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Abstract Failure to repair DNA double-strand breaks
(DSBs) can lead to cell death or cancer. Although nonho-
mologous end joining (NHEJ) has been studied extensively
in mammals, little is known about it in primary tissues.
Using oligomeric DNA mimicking endogenous DSBs,
NHEJ in cell-free extracts of rat tissues were studied.
Results show that efficiency of NHEJ is highest in lungs
compared to other somatic tissues. DSBs with compatible
and blunt ends joined without modifications, while non-
compatible ends joined with minimal alterations in lungs
and testes. Thymus exhibited elevated joining, followed by
brain and spleen, which could be correlated with NHEJ
gene expression. However, NHEJ efficiency was poor in
terminally differentiated organs like heart, kidney and
liver. Strikingly, NHEJ junctions from these tissues also
showed extensive deletions and insertions. Hence, for the
first time, we show that despite mode of joining being
generally comparable, efficiency of NHEJ varies among
primary tissues of mammals.
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Abbreviations

NHEJ Nonhomologous end joining
DSB Double-strand break

HR Homologous recombination

PSL U Photo stimulated luminescence unit
BSA Bovine serum albumin

DAPI 4,6-Diamidino-2-phenylindole
PCR Polymerase chain reaction

1P Immunoprecipitation
RT-PCR Reverse transcriptase PCR

Introduction

Maintenance of genomic integrity and stability is of prime
importance for the survival of an organism, as the DNA is
consistently exposed to various types of lesions. DNA
double-strand breaks (DSBs) are considered as the most
deleterious type of damage, as failure of their repair
could lead to chromosomal translocations and cancer or
cell death [1-4]. DSBs can be generated exogenously by
ionizing radiation and chemotherapeutic agents like bleo-
mycin or endogenously by free radicals, replication across
a nick and physiological processes such as V(D)J recom-
bination, class switch recombination, meiosis, etc. [5, 6].
Approximately, 10-100 endogenous DSBs are generated
per nucleus per day [7]. DSBs can be repaired by two major
pathways in mammalian cells, namely homologous
recombination (HR) and nonhomologous end joining
(NHEJ) [8-10]. HR requires a region of extensive homol-
ogy, operates during late S and G2 phases of the cell cycle,
and is accurate. On the other hand, NHEJ does not require a
region of homology and operates in all phases of cell cycle
but is error prone [11-13]. However, such errors introduced
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during NHEJ pose little threat to the genome as only a
small percentage of these errors exist in regions encoding
for protein, whereas entering into S or G2 phase with
unrepaired DNA is a major risk.

The key players of NHEJ are a set of proteins which
recognize the broken DNA molecules and process the ends
to make them ligatable [8, 10, 14-16]. Firstly, the broken
DNA ends are recognised by KU70/KU80 heterodimer,
which recruit DNA-PKcs in association with ARTEMIS
[17-19]. The DNA ends are processed by either ARTEMIS
or DNA-PKcs-ARTEMIS complex to create ligatable ends
[20, 21]. After processing, the ends are filled using POL X
family members, POLy (fill-in synthesis of 3’ overhangs)
and POLA (fill-in synthesis of 5’ overhangs) [22-24].
Finally, the ends are ligated by XLF:XRCC4:DNA
LIGASE IV complex [25-27].

Studies thus far to understand the mechanism of NHEJ
were performed mostly on cell lines by using plasmid DNA
substrates containing DSBs in a cell-free system or by
transfection [28-34]. These cell lines have been derived
from specific cell types like B cells (GM00558), cervical
cancer epithelial cells (HeLa), lung alveolar basal epithelial
cells (A549), human acute lymphocytic leukemic cells
(HPB-ALL), glioblastoma cells (M059K), etc. [35-37].
Most of these studies were in isolation and hence do not
compare efficiencies between different cell types. More-
over, since the cell lines were derived from a particular cell
type and grown in vitro, the repair efficiency of one cell
may not reflect that of the entire organ from which it was
generated.

Cell lines divide actively whereas most of the cells in a
tissue are in resting phase, Gy [38]. Glioma cell lines have
been shown to possess a less efficient DNA repair capacity
as compared to normal human astrocytes [39]. Lower
repair efficiency has also been reported in L1210 cell line,
compared to the in vivo ascitic fluid culture [40]. Besides,
it has been reported that expression profile of most of the
cell lines is different from that of tissues of their origin
[41]. Moreover, since most of the cell lines are derived
from tumor tissues, their origin itself is controversial at
times, as most of the cancers are metastatic [42].

