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Abstract

Phosphorylation of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) at the
Thr2609 cluster is essential for its complete function in DNA repair and tissue stem cell
homeostasis. This phenomenon is demonstrated by congenital bone marrow failure occurring in
DNA-PKcs3A3A mutant mice, which require bone marrow transplantation (BMT) to prevent early
mortality. Surprisingly, an increased incidence of spontaneous tumors, especially skin cancer, was
observed in adult BMT-rescued DNA-PKcs3A/3A mice. Upon further investigation we found that
spontaneous yH2AX foci occurred in DNA-PKcs3A3A skin biopsies and primary keratinocytes
and that these foci overlapped with telomeres during mitosis, indicating impairment of telomere
replication and maturation. Consistently, we observed significantly elevated frequencies of
telomere fusion events in DNA-PKcs3A/3A cells as compared to wild type and DNA-PKcs
knockout cells. In addition, a previously identified DNA-PKcs Thr2609Pro mutation, found in
breast cancer, also induces a similar impairment of telomere leading end maturation. Taken
together, our current analyses indicate that the functional DNA-PKcs T2609 cluster is required to
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facilitate telomere leading strand maturation and prevention of genomic instability and cancer
development.

Introduction

Non-homologous end joining (NHEJ) is the predominant pathway involved in DNA double
strand break (DSB) repair in mammals. It is mediated by the fast binding of the Ku70/Ku80
homodimer from DNA-dependent protein kinase (DNA-PK) to the exposed DSB termini,
followed by recruitment of the catalytic DNA-PKcs subunit to the broken ends!. Loading at
the DSB ends promotes the kinase activity of DNA-PKcs and its autophosphorylation at
various residues. DNA-PKcs phosphorylation at the Thr2609 cluster region is particularly
critical for DSB repair and cellular resistance to ionizing radiation (IR) 4. Although the
Thr2609 cluster was initially identified in vitro upon DNA-PKcs activation 3 ® and may be
mediated by #rans autophosphorylation Jin vivo 8, further examination revealed that IR-
induced DNA-PKcs phosphorylation at the Thr2609 cluster is also regulated by the ataxia-
telangiectasia mutated (ATM) kinase 2. Additionally, following UV irradiation or under
replication stress conditions, the Thr2609 cluster is rapidly phosphorylated by the ATM and
Rad3-related (ATR) kinase /, suggesting a crucial role in regulation of DNA-PKcs activity.
This is consistent with the notion that phosphorylation at the Thr2609 cluster region induces
a large conformational change in DNA-PKcs, disassembling the DNA-PK complex and
releasing DNA-PKcs from DSBs 8,

Our findings in DNA-PKcs phosphorylation at the Thr2609 cluster have led us to develop a
knock-in mouse model harboring three alanine substitutions at the mouse equivalent
Thr2605 cluster (Thr2605A, Thr2634A, and Thr2643A, 3A mutation in brief) 2. In sharp
contrast to DNA-PKcs knock-out (DNA-PKcs™~) and DNA-PKcs deficient scid mice,
homozygous DNA-PKcs3A/3A mice all died prematurely after birth due to congenital bone
marrow failure and loss of hematopoietic stem cells (HSC, Lin-Sca-1*¢c-Kit™). Additional
studies revealed that DNA-PKcs3A/3A embryos initially have similar proportions of HSCs in
the e12.5 fetal liver. HSC pools fail to expand during e12.5-e16.5, when they are highly
proliferative and undergo rapid expansion in fetal liver 19, prior to their migration to the
newly formed bone marrow niches. Failure of DNA-PKcs3A/3A HSC expansion is likely due
to a disability in resolving replication-associated DNA damage. This fact is further
supported by an increase of apoptotic cell death in intestinal crypts where proliferating
intestinal stem cells reside 9. As expected, mouse embryonic fibroblasts (MEFs) derived
from homozygous e13.5 DNA-PKcs3A/3A embryos were highly sensitive to irradiation (IR)
similarly to DNA-PKcs™~ MEFs, as compared with wild type MEFs. In addition, DNA-
PKcs3A3A cells were sensitive to replication stressors, especially DNA interstrand crosslink
(ICL) agents (e.g. cisplatin and mitomycin C). An increase in ICL sensitivity was not
observed in DNA-PKcs™~ MEFs suggesting a gain-of-function effect of the DNA-PKcs3A
knock-in mutation. Consistently, DNA-PKcs3A/3A cells also display defects in the Fanconi
Anemia (FA) pathway and homologous recombination (HR) mediated DSB repair, both
known to be crucial in resistance and repair of ICL DNA lesions 11.
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Additionally, DNA-PKcs3A/3A mice display a skin hyperpigmentation phenotype, indicating
an increase of genotoxic stress in keratinocytes and an elevation of the p53 dependent
response 12, This occurs as the p53 null background alleviates both HSC loss and skin
pigmentation phenotypes in DNA-PKcs3~/3A mice 9. Congenital bone marrow failure and
skin pigmentation are associated with dyskeratosis congenita (DC), a human bone marrow
failure syndrome, characterized by defects in telomere maintenance 13- 14, Similar
phenotypes were also observed in mice with double knockouts of protection of telomeres 16
(POT1b) and telomerase RNA (mTR) genes 15 16 An increase in telomere fusions was
previously reported in DNA-PKcs knockout mouse cells 17-19 as well as in the recently
described DNA-PKcs kinase dead mutant mouse cells 20. In addition, abolishing DNA-PKcs
phosphorylation in the 2609 cluster, but not in the 2056 cluster, induces a significant
increase in basal and radiation-induced telomere fusion events 2%, Taken together, these
studies suggest that abolishing DNA-PKcs phosphorylation at the Thr2609 cluster might
lead to telomere dysfunction. In the current study, we demonstrate that telomere
maintenance is impaired in skin keratinocytes and MEFs derived from DNA-PKcs3A/3A
mice. Our results indicate that the DNA-PKcs 3A mutation will cause telomere deprotection
in newly synthesized leading strands (G-overhang) in M phase. Telomere-associated DNA
damage responses are involved in HSC loss, skin pigmentation conditions, and increased
tumor incidence found in DNA-PKcs3A/3A mice.

