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Abstract

The Ku70 protein, a product of the XRCC6 gene, is a component of the nonhomologous end-joining
(NHEJ) pathway of DNA repair, which protects cells from the effects of radiation-induced DNA
damage. Although the spatial expression of Ku70 during vertebrate embryogenesis has not been
described, DNA repair proteins are generally considered to be “housekeeping” genes, which are
required for radioprotection in all cells. Here, we report the cloning and characterization of the
zebrafish Ku70 ortholog. In situ hybridization and RT-PCR analyses demonstrate that Ku70 mRNA
is maternally provided and expressed uniformly among embryonic blastomeres. Later during
embryogenesis, zygotically transcribed Ku70 mRNA specifically accumulates in neural tissue,
including the retina and proliferative regions of the developing brain. In the absence of genotoxic
stress, morpholino-mediated knockdown of Ku70 expression does not affect zebrafish
embryogenesis. However, exposure of Ku70 morpholino-injected embryos to low doses of ionizing
radiation leads to marked cell death throughout the developing brain, spinal cord, and tail. These
results suggest that Ku70 protein plays a crucial role in protecting the developing nervous system
from radiation-induced DNA damage during embryogenesis.
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The physical interaction of ionizing radiation with duplex DNA results in double-strand breaks
(DSBs), which are one of the most potent types of DNA lesion. In proliferating cells, the
cytotoxic effects of DSBs can be acute or latently manifest as chromosomal translocations and
other genomic aberrations [1]. Natural sources of DSBs include ionizing radiation and, to a
lesser extent, byproducts of normal metabolic processes, such as reactive oxygen species. To
mitigate the biological effects of DSBs, organisms have developed protective strategies that
sense and rapidly repair this type of DNA damage. Following DSB induction, chromosomal
integrity is typically reestablished either by the nonhomologous end-joining (NHEJ) or
homologous recombination pathways of DNA repair (reviewed in [2,3]).

The NHEJ pathway of DSB repair requires the function of at least five genes: XRCC5, which
encodes the Ku80 protein [4-6], XRCC6, which encodes the Ku70 protein [7-9], LIG4
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[10-13], XRCC4 [14], and PRKDC [15-18]. Although each of these NHEJ components are
required for DNA repair activity in vitro and are necessary for radioprotection in vivo (e.g.,
postnatal or adult stages), the expression and function of many of these genes during
embryogenesis are largely unknown. In part, this is due to the a priori assumption that many,
if not most, of the DNA repair proteins are expressed ubiquitously. However, in contrast to
this expectation, we have shown that expression of Ku80 mRNA varies greatly among tissues
during embryogenesis, with expression highest in developing neural tissues [19].

To determine whether the expression of other NHEJ DNA repair components are similarly
tissue-specific during embryogenesis, we cloned and characterized the zebrafish ortholog of
mammalian Ku70 protein. Ku70 and Ku80 proteins form a stable molecular complex that binds
to broken DNA ends and recruits additional NHEJ proteins. However, Ku70 also has unique
subunit-specific functions, notably the inhibition of Bax-mediated apoptosis [20-22]. The
existence of subunit-specific functions raises the possibility that the pattern of mMRNA
expression, or the phenotype associated with attenuation of function, might differ for the two
Ku subunits.

All experimental protocols using zebrafish (Danio rerio) were reviewed and approved by the
MCG Institutional Animal Care and Use Committee. Breeding and staging of zebrafish
embryos was performed according to standard protocols [23] and all experiments were carried
out with Tuebingen Wild-Type or brass embryos. Each experiment was repeated using at least
2 different embryo clutches, where each clutch contained 200 or more embryos and a minimum
of 20 embryos per condition.

To clone the zebrafish Ku70 cDNA we used the sequence of an existing zebrafish Ku70 EST
(Accession number: BC053270) to generate Ku70-specific PCR primers, Ku70u (5'-
CTCTAGCTAGCGCAAAAGAGAA) and Ku70d (5'-
TTACAAATTTCAAGCATTTATTGAATC). Embryo RNA was prepared using the Trizol
method (Invitrogen, Carlsbad, California) and first strand cDNA using Omniscript RT (Qiagen,
Valencia, CA). Full-length Ku70 cDNA was obtained by PCR and cloned using the pGEM-
Teasy Vector System (Promega Corp., Madison, WI). The identities of Ku70 cDNA clones
were confirmed by sequencing of both DNA strands.

