ambion MEGAclear™ Kit. Eluates were

91 incubated at 68°C for 10 minutes followed by 37°C for 30 minutes for complementary RNA annealing.
92 Annealed dsRNA was adjusted to 1 pg/pL in ddH,O for microinjection. For RNAI, L4 hermaphrodites
93 were injected with dsRNA (1 yg/uL) and recovered at 22°C for 24 hours before further analysis. For
94 RNA. plus AC introduction, L4 hermaphrodites were injected with dsRNA (1 ug/uL) and recovered at
95  22°C for 18 hours to reach the young adult stage. The RNAi-treated worms were then injected with
96 p64xLacO plasmid DNA, linearized by Afal (L64xLacO) and purified, into the gonad and recovered at

97  22°C for another 5 hours before live imaging or Immunofluorescence staining.
98 Live cell imaging and AC segregation assay

99 Episomal artificial chromosomes (ACs) were visualized by injecting DNA containing LacO tandem
100 repeats as reported previously (6), except that we used linear DNA (L64xLacO) for microinjection.
101 Injected worms were recovered on OP50-seeded plates for 5-8 hours after microinjection. 3-4 worms
102  were then dissected in 2 pl M9 buffer to release embryos. Embryos were mounted on a freshly
103 prepared 2% agarose pad and the slide edges were sealed with Vaseline. Live-cell images were
104  taken with a Carl Zeiss LSM710 laser scanning confocal microscope with a 16 AC Plan-Neofluar 40x
105 Oil objective lens and PMT detectors. Stacks with 17x1.32 ym planes were scanned for each embryo
106 in a 3x zoom and a 1-minute or 30 second time interval, with 3.15 us pixel dwell and 92 ym pinhole.

107  Laser power for 488 nm and 543 nm was set at 5.5% and 6.5%, respectively.
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108 To determine the AC segregation rates, every dividing cell that contains at least one AC was counted
109  as one sample. Each division was categorized as either containing at least a segregating AC or

110 containing all non-segregating AC(s). Segregating ACs were defined as those that aligned with the
111 metaphase plate and segregated with endogenous chromosomes during anaphase. Non-segregating
112  ACs were defined as those that remained in the cytoplasm or nucleus and did not segregate in

113 mitosis. The AC segregation rate was calculated as the number of dividing cells containing

114  segregating ACs over the total number of dividing cells containing ACs. Among the segregating ACs,
115  those with anaphase bridges were referred to as ACs that attempted to segregate, but ACs were

116 lagging during anaphase, and the AC segregation process is incomplete.
117 Immunofluorescence (IF) staining

118 Embryos were freeze-cracked after dissection of adult worms and fixed in -20°C methanol for 30

119 minutes. Embryos were then rehydrated in PBS [137 mM NacCl, 2.7 mM KCI, 4.3 mM Na,HPO,, 1.4
120 mM KH,PO,] for 5 minutes and blocked by AbDil [4% BSA, 0.1% Triton-X 100 in PBS] at room

121 temperature for 20 minutes. Primary antibody incubation, using rabbit (Rb)-anti-HCP-3 (1:1000;

122 Novus biologicals 29540002), Rb-anti-KNL-2 (1:500, a gift from Desai Lab), Rb-anti-SMC-4 (1:500, a
123 gift from Desai Lab), Mouse (Ms)-anti-Lacl (1:250, Millipore 05-503), Rb-anti-H3K9ac (1:500; Millipore
124  ABE18), Rb-anti-H4K5ac (1:500, Abcam ab51997), Rb-anti-H4K8ac (1:500, Abcam ab45166), Rb-
125  anti-H4K12ac (1:500, Abcam ab177793), Rb-anti-H4K16ac (1:500, Abcam ab109463), Rb-anti-

126 H3K27me3 (1:500; Millipore 07-449), Rb-anti-H3K4me (1:500, Abcam ab176877), Rb-anti-H3K4me2
127  (Novus Biologicals NB21-1022), Rb-anti-H3K4me3(1:500, Abcam ab8580), Ms-anti-H3K9me2 (1:500
128  Abcam, ab1220), Rb-anti-H3K9me3 (1:500, Abcam Ab8898), Rb-anti-H3 (1:1000, Abcam Ab18521)
129 or Rb-anti-H4 (1:1000, Ab10158) was performed at 4°C overnight. Slides were washed with PBST
130  3x10 minutes. The slides were then incubated with goat-anti-Ms-IgG FITC (1:100,000; Jackson

131 ImmunoResearch Laboratories, 115-096-062) and goat-anti-Rb-IgG Alexa 647-conjugated secondary
132  antibody (1:100,000; Jackson ImmunoResearch Laboratories, 111-606-045) at room temperature for
133 1 hour, followed by DAPI (1ug/mL) staining for 15 minutes. The fluorescent signal of mChery::H2B is
134 detectable after methanol fixation and was measured without antibody incubation. Mounting was done
135 using ProLong gold antifade reagent (Life Technologies). Images were acquired from Zeiss LSM 780
136 upright confocal microscope with a Plan-Apochromat 40x1.4 Oil DIC M27 objective and PMT

137 detectors. Embryos were captured as z stacks with a z-step size at 0.4 ym and 3.15 ys of pixel dwell
138 time. Stacks with 30-35 x 0.4 ym planes were scanned for each embryo in a 4x zoom. DAPI, FITC
139 and Alex647 channels were scanned with 32 ym pinhole, and the images were saved in 16 bits

140 format.

141 5-Ethylnyl-2’-deoxyuridine (EdU) staining of one-cell stage embryos

142 L4 worms were grown on perm-1 dsRNA-expressing bacteria diluted 1/6 with OP50 for 24 hours (8).

143  EdU staining of embryos for 15 minutes was performed as described previously (9).

144 Image quantification
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145 Images were processed with Fiji 2.0.0. For immunofluorescence, 31 z-sections were acquired with a
146 spacing of 0.4 um for each embryo. The region of interest (ROI) and the number of z-stacks for each
147 target object were manually selected. A larger area enclosing the whole ROI within the embryo was
148  drawn in each sample (ROI-L). Integrated density (IntDen) equals to area times mean grey value. For
149 each channel, the integrated density of the ROI and ROI-L from all selected z-stacks containing the
150  target object were summed (ROI"™™*"and ROI-L'"®*"). The area between ROI and ROI-L were used
151  for calculating the mean grey value of background following the equation Bg™®" = (ROI-L"™™°" -

152 ROI"P®")/ (ROI-L*®® - ROI*™®?). The corrected integrated density of each targeted protein, histone

153 modification or EdU in ROI = ROI"™" — (ROI** x Bg™™") was then normalized with the corrected

154  integrated density of DAPI.
155  RESULTS

156  Formation of artificial chromosomes (ACs) through chromatinization and de novo

157 centromerization of foreign DNA in C. elegans one-cell embryos

158  To follow the fate of foreign DNA injected into the syncytial germline of C. elegans, the germline,

159  oocytes and embryos were imaged 5 hours after injection of linearized 64 copy-LacO arrays