Tumor-prone phenotype in bone marrow rescued DNA-PKcs3A/3A mice

Early mortality of DNA-PKcs3A/3A mice could be fully rescued by a previously published
bone marrow transplantation (BMT) procedure 9. Upon BMT rescue, DNA-PKcs3A/3A mice
gained weight similarly to wild type mice (data not shown) with no obvious developmental
abnormalities. However, spontaneous tumor development was found in mice as young as
three-months old. A significant difference in tumor free survival was observed between
BMT-rescued DNA-PKcs3A/3A mice and wild type control mice (P=0.0006, Fig 1A). Within
a cohort of 32 BMT-rescued DNA-PKcs3A/3A mice with a complete life span and pathology
analyses, 14 animals developed tumors in various tissues origins, including solid tumors
(Table 1). This phenomenon was not observed in DNA-PKcs deficient scid mice even
following -y-irradiation treatment 22, Furthermore, rescued DNA-PKcs3A/3A mice displayed
a relatively high incidence of skin squamous cell carcinoma (SCC), as compared with
spontaneous and y-ray induced tumor spectrum identified in scid mice (Table 1 and Fig 1B).
These data correlate with our previous report of a p53-dependent skin hyperpigmentation
character in DNA-PKcs3A/3A mice 9. Our observations led us to further explore the
underlying mechanism of skin abnormality in DNA-PKcs3A/3A mice.

Increase of mitosis-associated genotoxic stress in DNA-PKcs3A/3A keratinocytes

Skin hyperpigmentation has been characterized as a sign of the genotoxic effect caused by
an elevation of the p53 dependent mechanism 12. In agreement with these findings, the skin
hyperpigmentation phenotype of DNA-PKcs3A/3A mice was eliminated upon crossing with
p53 knockout mice . To further characterize the underlying mechanism of this genotoxic
effect, skin keratinocytes were freshly isolated from postnatal day one (P1) skin biopsies of
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DNA-PKcs3A3A mutant and wild type pups. Cells were further cultured for
immunofluorescence staining against yH2AX, a general marker for DNA damage response.
Significant and spontaneously occurring yH2AX foci were found in the DNA-PKcs3A/3A
keratinocytes but not in wild type cells (Fig 2A). Furthermore, spontaneous yH2AX foci
were primarily observed in mitotic cells that were positively stained with phospho-histone 3
(PH3). No yH2AX foci were detected in DNA-PKcs3A/3A keratinocytes during G2 phase
(with sporadic staining pattern of pH3) or prometaphase. Significant induction of yH2AX
was found in metaphase and lasted till anaphase (Fig 2A).

To confirm the same phenomena /7 vivo, skin specimens harvested from wild type and
DNA-PKcs3A3A pups were sectioned and stained by immunofluorescence. As shown in Fig
2B, an increase of yH2AX staining was observed in skin sections of DNA-PKcs3A3A mice
as compared to wild type littermates. Furthermore, yH2AX staining overlapped exclusively
with pH3 positive mitotic cells sparsely distributed in the basal layer of the epithelium. Over
one hundred pH3 positive keratinocytes were examined from the DNA-PKcs3A/3A skin
sections and all concomitantly stained with yH2AX. In contrast, no yH2AX positive cells
were found in the pH3 negative DNA-PKcs3A/3A cells or in the wild type skin sections.

Localization of mitotic yH2AX foci at telomeres in DNA-PKcs3A/3A cells

Staining of YH2AX in mitotic DNA-PKcs3A/3A keratinocytes was largely concentrated at
chromosomes ends or in the telomere region. To validate this hypothesis, primary DNA-
PKcs3A3A skin keratinocytes were immunostained against yH2AX and telomeric repeat
factor 1 (TRF1), one of the key components of the telomere protective shelterin complex 23,
Our analysis revealed that mitosis-induced yH2AX foci significantly overlapped with TRF1
staining in DNA-PKcs3A/3A keratinocytes (Fig 3A). On average, over 30 yH2AX foci
(31.33 + 9.11) were counted in each mitotic DNA-PKcs3A/3A keratinocyte, a significantly
higher number than that observed during interphase (0.7 + 2.00) (Fig 3B). Furthermore, the
majority of the yH2AX foci overlapped with TRF1 foci during mitosis (88.0% + 5.0%) as
compared to interphase (15% + 18.5%) (Fig 3C).

