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Abstract

Pericentromeric heterochromatin mostly comprises repeated DNA sequences prone to ectopic recombination. In Drosophila
cells, ‘safe’ homologous recombination repair requires relocalization of heterochromatic repair sites to the nuclear periphery
before Rad51 recruitment and strand invasion. DSBs are anchored to the nuclear periphery through the Nup107/160
nucleoporin complex. Previous studies suggested that the nuclear pore ‘basket’ protein Nup153 could also mediate anchoring,
but Nup153 RNAI depletion also affects Nup107 association with the pores, preventing a direct assessment of Nup153 role.
Using a separation of function mutant, here we show that Nup153 is not required for anchoring heterochromatic DSBs to the
nuclear periphery.
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Figure 1. Nup153 DNA-binding and FG-repeat domains are not required for relocalization of heterochromatic DSBs.:

A: Scheme of human and Drosophila Nup153 protein, highlighting the domains mapped in the human protein and conserved
domains in the Drosophila protein. The N-terminus is responsible for binding other pore proteins and Lamina B, as indicated.
B: Schematic representation of Nup153 FL and AC at the pore. C: Western blot analysis with the indicated antibodies of cells
expressing FLAG-HA(FHA)-Nup153FL and FHA-Nup153AC shows efficient depletion of endogenous Nup153 and FHA-
Nup153FL. (*) A non-specific band is used as a loading control. D: Immunofluorescence (IF) of indicated proteins in cells
expressing FHA-Nup153FL or FHA-Nup153AC after RNAi depletion of endogenous Nup153 and FHA-Nup153FL. Scale bar
= 1pm. E: Quantification of yH2Av foci in DAPI-bright and total foci in cells expressing FHA-Nup153FL or FHA-Nup153AC
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fixed 60 min after IR, following indicated RNAi depletions. Nup153-C indicates that siRNAs recognize the C-terminal region
of the protein. ****P < 0.0001, two-tailed Mann-Whitney test, n > 166 cells from three independent experiments. Error bars:
mean +/- SD.

Description

Pericentromeric heterochromatin (hereafter "heterochromatin”) constitutes about 30% and 10% of fly and human genomes
respectively, and is mostly composed of repeated DNA sequences (Lander et al. 2001, Hoskins et al. 2007, Ho et al. 2014,
Hoskins et al. 2015, Nurk et al. 2022). In heterochromatin, thousands to millions of identical DNA repeats, including from
different chromosomes, can engage in ectopic recombination (Peng and Karpen 2008, Amaral et al. 2017), presenting a serious
threat to genome stability in multicellular eukaryotes. In Drosophila, heterochromatin forms a distinct nuclear domain (Chiolo
et al. 2011, Riddle et al. 2011, Li et al. 2017, Caridi et al. 2018, See et al. 2021) and aberrant recombination is prevented by
relocalization of double-strand breaks (DSBs) to the nuclear periphery before Rad51 recruitment and strand invasion (Chiolo
et al. 2011, Ryu et al. 2015, Ryu et al. 2016, Caridi et al. 2018, Merigliano et al. 2023, Miller et al. 2023). Early HR steps
occur within the heterochromatin domain, while later steps are initially blocked and resume only after relocalization (Chiolo et
al. 2011, Ryu et al. 2015, Ryu et al. 2016, Caridi et al. 2018, Merigliano et al. 2023).

This movement relies on the SUMO E3 ligase Smc5/6 complex (Chiolo et al. 2011, Ryu et al. 2015, Ryu et al. 2016) and its
interactors: the actin nucleator Arp2/3 (Caridi et al. 2018) and nuclear myosins (Caridi et al. 2018). Arp2/3 coordinates the
formation of nuclear actin filaments that start polymerizing at heterochromatic DSBs and enable the directed, myosin-driven,
movement of repair sites to the nuclear periphery (Caridi et al. 2018). The mobilization of heterochromatic repair sites also
requires nucleoporins associated with the chromatin in the nucleoplasm, particularly the phase separation properties of Nup98
(Merigliano et al. 2023). Nup98 creates a condensate inside the heterochromatin domain, facilitating the initial diffusive
movement of repair sites from the core to the periphery of the heterochromatin domain, where capturing from nuclear F-actin
occurs (Merigliano et al. 2023). Once at the nuclear periphery, repair sites associate with the nuclear pores through their
interaction with the Y complex, including Nup107 and Nup160 (Ryu et al. 2015). These might enable repair restart through the
degradation of SUMOylated targets mediated by the SUMO-targeted ubiquitin ligase (STUbL) Dgrn (Ryu et al. 2015).