Recently, one of the studies used mouse testicular cell-
free system to understand NHEJ in germ cells [43, 44].
Similar attempts were made to study NHEJ in rat neurons
[45, 46]. Surprisingly, there are no studies in the literature
that compare the efficiency and mechanism of NHEJ in
somatic tissues of different organs in mammals. Since
organs consist of multiple types of cells, it would represent
the physiological state better. Hence, the current study is
focused on unravelling the mechanistic differences of
NHEJ among tissues of various origins and their efficiency
of joining. Here, we report that lungs possess maximum

NHEJ activity among the organs, comparable to that in
germ cells. Besides, genomic rearrangement proficient
thymus and spleen also showed significant joining. How-
ever, terminally differentiated tissues present in the organs
like kidney, liver and heart showed lower NHEJ. Although
joining efficiency varied among organs, the mode of join-
ing was generally comparable.

Materials and methods
Enzymes, chemicals and reagents

Chemical reagents were obtained from Sigma Chemical
(St. Louis, MO, USA), Amresco (USA) and Sisco Research
Laboratories (India). DNA modifying enzymes were from
New England Biolabs (Beverly, MA, USA) and antibodies
were purchased from Santa Cruz Biotechnology (USA).
Radioisotope-labeled nucleotides were purchased from
BRIT (India).

Oligomers

Oligomers used for the study are listed in Supplementary
Table 1. The oligomers were purified using 8—12% dena-
turing PAGE and when required complementary oligomers
were annealed in 100 mM NaCl and 1 mM EDTA in
boiling water bath for 10 min followed by slow cooling as
described [47].

5" end-labeling

The 5’ end-labeling of the oligomeric DNA was performed
as described [48], using T4 polynucleotide kinase in a
buffer containing 20 mM Tris—acetate (pH 7.9), 10 mM
magnesium acetate, 50 mM potassium acetate, | mM DTT
and [y-32P]ATP at 37°C for 1 h. The labeled substrates
were purified using Sephadex G-50 column and stored at
—20°C.

Preparation of DNA substrates

The oligomeric DNA substrate containing 5 overhangs
(compatible ends) was prepared by annealing [y->>P] ATP
end-labeled 75 nt oligomer, TSK1 with unlabeled 75 nt
complementary oligomer, TSK2. Similarly, substrates
containing 5'-5" noncompatible overhangs and 5'-3’ non-
compatible overhangs were prepared by mixing [y->°P]
ATP end labeled, TSK1 with unlabeled complementary
oligomers, VK11 and VK13, respectively (Suppl. Fig. 1A).
Blunt ended substrates were prepared by annealing [y->2P]
ATP labeled 75 mer, VK7 with unlabeled 75 mer, VKS8.
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Preparation of cell-free extracts

Cell-free extracts were prepared in ice cold conditions as
described [43]. In brief, brain (B), testis (T), thymus (Th),
spleen (S), lungs (L), heart (H), liver (Lv) and kidney (K)
were collected from male Wistar rats, Rattus norvegicus
(4—6 weeks old). After washing with ice-cold PBS, tissues
were minced to prepare single cell suspensions. They
were washed 3-4 times with ice-cold PBS to remove
blood and other debris. Testicular cells were then counted
using a haemocytometer and equivalent packed cell vol-
ume (PCV) was used for other tissues. Approximately,
2 x 107 cells/ml were pelleted (1,200g, 10 min), resus-
pended in hypotonic buffer (buffer A: 10 mM Tris—HCl
(pH 8.0), 1 mM EDTA, 5 mM DTT and 0.5 mM PMSF),
and homogenized with protease inhibitors (1 pg/ml each
of leupeptin, aprotinin, chymostatin and pepstatin). An
equal volume of buffer B (50 mM Tris—-HCI (pH 8.0),
10 mM MgCl,, 2 mM DTT, 0.5 mM PMSF, 25% sucrose
and 50% glycerol) was added which was followed by
addition of neutralized, saturated ammonium sulfate
solution (11% cut off) with stirring (30 min). Then
supernatant was collected after centrifugation (3 h at
32,000g at 2°C). Proteins precipitated by ammonium
sulfate (65%) were pelleted, dissolved in dialysis buffer
(buffer C: 25 mM HEPES-KOH (pH 7.9), 0.1 M KCl,
12 mM MgCl,, 1 mM EDTA, 2 mM DTT and 17%
glycerol) and dialyzed for 16 h. Clarified extracts were
aliquoted, quick-frozen in liquid nitrogen and stored at
—80°C until use. Protein concentration (6—10 mg/ml) was
determined by Bradford’s method. The protein amount
was further normalized with respect to that of rat testic-
ular extract by loading on SDS-PAGE followed by
Coomassie brilliant blue (CBB) and silver staining (Suppl.
Fig. 1B-D).