160 (L64xLacO). To identify the timing of DNA array formation, DAPI (4’ ,6-diamidino-2-phenylindole)
161 staining was used to indicate the location, size and morphology of the concatemerized injected

162  foreign DNA in the germline. To determine the timing of nucleosome assembly and de novo

163 centromere formation, live-cell imaging of histone H2B (H2B::mCherry) and CENP-A""3.:GFP was
164 used to indicate the status of canonical histone deposition and centromeric nucleosome assembly,
165 respectively. DAPI staining of the HMW foreign DNA could not be observed in the syncytial gonad
166 where L64xLacO was injected. However, punctate DAPI foci were found in the cytoplasm of the

167  diplotene and diakinesis oocytes, suggesting that the injected DNA fused into high molecular weight
168 (HMW), extra-chromosomal DNA arrays (Figure 1A and Figure S1 A). Based on the morphology and
169  size, the HMW DNA arrays can be easily distinguished from the 6 highly compacted endogenous
170 bivalent chromosomes. These DNA arrays in oocytes lack histone H2B, CENP-A""? and

171 Mis18BP1 N2 in oocytes (Figure 1A and Figure S1A). However, in fertilized zygotes, these DNA
172  arrays became artificial chromosomes (ACs) that contain detectable histone H2B (6) and CENP-A"P
173 3 (Figure 1B), indicating that chromatinization and de novo centromerization of foreign DNA have

174 begun in one-cell embryos after fertilization. CENP-A"CP?

signal was observed on ACs as early as in
175  embryos undergoing meiosis | (Figure 1B). Live-cell imaging showed that newly formed ACs aligned
176 at the metaphase plate and attempted to segregate during the first mitosis (Figure 1C, S1B and

177 Suppl.Video1). All of the aligned ACs were pulled towards opposite poles at anaphase, but all form
178  chromosome bridges (Figure 1C and S2G). This result suggests that the kinetochore on ACs were
179 sufficient to attach to the mitotic spindles. To elucidate the cause of chromosome bridge formation, we

180 investigate the level and orientation of kinetochore proteins on these newly formed ACs.

181 Impaired DNA replication does not affect de novo CENP-A deposition, but causes centromere

182 disorganization on metaphase ACs
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183 MCM-2, a component of the MCM2-7 replicative helicase, is essential for DNA replication (10), and it
184 is also a histone chaperone for restoring histones to newly synthesized DNA (11). Because the

185 formation of the MCM-2-7 complex depends on each of its subunits, depleting MCM-2 will prevent
186 MCM-2-7 complex assembly and block the process of DNA replication (10). To determine the effect of
187  MCM-2 on initial CENP-A"®" deposition and de novo centromere formation, we performed double-
188 stranded RNA (dsRNA) microinjection to deplete mecm-2 mRNA. None of the embryos from the

189 injected worms were able to hatch (data not shown), suggesting that the RNAi of mecm-2 is highly

190 efficient. However, our result shows that MCM-2 depletion does not prevent ACs from aligning at the
191 metaphase plate and attempting to segregate with the endogenous chromosomes (Figure S2H and
192 S21). Immunofluorescence analysis shows that the essential inner kinetochore proteins, CENP-A"CP3
193 and Mis18BP1""? were both present on the nascent ACs that lined up at metaphase plate and on
194  the bridging ACs at anaphase in one-cell embryos (Figure 2A and 2B). Quantification of the integrated
195 intensity of CENP-A"°"3 on nascent ACs, normalized to the total amount of DNA on ACs, shows no
196 significant reduction of CENP-AMCP?
197 that de novo CENP-A"°F? deposition is independent of MCM-2 (Figure 2E and 2F). Moreover, the
198 recruitment of outer kinetochore and spindle checkpoint component, BUB-1, on ACs is also not
199  abolished upon MCM-2 depletion (Figure S2J).

incorporation in mem-2 RNAi-treated embryos, which suggests

200 Proper sister chromatid segregation depends on the bi-orientation of sister kinetochores on sister

201 chromatids, and the capture of microtubules emanating from opposite centrosomes. However, the
202 initially formed kinetochore on nascent ACs lacks bi-orientation at metaphase (Figure 2A), but is all
203 over the AC, potentially causing merotelic attachments of microtubules to the nascent ACs, which

204 leads to the lagging of ACs during chromosome segregation in anaphase. Because inner centromeric
205 proteins, such as AIR-2 and condensin I, also contribute to forming bi-oriented kinetochores (12), we
206 checked if inner centromere proteins are present on nascent ACs that aligned at the metaphase plate.
207 Our immunofluorescence analysis shows that inner centromeric protein, AIR-2, and condensin I

208  component, SMC-4, are both recruited to the nascent ACs at the metaphase plate (Figure S2A and
209 S2B). In the properly segregated endogenous chromatids, SMC-4 dissociates from the chromatin

210 during anaphase. In contrast, SMC-4 is still found in the center of the AC chromatin bridges in late
211 anaphase (Figure S2B). DNA replication has been shown to be needed for chromatin decondensation
212 in C. elegans embryos in anaphase (9), which is consistent with the loss of condensin | component
213 SMC-4 during anaphase. We found that impairing DNA replication by hydroxyurea (HU) treatment
214 also results in the persistent presence of SMC-4 on the bridging endogenous chromosomes in late
215 anaphase (Figure S2C). We proposed that incomplete DNA replication is the reason why nascent

216 ACs are lagging in anaphase.

217 We then measured the DNA replication efficiency on ACs by their 5-ethynyl-2’-deoxyuridine (EdU)
218 incorporation efficiency in one-cell stage and multi-cell stage embryos. In one-cell embryos, ACs
219 showed at least 68% reduction of EAU incorporation when compared to endogenous chromosomes
220 (Figure 2C and D), which suggests that DNA replication is less efficient on ACs in early-stage

221 embryos. Also, live-cell imaging shows that MCM-4::mCherry (another component of MCM-2-7 DNA
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222 replicative helicase complex), which is supposed to dissociate from endogenous chromosomes before
223 metaphase, still has prolonged association with the ACs (Figure S2D), indicating that DNA replication
224 on ACs has yet to be completed even at metaphase. Thus, we proposed that incomplete DNA

225 replication on ACs (Figure 2C) may contribute to the lack of AC’s kinetochore bi-orientation and the
226 lagging ACs in early-stage embryos. In multi-cell embryos, however, we found that the replication of
227 ACs has improved, where the EdU incorporation rate on ACs is comparable to that on endogenous
228 chromosomes (Figure 2C and 2D). Consistently, we found more ACs in multi-cell embryos (37%)
229 possess bi-orientated centromeres than in one-cell embryos (0%) in wild-type (Figure 2E and 2G). As
230 expected, more ACs segregated evenly in multi-cell stage embryos than in one-cell stage embryos
231 (Figure S2F and S2G).