Relocalization likely prevents aberrant recombination by separating damaged DNAs from ectopic repeated sequences, thus
promoting ‘safe’ exchanges with the sister chromatid or the homologous chromosome (Caridi et al. 2017, Caridi et al. 2019,
Rawal et al. 2019). Accordingly, loss of components required for relocalization results in persistent unrepaired
heterochromatic DSBs and widespread chromosome rearrangements (Chiolo et al. 2011, Ryu et al. 2015, Ryu et al. 2016,
Caridi et al. 2018, Dialynas et al. 2019, Merigliano et al. 2023). Similar mechanisms have been described in mammalian cells
(Jakob et al. 2011, Chiolo et al. 2013, Tsouroula et al. 2016, Caridi et al. 2018), revealing conserved pathways.

In Drosophila cells, repair sites leave the heterochromatin domain 10 min after DSB induction with ionizing radiation (IR).
This results in fewer repair sites (yH2Av foci) in DAPI-bright heterochromatin (a subsection of the heterochromatin domain
(Chiolo et al. 2011)) 60 min after IR (Chiolo et al. 2011, Ryu et al. 2015, Caridi et al. 2018, Merigliano et al. 2023). In the
absence of Nup107, defective anchoring to the nuclear periphery results in a higher number of yH2Av foci in DAPI-bright 60
min after IR, without affecting total focus count (Ryu et al. 2015). A similar result is observed after RNAi depletion of the
nuclear pore basket protein Nup153 (Ryu et al. 2015). However, Nup153 RNAI also results in significant loss of the nuclear
periphery signal of Nup107 (Ryu et al. 2015), consistent with a role for Nup153 in nuclear pore assembly and Nup107
recruitment (Vollmer et al. 2015). Thus, the effect of Nup153 RNAi on relocalization of heterochromatic DSBs could be
indirect, through the loss of Nup107 (Ryu et al. 2015).

Here we assessed the role of Nup153 in heterochromatin repair by expressing in Drosophila cells a Nup153AC mutant, which
retains the N-terminal domain required for Nup107 recruitment while losing DNA binding and pore transport domains (Griffis
et al. 2004) (Figure 1A,B). As a control, we generated cells expressing Nup153 full-length (FL). We RNAi depleted Nup153
by targeting its C-terminal region (Nup153-C RNAIi), which affects the levels of endogenous Nup153 and FHA-Nup153FL,
without altering FHA-Nup153AC (Figure 1C). As expected, RNAi depletion of Nup153 results in significant loss of Nup107
signal at the nuclear periphery (Figure 1D) (Ryu et al. 2015). However, cells display normal nuclear size and decondensed
chromatin (Figure 1D), suggesting that other components of the pore are intact (Boehmer et al. 2003) or that residual Nup107
is present to sustain some pore assembly (Vollmer et al. 2015). Importantly, expression of Nup153AC in cells depleted for
endogenous Nup153 fully restores Nup107 signal at the pores (Figure 1D), consistent with the Y complex being intact.