NHE] assay

NHE] assay was performed by incubating 4 nM of radi-
olabeled oligomeric DNA with 2 pg of extracts in a
buffer consisting of 30 mM HEPES-KOH (pH 7.9),
7.5 mM MgCl,, 1 mM DTT, 2 mM ATP, 50 uM dNTPs
and 0.1 pg BSA in a reaction volume of 10 pl (Suppl.
Fig. 1) at 30°C for testes, which is its physiological
temperature and 37°C for other tissues. The incubation
time was 2 h for compatible ends while it was 6 h for
blunt and noncompatible termini. NHEJ reactions were
terminated by addition of EDTA (10 mM) and proteinase
K. The products were purified by phenol/chloroform
extraction, followed by precipitation with ethanol and
glycogen, and pellet was dissolved in 10 pl of TE. The
reaction products were resolved on 8% denaturing PAGE.
The gel was dried, exposed, and signal was detected using

Phosphorlmager (FLA9000; Fuji, Japan) and analyzed.
Each extract was prepared atleast 3 times and each exp-
eriment described was done a minimum of three inde-
pendent times with very good agreement and used for
quantification.

NHEJ assay was also performed on different DNA
substrates using immunodepleted extracts (see below) or in
presence of DNA-PKcs inhibitor, L.Y294002 (50 uM) as
described [34]. After addition of LY294002 to extracts, the
mixture was incubated for 30 min on ice, shifted to 37°C
(for testis 30°C) for 15 min, to which substrate was added
and incubated for 6 h.

For quantification of joined products, Multi Guage
(V3.0) software was used. A rectangle covering the DNA
band in one lane was selected and its intensity was quan-
tified. The same sized rectangle was then placed over the
substrate band and other joined product bands, and quan-
tified in each lane. An equal area from the same lane of the
gel, where there was no specific band, was used as back-
ground and was subtracted from each. Band intensities of
the products were then added from each lane. The %
joining efficiency was calculated using the equation
(intensity of total joined products x 100)/(intensity of
average of remaining substrates 4 joined products) and
represented as photo-stimulated luminescence (PSL)/mm?
for each lane. Finally, the efficiency of joining between
tissues was compared by plotting a bar diagram and sta-
tistical analysis was done using GraphPad Prism (V5)
software.

The overall joining efficiency of each tissue was cal-
culated by averaging the joining efficiency of all four DSBs
studied. Since testis showed the highest joining efficiency
among all tissues studied, it was considered as 100%. The
efficiency of joining for other tissues was calculated rela-
tive to that of testis (Table 1).

Table 1 Comparison of NHEJ efficiency in different somatic tissues
with respect to testicular cells

Tissue Relative NHEJ
efficiency (%)

Brain 43.33

Testis 100

Thymus 50.54

Spleen 49.67

Lungs 82.96

Heart 1.703

Liver 12.26

Kidney 16.52

Efficiency of NHEJ was calculated independently for 5’ overhang,
blunt, 5’5’ noncompatible and 5'-3' noncompatible ends. The data
shown are the relative average efficiency calculated for all four
substrates by considering the efficiency of testis as 100
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T7 exonuclease assay

The purified NHEJ reaction products were incubated with
2.5 and 7.5 U of T7 exonuclease in a buffer containing
2 mM Tris-acetate (pH 7.9), 1 mM magnesium acetate,
5 mM potassium acetate and 100 pM DTT at 25°C for 2 h.
The final products were resolved on 8% denaturing PAGE
and visualized as described above.

PCR amplification, cloning and sequencing
of NHEJ junctions

The NHEJ products were cut out from PAGE after
acquiring the image and DNA was eluted using TE and
NaCl (500 mM). The purified DNA was used for PCR
amplification of NHEJ junctions using VK24 and SS37
primers. Gel purified PCR products were ligated with TA
vector and used for transformation of E. coli. Junctions
from the clones of interest were then purified and
sequenced (Macrogen, South Korea).

Immunodepletion of NHEJ proteins

Immunoprecipitation of NHEJ proteins were performed as
described [49]. Approximately, 40 pg of rat testicular
extracts were incubated with 4 pl of antibody (0.2 pg/pl)
against LIGASE 1V, KU70 and KUS80 (14 h, at 4°C). The
mixture was incubated with Protein G agarose beads for
4 h, beads were spun down to collect the supernatant
(immunodepleted fraction), which was then used for
NHEJ assay. For western blotting, whole cell and
immunodepleted extracts were electrophoresed on a SDS-
PAGE, transferred onto a PVDF membrane and probed
with antibodies against KU70, KU80 and LIGASE IV
(see below). To determine the efficiency of immunode-
pletion, the intensity of bands obtained before and after
immunodepletion were quantified and presented as a bar
diagram.

Semi-quantitative PCR

Rat tissues of interest were collected, snap-frozen in liquid
nitrogen and used for RNA extraction using Trizol (TRI
Reagent; Sigma) as per manufacturer’s instructions. DNase
(Fermentas) treatment was given to all the RNA samples
and the cDNA was prepared using M-MuLV Reverse
Transcriptase (Fermentas) (1 h at 37°C) using oligo (dT);s.
For each sample, a reaction without reverse transcriptase
was also done. The amount of cDNA was normalized for
Gapdh and used for PCR. Amplifications were performed
using appropriate primers for Ku70, Ku80, Artemis, Ligase

IV and Xrcc4, and products were resolved on agarose gel
(1%).