232 Condensin Il facilitates de novo CENP-A"®"? deposition on nascent ACs in one-cell embryos

233 In C. elegans, condensin Il complex co-localizes with centromere proteins on metaphase

234 chromosomes (13,14), and is proposed to have a specific function at the centromere in addition to
235 chromatin condensation. In human cells and Xenopus egg extracts, condensin Il is required for new
236 CENP-A deposition in mitotic cells and new CENP-A loading in 1% mitosis, respectively (15,16). As
237  the SMC-4 signal is positive on nascent ACs, we further determined if condensin Il contributes to de

HCP-3 1avel on

238  novo centromere formation on ACs in C. elegans embryos. Quantification of the CENP-A
239  ACs shows a significant reduction of CENP-A""? |evel in smc-4 RNAi-treated embryos, suggesting
240  that condensin Il facilitates de novo CENP-A""3

241 (Figure 3).

deposition on nascent ACs in C. elegans embryos

242  The spectrum of histone post-translational modifications (PTMs) on nascent ACs

243  To further identify essential factors in de novo centromere formation, we profiled the histone PTMs on
244 the nascent ACs. We hypothesize that histone-modifying codes that co-exist with chromatinization
245 and centromerization on newly formed ACs in one-cell embryos may help us identify the required

246 factors. We chose several histone PTMs that have been reported to be associated with centromere
247 function. The spectrum of histone PTMs on newly formed ACs in one-cell embryos by

248 immunofluorescence analysis (Figure 4 and S3) is summarized in Table 1. For PTMs that are

249  associated with transcription activity, we analyzed H3K4me1, H3K4me2 and H3K4me3 on newly

250 formed ACs (Figure 4A). Methylation of H3K4 is associated with active transcription. The presence of
251 a medium level of H3K4me1 on ACs, even with the lack of H3K4me2 and H3K4me3, suggests that
252  ACs might be actively transcribing. It has been shown that RNAPII docking facilitates de novo

253 centromere formation in ACs formed by injecting circularized, supercoiled p64xLacO plasmid (17).
254 Consistently, the signal intensities of H4K5ac (Figure 4B), H4K12ac (Figure 4C), H3K9ac (Figure 4D)
255 and H4K20me (Figure 4E) on nascent ACs are significantly higher than that on endogenous

256 chromosomes, with 3-, 3.5-, 2.2- and 10-fold enrichment, respectively. Meanwhile, the DNA

257 replication-associated histone PTM, H3K56ac, on nascent ACs has dimmer signal intensity as

258 compared to that on endogenous chromosomes (Figure 4A and S3). This is consistent with the above

259  finding that replication is less efficient on nascent ACs than on endogenous chromosomes (Figure 2C
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260  and 2D). Moreover, heterochromatin-associated histone PTMs, including H3K9me2, H3K9me3 and
261 H3K27me3, are undetectable on nascent ACs in one-cell embryos (Figure 4A and S3), consistent

262 with our previous finding that heterochromatin is dispensable for de novo centromere formation (6).

263  The AC segregation and the enrichment of H4K5ac, H4K12ac and H3K9ac on ACs depend on
264  RbAp46/48-™>° and HAT-1

265  To investigate whether the corresponding histone modifying enzymes of the enriched AC PTMs

266 facilitate de novo centromere formation, we performed RNA interference by injecting dsRNA of

267 candidate histone modifier genes to L4 stage worms expressing GFP::Lacl and mCherry::H2B (Figure
268 5A). The RNAI depletion efficiency of each gene was confirmed by live imaging (Figure S4A) or RT-
269  gPCR (Figure S4B). Eighteen hours after dsRNA injection, L64xLacO was injected to RNAi-treated
270 worms or untreated worms of the same stage. Embryos were dissected from injected worms,

271 mounted for live-cell imaging to measure the AC segregation rate, and for immunofluorescence

272 analysis to compare the CENP-A"CP?3

signal on ACs. Snapshots (Figure 5B) and videos (Suppl.

273  Video3 and 4) from live-cell imaging show an example of a WT (untreated) and a /in-53 RNAi-treated
274  embryo that contains ACs in the first 3 consecutive cell divisions, from one-cell stage to four-cell

275  stage. A nascent AC in a WT embryo aligned at the metaphase plate with endogenous chromosomes,
276  attempted to segregate, but formed chromosome bridges at the first anaphase in one-to-two cell

277 stage, and has less severe chromosome lagging during the three-to-four cell transition. For untreated
278 controls, the percentage of one-cell embryos that have segregating ACs among all one-cell embryos
279  with ACs is 60%, including segregating ACs with anaphase bridges. In contrast, all the nascent ACs
280 loss their segregation competency in /in-53 RNAi-treated embryo, and just passively remain in one of

281 the two daughter cells during each division.

282  We also depleted individual histone acetyltransferases (hat-1, cbp-1, mys-1, mys-2, Isy-12 and mys-
283 4), a histone deacetylase (hda-1), a histone methyltransferase (set-7) that is responsible for

284 H4K20me (18), or depleted them in double and triple combinations. Among all single RNAi treatments
285  of acetyltransferases, hat-1 RNAI significantly reduces AC segregation frequency to 17% (p < 0.05).
286 Single RNAI of other acetyltransferases (cbp-1, mys-1, mys-2) does not cause any significant

287 decrease in the AC segregation rate. Double knockdown of hat-1 mys-1 and hat-1 mys-2 and triple
288 knockdown of hat-1 mys-1 mys-2 further decrease AC segregation rates in one-cell stage embryos.
289  These findings indicate that acetyltransferases play an essential role in the segregation of nascent
290 ACs. MYS-1 and MYS-2 may share some overlapping acetylation targets with HAT-1, and thus have
291 additive effects upon depletion. In contrast, the AC segregation rates in mys-1 mys-2 knockdown and
292  [sy-12 mys-4 knockdown embryos, at 30% and 67%, respectively, have no significant difference with
293  WT embryos (Figure 5C). Depletion of hda-1 or set-1 also did not affect AC segregation in one-cell
294  embryos (Figure 5C).

295 Although RbAp46/48 and HAT-1 were conserved, and found in the same complex in many species
296 (19-21), the physical interaction between RbAp46/48-""°* and HAT-1 has not been reported in C.
297 elegans (22). We created a transgenic strain expressing GFP::HAT-1 by CRISPR-Cas9 at the
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298  endogenous locus (7). The expression of GFP::HAT-1 was observed in embryonic nuclei (Figure
299 S4A). We also confirmed the physical interaction between RbAp46/48L'N'53 and HAT-1 by reciprocal

300 co-immunoprecipitation (co-IP) using embryo extracts (Figure S5).