Increase of spontaneous yH2AX foci was also found in hematopoietic stem cells (HSC)
freshly isolated from e12.5-e14.5 fetal livers of DNA-PKcs3A/3A embryos 9. To determine
whether spontaneous -yH2AX foci also occurred in HSCs during mitosis, freshly isolated
fetal liver HSCs were subjected to IF staining against yH2AX and pH3. As shown in Fig
3D, pH3 positive HSCs displayed significant yH2AX foci at chromosome ends.
Furthermore, mitotic yH2AX foci overlapped with TRF1 staining in DNA-PKcs3A/3A HSCs
showing an inverse correlation in their intensities (Fig 3E). These results validated our
observation that spontaneous -yH2AX induction occurs in telomeres during mitosis in DNA-
PKcs3ARA cells.

Telomere dysfunction in DNA-PKcs3ARA cells

Independent studies have reported a significant increase of telomere fusions in DNA-PKcs
knockout (DNA-PKcs™~) mouse cells, indicating a role of DNA-PKcs in telomere
protection 17-1°, To determine further escalation of telomere dysfunction in DNA-PKcs3A/3A
cells, early passages of primary mouse embryo fibroblast (MEF) cultures were processed for
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mitotic spread, followed by fluorescence in situ hybridization (FISH) with C- or G-rich
telomeric peptide-nucleic acid probes (TelC or TelG PNA probes, respectively). As shown
in Fig 4A, a significant increase in telomere fusion was found in DNA-PKcs3A3A MEFs. We
observed that 46.0% + 2.8% of DNA-PKcs3A/3A MEFs displayed telomere fusions, which
was significantly higher compared to wild type MEFs (1.0% + 1.4%) cells or DNA-
PKcs™~MEFs (20.0% + 5.7%) (Fig 4B). Our analyses also revealed frequencies of telomere
fusion per chromosome in DNA as follows: PKcs3A/3A (1.46 + 0.25), wild type (0.03
+0.04), and DNA-PKcs ™~ (0.34 + 0.19) cells (Fig 4C, 4D).

To determine whether an increase in telomere fusions in DNA-PKcsA/3A cells is due to
telomere erosion and length shortening, telomere FISH images were subjected to semi-
quantitative FISH (Q-FISH) analysis 24. Q-FISH analysis revealed no overall reduction of
telomere length in DNA-PKcs3A3A cells as compared to wild type cells (Fig 4E). This
notion was further supported by pulse-field gel electrophoresis (PFGE) analysis, which
directly measures telomere length from genomic DNA. Results showed no significant
difference in telomere length between DNA-PKcs3~/3A and wild type cells (Fig 4F),
suggesting that telomere length shortening does not occur in DNA-PKcs3A/3A cells.

Leading strand specific telomere deprotection in DNA-PKcs3A/3A cells

To further elucidate the mechanism of telomere dysfunction in DNA-PKcs3A/3A cells,
primary skin fibroblasts were immunostained against yH2AX in conjunction with telomere
FISH analysis. We observed that almost all mitosis-generated yH2AX foci in DNA-
PKcs3A3A cells overlapped with telomere FISH staining (Fig 5A). Furthermore, the
majority of chromosomes displayed one or two yH2AX foci at the opposite end of each
sister chromatid (Figs 5A, 5B), either at the leading or lagging strand telomeres. To
determine the origin of yH2AX formation, leading and lagging strands were differentiated
through chromosome orientation fluorescence in situ hybridization (CO-FISH) analysis. In
CO-FISH newly synthesized telomere DNA nucleotide analogs (which include BrdU/BrdC)
can be enzymatically removed to allow distinction between leading and lagging strand
telomere synthesis 2°. CO-FISH analysis revealed that yH2AX foci in DNA-PKcs3A3A cells
predominantly overlapped with the TelG probe (Fig 5D), representing leading strand
telomere synthesis. This overlap was not observed with the TelC probe, representing lagging
strand telomere synthesis (Fig 5C). The presence of the yH2AX signal at the leading strand
telomere synthesis was significantly higher in DNA-PKcs3A/3A cells as compared to wild
type or DNA-PKcs™~ cells (Fig 5E).

A Thr2609Pro missense variant of human DNA-PKcs causes deprotection in leading strand

telomeres

Our analyses revealed that DAN-PKcs phosphorylation at the Thr2609 cluster is required for
telomere protection especially in leading strand telomere synthesis. Defects in DNA-PKcs
Thr2609 cluster phosphorylation may result in telomere dysfunction and genome instability.
Somatic mutations in DNA-PKcs encoding the PRKDC gene have been reported among
human cancers (see review in Hsu et al 26). A ¢.7825A>C variant, resulting in a proline
substitution at Thr2609 (p.Thr2609Pro), was identified from a breast cancer biopsy
specimen 27. To test whether this p.Thr2609Pro missense variant would lead to a phenotype
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similar to the DNA-PKcs3A mutation, DNA-PKcs deficient CHO-V3 cells were
complemented with full length human DNA-PKcs harboring the Thr2609Pro (T2609P)
mutation. V3-T2609P cells were more sensitive to ionizing radiation than V3 cells
expressing wild type DNA-PKcs or mutant DNA-PKcs carries alanine substitution at
Thr2609 (T2609A) (Fig 6A and Supplemental Fig S1). In addition, VV3-T2609P cells
displayed hypersensitivity toward mitomycin C (Fig 6B) as observed in cells lacking the
functional Thr2609 cluster 9 28, These data suggest that the T2609P single mutation (but not
the T2609A single mutation) could disrupt normal functioning of the Thr2609 cluster in
DNA damage repair.