Immunoblotting

For immunoblotting analysis, ~60 g protein was resolved
on 8-10% SDS-PAGE. Following this, proteins were
transferred to PVDF membrane (Millipore, USA), blocked
with 5% skimmed milk powder for 1-2 h at room tempera-
ture, probed with appropriate primary antibodies against rat
KU70 (1:750), KU8O0 (1:750), DNA-PKcs (1:500), XRCC4
(1:750), LIGASE IV (1:750), POLZA (1:750), GAPDH
(1:1,000), ARTEMIS (1:500), p53 (1:750) and BRCAI
(1:200). The numbers in the parenthesis indicate the dilution.
Blots were washed in PBST (1 x PBS and 0.1% Tween 20)
several times and incubated with biotinylated secondary
antibodies (Santa Cruz; 1:10,000) at room temperature for
1 h. The blots were rinsed, incubated with 250 ng/ml
streptavidin-HRP (Sigma) for 30 min and washed. The blots
were developed using chemiluminescent solution (Immo-
bilon™ western; Millipore, USA) and scanned by gel
documentation system (LAS 3000; Fuji, Japan). Each wes-
tern blot has been done a minimum of three independent
times and bands were quantified as described above.

Purification of XRCC4 and joining assay

XRCC4 was cloned into pET28a and expressed in E. coli
BL21(DE3)pLysS as described [50]. Briefly, overnight
grown culture was inoculated into LB media, induced at
mid-log phase with 1 mM IPTG and allowed to grow for
2 h at 37°C. The cells were pelleted and protein was
extracted in 20 mM Tris-HCl (pH 8.0), 0.5 M KCl,
20 mM imidazole (pH 7.0), 20 mM 2-mercaptoethanol,
10% glycerol, 0.2% Tween-20, 1 mM PMSF and
0.1 mg/ml lysozyme. The lysate was then clarified by
centrifugation (30,000g, 1 h) and loaded onto a Ni-NTA
column (Novagen). Following washing, the protein was
eluted at ~200 mM imidazole and collected as multiple
fractions. The presence and purity of XRCC4 in the frac-
tions were checked on a SDS-PAGE. Peak fractions were
pooled and dialyzed against buffer (20 mM Tris—HCI (pH
8.0), 150 mM KCl, 2 mM DTT and 10% glycerol). The
presence of XRCC4 was further confirmed by western
blotting using XRCC4 antibody. For NHEJ assay,
~500 ng of XRCC4 was added to the rat heart extract and
incubated with DNA substrates (5’ compatible and 5'-5'
non-compatible termini). In the case of control, equivalent
volume of dialysis buffer was added to the extracts and
incubated with substrate DNA. After purification, DNA
was loaded onto 8% denaturing PAGE.
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Immunofluorescence staining

Histological sections were prepared from brain, testis,
thymus, spleen, lung, heart, liver and kidney of 4- to
6-week-old rats as per standard protocols. After dewaxing
in xylene and rehydration in graded alcohols, the sections
were boiled in 10 mM citrate buffer and preincubated with
blocking buffer (20% horse serum, 1% BSA and 0.1%
Tween 20). Tissue sections were incubated with anti-KU70
(1:100) or anti-LIGASE IV (1:50) antibody followed by
incubation with biotinylated universal secondary antibody
(Vectorshield; 1:500) and addition of streptavidin-FITC.
The sections were counterstained with 4,6-diamidino-2-
phenylindole (DAPI), rinsed, dehydrated and mounted with
anti-fade mounting medium. Sections were observed under
a fluorescence microscope (Nikon, Japan) at a magnifica-
tion of x40 and documented.

Results
Efficiency of NHEJ varies among somatic tissues

Earlier, we have shown an efficient NHEJ in mouse tes-
ticular cells [43, 44]. However, there are no studies to
compare the efficiency and mechanism of NHEJ among
germ and somatic cells. We have used an oligomer-based
cell-free assay system to study NHEJ in different tissues of
rat. The different steps involved in the NHEJ assay and
four different substrates used for assaying NHEJ are out-
lined (Suppl. Fig. 1A). Briefly, [y-**P]ATP end labeled
75-bp double-stranded oligonucleotide containing different
ends was incubated with cell-free extracts for 2 or 6 h,
purified and resolved on a denaturing PAGE. To compare
efficiency of NHEJ in different somatic tissues and testis,
cell-free extracts were prepared from brain, thymus, spleen,
lung, heart, liver and kidney of rats and protein concen-
tration was normalized with that of testis using Bradford’s
estimation and gel assay (Suppl. Fig. 1B-D and data not
shown). The protein titration (1, 2, 5, 10 pg) and time
kinetics indicated that 0.2 pg/ul, and 2 h of incubation was
optimal for efficient joining, when DNA substrates with 5’
compatible ends were used (Suppl. Fig. 2 and data not
shown). Boiled extracts did not catalyze any joining,
indicating that the protein components are required for the
end-joining and is specific to the extracts (data not shown).