301  As RbAp46/48is known to be a H3-H4 chaperone (23-25), we found that RbAp46/48-">*is also

302  essential for histone H3 deposition on nascent ACs, but surprisingly not histone H4 (Figure S4C and
303  S4D). The levels of H4K5ac, H4K12ac and H3K9ac on nascent ACs are significantly decreased to an
304 undetectable level in both /in-53 RNAi-treated and in /in-53 hat-1 double RNAi-treated embryos

305 (Figure 5D-F), indicating that RbAp46/48-"*° and HAT-1 may function together for depositing

306  acetylated histones.
307 HAT-1 assists RbAp46/48-™** in de novo CENP-A""? deposition on nascent ACs

308  Since depletion of hat-1, lin-53 and double depletion of lin-53 hat-1 significantly decreased AC

LIN-53

309  segregation rate, we proposed that RbAp46/48 and HAT-1 are responsible for depositing CENP-
310 AMCP3_ g pre-nucleosomes on nascent ACs after fertilization. We performed immunofluorescence
311 analysis of CENP-A""® on the nascent ACs in hat-1, lin-53 and lin-53 hat-1 double RNAi-treated
312  embryos. We found that the CENP-A""? |evel on ACs is significantly decreased in hat-1 and /in-53
313 RNAi-treated embryos (Figure 6A-C) and is completely abolished in /in-53 hat-1 double RNAi-treated
314 embryos (Figure 6A and 6D). The more severe abolishment of CENP-A"®"?in lin-53 hat-1 double
315  depletion suggests that HAT-1 and RbAp46/48-"">* may also function separately for recruiting CENP-

316 A"P? in addition to acting together in a complex.

317  RbAp46/48-"N.initiated de novo CENP-A"°"? deposition is required for Mis18BP1*""?

318 localization on ACs

319  Mis18BP1*N? and CENP-A"“"? are interdependent for each other’s localization in endogenous

320  chromosomes of C. elegans (26). To test if Mis18BP1N? is also necessary for de novo CENP-A""3

321  deposition on nascent ACs, we depleted Mis18BP1""-2
322 which shows that kn/-2 RNAi almost completely abolished CENP-A"CP?3 signal on nascent ACs

323 (Figure 6A and 6E). This indicates that Mis18BP1""-? is also essential for CENP-A""? |ocalization
324 on both nascent ACs and endogenous centromeres. Similar to endogenous centromeres,

325 Mis18BP1"""2 |ocalization on nascent ACs also relies on CENP-A""3 (Figure 7A and 7C). We

326  simultaneously stained CENP-A"®"? and Mis18BP1""? on nascent ACs in one-cell embryos, and
327  show that 62% of ACs have both CENP-A""" and Mis18BP1"", while 38% of ACs have neither of
328  the signals. We have not found any ACs that have only CENP-A"P3 or only Mis18BP1 N2 (Figure
329 S6A and B), which is consistent with the co-dependence of Mis18BP1N2 and CENP-A"CP3

330 localization (Figure 8A).

and performed immunofluorescence analysis,

HCP-3 1avel but did not

332  affect Mis18BP1"""? level (27). We monitored the M18BP1 -2 signal on nascent ACs in /in-53 RNAi-

LIN-53

331 However, on endogenous chromosomes, /in-53 RNAi only reduced CENP-A

333 treated embryos. Surprisingly, at de novo centromeres on nascent ACs, RbAp46/48 depletion

334  also leads to the loss of initial Mis18BP 1" deposition (Figure 7A and 7B), which suggests that
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335  while Mis18BP1N? could be a self-directing factor for centromere maintenance in the existing

LIN-53

336 centromeres, it is downstream of RbAp46/48 in de novo centromere establishment (Figure 8A).

337 In human cells, MYST2 has been described as an interactor with Mis18 complex for regulating CENP-
338 A deposition (28). However, the function of MYS family proteins on centromere chromatin has not
339 been reported previously in C. elegans. Since we found that MYS-1 and MYS-2 can partially

340 complement HAT-1 in facilitating AC segregation, we tested whether double knockdown of mys-1 and

341 mys-2 prevents Mis18BP1*"-? |ocalization on nascent ACs. However, the Mis18BP1KN-2

signal on
342  nascent ACs in mys-1 and mys-2 double depleted embryos shows no significant difference as

343 compared with WT (untreated) embryos (Figure 7A and 7C).
344  DISCUSSION

345 In our previous study, we observed that foreign circular, supercoiled plasmid DNA injected into C.
346  elegans gonad forms ACs in embryonic cells after 4-8 hours of microinjection (6). ACs gradually

347 acquire segregation competency after they go through several cell divisions (6). Since then, we have
348 tested AC formation by injecting different DNA forms, including linearized plasmid DNA and linearized
349 plasmid DNA mixed with sheared salmon or enzyme-digested yeast genomic DNA (Lin and Yuen,
350  submitted back-to-back). We found that it is more efficient to form larger ACs by concatemerization
351 from linear DNA than from circular DNA, based on the foci size of GFP::Lacl, which binds to the

352 injected LacO arrays, in the embryos (Figures S1D and S1E). This may suggest that it is more

353  efficient to fuse linear foreign DNA fragments by the non-homologous end joining (NHEJ) pathway
354  than fusing circular DNA (4). We also found that ACs generated by injecting linear DNA (L64xLacO)
355  acquires segregation ability significantly faster than those generated by injecting circular DNA (Figure
356 S1F), possibly due to the larger ACs it produces. By injecting a complex DNA mixture from sheared
357 salmon sperm DNA without the LacO repeat sequence, we confirmed that de novo CENP-A"CP3
358  deposition can also occur on “complex” AC without LacO sequences (Figure S1G and S1H).

359 However, the AC segregation rates in repetitive ACs and complex ACs have no significant difference
360 (Lin and Yuen, submitted back-to-back).

361 Chromatinized ACs were formed in fertilized embryos a few hours after microinjection of foreign

362 circular DNA (6) and linear DNA. Histone H2B and centromeric protein CENP-A"CP? signals on ACs
363  were detectable in fertilized embryos (Figure 1 B-C). This is consistent with the finding that major
364  sperm proteins trigger nuclear membrane breakdown (29) and release the nuclear-localized histones
365 and centromeric proteins to the cytoplasm to allow chromatinization and centromerization on the

366 HMW-DNA arrays, which are initially located in the cytoplasm. The whole process of AC formation
367 has been summarized in Figure 8B.

368 Interestingly, in wild-type, the level of CENP-A""3

(normalized to the amount of DNA based on DAPI
369 staining) on nascent ACs formed from linear plasmid DNA is comparable to that on endogenous
370 chromosomes in one-cell embryos (Figure S2K). This observation is slightly different from the nascent

371 ACs formed from circular DNA, in which the level of CENP-A"®" on ACs in one-cell stage is lower
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372  than that on endogenous chromosomes, whilst CENP-A"CP3

signal on ACs increases quickly in the
373 first few cell cycles to become comparable with that in endogenous chromosomes in 17-32 cell stage

374 (17). This difference could be due to the difference in size or structure of the ACs (Figure S1D-F).