Similarly to mouse DNA-PKcs3A/3A cells, we observed that VV3-T2609P cells displayed
defects in telomere protection. When V3-T2609P cells were immunostained against yH2AX
and pH3, the majority of pH3 positive V3-T2609P cells (>87%) showed significant yH2AX
foci formation as compared to wild type CHO AAS8 cells or V3 cells complemented with
wild type DNA-PKcs (Figs 6C—6E). Furthermore, we observed a similar pattern in CO-FISH
analysis between V3-T2609P cells (Fig 6F) and mouse DNA-PKcs3A3A cells (Fig 5C),
suggesting that the T2609P DNA-PKcs mutant also causes leading strand telomere
deprotection.

Discussion

We have previously described the DNA-PKcs3A mouse model, characterized by a deficiency
in functional Thr2605 (human Thr2609) phosphorylation cluster and congenital bone
marrow failure (CBMF) due to an impairment in fetal liver HSCs expansion 9. Our analyses
also revealed additional underlying mechanisms including defects in multiple DNA repair
pathways, suggesting a versatile role of the Thr2609 cluster in DNA damage repair. In the
current study, we demonstrate induction of spontaneous -yH2AX in proliferating DNA-
PKcs3A3A cells during mitosis (Figs 2, 3). This mitosis-specific surge of yH2AX appeared
predominantly at telomeres, and correlated with an increase of telomere fusion events but
not telomere shortening in DNA-PKcs3A/3A cells (Fig 4). Using CO-FISH analysis in
conjunction with immunostaining, we further demonstrated leading strand-specific telomere
end capping dysfunction at newly replicated telomeres in DNA-PKcs3A/3A cells (Fig 5). This
mitosis-associated yH2AX formation and telomere dysfunction were observed across
different cell types including skin keratinocytes or fibroblasts, MEFs, and fetal liver HSCs.
The same phenomenon was observed in DNA-PKcs deficient CHO-V3 cells expressing the
Thr2609Pro missense DNA-PKcs mutant (Fig 6). Thus, our studies reveal that DNA-PKcs
phosphorylation at the Thr2609 cluster is crucial for newly synthesized leading strand
telomere maturation and protection, which would otherwise result in telomere-associated
DNA damage response. This could explain various pathophysiological characters including
carcinogenesis in DNA-PKcs3A/3A mice.

Telomere dysfunction and skin pigmentation are the key phenotypic signs of dyskeratosis
congenita (DC), a typical manifestation of human CBMF; furthermore, the DC disease gene
dyskerin/DKCL1 is a known stabilizer the telomerase complex, critical for its function /in vivo
13,14 Based on our analyses, it is conceivable that mutations in the DNA-PKcs PRKDC
gene could be present among DC patients. The involvement of DNA-PKcs in telomere
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maintenance has been investigated mostly in DNA-PKcs knockout mouse models.
Independent studies reported an increase of telomere fusion in mouse DNA-PKcs ™~ cells
independent of telomere shortening, a phenotype suggestive that DNA-PKcs is mainly
involved in telomere capping, not telomere length maintenance8: 19, Similarly, we did not
observe significant changes in telomere length (Fig 4F) or telomerase activity in DNA-
PKcs3A3A cells (Supplemental Fig 2S), although subtle telomere shortening and accelerated
aging phenotypes may be present in DNA-PKcs deficient mice 29 30, Our study reveals that
significant increase of telomere fusions was found in DNA-PKcs3A/3A cells than in DNA-
PKcs ™~ cells. Dysregulation of telomere is also found in kinase dead mutant DNA-
PKcsKD/KD mouse cells 20. Approximately 40% of DNA-PKcsKP/KD metaphase spreads
display telomere abnormalities 29, and similar telomere incident was observed in DNA-
PKcs3A/3A spreads. These results indicate that both DNA-PKcs kinase activity and Thr2609
cluster phosphorylation are crucial for telomere protection in mouse cells. In comparison,
DNA-PKGcs knockout in human cells results in a more severe telomere phenotype since
telomere shortening was found not only in homozygous cells but also in heterozygous

cells 31, These data suggest that human DNA-PKcs plays a more critical role in telomere
protection than mouse DNA-PKcs deficiency, a phenotype potentially due to the lack of
observable telomerase activity in non-cancer human cells. Thus, DNA-PKcs3A knock in
mice represent a better mouse model to further delineate physiological functions of DNA-
PKcs including its role in telomere protection and maintenance. The leading strand telomere
deprotection characteristic also explains the significant increase of telomeric fusion in DNA-
PKcs3A3A cells and severe phenotypic development in DNA-PKcs3A/3A mice as compared
to the DNA-PKcs null background.