Next, we tested how the loss of most Nup153 domains affects heterochromatin repair by investigating the distribution of repair
foci relative to DAPI-bright in cells expressing Nup153AC. RNAi depletion of endogenous Nup153 and FHA-Nup153FL
results in a higher number of yH2Av foci in DAPI-bright heterochromatin 60 min after IR, consistent with a relocalization
defect and previous studies (Ryu et al. 2015). However, expression of FHA-Nup153AC in the absence of endogenous Nup153
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lowers the number of yH2Av foci in DAPI-bright 60 min after IR to a level similar to that observed in control RNAi cells,
without affecting total focus count (Figure 1D). This is consistent with normal relocalization of heterochromatic DSBs. Thus,
focus relocalization occurs normally in cells lacking all the N-terminal Nup153 functional domains, including DNA-binding
activities and FG repeats. We conclude that Nup153 is not required for relocalizing heterochromatic DSBs, and thus it does not
contribute to anchoring heterochromatic repair sites to the nuclear periphery.

Methods
Cell cultures

Kc167 (Kc) cells were used for all experiments and were maintained as logarithmically growing cultures in Schneider’s
medium (Sigma) or Sf-900 II (ThermoFisher) + 10% FBS (GemCell US Origin, Gemini) + antibiotic-antimycotic
(ThermoFisher). Kc cells were authenticated by the Drosophila Genomic Resource Center (DGRC) and no mycoplasma
contamination was detected.

Generation of cell lines expressing tagged proteins

Experiments were performed using stable cell lines obtained by cotransfecting each plasmid of interest with pCoHygro
(Invitrogen) and selecting in the presence of 100 pg/ml Hygromycin B (Enzo Life Sciences) for ~1 month. Transfections were
performed with Cellfectin (Life Technologies), according to manufacturers’ procedures.

IR Treatments

Cultures were exposed to IR using a 160 kV X-ray source (X-RAD iR-160, Precision X-Ray). A dose of 5 Gy was used for the
experiment, as in previous studies (Chiolo et al. 2011, Ryu et al. 2015, Ryu et al. 2016, Caridi et al. 2018, Merigliano et al.
2023).

Plasmids

pCopia-3xFlag-3xHA(FHA)-Nup153 FL or AC plasmids were generated by inserting the corresponding PCR-amplified
sequence of Nup153 into a pCopia-FHA backbone (Chiolo et al. 2011, Ryu et al. 2015, Ryu et al. 2016, Caridi et al. 2018,
Merigliano et al. 2023), after Ascl/Pacl digestion. The cDNA template used was 1.D46479 from DGRC.

dsRNA synthesis and sequences

dsRNAs were prepared with the MEGAscript T7 Kit (Thermo Fisher Scientific Cat# AM1334). dsRNAs targeting the C-
terminus of Nupl53 were prepared using the oligos: Nupl53 for: 5’-CTAATACGACTCACTATAGGGAG-
CCCACACCTTTGTCGAACTT and Nup153 rev: 5’-CTAATACGACTCACTATAGGGAG-
ACAGGCCACACACTTGTTGA.

RNAI depletions in cultured cells

dsRNAs were transfected with DOTAP Liposomal Transfection Reagent (Roche) following manufacturer’s instructions.
Incubation times and dsRNA amounts were optimized to maximize depletion efficiency while avoiding toxicity and cell cycle
effects. Cells were treated with dsRNAs for 5 days For Nup153 depletion. The control (Ctrl) used for all RNAi experiments is
RNAI depletion of the brown (bw) gene transcript, which regulates the body color of adults flies and is not involved in DNA
repair pathways (Chiolo et al. 2011, Ryu et al. 2015, Caridi et al. 2018, Merigliano et al. 2023).

Western blotting

1-3x108 cells were collected, washed once in PBS and lysed for 15-20 min on ice with lysis buffer (50 mM Tris, pH 7.8, 1%
NP-40, 150 mM NaCl) containing protease inhibitors (Complete, Roche), 2-mercaptoethanol, and 1 mM PMSF. Benzonase
was added to each sample (0.5 U/ul) for 30 min. The soluble lysate was recovered by centrifugation (10 min, 4°C) and
resuspended in loading buffer (Laemmli) to a final concentration of 1x. Samples were denatured for 5 min at 95°C before
running them on a TGX 4-12% gel (Bio-Rad). Samples were then transferred onto nitrocellulose membrane for hybridization
with specific antibodies.