375 DNA replication is required for chromosome condensation during prophase (the first cell cycle) and
376 chromosome decondensation during anaphase (the second cell cycle) in C. elegans embryos (9).
377 HU-treated embryos have been described to cause excessive chromatin bridge formation (30), with
378 persistent association with condensin Il subunit SMC-4 (Figure S2A and S2B), which resembles the
379 phenomenon of nascent AC segregation with bridges. We examined the DNA replication status on
380 nascent ACs in one-cell stage and in later stage embryos. The efficiency of incorporating EdU on the
381 newly formed ACs is only about 32% of that of the endogenous chromosomes in one-cell embryos
382 (Figure 2C and D), suggesting that DNA replication is less efficient on ACs. We demonstrated that
383 MCM-4::mCherry is still associated with ACs at the first metaphase, which further indicates that the
384 replication of AC had not completed when the cells entered first mitosis (Figure S2C and S2D). We
385 have ruled out the possibility that Lacl::GFP-tethering on ACs restrains replication initiation or

386 replication fork movement, as the lagging AC is still observed in cells without Lacl::GFP expression
387 (Figure S2E). In C. elegans, DNA replication origins contain H3K4me2 enrichment (31), whereas
388 H3K4mez2 is absent on nascent ACs. The underlying sequences and chromatin environment of ACs
389 could be the reason for the less efficient DNA replication on nascent ACs.

390 During DNA replication, nucleosomes are disassembled from the parental DNA strand ahead of the
391 DNA replication machinery (32). MCM-2 has been recently proposed to be able to chaperone H3-H4
392  and CENP-A-H4 dimers, for replenishing them to the sister chromatins behind the replication forks
393 (11). However, mem-2 RNAI did not reduce the level of de novo CENP-A""® normalized to DNA
394 (DAPI), on nascent ACs (Figure 2E and 2F), and their ability to recruit outer kinetochore and spindle
395 checkpoint component BUB-1 (Figure S2J). Thus, we postulate that de novo centromere formation
396 per se is independent of DNA replication. This is similar to the case in human cells, where CENP-Ais
397  duplicated on chromatin before and independent of DNA replication (33). Although it is not clear when
398  new CENP-A""3 s loaded on the holocentromere during the cell cycle in C. elegans, we speculate
399  that the CENP-A"®"? level in C. elegans correlates with the amount of DNA, as observed in previous
400 study (34), and from the comparison in wild-type and mcm-2 RNAi-treated embryos (Figure 2E and
401  2F). On the other hand, CENP-A®** in budding yeast is turned over and reloaded to sister chromatids
402 in S phase, dependent on DNA replication (35,36).

403 Condensin I, but not condensin |, is specifically enriched at the centromeres and has been found to
404 promote CENP-A deposition in human cells and Xenopus oocyte extracts (15,16,37). In human cells,
405 the interaction between condensin Il and HJURP is needed for HJURP’s centromeric localization, and
406 for depositing new CENP-A (15). In contrast, depleting condensin Il in Xenopus oocyte extracts

407 reduces the CENP-A level at centromere, but not the HJURP level. In C. elegans, condensin |

408  subunits also co-localize with CENP-A"®"

409 found that depleting condensin Il component SMC-4 reduces de novo CENP-A

starting at prometaphase in embryonic cells (13). We
HCP3 deposition on

410 newly formed ACs, indicating that condensin Il subunit SMC-4 facilitates de novo centromere
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411 formation. However, we could not detect physical interaction between condensin Il subunit SMC-4
412 and CENP-A"®"® chaperone RbAp46/48-"3 (Figure S5A).

413  We screened for candidate histone PTMs on newly formed ACs that coincide with de novo

414 centromere formation to elucidate the cellular pathways involved, because histone PTMs can signal
415 downstream histone deposition, gene expression and chromatin condensation. H4K20me is one of
416 the enriched PTM on nascent ACs. In human and chicken DT-40 cells, H4K20me was reported as a
417 histone PTM on CENP-A nucleosomes enriched at centromeres, which is essential for CENP-T

418 localization (38). In C. elegans, H4K20 is monomethylated by methyltransferase SET-1(18). However,
419  the AC segregation rate in set-1 RNAi-treated embryos shows no significant difference from that in
420 untreated embryos (Figure 5C), indicating that H4K20me could be a potential CENP-AMCP? post-

HCP-3

421 deposited marker, which may not be essential for de novo CENP-A deposition.

422 We found that histone acetylation on H3K9, H4K5 and H4K12 was significantly enriched on nascent
423 ACs formed from linear DNA, which is consistent with the previously found acetylated H3K9 and H4
424 (on K5, 8, 12, or 16) on ACs from circular injected DNA (17). H3K9ac has been reported to be

425  associated with the deposition of newly synthesized histones H3 in Tetrahymena, while the involved
426  acetyltransferase is not clear (39). In human cells, H3K9ac induces de novo CENP-A deposition on
427  alphoid DNA at ectopic site and is compatible with centromere functioning (40). Notably, in species as
428 divergent as humans, Drosophila, Tetrahymena and yeast, newly synthesized and newly deposited
429 H4 are acetylated in a conserved pattern at lysines 5 and 12 before its association with DNA

430 (20,39,41). Pre-nucleosomal H4 is di-acetylated at K5 and K12 by HAT-1 in human cells, DT-40 cells
431 and yeast, through forming a complex with H4 chaperone, RbAp46/48 (21,23,42). in fruit fly cells (43),
432  and is essential for the viability and genome stability in mice (44). Double knockdown of hat-1 mys-1
433  or hat-1 mys-2 abolishes AC segregation during the first mitosis in C. elegans, while mys-1 mys-2
434  double depletion causes an insignificant reduction of the AC segregation rate (Figure 5C).

435  Consistently, MYS-1 MYS-2 double depletion does not reduce the level of M18BP1""“% on nascent
436 ACs (Figure 7A and 7C). Both mys-1 RNAi and mys-2 RNAi enhance the hat-1 RNAI effect on AC
437 missegregation, suggesting that MYS-1 and MYS-2 might have overlapping targets with HAT-1.

438  lin-53 depletion also significantly reduces histone H3 level on nascent ACs, but surprisingly, did not
439  affect the level of histone H4 (Figure S4D). The timing suggests that CENP-A"CP3 deposition may
440  occur at the same time as canonical nucleosome assembly, and RbAp46/48-""°° is required for both
441  CENP-A"°"? and H3 assembly. We propose that RbAp46/48-N5* may load acetylated nucleosomes
442 to nascent chromatin, while non-acetylated histone H4, which could form a tetramer with histone
443  H3.3, could be deposited to nascent ACs through other histone chaperones, like HIRA (45,46).