In order to compare the DSB repair efficiencies between
somatic and testicular cells, we used substrates mimicking
different types of endogenous DSBs. First, we incubated
radiolabeled oligomeric DNA substrate containing 5’
overhangs (Suppl. Fig. 1) with 2 ng each of cell-free
extracts. Results showed that the extracts catalyzed effi-
cient end-joining resulting in dimers, trimers, and other

forms of multimers in the case of brain, testis, spleen, lungs
and kidney (Fig. 1a, lanes 2, 3, 5, 6, and 9). In addition to
these products, additional bands were also visible between
substrate and dimer band, which were confirmed as circular
products (see below). In the case of thymus, kidney and
liver, the compatible end-joining was weak, while heart
showed much lower level of joining (Fig. 1b). When blunt
end substrates were used for NHEJ assay, maximum join-
ing was observed in testis and lungs, while thymus and
spleen showed moderate joining (Fig. 1c). Brain, heart,
liver and kidney showed lower joining as compared to their
activity on 5’ overhang substrates (Fig. 1b, ¢). NHEJ assay
with 5-5" and 5'-3’ noncompatible ends showed that
overall joining efficiency was lower in comparison to
compatible ends (Fig. 1b, d, e). In these cases also, testis
and lungs showed maximum repair efficiency (Fig. 1d, e).
In the case of 5'-5’ overhangs, brain, thymus and spleen
showed moderate joining (Fig. 1d). In the case of 5'-3
noncompatible substrates, thymus showed efficient joining
similar to that of lungs (Fig. le), while spleen and brain
showed moderate joining. Interestingly, liver, kidney and
heart exhibited lowest joining efficiency in the case of both
noncompatible ends (Fig. 1d, e). Thus, based on different
DSBs studied, we conclude that the overall efficiency of
NHE] varied between testicular cells and somatic cells
derived from different organs. Among somatic tissues,
lungs showed highest NHEJ activity (Table 1). Thymus,
spleen and brain showed significant joining, while activity
was poor or undetectable in the case of kidney, liver and
heart (Table 1).

We observed distinct additional bands between DNA
substrates and 150 bp dimer products (Fig. 1a). To identify
the nature of these bands, T7 exonuclease, an enzyme that
acts in 5'=3’ direction on linear DNA, but not on circular
DNA, was used. End-joined products from rat testicular
extracts were treated with T7 exonuclease and resolved on
denaturing PAGE. Results showed that T7 exonuclease
was able to digest the bands corresponding to monomeric
substrate and linear dimer DNA, but not the bands in
between (Fig. 1f). The presence of the uncleaved products
suggested their circular nature.

NHE] in cell-free extracts of rat tissues follow different
mode of joining

In order to study sequence characteristics of end-joined
junctions, they were PCR amplified, cloned and sequenced
(Suppl. Fig. 3). In the case of 5’ compatible and blunt end
substrates, we digested the obtained clones with BamHI
and Smal, since a simple ligation without end processing
would recreate the BamHI and Smal site, respectively. We
found that all the analyzed clones were recleavable indi-
cating that there were no modifications at the junctions
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Fig. 1 Comparison of efficiency of endjoining catalysed by different
rat tissues upon incubation with DNA substrates possessing different
DSBs. Approximately 2 pg of protein was incubated (2 h) with 4 nM
of [y-32P] ATP labeled DNA substrate (75-mer) in NHEJ buffer and
products were purified and resolved on a denaturing PAGE. a NHEJ
assay on DSBs containing 5’ overhangs. b Bar diagram showing
quantification of NHEJ products derived from DSBs with 5
overhang. ¢ Bar diagram showing quantification of NHEJ products
from blunt end DNA substrates. d Bar diagram showing quantifica-
tion of NHEJ products derived from DSBs with 5'-5' noncompatible
ends. e Bar diagram showing quantification of NHEJ products

obtained from these substrates (data not shown). Sequences
of the NHEJ junctions from each tissue were categorized as
M1, M2, M3 and M4 based on characteristic features for
both 5-5" and 5'-3’ noncompatible termini (Figs. 2, 3).
Results showed that, in the case of brain, among the 15
NHE]J junctions sequenced, the majority joined by no or
limited modifications. All 8 junctions derived from 5'-5'
noncompatible termini had 4-nt deletion of the overhang
from one end and end-filling at the other overhang (Fig. 2a,
M1). In one of the clones, an insertion at the junction and a
2-nt deletion in an arm was also observed (Fig. 2a). In the
case of NHEJ junction resulting from 5'-3’ ends, 2/7 clones
had deletions from both sides (Fig. 2b, M2). Other clones
were joined by ligation of single-strand overhang followed
by template dependent synthesis (Fig. 2b, M4).