Immunofluorescence and quantification of repair foci in fixed samples

Immunofluorescence was performed as previously described (Chiolo et al. 2011, Ryu et al. 2015, Caridi et al. 2018,
Merigliano et al. 2023). Imaging and image processing was performed with the DeltaVision Deconvolution microscope and
the Softworx Software as previously described (Chiolo et al. 2011, Ryu et al. 2015, Caridi et al. 2018, Merigliano et al. 2023).
Classification of repair foci inside or outside the DAPI-bright region was done as in (Chiolo et al. 2011, Ryu et al. 2015, Caridi
et al. 2018, Merigliano et al. 2023).
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Statistical analysis

All statistical analyses were performed using Prism6 (Graphpad Software).

Reagents

Antibodies

Name concentration source catalogue number
Histone H2AvD phosphoS137 1:500 IF Rockland 600-401-914

anti-Nup153 1:500 WB M. Capelson N/A

anti-Nup107 1:2000 V. Doye N/A

anti-HA 1:1000 IF DSHB rMs-1gG1

anti-Flag 1:1000 WB Sigma-Aldrich F1804

IF: immunofluorescence, WB: western blotting, DSHB: Developmental Studies Hybridoma Bank.

Plasmids name Source Stock #
pCopia-FHA-Nup153 This study p155
pCopia-FHA-Nup153AC This study p394
Acknowledgements:

We thank V. Doye and M. Capelson for antibodies, Hannah Hopp and Melissa Bonner for generating plasmids, and B. Spatola
for help with the blots.

References

Amaral N, Ryu T, Li X, Chiolo I. 2017. Nuclear Dynamics of Heterochromatin Repair. Trends in Genetics 33: 86-100.
PubMed ID: 28104289

Boehmer T, Enninga J, Dales S, Blobel G, Zhong H. 2003. Depletion of a single nucleoporin, Nup107, prevents the assembly
of a subset of nucleoporins into the nuclear pore complex. Proc Natl Acad Sci U S A 100(3): 981-5. PubMed ID: 12552102

Caridi CP, D'Agostino C, Ryu T, Zapotoczny G, Delabaere L, Li X, et al., Chiolo I. 2018. Nuclear F-actin and myosins drive
relocalization of heterochromatic breaks. Nature 559(7712): 54-60. PubMed ID: 29925946

Caridi CP, Delabaere L, Tjong H, Hopp H, Das D, Alber F, Chiolo I. 2018. Quantitative Methods to Investigate the 4D
Dynamics of Heterochromatic Repair Sites in Drosophila Cells. Methods Enzymol 601: 359-389. PubMed ID: 29523239

Caridi CP, Plessner M, Grosse R, Chiolo I. 2019. Nuclear actin filaments in DNA repair dynamics. Nat Cell Biol 21(9): 1068-
1077. PubMed ID: 31481797

Caridi PC, Delabaere L, Zapotoczny G, Chiolo I. 2017. And yet, it moves: nuclear and chromatin dynamics of a
heterochromatic double-strand break. Philos Trans R Soc Lond B Biol Sci 372(1731). PubMed ID: 28847828

Chiolo I, Minoda A, Colmenares SU, Polyzos A, Costes SV, Karpen GH. 2011. Double-strand breaks in heterochromatin
move outside of a dynamic HP1a domain to complete recombinational repair. Cell 144(5): 732-44. PubMed ID: 21353298


https://www.ncbi.nlm.nih.gov/pubmed/28104289
https://www.ncbi.nlm.nih.gov/pubmed/12552102
https://www.ncbi.nlm.nih.gov/pubmed/29925946
https://www.ncbi.nlm.nih.gov/pubmed/29523239
https://www.ncbi.nlm.nih.gov/pubmed/31481797
https://www.ncbi.nlm.nih.gov/pubmed/28847828
https://www.ncbi.nlm.nih.gov/pubmed/21353298

microPublication
BIOLOGY
4/26/2024 - Open Access

Chiolo I, Tang J, Georgescu W, Costes SV. 2013. Nuclear dynamics of radiation-induced foci in euchromatin and
heterochromatin. Mutat Res 750(1-2): 56-66. PubMed ID: 23958412