Whole-mount in situ hybridization was carried out under standard conditions [24]. Riboprobe
templates were prepared by linearizing cDNA plasmids with the appropriate restriction enzyme
(sense, BstX1; antisense, Sacll) and transcribing with either with T7 (sense) or SP6 (antisense)
RNA polymerase in the presence of digoxigenin-labeled nucleotides (Roche Applied Science,
Indianapolis, USA). Sense riboprobes were used for control hybridization reactions and
resulted in only low level diffuse staining.

Ku70 and control morpholino oligonucleotides (MOs) were designed using cDNA or genomic
sequence (Chromosome 12; zebrafish genome assembly Zv6) and purchased from Gene-Tools
(Philomath, OR). Their sequences are: 4igMO (5'-
ATTTCCCCAGTTCGCCATTAAAGTT), atgmmMO (5"
ATTACCCCACTTCGCGATTTAAGAT), ¢¢oMO (5'-
AACTTTTTAGGCTCACCTGCATAGT), and s4ommMO (5'-
AACATTTTTACGCTCTCCTGGATACT), with mismatch nucleotides underlined. MOs
were diluted to 5 ug/ul in 2x injection buffer [25] and microinjected into the yolk of 1-cell
embryos. Titration experiments determined that 4-5 ng of injected MO was not toxic, but
sufficient to generate a radiosensitive phenotype. Experiments were repeated 2-3 times using
at least two MO doses.

Irradiation (137Cs) was performed using a Gammacell Exactor (MDS Nordion, Ottawa, ON).
Dosimetry was performed using thermoluminescent dosimetry devices (Landauer Inc,
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Glenwood, IL) irradiated simultaneously with embryos. Irradiated embryos were fixed at 24
hpf and assayed by the TUNEL method [19].

An alignment of zebrafish Ku70 amino acid sequence with representative vertebrate orthologs
is shown in Fig. 1A. The full-length zebrafish Ku70 cDNA (GenBank accession number:
DQ859046) encodes a predicted peptide of 610 amino acids, which is 59% identical and 77%
similar to the human Ku70 peptide. Moreover, the domain structure of zebrafish Ku70 is similar
to other Ku70 proteins, with an N-terminal von Willebrand Factor type A domain (VWA)
domain, a central Ku core region, a Ku70 C-terminal arm domain (Ku_C), and an SAP domain
that mediates Ku subunit-specific functions (Fig. 1B). Nucleotide sequence comparison of our
cloned cDNA with the original Ku70 EST (GenBank accession number: BC053270) identified
a single nucleotide deletion (1169delA) in the EST. This nucleotide (1169A) is present, not
only in our cDNA clone, but also in the Ku70 genomic sequence (Chromosome 12). Because
the deletion in the EST results in a predicted frameshift and premature termination codon
(L410X), it seems likely that the EST sequence is erroneous.

To determine the temporal expression of zebrafish Ku70 mRNA during embryonic
development we performed RT-PCR using Ku70-specific primers and RNA prepared from
different embryonic stages (Fig. 2A; equal inputs of RNA). Low levels of maternally provided
Ku70 mRNA are present at the 2-cell and 512-cell stages of embryogenesis. After the onset of
zygotic transcription, levels of Ku70 mRNA remain low at the beginning of gastrulation (50%
epiboly) and throughout somite stages. Expression levels of Ku70 mRNA then increase at 24
hpf and remain elevated through at least 72 hpf.