444 Indeed, a previous study has shown that human Hat1-RbAp46 complex binds and acetylates H4 in
445 H3.1-H4 complex more efficiently than that in H3.3-H4 complex (47). Hence, the depletion of lin-53
446 leads to a significant decrease in H4K5ac and H4K12ac level (Figure 5D and 5E), but the total H4
447 level remains unchanged (Figure S4D). A higher proportion of unacetylated H4 is on nascent ACs,
448 which is consistent with the idea that RbAp46/48L'N'53 preferentially deposits acetylated H4 on AC in
449 C. elegans.
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450  We observed a significant reduction of the AC segregation rate in hat-1 RNAI-, /in-53 RNAI- and lin-53
451  hat-1 double RNAi-treated embryos, indicating that RoAp46/48-"°* and HAT-1 are both involved in
452 de novo centromere formation (Figure 5C). In chicken DT-40 cells, RbAp48 is essential for new

453 CENP-A deposition to the centromere, which cooperates with HAT-1 to acetylate pre-nucleosomal
454 CENP-A-H4 complex at H4K5 and K12 (48). In Drosophila, an in vitro experiment shows that RbAp48
455  alone is sufficient to assemble CENP-A®"-H4 to the naked DNA (49). New evidence shows that HAT-
456 1 interacts directly with CENP-A®" in Drosophila. The depletion of HAT-1 reduces the efficiency of
457 new CENP-A®"P deposition significantly (43). Nevertheless, in fission yeast, RbAp46/48"°"® and

458 HJURPS™ gre present in the same complex, where RbAp46/48'vIiS16 distinguishes CENP-A-H4 from
459 H3-H4 by recognizing HJURPS*™® and H4 independently (50). In HeLa cells, RNAi knockdown of

460  RbAp46/48 reduces ectopic loading of CENP-AS®F mutant on the chromosome arms, which cannot
461  bind to HJURP, suggesting that RbAp46/48 may deposit CENP-AS®*F-H4 to ectopic loci in the

462  absence of HUIURP (51). However, in oocyte extracts of Xenopus, RbAp48 depletion does not affect
463 CENP-A incorporation to the centromere on the sperm chromatin but causes ectopic CENP-A

464 deposition (16,48). In C. elegans ACs, we found that both RbAp46/48L'N'53 and HAT-1 are critical for
465 de novo CENP-A"3 deposition. RbAp46/48-">° may deposit CENP-A""® onto foreign DNA that
466 has not been fully occupied by H3 or H3.3 nucleosomes (52). The enriched RNA polymerase |l on the
467 nascent ACs (17) might further create an open chromatin environment and generate nucleosome

468  gaps that preferentially accumulate CENP-A"cF? through RbAp46/48-"° loading (53).

469  M18BP1""“? conserved in C. elegans, is upstream of RbAp46/48-"°° and both are essential for
470 CENP-A"CP3 deposition in endogenous centromeres (26,27). In fission yeast, Mis-18, RbAp46/48'vIiS16

€1 to the centromere

471 and HJURP®®™ have been found in the same complex for depositing CENP-A
472 (50,54,55). In humans and vertebrates, CENP-A-HJURP relies on the MIS18 complex (including MIS-
473 18a, MIS-183 and M18BP1) for centromeric targeting (56,57). Tethering Lacl-fused M18BP1 or Mis-
474 188 to the LacO region promotes new CENP-A deposition by recruiting HJURP to the tethered locus
475 (56), similar to tethering HJURP to an ectopic locus (58). M18BP1"? as a priming factor, is

476 anticipated to anchor to the existing centromeres for directing new CENP-A loading. Since C. elegans
477  has no HJURP, Mis18a nor Mis18B, M18BP1 -2 alone is possibly sufficient to direct RbAp46/48-"*°

KNL2 also

478  for depositing CENP-A"P2 to existing centromeres. Here, we show that depleting M18BP1
479 significantly reduced CENP-A"®"® |evel on nascent ACs (Figure 5A and 5G), consistent with its effect
480  on endogenous chromosomes. The inter-dependency between M18BP1"? and CENP-A is also true
LIN-53

481 for both endogenous chromosomes (26,27) and on nascent ACs. In RbAp46/48 -depleted

482  embryos, M18BP1? was not able to localize to the nascent ACs without any pre-seeded CENP-
483  A"°P3 (Figure 5A, 5G and Figure S6A and S6B). This finding strongly indicates that RbAp46/48-">%
484 initiates CENP-A""® nucleosome assembly on foreign DNA, which lays the foundation for loading of
485  other kinetochore proteins. The centromeric localization dependency in C. elegans endogenous

486 chromosomes and in de novo centromere formation on ACs has been summarized and compared
487 (Figure 8A). It will be of great interest to know if RbAp46/48L'N'53 and M18BP1"""? form a complex to

488  deposit pre-nucleosomal CENP-A-H4, in which RbAp46/48-"** is released from the centromere after
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489  the CENP-A""? deposition, while M18BP1""? is retained on the chromatin for CENP-A"®"

490  stabilization and for recruiting outer kinetochore proteins.

491 Phosphorylation of CENP-A at Ser68 has been proposed to be important for preventing premature
492 HJURP binding at metaphase in HeLa cells (51). The phospho-mimicking mutant, CENP-AS®?

493 reduces its affinity to HJURP (51,59), but it is still able to support centromere function and long-term
494 centromere maintenance in human RPE-1 cells (59). However, mutating the Ser68 residue to

495 alanine, as a phospho-dead mutant, causes continuous CENP-A binding to HIURP and ectopic

496 CENP-A deposition (51). Interestingly, this site is evolutionarily conserved in most eukaryotes except
497 in C. elegans and budding yeast, where these CENP-A homologues have an alanine at this position.
498 Hence, budding yeast HJURPS™ constitutively binds to CENP-A®** at centromeres throughout the
499 cell cycle in budding yeast (35). Therefore, in budding yeast and C. elegans, this serine to alanine
500 mutation may allow HJURP and RbAp46/48 to be functionally redundant in persistent binding to the
501  CENP-A/H4 dimer. In budding yeast, CENP-A®** propagation relies on HJURP®™™, and as a result,
502  RbAp46/48"T?" can be a non-essential protein in this species (60). Similarly, C. elegans can afford
503 losing HJURP, as CENP-A""? propagation depends on RbAp46/48-"5° instead. RbAp46/48-N°3

504  does not rely on pre-existing CENP-A in order to deposit CENP-A"®"?

on foreign DNA. Furthermore,
505 budding yeast and C. elegans have similar CENP-A propagation mechanisms, which are different
506 from CENP-A propagation in human cells. For instance, pre-existing centromeric CENP-A®* s

507  completely turned over in S phase in budding yeast. While the cell cycle stage of CENP-A""2

508  turnover is unknown in C. elegans, it is also almost completely turned over (34,35). In yeast and

509 worms, they tend to maintain a consistent amount of CENP-A per chromatin or total DNA. Potentially,
510 budding yeast and C. elegans have developed an alternative pathway of regulating CENP-A

511 propagation, in which the cue for new CENP-A deposition is not only dependent on pre-existing

512  CENP-A. This, combined with promiscuous CENP-A""® deposition facilitated by RbAp46/48-",
513  allows ACs to be formed easily in C. elegans, which provides a convenient model for the study of de

514 novo centromere formation.
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TABLE AND FIGURES LEGENDS

Table 1. Summary of the profile of histone PTMs on newly formed ACs in one-cell embryos.