Dialynas G, Delabaere L, Chiolo I. 2019. Arp2/3 and Unc45 maintain heterochromatin stability in Drosophila polytene
chromosomes. Exp Biol Med (Maywood) 244(15): 1362-1371. PubMed ID: 31364400

Griffis ER, Craige B, Dimaano C, Ullman KS, Powers MA. 2004. Distinct functional domains within nucleoporins Nup153
and Nup98 mediate transcription-dependent mobility. Mol Biol Cell 15(4): 1991-2002. PubMed ID: 14718558

Ho JW, Jung YL, Liu T, Alver BH, Lee S, Tkegami K, et al., Park PJ. 2014. Comparative analysis of metazoan chromatin
organization. Nature 512(7515): 449-52. PubMed ID: 25164756

Hoskins RA, Carlson JW, Kennedy C, Acevedo D, Evans-Holm M, Frise E, et al., Celniker SE. 2007. Sequence finishing and
mapping of Drosophila melanogaster heterochromatin. Science 316(5831): 1625-8. PubMed ID: 17569867

Hoskins RA, Carlson JW, Wan KH, Park S, Mendez I, Galle SE, et al., Celniker SE. 2015. The Release 6 reference sequence
of the Drosophila melanogaster genome. Genome Res 25(3): 445-58. PubMed ID: 25589440

Jakob B, Splinter J, Conrad S, Voss KO, Zink D, Durante M, Lobrich M, Taucher-Scholz G. 2011. DNA double-strand breaks
in heterochromatin elicit fast repair protein recruitment, histone H2AX phosphorylation and relocation to euchromatin.
Nucleic Acids Res 39(15): 6489-99. PubMed ID: 21511815

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al., International Human Genome Sequencing
Consortium. 2001. Initial sequencing and analysis of the human genome. Nature 409(6822): 860-921. PubMed ID: 11237011

Li Q, Tjong H, Li X, Gong K, Zhou XJ, Chiolo I, Alber F. 2017. The three-dimensional genome organization of Drosophila
melanogaster through data integration. Genome Biol 18(1): 145. PubMed ID: 28760140

Merigliano, C., T. Ryu, C. D. See, C. P. Caridi, N. Butova, T. Reynolds, . . . I. Chiolo (2023). "Off-pore' nucleoporins
relocalize heterochromatic breaks through phase separation.” bioRxiv: 2023.2012.2007.570729. DOI: 2023.2012.2007.570729

Miller, J. M., S. Prange, H. Ji, A. R. Rau, V. Y. Khodaverdian, X. Li, . . . I. Chiolo (2023). "Alternative end-joining results in
smaller deletions in heterochromatin relative to euchromatin." eLife: 2023.2003.2003.531058. DOI: 2023.2003.2003.531058

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, et al., Phillippy AM. 2022. The complete sequence of a
human genome. Science 376(6588): 44-53. PubMed ID: 35357919

Peng JC, Karpen GH. 2008. Epigenetic regulation of heterochromatic DNA stability. Curr Opin Genet Dev 18(2): 204-11.
PubMed ID: 18372168

Rawal CC, Caridi CP, Chiolo I. 2019. Actin' between phase separated domains for heterochromatin repair. DNA Repair
(Amst) 81: 102646. PubMed ID: 31522911

Riddle NC, Minoda A, Kharchenko PV, Alekseyenko AA, Schwartz YB, Tolstorukov MY, et al., Karpen GH. 2011. Plasticity
in patterns of histone modifications and chromosomal proteins in Drosophila heterochromatin. Genome Res 21(2): 147-63.
PubMed ID: 21177972

Ryu T, Bonner MR, Chiolo I. 2016. Cervantes and Quijote protect heterochromatin from aberrant recombination and lead the
way to the nuclear periphery. Nucleus 7(5): 485-497. PubMed ID: 27673416