We determined the spatial expression of Ku70 mRNA during embryonic development by
whole mount in situ hybridization (Fig. 2C-H). At the 2-cell stage, maternally provided Ku70
mRNA is uniformly expressed among blastomeres. Ku70 mRNA continues to accumulate
uniformly among blastomeres during gastrulation but then becomes spatially restricted during
mid-somitogenesis stages. At the 12 somite stage, Ku70 mRNA is localized to the retina and
ventral lateral regions of the head (Fig. 2E). From a dorsal view (inset, Fig. 2E), longitudinal
stripes of Ku70 mRNA expression in the central nervous system are consistent with domains
of neural fate specification in the neural keel. By 24 hpf, Ku70 expression becomes restricted
to regions of the retina, diencephalon, tectum, and hindbrain (Fig. 2F). By increasing the
duration of the staining reaction, Ku70 mRNA expression becomes apparent in the developing
tail (inset, Fig. 2F). At 48 hpf, Ku70 mRNA is expressed in the posterior portion of the retina
and dorsal surfaces of the diencephalon, tectum, and hindbrain (Fig. 2G). By 72 hpf, lower
levels of Ku70 mRNA are detected in the diencephalon and tectum (Fig. 2H). The domains of
zebrafish Ku70 mRNA expression are similar to those of Ku80 and suggest that, like Ku80,
Ku70 is predominantly expressed in proliferative regions of the developing nervous system,
such as the ventricular zones of the brain and presumptive ganglion cell layer of the retina
[19].

To determine whether expression of Ku70 is required for neural development, we designed an
antisense MO [26] complementary to the Ku70 translation initiation site (3tgMO; Fig. 2B) and
a control MO containing a 5-base mismatch (sigmmMO). Microinjection of Ku70 or control
morpholinos at the 1-cell stage did not affect normal embryonic development, which was
similar to embryos microinjected with buffer only. To examine more subtle effects on
embryogenesis, we performed TUNEL staining to detect cell death (Fig. 3). Neither the Ku70
nor the control mismatch MO increased levels of cell death in embryos assayed at 24 hpf (Fig.
3A-C).

In contrast to non-irradiated embryos, irradiation of embryos microinjected with 5gMO
resulted in a profound effect on gross morphology and cell death. Fig. 3G shows a
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representative embryo that was microinjected at the 1-cell stage with ,,gMO, exposed to a low
dose of ionizing radiation at 6 hpf, and analyzed by TUNEL staining at 24 hpf. Elevated levels
of TUNEL positive cells are seen in the central nervous system, retina, and tail. This
hypersensitivity to radiation was not seen in embryos that were microinjected with buffer alone
or the control MO (Fig 3F, H).

The Ku70 4gMO is predicted to affect mMRNA translation, but an antibody specific to the
zebrafish Ku70 protein is not available, so it is not possible to assess the level of knockdown
by monitoring changes in Ku70 mRNA or protein. We, therefore, tested a second Ku70 MO
that was complementary to the splice donor sequence of intron 2 (s4MO; Fig. 2B). To confirm
that Ku70 mRNA splicing is altered with the 4oMO, we cloned Ku70 cDNAs from

buffer-, qoMO-, and sgommMO-injected embryos. By using PCR primers that amplify the
complete Ku70 cDNA, we can detect both wild-type and abnormally spliced Ku70 mRNAs
(data not shown). Ku70 cDNAs derived from buffer-injected embryos (2/2 clones)

and sgommMO injected embryos (2/2 clones) only contained wild-type sequence (Fig. 2B). In
contrast, all Ku70 cDNAs isolated from ¢4oMO injected embryos (6/6 clones) had a complete
deletion of exon 2, which juxtaposes exon 3 downstream of exon 1 (Fig. 2B) and results in a
frameshift and a premature termination codon. The 30 amino acid truncated product is predicted
to lack regions of Ku70 that are essential for DNA binding and repair activity [27-29].

Similar to the Ku70 4gMO, an increase in TUNEL-positive cells was seen in irradiated embryos
injected with the Ku70 splice MO, but not the corresponding mismatched MO (Fig. 31, J).
Comparison of different MO-injected embryos (Fig. 3G, 1), reveals that the phenotype

of ¢g2MO-injected embryos was consistently less severe (e.g., larger eyes, more brain tissue,
and normal body axis) than 5gMO-injected embryos, including lower levels of TUNEL
staining. Although we did not recover any correctly spliced Ku70 cDNA clones from ¢4oMO-
injected embryos, we cannot rule out the possibility that persistence of a small amount of
correctly spliced Ku70 mRNA is sufficient to modify the radiosensitive phenotype in vivo.