In the case of testis, among the 37 NHEJ junctions
sequenced, only 3 molecules had longer deletions while the
other 34 had minimum modifications at the junctions
(Fig. 2). In 5-5 NHEJ junctions, all 20 junctions
sequenced had AATT overhang deletion from one end,

B T Th S

L H Lv K

derived from DSBs with 5'-3’ noncompatible ends. In c—e, incubation
time for NHEJ reactions was 6 h. In all panels, tissues studied are,
brain (B), testis (7), thymus (Th), spleen (S), lungs (L), heart (H), liver
(Lv), and kidney (K). The efficiency of the joining is quantified and
presented as PSL units. Data from three independent experiments are
used for quantification and error bars (SEM, p < 0.05) are indicated.
In a, lane 1, substrate alone (C) M is radiolabeled 50 bp ladder. f T7
exonuclease assay to identify conformation of NHEJ products. The
end joined products (lane 1) were treated with 2.5 (lane 2) and 7.5 U
(lane 3) of T7 exonuclease (25°C for 2 h) and products were resolved
on denaturing PAGE. Molecular weights are indicated

while in 17 cases other ends joined by end-filling and
ligation (Fig. 2a, M1). Among these, three molecules had
extensive deletions and joined using 1 nt microhomology
(Fig. 2a, M3). In the case of 5'-3’ overhang substrates,
single-strand ligation of overhangs followed by DNA
synthesis and ligation was observed in all 17 junctions
(Fig. 2b, M4). In thymus, 5'-5" noncompatible end joining
followed standard mechanism in which one overhang was
deleted, while the second one was end-filled before ligation
(Fig. 2a, M1). In addition, three molecules had longer
deletions of which two had a “T” insertion (Fig. 2a, M2).
In the case of 5'-3' noncompatible junctions, we noted that
two NHEIJ junctions utilized 3- and 5-nt microhomology
during the end-joining (Fig. 2b, M3). In one of the clones,
2-nt duplication was also observed (Fig. 2b).