Ryu T, Spatola B, Delabaere L, Bowlin K, Hopp H, Kunitake R, Karpen GH, Chiolo I. 2015. Heterochromatic breaks move to
the nuclear periphery to continue recombinational repair. Nat Cell Biol 17(11): 1401-11. PubMed ID: 26502056

See C, Arya D, Lin E, Chiolo I. 2021. Live Cell Imaging of Nuclear Actin Filaments and Heterochromatic Repair foci in
Drosophila and Mouse Cells. Methods Mol Biol 2153: 459-482. PubMed ID: 32840799

Tsouroula K, Furst A, Rogier M, Heyer V, Maglott-Roth A, Ferrand A, Reina-San-Martin B, Soutoglou E. 2016. Temporal and
Spatial Uncoupling of DNA Double Strand Break Repair Pathways within Mammalian Heterochromatin. Mol Cell 63(2): 293-
305. PubMed ID: 27397684

Vollmer B, Lorenz M, Moreno-Andrés D, Bodenhofer M, De Magistris P, Astrinidis SA, et al., Antonin W. 2015. Nup153
Recruits the Nup107-160 Complex to the Inner Nuclear Membrane for Interphasic Nuclear Pore Complex Assembly. Dev Cell
33(6): 717-28. PubMed ID: 26051542

Funding:

This work was funded by an AAUW International Fellowship to C.M.; a USC Research Enhancement Fellowships to T. Ryu;
NIH R01GM117376 and NSF Career 1751197 to 1.C. The original Nup153 clone was obtained from DGRC (P400D010949).


https://www.ncbi.nlm.nih.gov/pubmed/23958412
https://www.ncbi.nlm.nih.gov/pubmed/31364400
https://www.ncbi.nlm.nih.gov/pubmed/14718558
https://www.ncbi.nlm.nih.gov/pubmed/25164756
https://www.ncbi.nlm.nih.gov/pubmed/17569867
https://www.ncbi.nlm.nih.gov/pubmed/25589440
https://www.ncbi.nlm.nih.gov/pubmed/21511815
https://www.ncbi.nlm.nih.gov/pubmed/11237011
https://www.ncbi.nlm.nih.gov/pubmed/28760140
https://doi.org/2023.2012.2007.570729
https://doi.org/2023.2003.2003.531058
https://www.ncbi.nlm.nih.gov/pubmed/35357919
https://www.ncbi.nlm.nih.gov/pubmed/18372168
https://www.ncbi.nlm.nih.gov/pubmed/31522911
https://www.ncbi.nlm.nih.gov/pubmed/21177972
https://www.ncbi.nlm.nih.gov/pubmed/27673416
https://www.ncbi.nlm.nih.gov/pubmed/26502056
https://www.ncbi.nlm.nih.gov/pubmed/32840799
https://www.ncbi.nlm.nih.gov/pubmed/27397684
https://www.ncbi.nlm.nih.gov/pubmed/26051542

microPublication
BIOLOGY
4/26/2024 - Open Access

Antibodies against HA were obtained from DSHB, created by the NICHD of the NIH and maintained at the University of
Iowa.

Supported by National Institutes of Health (United States) R0O1GM 117376 to Irene Chiolo.
Supported by National Science Foundation (United States) 1751197 to Irene Chiolo.
Supported by American Association of University Women (United States) to Chiara Merigliano.

Author Contributions: Taehyun Ryu: investigation, funding acquisition, writing - original draft. Chiara Merigliano: funding
acquisition, writing - original draft, writing - review editing. Irene Chiolo: conceptualization, funding acquisition, supervision,
writing - review editing.

Reviewed By: Anonymous
Nomenclature Validated By: Anonymous

History: Received March 11, 2024 Revision Received April 20, 2024 Accepted April 26, 2024 Published Online April 26,
2024 Indexed May 10, 2024

Copyright: © 2024 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Ryu, T; Merigliano, C; Chiolo, I (2024). Nup153 is not required for anchoring heterochromatic DSBs to the nuclear
periphery. microPublication Biology. 10.17912/micropub.biology.001176



https://doi.org/10.17912/micropub.biology.001176