In summary, we have described here the expression and embryonic function of Ku70, the
product of the XRCC6 gene. Although DNA repair proteins are often considered to be
housekeeping enzymes, zygotically expressed Ku70 mRNA accumulates in a tissue-specific
pattern during organogenesis and later stages, similar to what was seen previously for Ku80
[19]. Specifically, spatial expression of zebrafish Ku70 mRNA becomes restricted to the
developing central nervous system, which would not have been predicted by enzymatic
function alone, and suggests a role for this DNA repair protein in formation of neural tissue.
Consistent with Ku70 and Ku80 expression [19], LIG4 (another component of the NHEJ
pathway) is required for nervous system development in mice, even in the absence of radiation
[30-33]. The tissue-specific accumulation of Ku70 mRNA in zebrafish suggests a role for Ku70
in protecting populations of rapidly proliferating cells, like those in the nervous system [34].
Indeed, knockdown of Ku70 expression sensitizes embryos to a 50 cGy dose of ionizing
radiation by increasing cell death in the brain and spinal cord. The consequences of radiation
exposure during brain development are well-documented [35] and further study of NHEJ
protein function during embryogenesis may provide new insights to the protective mechanisms
and consequences of low dose radiation exposure, particularly in sensitive populations such as
children and pregnant women [36,37].
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‘ ‘ Zebrafish MANWGNYFPNEDDVD-EQDEEES---GGDYKSSGRDSLVFLVDASKEMFIKGENGEPSNF 56
Xenopus MTEWGDHFVNQEVED-DEEQEEGESDASAFRFSGRDSLIFLVDASKPMFES-IDGELTPF 58
Human MSGWESYYKTEGDEEAEEEQEENLEASGDYKYSGRDSLIFLVDASKAMFESQSEDELTPF 60
Mouse MSEWESYYKTEGEE--EEEEEESPDTGGEYKYSGRDSLIFLVDASRAMFESQGEDELTPF 58