Spleen did not show much modification at NHEJ junc-
tions of both 5'-5" and 5'-3' termini (Fig. 2a, M1; b, M4).
In the case of lungs, a total of 28 NHEJ junctions were
sequenced andthe results showed that the joining mecha-
nism was similar to that in testis. In 13/15 junctions derived
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5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC, L 3! Mode
3'. .CGGCCGATCGAAGCTACGACGTCAGATCGGACTCTTAR GGAGATCTATAGCCCGGGAGGTAGGCCATGATGAG. . 5" No.
of e
Deletions Junct- :0'"-
Left Right ions "9
Brain 5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG(TTAR) GRTCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 78 M1
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG (TTH TTTTCAATGCTGER GATCCCTTTACAATTCGGGCCCTCGATCCGGTACTACTC. .3 4 2 18 M2
Testis 5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG | GAT\.CCTCTAGATATC GGCCC'TC GATCCGGTACTACTC..3' 4 0 17120 M1
5'..GCCGGCTAGCTTCGATGCT (G JCCT 20 28 220 M3
5'. . CCGGGCTAGCTTCGATGCTGCAGGCTAG {GATC) CCT 1 44 120 M3
Thymus 5' . ,GCCGGCTAGCTTCG ATGCTGC‘\GTCT#GCC”GRG{ TTAR) GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 7M1 M1
5'. .GCCGGCTAGCTTCGATGCTGCAG (TTAA) T GGTACTACTC..3' 16 29 2111 M3
5'. .GCCGGCTAGCTTCGATGCTGCAG (TTAA) TCCGGTACTACTC..3' 16 29 111 M3
5!, .CCGGCTAAGCTTCGATGCTGCAGTCTAGCCTGAG(TTAR) GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 1M1 M1
Spleen 5',.GCCGGCTAGCTTCGATGCTGCAGTCTCCCCTGAG ( A) GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 4 0 88 M1
Lungs 5'..GCCGGCTAGCTT uJATL-L.uJL,AGTCTAL.L.uuaG:. A) GAILLLlL1AGATAIL(:(:h..LLlLL:AlLLqulACTACTC L3 4 0 1215 M1
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTA T (TT T {GATC)C AG. GGTACTACTC..3" 16 29 1115 M3
5'..GCCGGCT. AGCTTCGATGCiGCRuTCT‘AGCC'TuAGTTAA {GAT) CCCTCTAGRTATCGGGCCCTCGA”CCGGTJ\CNCTC 30 3 s M2
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG ( \) G Gm\.u. TCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 115 M1
Heart 5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG (T GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 48 M1
5'..GCCGG CT}\GCT"‘CGATGCTGCAGTCT}\GCCTGAGt I § ) GCCCTCGATCCGGTACTACTC..3' 4 19 18 M3
5'. .GCCGGCTAGCNTNGATGCTGCAGTCTAGT AG(T GHGNNN TAGAGGG ( ) CCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 17 4 18 M2
5'. .GCCGGCTAGCTTCGATGCT AGCCTGRG(T RGGHTHNAAGT TAGTGGGHCCAGG { ) TACTACTC..3' 26 31 18 M2
5'..GCCGGCTAGCTTCGATGLTGCAGTCTAGCCTGAG (TTAR) HNGCTAGCCGGCTCGATAGTACGGATNNNNATCTNG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTS..3' 29 0 118 M2
Liver 5', . GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG (TTAS GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 1214 M1
5, .GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG (TTAR CTHNGANTHN { ) CCTCGATCCGGTACTACTC..3' 4 20 114 M2
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG (TTA GATHNTHN { ) TCGATCCGGTACTACTC..3' 4 22 114 M3
Kidney 5', . GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGRG (17! GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC..3' 4 0 8M3 M1
5 .GCCGG’“TAGCT“CGHTGCTGCAGTCTAGCCTGAG: { ) GGGCCCTCGATCCGGTACTACTC..3' 4 17 113 M3
5'..G GRTGTAGRATC GATCCCTCTAGATAAAGAAGCCCTCGATCCGGTACTACTC..3' 33 0 113 M2
2 .GCCGG..TAGCT" GNNTCCNNCHCAGNNCAGNNGNTCCCTCTTARTATC
GGGCCTGARAARGC ( ) CCTCTAGATATCGGG SGTACTACTC..3' 26 31 113 M2
5'--GCCGG\.TFGCT"‘CGATG I3 TGAG (T GAGGGTTC GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. . 3" 2 0 113 M3
5'. .GCCGECT? “AGTCT? SAG (TTA GGACTCOGTTTTCTGCAGTCTAGCCTGAGGT
CCCTCTAGAACGATTCCAAGGCATGAT (GATC) TRCTACTC..3' 34 32 1113 M2
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. . 3" No. Mode
3'. .CGGCCGATCGAAGCTACGACGTCAGATCGG GGAGATCTATAGCCCGGGAGGTAGGCCATGATGAG. . 5" P of of
Deletions  Junet- join-
Left Right ions ing
Brain 57, GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC 3' 0 0 57 M4
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCC (TGAG) T ATC) CCTCTAGATAT ATCCGGTACTACTC..3' 12 29 201 M3
Testls 5v',  GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 0 1] 17117 M4
Thymus 51 GCCGGCTAGCTTCGATGCTGCAGTCTAGCCT (GAG) ) CCTCTAGATATCGGGCCCTCGATCCGTACTACTC. . 3! 3 7 17 M3
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTAGCC (1 ) A \TC) C ‘GTACTACTC..3' 12 30 1T M3
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTAGCC (TGAG) ATC)CC > "CGGTACTACTC..3' 9 28 W M2
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCC (TGAG) AT) CCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC 3t 4 3 17T M4
5, .GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. . 3" 0 0 17 M2
51, . GCCGGCTAGCTTCGATGCTGCAGTCTAGCCT (CAG) (G2 JCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC b (i 4 17 M2
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCC (TEAG) ATC) CCTCTAGATA TACTACTC..3' 12 38 0 M2
Spleen 5'  GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 0 0 10110 m4
Lungs s+ GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 0 0 1113 M4
5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GANNCCTCCCC ) COTCTRGATATCGGGCCCTCGATCCGGTACTACTC. .3 0 100 1113 M2
51, GCOGGCTAGCTTCGATG TGCACTCTACCE (TEAG) GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 18 0 113 M3
Heart o+ GCCGGCTAGCTTCGATGCTGCRGTCTAGCCTGAG GAJ.LR.L.}.L,1AGATAIL.L:LJ&JLL.L.}.LRJATCCGGTACTACTC i LR | 1] 38 M4
5'. .GCCGGCTAGCTTCGATGCTGCAGTCTA : (GATC)C [CATCCGGTACTACTC..3' 12 29 26 M3
5. .GCCGGCTAGCTTCGATGCTGCAGTCTAGCC {TGAG) T ATC) C TCTAGATATCGGGCCCTCGATCCGGTACTACTC . . 3" 5 7 16 M3
Liver oy CCGGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. .3 O 0 36 M4
5t GCCGGCTAGCTTCGATGCTGCAGTCTAGCCxGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC 3" 0 0 116 M4
5'. .GCCGGCTAGCT {TGAG)  CTCTACTCGAGCC ATC)C 'CCTCGATCCGGTACTACTC..3' 31 27 116 M2
5Ty G"‘CCGCTAGCTTCGATGCTGCAGTCTAGCCT [G ] GATCCCTCTRGATETCGGGCCCTCGATCCGGTACTACTC w3 8 0 16 M3
Kidney 5'..GCCGGCTAGCTTCGATGCTGCAGTCTAGCCTGAG GATCCCTCTAGATATCGGGCCCTCGATCCGGTACTACTC. 3" 0 0 33 M4