Deprotection of leading strand telomeres has been previously observed in mouse DNA-
PKcs™~cells. Bailey et al identified telomeric chromatid concatenates (TCCs) in mouse
DNA-PKcs™cells; although incidents were quite low (14 TCCs among a total of 850 cells
scored), all TCCs identified were leading-to-leading strand fusions 17. Consistent with these
studies, our results demonstrated that leading strand telomere end-capping dysfunction
manifests in DNA-PKcs3A/3A cells as evidenced by the formation of yH2AX foci
predominantly in leading telomeres during mitosis. It is possible that the mutant DNA-
PKcs3A protein may interfere with the assembly of the telomere protective capping structure
(Shelterin/telosome) at the newly replicated leading strand telomeres. We notice that the
high incident of telomere abnormalities was not observed in our previous study 9. The
difference likely is due to different techniques applied to score chromosomal aberrations
from metaphase spreads. Sensitive and telomere specific FISH techniques were applied
throughout this investigation. The increase of telomeric fusions in DNA-PKcs3A3A cells is
also supported by telomere-associated yH2AX foci formation and a previous report that
expression of Thr2609 cluster-mutant DNA-PKcs results in telomere dysfunction and
telomere-DSB fusion 21,

Mechanisms involved in telomere protection, telomere DNA replication and subsequent
recapping of newly replicated daughter telomeres are still not completely understood.
Emerging evidence indicates that the leading strand telomere exploits different strategies,
including the use of the lagging strand and shielding itself following replication32: 33, In late
S-phase, lagging strand telomeres form a 3" single stranded, G-rich overhang due to the
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removal of the RNA primer in the terminal Okazaki fragment and failure to position the
fragment at the chromosome terminus. In contrast, leading strand telomeres form near blunt
ends or carry a few nucleotides in overhang after replication. Leading strand telomeres may
also gain the G-rich overhang through processing steps in late S/G2 phase 33. Additionally, a
late processing event takes place in G2/M phase to position the terminal nucleotides of the
leading C-strand for final maturation of G-overhang at the leading strand telomeres 33: 34,
The G-overhang can be produced through telomerase-dependent telomere elongation 32: 33,
Alternatively, it could be generated through an end-resection mechanism mediated by
Snmlb/Apollo, a TRF2-interacting exonuclease, for G-overhang production at leading-end
telomeres 3°. Due to this end processing procedure, there is a delay of G-overhang
completion at the leading daughter telomeres, whereas the G-overhang at the lagging
daughter telomeres immediately mature following replication 33,

The delay of G-overhang completion at newly replicated leading strand telomeres explains
the decrease in chromatin binding of POT1 in G2 phase, the single-stranded DNA (ssSDNA)
binding component of the shelterin complex, and the increase of DSB repair proteins
loading in telomeric DNAS3S, It has been postulated that the association of DSB repair
proteins at G2 telomeres is required for the recruitment of the processing machinery to
produce the G-overhang in leading daughter telomeres. Although the dynamic association of
DNA-PK complex with telomeres during G2 is still unclear, we have recently reported that
DNA-PK dependent hnRNP-A1 phosphorylation is required for the RPA-to-POT1 switch
and telomere capping in newly replicated telomeres 37. Additionally, the presence of DNA-
PK complex may prevent telomere termini from being targeted by homologous
recombination (HR), as knockout of the Ku80 gene in human cells results in massive
telomere loss due to HR mediated t-circles and telomere rapid deletion38. In contrast, excess
or dysfunction of the DNA-PK complex may cause telomere fusion production. The
regulation of the DNA-PK complex likely relies on proper and timely DNA-PKcs
phosphorylation at the Thr2609 cluster, which induces a conformational change in DNA-
PKcs and its dissociation from the Ku/DNA termini . This dynamic allows an orderly end
processing and G-overhang maturation in the leading daughter telomeres. Mutations in
DNA-PKcs Thr2609 phosphorylation may prolong the occupation of the DNA-PK complex
in the telomere termini resulting in yH2AX foci formation. This notion is supported by our
unpublished result on the phospho-blocking Thr2609Pro mutant DNA-PKcs which displays
a distinctive protein degradation pattern, in limited proteolysis assay (when compared to
wild type DNA-PKcs). These results suggest that mutations in the Thr2609 cluster interfere
with conformational changes in DNA-PKcs and in the dynamic association of the DNA-PK
complex.

Telomere-associated yH2AX foci were identified in cells following prolonged mitotic arrest
due to the dissociation of TRF2 from telomeres and degradation of telomeric G-overhang,
triggering ATM-dependent yH2AX signaling in telomeres3®. In this setting, the appearance
of yH2AX foci becomes evident only after hours from mitotic arrest. This delay in mitosis
was not observed in DNA-PKcs3A/3A cells as similar mitotic indexes were measured in wild
type, DNA-PKcs ™, and DNA-PKcs3A3AMEFs (data not shown). It is still uncertain if
prolonged mitosis arrest preferentially induces deprotection in leading telomeres as observed
in DNA-PKcs3A3A cells. Although telomere deprotection is likely the common denominator
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for this telomere-associated DNA damage response, the DNA-PKcs3A mutant protein may
still trigger abnormal ATM signaling in mitosis. For example, DNA-PKcs and TRF2
cooperate to facilitate telomere loading of TRF2 and deter telomere fusion through an NHEJ
independent mechanism 4041, Since TRF2 is needed to minimize ATM kinase activation at
telomeres#?, it is possible that the DNA-PKcs3A mutation attenuates telomere association of
TRF2 or alleviates TRF2-dependent inhibition of ATM, consequently leading to the
formation of telomere-associated yH2AX foci. Nonetheless, differential loading of TRF2 or
shelterin complex in leading telomeres versus the lagging telomeres due to the distinctive
sizes of their G-overhang still needs to be clarified 33,