L T B ] EEE R R e 33 KEREERkgkkkdkdk Kk ERR
Zebrafish DMTMQCVRSVYTSKIISSDRDLVALVFYGTEQSKNPRNSFKHVYVYHDLESPGAKRVQDI 116
Xenopus DLTLQCIRSVYASKIISSDHDLLSVVFFGTRESTNCDP-FKHLCVLHDLDTPGAKRILDL 117
Human DMSIQCIQSVYISKIISSDRDLLAVVFYGTEKDKNSVN-FKNIYVLQELDNPGAKRILEL 119
Mouse DMSIQCIQSVYTSKIISSDRDLLAVVFYGTEKDKNSVN-FKNIYVLQDLDNPGAKRVLEL 117
Kpggkkg KRR KAKKKRKKgKKggaRKgRK, 3, K Kkgy K paky KkKKkg 33
Zebrafish DKLKGDKGGQFAEKTMGSG-ETSLGEALWCCSNLYSDIKLRLSHKRLMIFTCRDEPHGGD 175
Xenopus DKYKEEKGRALFCDTIGCGGDFSLGEALWLCSNLFSNVKVKMSHKRIMLFTNEDNPHAND 177
Human DQFKGQQGQKRFQDMMGHGSDY SLSEVLWVCANLFSDVQFKMSHKRIMLFTNEDNPHGND 179
Mouse DQFKGQQGKKHFRDTVGHGSDYSLSEVLWVCANLFSDVQLKMSHKRIMLFTNEDDPHGRD 177
Xy ok gk Lotk kg Kk K Kk kpkkgkgpg, gpRkkkgkghhk  kgkk, ok
Zebrafish SAKDRQARTKAADLKETGVAIDLMHLSKPGGFDVSLFFCDIVSPPEDESELGLQIEPCRK 235
Xenopus PAKAKQARAKAEDLKDMGIFLDLMHLEKPGGFDISLFYRDIVNTAEDE-DLVVQFKASEK 236
Human SAKASRARTKAGDLRDTGIFLDLMHLKKPGGFDISLFYRDIISIAEDE-DLRVHFEESSK 238
Mouse SAKASRARTKASDLRDTGIFLDLMHLKKPGGFDVSVFYRDIITTAEDE-DLGVHFEESSK 236
LKk gkkgkk Akgy kg shKKKK Kkkkkkgkgky Khky . KKK 1k s3az L K
Zebrafish LEDLQKRVRAKELKKRAQCRLTFSLGEGVDLAVGVYVLARTAMKPSAVKLYRDNNEPVRT 295
Xenopus LDDLLKKVRAKEAKKRALSRLNLKLGPDVGLTVGVYNLVQKAVKPPTVRLYRESNEPVKT 296
Human LEDLLRKVRAKETRKRALSRLKLKLNKDIVISVGIYNLVQKALKPPPIKLYRETNEPVKT 298
Mouse LEDLLRKVRAKETKKRVLSRLKFKLGEDVVLMVGIYNLVQKANKPFPVRLYRETNEPVKT 296
Kgkk gakkhkKk Rk, Kk gk, L3 3 Kkgk K, gk Kk _gpkhky KKKAgk
zebrafish KSRLFHTQTGGILLPNDTKRAQVYGQKQIVMEKDEVDE IKKFDDPGLVLIGFKPIDRLKL 355
Xenopus KTRIFHSNTGSLLLPSDTKRSQTYGNRQIVLEKDETEQLKRFDEPGLVLIGFKPISCLKK 356
Human KTRTFNTSTGGLLLPSDTKRSQIYGSRQIILEKEETEELKRFDDPGLMLMGFKPLVLLKK 358
Mouse KTRTFNVNTGSLLLPSDTKRSLTYGTRQIVLEKEETEELKRFDEPGLILMGFKPTVMLKK 356
Kk kg Kk ghkk kkkky Kk ghkgahkgk, ggikgkkghkkgkg kKR Ak
Zebrafish HHHLRPALFIYPEEEQISGSSCMFTALLLKCCEKNVFALCKYIPRRNTPPRFVALVPQRE 415
Xenopus HHFTRPAQFIYPEESIITGSTTLFNALLTRCLARQVMAICRYTPRRNTPPRFVALVPQDE 416
Human HHYLRPSLFVYPEESLVIGSSTLFSALLIKCLEKEVAALCRYTPRRNIPPYFVALVPQEE 418
Mouse QHYLRPSLFVYPEESLVSGSSTLFSALLTKCVEKKVIAVCRYTPRKNVSPYFVALVPQEE 416
sk, Khy Kykkkk, 3 kkg gk KKK gk gik Kpkgk Kkgk K KKKKKAK K
Zebrafish ELDQSQTQATPPGFHVIYLPFADDIRTVDPHVGPTASDEQVDKMKEIVHKLRFKYRSDAF 475
Xenopus ELDDQNMQSAPSGFNLVCLPFADDIRKLDTPEKITANEEQVDKMKE IVHKLRFNFRSDSF 476
Human ELDDQKIQVTPPGFQLVFLPFADDKRKMPFTEKIMATPEQVGKMKAIVEKLRFTYRSDSF 478
Mouse ELDDQNIQVTPGGFQLVFLPYADDKRKVPFTEKVTANQEQIDKMKAIVQKLRFTYRSDSF 476
Kkky .z Kk gk Kkggy KkgRRE K g K, kky kkk Kk kKKK ghkkgk
zebrafish ENPVLQQHYSNLEALALDMLSPEPIEDLTMPKVKMMDDRLGPLVQEFKDLVYPRDYNPEG 535
Xenopus ENPVLQQHFRNLEALALDMLEPEPIEDLTLPKVEMIDRRIGSLAEEFKELVYPPGYNPEG 536
Human ENPVLQQHFRNLEALALDLMEPEQAVDLTLPKVEAMNKRLGSLVDEFKELVYPPDYNPEG 538
Mouse ENPVLQQHFRNLEALALDMMESEQVVDLTLPKVEAIKKRLGSLADEFKELVYPPGYNPEG 536
KKK KKKy KKKRKKAK gy, K KKKgkhky 3. Kpk K gKKKgRREK KKK
Zebrafish KPAAKRKP--AESGGGAAEKKAKVEISEEELKIHVAKGTLGKLTVPVLKDACKQFNIRTT 593
Xenopus K-AVKRKQGGSSDSRVEKKAKADVSISEDELRTYVKNGTLGKLTVPALKEACRGYKLK-~ 593
Human K-VTKRKH----DNEGSGSKRPKVEYSEEELKTHISKGTLGKFTVPMLKEACRAYGLKS- 592
Mouse K-VAKRKQ----DDEGSTSKKPKVELSEEELKAHFRKGTLGKLTVPTLKDICKAHGLKS- 590
*oL KRR .. e Balk, Kkgphkg g, pkkkkkgpdkk kkg kg, g
Zebrafish GTKKQELIDALTMQLSK- 610
Xenopus GSKKQELVDALVEYFKKN 611
Human GLKKQELLEALTKHFQD- 609
Mouse GPKKQELLDALIRHLEKN 608
K kkkkkg g Rk t..