CENP-A and  Signal intensity Function in Centromere Associated histone Reference on
histone PTMs on newly modifiers or factors function and
formed ACs* associated factors
CENP-A""? ++ Epigenetic mark of centromere ~ M18BP1""-* & (61)
RbAp46/48-"%
H4K20me +++ CENP-A nucleosome SET-1 (18) (38,62)
H4K5ac ++ Newly synthesized histone H4  RbAp46/48-"°° & HAT- (48,63)
1
H4K12ac +H+ Newly synthesized histone H4 ~ RbAp46/48-™°° & HAT- (48,63)
1
H3K9ac ++ Newly synthesized histones/ RbAp46/48-"°° HAT-1 (40)
open chromatin marker & unknown factors
H3K56ac + Newly synthesized histones MCM-2 & ASF-1 (11,64)
deposited during DNA replication
H3K4me + Permissive transcription SET-17 (65,66)
H3K4me2 - Active transcription SET-17 & SET-30 (66)
H3K4me3 - Robust transcription ASH-2 (67)
H3K9me2 - Heterochromatin mark MET-2 (68)
H3K9me3 - Heterochromatin mark MES-2 (68)
H3K27me3 - Heterochromatin mark MES-2 (65)

+++: signal on ACs is significantly higher than that on endogenous chromosomes
++: signal on ACs is comparable to that on endogenous chromosomes
+: signal on ACs is significantly lower than that on endogenous chromosomes

-: signal on ACs is undetectable

Figure 1. Chromatinization and de novo CENP-A"CP3

formation on foreign HMW DNA arrays to form
artificial chromosomes (ACs) in fertilized one-cell embryos. (A) A schematic diagram of delivering
short, linearized p64xLacO plasmid (L64xLacO) DNA into C. elegans gonad by microinjection. DAPI
stained six condensed bivalent endogenous chromosomes and the HMW DNA arrays
concatemerized from the injected foreign DNA. Representative immunofluorescence images of the
H2B::mCherry and of CENP-A"®"® on bivalent chromosomes in oocytes with multiple DAPI foci.
Yellow arrowheads indicate the HMW foreign DNA arrays. Scale bar represents 10 ym. (B)
Representative immunofluorescence images show that nascent artificial chromosomes (ACs)
assembled from the HMW DNA arrays contain detectable CENP-A"cF3 signals in one-cell embryos at

meiosis | and Il, respectively. White dash ovals show the paternal and maternal DNA, and *
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747 represents the polar body. Scale bar represents 5 pm. A higher-magnification view of the

748 representative ACs (white square) is shown on the right, in which the scale bar represents 2 um for
749  the magnified images. (C) Time-lapse images following an AC, which was attempting to segregate
750  during the first mitosis in one-cell embryos. The time-lapse after fertilization was shown (mm:ss).
751 Scale bar represents 5 ym.

752 Figure 2. Impaired DNA replication causes centromere disorganization on ACs and anaphase

753 bridges. (A & B) Immunofluorescence staining of ACs (Lacl), inner kinetochore proteins, CENP-AMC?
754 (A) or M18BP1""“?(B), and chromatin (DAPI) at metaphase and anaphase in one-cell embryos. The
755 line-scan analysis shows the signal intensity of CENP-A"®"® and M18BP1"""?, respectively, on the
756 metaphase plate of ACs and endogenous chromosomes. Scale bar represents 5 ym. A 3-um line was
757 drawn across the metaphase plate in the high magnification panels, and the signal intensities were
758 measured (Yellow line: AC; White line: Endogenous chromosomes). Scale bar in magnified panels
759 represents 2 um. The plot shows signal intensities from each channel along the line. Green line: Lacl;
760  Red line: CENP-A""? (A) or M18BP1"-2 (B); Blue line: DAPI. The black arrowheads indicate the
761 poleward orientation of CENP-A"CP3

762 such bi-orientation at metaphase. (C) EdU staining of nascent ACs in one-cell embryos at interphase,

on endogenous chromosomes. CENP-A"" on the AC lacks

763 prophase and telophase, respectively, and ACs in a multi-cell embryo. (D) Comparison of the average
764 uptake of EdU after 15 minutes of incubation (normalized to DAPI) on endogenous chromosomes and
765 nascent ACs in mitotic one-cell and multi-cell embryos, respectively. All ACs or endogenous

766 chromosomes in one-cell or multi-cell embryos were pooled together (n = number of samples) for

767 calculating the mean of EdU integrated density. The bar chart shows the mean EdU signal on ACs
768 relative to that on endogenous chromosomes. The error bars represent standard deviation (SD).

769 Significant differences are analyzed by the Student t-test (**, p < 0.01; NS, not significant). (E)

HCP-3

770 Immunofluorescence of CENP-A on ACs in untreated wild-type (WT) or mcm-2 RNAi-treated one-

HCP-3 51 the

771 and multi-cell stage embryos during prometaphase. Scale bar represents 2 um. CENP-A
772  entire AC is described as “disorganized”, while CENP-A""? on the poleward sides of the AC is

773 described as “bi-oriented”. (F) A scatter plot shows the quantification of integrated density of CENP-
774 A""2signal on ACs in WT and in mem-2 RNAi-treated one-cell embryos. The error bars represent
775  standard deviation (SD). Significant differences are analyzed by the Student t-test (NS, not

776 significant). (G) Quantification of the percentage of ACs with disorganized or bi-oriented CENP-AMCP?
777  on AC in one- and multi-cell stage WT or mcm-2 RNAi-treated embryos. The number of ACs (n)

778  analyzed was indicated. Significant differences are analyzed by the Fisher’s exact test (**, p < 0.01).

779  Figure 3. Depletion of condensin Il subunit, SMC-4, reduces de novo CENP-A"®"?

HCP-3

deposition on ACs.
780 Immunofluorescence of CENP-A
781 Embryos were stained with antibodies against Lacl (green), CENP-A"CP3 (red) and DAPI (blue). Scale

782 bar represents 5 um. A higher-magnification view of the ACs (white square) is shown on the right.

on ACs in WT and smc-4 RNAi-treated one-cell embryos.