Full activation of the DNA damage response in M phase is normally suppressed due to the
absence of key components including 53BP1 and RNF8 43, It has been proved that DNA
breakage in mitosis, including telomere associated DNA damage, is epigenetically marked
by yH2AX and subsequently repaired in G1 phase 3% 4445 The outcome of this rescue
attempt could be due to either faithful repair of the DNA lesions, genomic instability, or cell
death. In DNA-PKcs3A3A mice, the fate of cells harboring telomere damage also varies
depending on cell type and tissue origin. Hematopoietic stem cells undergo apoptosis when
they enter the fast cycling stage in fetal liver 46. In contrast, keratinocytes are not removed
from the epidermis as there is no increased apoptosis either in situ or under culture
conditions detected in DNA-PKcs3A/3A cells (data not shown). Nonetheless, DNA damage is
elicited in these cells as shown by increased melanin accumulation in the skin of DNA-
PKcs3A3A mice. HSC apoptosis and increased melanin accumulation in keratinocytes were
proved to be associated with p53 activation 9, as a direct consequence of the DNA damage
response. Increased yH2AX foci were not observed in S and G2 phases of DNA-PKcs3A/3A
keratinocytes, thus telomere deprotection in M phase is likely the major DNA damage
stressor of the DNA-PKcs3A/3A mutation.

The current studies revealed that defects in DNA-PKcs phosphorylation at the Thr2609
cluster jeopardize telomere protection and homeostasis maintenance. Our results indicate
that newly replicated telomeres, either in late G2 or M phase, will be recognized and
occupied transiently by the DNA-PK complex. The ablation of DNA-PKcs phosphorylation
will hamper the sequential processing of leading strand telomeres resulting in persistent
DNA damage signaling and yH2AX foci formation in telomeres during mitosis.
Importantly, the Thr2609Pro mutation identified from human breast cancer elicits the same
cellular phenotype as the DNA-PKcs3A knock in mutation in mouse. These findings
demonstrate the oncogenic effect due to a dysfunction of DNA-PKcs phosphorylation,
warranting future investigations on the mechanistic link to pathological progression of
CBMF diseases and cancer.

Materials and Methods

Spontaneous tumor development in DNA-PKcs3A3A mice

Bone marrow transplantation of DNA-PKcs3A/3A mice was conducted as previously
described®. BMT rescued DNA-PKcs3A/3A mice and wild type littermates were maintained
and monitored for up to 24 months. Tumor-bearing mice were euthanized for tumor
harvesting. Tumor samples were fixed with 4% neutralized paraformaldehyde for 24 hours,
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processed for paraffin sectioning, and stained with hematoxylin-eosin according to standard
protocol. After staining, tumor slides were examined by a veterinary pathologist, Dr.
Foreman at the Jackson Laboratory. All animal procedures were conducted according to
UTSW Institutional Animal Care and Use Committee-approved guidelines for animal
welfare. A total of 32 BMT mice and 14 wild type mice were included in survival analysis.
No randomization and blinding was applied in this study

Cell lines and treatment

Primary and SV-40 transformed MEFs from E13.5 embryos were cultured in alpha
minimum essential medium supplemented with 10% fetal calf serum and penicillin/
streptomycin. MEFs were maintained in a 37°C humidified atmosphere with 3% O, and
10% CO,. Primary keratinocytes were derived from tail skin. Briefly, skin flaps were treated
with dispase (Sigma, St. Louis, MO) overnight in 4°C. Keratinocyte sheets were separated
from the dermis and digested with trypsin (Sigma, St. Louis, MO). A single cell suspension
was prepared and plated in conditional keratinocyte culture medium (Life Technologies,
Carlsbad, CA). All cell cultures have been routinely tested mycoplasma contamination. Fetal
liver hematopoietic stem cells (HSCs) isolation was performed as previously described?®.

Immunohistochemistry and immunofluorescence staining

Isolated HSCs were spread on glass slides using a CytoSpin4 centrifuge (Thermo Scientific,
Waltham, MA). For immunofluorescence staining, cells were grown on poly-D-lysine—
coated culture slides (BD Pharmingen, San Diego, CA), washed in PBS, fixed in PBS
containing 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, and blocked in PBS
containing 5% bovine serum albumin. Cells were incubated with indicated primary
antibodies for 2 hours at room temperature, washed with PBS, and incubated with
Alexa-568 and Alexa-488-conjugated secondary antibodies for 1 hour (Life Technologies,
Carlsbad, CA). Cells were then washed with PBS and mounted in Vectashield mounting
medium with 4,6-diamidino-2-phenylindole (Vector Labs, Burlingame, CA). Images were
acquired from a Zeiss Axiolmager M2 microscope system equipped with a Plan-
Apochromat 63x/NA 1.40 objective, an AxioCamMRm CCD camera, and AxioVision
software (Carl Zeiss, Oberkochen, Germany). Anti-yH2AX (05-636, EMD Millipore,
Billerica, MA) and anti-phospho-histone H3 (06-570, EMD Millipore, Billerica, MA)
antibodies were purchased from the indicated vendors. The anti-TRF1 was a kind gift from
Dr. Titia de Lange. Results presented in figures are representative examples for at least two
replicated experiments using different cell lines or mice. The exact n number is documented
in figure legends.