B VWA domain Ku core region Ku_C SAP
ztuzo — |

% Sifg'gﬂ%iggm"v) 77% (57%) 78% (58%) 82% (58%)  83% (72%)
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(A) Predicted amino acid sequence of zebrafish Ku70 aligned with that of human, mouse, and
Xenopus. Identical residues in all sequences are marked with an “*”, conserved substitutions
with a “:”, and semi-conservative substitutions with a “;”. Color coding of specific domains is
according to the schematic in Panel B. (B) Cartoon representation of Ku70 peptide showing
the domain structure and organization of zebrafish Ku70. Similar to other Ku70 proteins,
zebrafish Ku70 has an N-terminal von Willebrand Factor type A domain (VWA), a central Ku
core region, a Ku C-terminal arm, and SAP domain. The SAP domain (named after SAF-A/
B, Acinus and PIAS motifs) is found in diverse nuclear proteins. The amino acid similarity
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between specific domains of zebrafish Ku70 and human Ku70 are shown below the structure,
with amino acid identity in parentheses.
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Figure 2.

Expression of Ku70 mRNA during embryogenesis. (A) Temporal expression of Ku70 mRNA
by RT-PCR analysis. Stages are as indicated; ss, somite stage; hpf, hours post-fertilization, M,
DNA size marker. (B) Genomic structure of exons 1-3 and the locations of morpholino
oligonucleotides. Electropherograms to the right show the wild-type exonl/exon2 boundary
and the aberrant splicing of exon 1 to exon 3 in 4o MO-injected embryos. (C-H) Expression of
zebrafish Ku70 by in situ hybridization. (C) 2-cell stage. (D) 50% epiboly (~6 hours post-
fertilization). (E) 12 somite stage (ss), white arrows indicate three longitudinal proneural
domains in the neural keel; r, retina. (F) 24 hpf; H, hindbrain; MHB, midbrain hindbrain
boundary; T, tectum; D, diencephalon. Inset shows Ku70 mRNA expression in the developing
tail (open triangles). (G) 48 hpf and (H) 72 hpf; Line arrow marks the tectum, solid black arrow
marks the diencephalon, and triangles indicate the hindbrain. The otic vesicle is marked by an
asterisk. Panels C, D, animal pole is toward top. Panels E, G, inset to F, and H are lateral views
with anterior to left and dorsal toward top. Panel F is dorsal view, anterior toward bottom.
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Figure 3.

Expression of Ku70 is required for radioprotection. Whole mount TUNEL assay of zebrafish
embryos at 24 hpf. 1-cell stage embryos were microinjected with buffer alone (A, F),

Ku70 4gMO (B, G), Ku70 4tgmmMO (C, H), Ku70 43oMO (D, I), or Ku70 s4ommMO (E, J). At
6 hpf, half of the embryos from each injection group were irradiated with 50 centiGray (cGy)
of ionizing radiation (panels F-J) and the remaining embryos served as non-irradiated controls
(panels A-E). All embryos were then allowed to develop to 24 hpf, when they were fixed and
processed for the TUNEL assay. All panels are lateral view, head is to the top and tail is toward
bottom.
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