783 Scale bar represents 2 ym for the magnified images. A scatter plot shows the quantification of
784 normalized integrated density of CENP-A"CP3

785  embryos. The integrated density was normalized with that of DAPI. The number of samples (n)

signal on ACs in WT and smc-4 RNAi-treated one-cell
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786 analyzed was indicated. The number of samples (n) analyzed was indicated. The error bars represent

787  SD. Significant differences are analyzed by the Student’s t-test, **, p < 0.01.

788 Figure 4. Profiling of histone post-translational modifications (PTMs) on nascent ACs in one-cell

789  embryos by immunofluorescence (IF) staining. (A) Representative immunofluorescence images of
790 H4K5ac, H4K12ac, H3K9ac, H4K20me, H3K4me, H3K4me2, H3K4me3, H3K56ac, H3K9me2,

791 H3K9me3 and H3K27me3 on endogenous chromosomes and newly formed ACs in one-cell embryos.
792 Embryos were stained with antibody against Lacl (green), antibodies against a histone PTM (red) and
793 DAPI (blue). Scale bar represents 5 pm. A higher-magnification view of the ACs (white square) is

794 shown on the right. Scale bar represents 2 ym for the magnified images. The representative images
795 were contrast adjusted. The box plot shows the quantification result of the normalized integrated

796 density of (B) H4K5ac; (C) H4K12ac; (D) H3K9ac; or (E) H4K20me signal on endogenous

797 chromosomes and on ACs in one-cell embryos. Only quantifications of the enriched PTMs are shown.
798 Other PTM levels are shown in Table 1. For quantification of PTMs on ACs and endogenous

799 chromosomes, the signal density of each PTM was normalized with that of DAPI. The number of

800  samples (n) analyzed was indicated. The error bars represent SD. Significant differences are

801 analyzed by the Student t-test (*, p < 0.05; **, p < 0.01).

802 Figure 5. The segregation ability of nascent ACs and the enrichment of H4K5ac, H4K12ac and

803  H3K9ac on ACs depend on RbAp46/48-""*° and HAT-1. (A) A schematic diagram of the experimental
804  approach used to identify factors responsible for AC segregation by RNAi and live-cell imaging. (B)
805 Representative live-cell imaging of a nascent AC that was attempting to segregate (even with

806 anaphase bridges) in WT (untreated) and in /in-53 RNAi-treated one-cell embryos. The time-lapse
807  between the images was shown (mm:ss). Scale bar represents 5 ym. The same method was used for
808  screening potential factors that affect the segregation rate of nascent ACs in one-cell embryos. (C)
809 Quantification of AC segregation rates in WT (untreated) , hat-1, mys-1, mys-2, cbp-1, lin-53, hda-1,
810 set-1, hat-1 mys-1 double, hat-1 mys-2 double, mys-1 mys-2 double, hat-1 lin-53 double, mys-4 Isy-12
811 double and hat-1 mys-1 mys-2 triple RNAi-treated one-cell embryos. Significant differences are

812  analyzed by the Fisher’s exact test (*, p < 0.05; **, p < 0.01). The number of samples (n) analyzed
813  was indicated. Immunofluorescence of (D) H4K5ac, (E) H4K12ac and (F) H3K9ac on ACs in WT, lin-
814 53 RNAi-treated and /in-53 hat-1 double RNAi-treated one-cell embryos. Embryos were stained with
815  antibody against Lacl (green), antibodies against a histone PTM (red) and DAPI (blue). A higher-

816 magnification view of the ACs (white square) is shown on the right. Scale bar represents 2 um for the
817 magnified images. Scatter plots show the quantification of normalized integrated density of (D)

818 H4K5ac, (E) H4K12ac and (F) H3K9ac on ACs. The integrated density of each PTM was normalized
819 to DAPI. The number of samples (n) analyzed was indicated. The error bars represent SD.

820  Significant differences are analyzed by student’s t-test (**, p < 0.01).

821  Figure 6. HAT-1 assists RbAp46/48-™°% in de novo CENP-A"®" deposition on nascent ACs. (A)
822  Immunofluorescence of CENP-A""? on ACs in WT, hat-1 RNAI, /in-53, lin-53 hat-1 double and kn/-2
823 RNAi-treated one-cell embryos. A higher-magnification view of the ACs (white square) is shown on

824  the right. Scale bars in whole embryo images and in the magnified images represent 5 um and 2 ym,

23
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825 respectively. Scatter plot shows the quantification result of the normalized integrated density of

826  CENP-A""3signal on ACs in (B) hat-1, (C) lin-53, (D) lin-53 hat-1 double and (E) kn/-2 RNAi-treated
827  one-cell embryos, which were compared with that in WT embryos. For (B)-(E), the integrated density
828  of CENP-A""® was normalized to DAPI. The number of samples (n) analyzed was indicated. The
829  error bars represent SD. Significant differences are analyzed by the student’s t-test (**, p < 0.01).

830  Figure 7. RbAp46/48-N-initiated de novo CENP-A""? deposition is required for Mis18BP1<N-2

831 localization. (A) Immunofluorescence of M18BP1" -2

on ACs in WT, lin-53, hcp-3 and mys-1 mys-2
832  double RNAiI-treated one-cell embryos. A higher-magnification view of the ACs (white square) is

833 shown on the right. Scale bars in whole embryo images and in the magnified images represent 5 um
834 and 2 uym, respectively. A scatter plot shows the quantification result of the normalized integrated
835  density of M18BP1? signal on ACs in (B) lin-53, (C) hcp-3 and mys-1 mys-2 double RNAi-treated
836  one-cell embryos, which were compared with that in WT embryos. For (B) and (C), the integrated
837  density of M18BP1""“? was normalized to DAPI. The number of samples (n) analyzed was indicated.
838  The error bars represent SD. Significant differences are analyzed by the student’s t-test (**, p<0.01;

839  *** p<0.001)).

840 Figure 8. A schematic diagram of the de novo centromere formation in C. elegans embryos. (A) A
841 schematic diagram of the centromeric localization dependency in C. elegans endogenous

842 chromosomes and in de novo centromere formation on ACs. A>B means B’s localization is

843 dependent on A, but not the other way around. Gray arrows indicate findings from other studies. Red
844 arrows indicate the findings from this study. Bold arrows indicate that the effects are very severe. The
845 line between two factors indicates that they have physical interaction. (B) The proposed process of
846  artificial chromosome formation in C. elegans gonad. 1. Firstly, small foreign DNA fragments from
847 microinjection concatemerizes into HMW DNA arrays in the oocyte cells. RbAp46/48-"*°-HAT-1

848 complex acetylates H3-H4 and CENP-A-H4 pre-nucleosomes at H4K5, H4K12 and H3K9, which
849 contributes to the hyperacetylation of nascent ACs. 2. Secondly, RbAp46/48L'N'53 initiates de novo
850 CENP-A""* and H3 deposition, and RbAp46/48L'N'53 is required for M18BP1N-? |ocalization on

851 HMW DNA; Condensin Il complex also facilitates CENP-A"CP? deposition. Chromatinization and

852 centromerization of the HMW DNA generates nascent ACs. Nascent ACs have DNA replication

853  defects and lack bi-oriented sister kinetochores, which could lead to merotelic attachments to the
854 mitotic spindle and chromosome bridging (in early embryonic cells). 3. Finally, DNA replication

855 efficiency gradually improves on ACs, and ACs “mature” by late embryonic cell stage. In matured

856 ACs, bi-oriented sister kinetochores allow amphitelic attachment of spindles and proper segregation.

857

24
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