Telomere fluorescence in situ hybridization (FISH) and combination with yH2AX
immunofluorescence staining

Fluorescence in situ hybridization (FISH) was performed in telomeres as previously
described 37. Quantitative FISH (Q-FISH) of relative telomere lengths was analyzed by the
TFL-Telo image analysis software program 47, Chromosome orientation fluorescence in situ
hybridization (CO-FISH) was performed as previously described % 48. For co-
immunostaining with yH2AX, immunofluorescence staining of yH2AX was performed
prior to the CO-FISH procedure. In brief, cells were cultured in medium containing 7.5 mM
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of BrdU and 2.5 mM of BrdC for 16-20 hour, and treated with 0.2 pg/ml colcemid for the
final 30 minutes. Cells were harvested and prepared for CytoSpin to make chromosome
spread slides. Slides were immunostained with antiyH2AX antibody and a fluorescein-
labeled secondary antibody. After fixation with 4% paraformaldehyde, slides were
dehydrated and dried out for modified CO-FISH assay. Cells were incubated with peptide
nucleic acid (PNA) telomere probes (Panagene Inc., Daejeon, South Korea) in a 83°C oven
for 3-5 minutes and returned to room temperature for hybridization for 2 additional hours.
After being washed and dehydrated, slides were mounted and saved for analysis.

Southern blot hybridization to measure telomere length

Genomic DNA was isolated with a phenol/chloroform method and digested with Hinf I and
Rsa | (New England Biolabs, Ipswich, MA). After digestion, DNA samples were resolved
on a 0.7% agarose gel using a CHEF-DR Il pulse field gel electrophoresis system (Bio-Rad,
Hercules, California). The denatured and dried gel was hybridized with 32P-labeled
(CCCTAA)x3 oligonucleotides and exposed to a phosphor imager screen and analyzed by
Typhoon 9410 scanner (GE Healthcare, Piscataway, NJ).

Statistical analysis

For survival analysis, the sample size was determined based on formula suggested by
Schoenfeld 4° with an estimated relative risk of 5, estimated median survival of 12 months
for DNA-PKcs3A/3A group, and a total of two year follow-up. P-values for survival curves
were determined from the Kaplan—Meier survival curves by use of the log-rank test. For
comparisons of quantitative data among groups, multiple samples for each group were
included and analyzed with Wilcoxon rank-sum test (compare two groups) and Kruskal-
Wallis test (compare multiple groups). Same experiment was replicated at least once using
different cell lines or mice. The number (N) for each group and batch number of
experiments are indicated in the corresponding figure legends. P-values <0.05 were taken as
statistically significant. For comparison among three groups, P-values were adjusted to
0.0167. Sigmaplot 11 software (Systat Software, Chicago, IL) was used for statistical
analysis. Survival curves and histogram figures were generated by GraphPad Prism software
(GraphPAD Software, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tumor-prone phenotype of bone marrow transplantation-rescued DNA-PK cs3A/3A

mice

(A) Tumor free survivals of BMT-rescued DNA-PKcs3A/3A and wild type control mice.
BMT-rescued DNA-PKcs3A3A mice display a significant increase in tumor incidence as
compared to wild type control littermates. (B) Examples of tumor biopsy specimens stained

with hematoxylin and eosin.
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Figure 2. DNA-PK cs3A/3A ker atinocytes display increased yH2AX staining during mitosis
(A) Freshly isolated skin keratinocytes were cultured and immunostained against yH2AX

and phospho-histone 3 (pH3). yH2AX foci are visible in DNA-PKcs3A/3A keratinocytes
during metaphase (meta) and telophase (telo), but not in prometaphase (prometa) and late
G2 phase. Bar represents 10 um. (B) Tail skin sections were prepared from postnatal day one
pups and immunostained against yH2AX and pH3. A strong yH2AX staining signal was
observed in DNA-PKcs3A/3A skin sections and overlapped with pH3 positive mitotic cells.
Dashed lines indicate the base membrane.
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Figure 3. Mitosis specific yH2AX foci in DNA-PK cs¥/3A ker atinocytes overlap with telomeres
(A) Primary DNA-PKcs3A/3A keratinocytes were immunostained against TRF1 and yH2AX.

Significant yH2AX foci were found in mitotic cells (metaphase and telophase) but not in
interphase cells (Int); they overlapped with TRF1 foci. Bar represents 10 pm. (B)
Quantitation of yH2AX foci in DNA-PKcs3A/3A keratinocytes during interphase or mitosis.
*** jndicate P < 0.001. (C) Mitosis-induced yH2AX foci in DNA-PKcs3A3A keratinocytes
overlapped with TRF1 foci staining. The Mann-Whitney Rank Sum Test was used to
compare two groups. A total of nine mitotic cell and nine interphase cells from three DNA-
PKcs3A/3A mice were analyzed. (D) Fetal live hematopoietic stem cells (HSC) isolated
from e12.5 DNA-PKcs3A/3A embryos were immunostained against mitotic marker pH3 and
YH2AX. Bar represents 10 um. (E) Overlapping of yH2AX and TRF1 staining in isolated
fetal liver HSC during mitosis. Arrows indicate the inverse correlation between the
intensities of yH2AX and TRF1 foci. Representative image of three independent
experiments.
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Figure 4. Increase of telomerefusion in DNA-PK cs3A/3A cells
(A) Representative telomere FISH image from wild type and DNA-PKcs3A/3A MEFs. Early

passaged (>P5) primary MEFs underwent mitotic spread and Telomere FISH staining with
TelC PNA probe (red) followed by chromosome counter-staining with DAPI (blue). (B-D)
Telomere fusion analyses in wild type (WT), DNA-PKcs™~ (KO), and DNA-PKcs3A/3A
(3A/3A) MEFs. Frequencies of telomere fusion (B) and fusion frequencies per chromosome
(C, D) were calculated from 100 mitotic spreads of each genotype from two independent
experiments. *, P < 0.05; **, P < 0.01. (E) Quantitative fluorescence in situ hybridization
(Q-FISH) of relative telomere lengths in wild type, DNA-PKcs™~, and DNA-PKcs3A/3A
MEFs. Q-FISH was analyzed by the TFL-Telo software program 47. (F) Genomic DNA
isolated from skin samples of 3-week-old and 6-month-old wild type mice (black labels) or
DNA-PKcs3A3A (red labels) mice was digested, resolved in pulse field gel electrophoresis,
and analyzed by Southern hybridization with 32P-labeled (CCCTAA); oligonucleotides to
determine telomere length. Odd sample numbers in red represent DNA samples of DNA-
PKcs3A3A mice. Three individual DNA samples from each group were analyzed.
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Figure 5. Leading strand telomere DNA damagein DNA-PK cs3A/3A cells
(A) Primary DNA-PKcs3A/3A skin fibroblasts were treated with 0.2 pug/ml colcemid for 30

minutes, prepared for mitotic spread, immunostained against yH2AX (red), and followed by
fluorescence in situ hybridization (FISH) against a TelG-FITC PNA probe (green). Bar
represents 5 pm. (B) Frequencies and distinctive patterns of yH2AX foci appearance among
mitotic sister chromatids. The result was generated from two independent experiments with
over 200 chromosomes analyzed each time. (C) Primary DNA-PKcs3A/3A skin fibroblasts
were cultured with BrdU and BrdC for 16-20 hours, prepared for mitotic spread,
immunostained against yH2AX (green), and processed for chromosome orientation-FISH
(CO-FISH) with TelC-Cy3 PNA probe to label the lagging strand telomere synthesis (red).
(D) The same procedure was performed to detect yH2AX (red) and leading strand telomere
synthesis with TelG-FITC PNA probe (green). Arrows indicate the overlap between yH2AX
and TelG staining. (E) Quantification of yH2AX foci overlapped with telomere leading
strand synthesis in wild type, DNA-PKcs™~, and DNA-PKcs3A/3A MEFs. Over 50 mitotic
cells were analyzed for each genotype. *, P < 0.05.
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Figure 6. A Thr2609Pro missense variant of human DNA-PK cs causes leading strand telomere
deprotection

(A) DNA-PKcs deficient CHO-V3 cells complemented with wild type DNA-PKcs (V3-WT)
or mutant DNA-PKcs harboring T2609A (V3-T2609A) or T2609P (V3-T2609P) mutations
were subjected to clonogenic survival analysis against yy-rays. The top panel shows
expression levels of DNA-PKGcs in different cell lines. (B) The same cell lines were analyzed
for clonogenic survival analysis with mitomycin C. (C) Wild type CHO AAS8 cells, CHO-
V3, V3-WT, and V3-T2609P cells were immunostained against pH3 (red) and yH2AX
(green). (D, E) Mitotic cell populations (pH3 positive) were analyzed for significant yH2AX
foci (>3 foci per cell) (D) and the average number of yH2AX foci per cell (E). Results were
generated from two independent experiments. **, P < 0.01; ***, P < 0.001. (F) V3-T2609P
mutant cells were subjected to yH2AX staining (green) and CO-FISH assay against TelC-
Cy3 probe (Red). Note that CHO cells have an interstitial telomeric sequence and display a
telomere band staining pattern in telomere FISH analysis.
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Zhang et al.

Spontaneous tumor development in DNA-PKcs3A/3A BMT rescued mice.

Table 1

ID Age (weeks) | Tumor location Histological diagnosis

C398 15 Thymus Lymphoma

F522 16 Spleen Lymphoma

F552 19 Spleen Lymphoma

F518 32 Thymus Lymphoma

F543 62 Liver Hepatocellular carcinoma
C526 65 Liver Hepatocellular carcinoma
F517 65 Head & Neck Squamous cell carcinoma
C507 67 Head & Neck Squamous cell carcinoma
C502 69 Back skin Squamous cell carcinoma
F516 70 Hind leg Spindle cell sarcoma
C375 71 Lung Bronchioalveolar adenoma
C527 73 Head & Neck Squamous cell carcinoma
C354 75 Head & Neck Squamous cell carcinoma
C525 95 Liver Hepatocellular carcinoma
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