Fig. 2 Sequence analysis of NHEJ junctions. Joined products of
noncomplementary ends (5'-5" or 5'-3’) were eluted from the gel,
purified, PCR amplified and ligated in TA vector. Clones of interest
were screened by restriction enzyme digestion and used for sequenc-
ing. Sequences were aligned based on substrates and tissues.
a Features of NHEJ junctions derived from 5-5' noncompatible
ends. b Sequence characteristics of NHEJ junctions derived from
5'-3' noncompatible ends. The sequences denoted in red color are the
nucleotides deleted. The nucleotides deleted from the overhang are
indicated in brackets. The nucleotides in the middle column indicate

the sequences inserted at the junctions. Single nucleotide insertion
(blue) and point mutation (green) are also indicated. Nucleotides
indicated in bold are the microhomology sequences. Four major
modes of joining based on sequence analysis have been depicted as
M1, M2, M3 and M4 (refer to Fig. 7 for more details). M1 indicates
NHEJ junction due to removal of an overhang, followed by end-filling
of the other and ligation. M2 indicates that both the overhangs were
deleted, and resulting ends were ligated. M3 refers to the microho-
mology mediated joining. M4 refers to single-strand ligation of
overhangs followed by DNA synthesis and ligation
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Fig. 3 Proposed mechanism of NHEJ in rat tissues. a In the case of
5'-5' noncompatible ends, three different mechanisms are proposed.
In the first mechanism, one of the 5’ overhangs is deleted and the
second overhang is filled and then ligated. In the second mechanism,
both the 5’ overhangs are deleted and then ligated. In third
mechanism, the two ends are joined using microhomology. A stretch
of nucleotides are deleted from both the overhangs till microhomol-
ogy region is exposed. Then the two ends are ligated. b In the case of

from 5'-5' noncompatible ends, joining was by deletion of
AATT overhang, followed by end-filling of the other and
ligation (Fig. 2a, M1). The other two clones joined with
various length deletions (Fig. 2a, M2, M3). In the case of
junctions from 5’-3’ overhang substrates, 11/13 molecules
followed the standard mechanism described for testis
(Fig. 2b, M4). The other two junctions showed deletion
from one end each (Fig. 2b, M2, M3).

Sequencing of NHEJ junctions from heart tissue showed
that NHEJ mechanism differed from that of other tissues
with 6/14 junctions sequenced having longer deletions
(20 bp or more) (Fig. 2, M2, M3), among which three
molecules had insertions of 15 nt or more (Fig. 2, M2).
This suggested that NHEJ in heart was associated with
larger modifications. In the case of liver, NHEJ junctions
derived from 5-5" overhangs (12/14 cases) involved
deletion of 5" overhang followed by end-filling of the other
end and ligation (Fig. 2a, M1). Two clones had extended
deletion and insertions (Fig. 2a, M2). In the case of 5'-3’

5'-3’ overhangs, two mechanisms are proposed. In the first, both
overhangs are ligated resulting in single-strand break joining followed
by fill-in by DNA polymerase. Second mechanism is mediated by
microhomology as depicted in a. In both the panels, two independent
substrate molecules are shown using two different colors (maroon and
blue). Each double-stranded DNA molecule is represented as double
lines with overhangs. The newly synthesized regions are indicated,
and microhomology regions are indicated by a box

overhangs, joining also occurred mostly using the standard
mechanism (Fig. 2b, M4). Furthermore, 5/13 NHEJ junc-
tions of 5'-5" overhang had deletions of 17 bp or more in
the case of kidney (Fig. 2a, M2). Among these, four had
large insertions at the junctions. The 53’ overhangs joined
by single-strand ligation of overhangs followed by gap-
filling (Fig. 2b, M4). Thus, analysis of junctional sequen-
ces from rat tissues suggested that the mode of joining is
comparable in tissues with higher NHEJ efficiency, where
processing of ends was limited. In contrast, the tissues with
lower NHEJ efficiencies showed extensive alterations at
the junctions.

Immunodepletion of LIGASE IV and KU proteins,
and inhibition of DNA-PKcs affect the end-joining

The observed sequence characteristics of the joined junc-
tions indicate that the joining catalyzed by different
extracts occurs through NHEJ. To further test such a
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possibility, the major NHEJ proteins (LIGASE IV, KU70
and KU80) were immunoprecipitated and used for end-
joining assay. Testicular and lung extracts were selected for
immunodepletion studies as these showed maximum effi-
ciency for the NHEJ. When LIGASE IV-depleted extracts
were used for the assay, a significant reduction in NHEJ
was observed in the case of compatible, noncompatible and
blunt end substrates (Fig. 4a and Suppl. Fig. 4A, B).
Immunoprecipitation of KU70 also led to a dramatic
reduction in NHEJ, which is quantitated and presented
(Fig. 4b and Suppl. Fig. 4C, D). However, in the case of
KUR8O, the observed reduction was limited in the case of
testis compared to lungs (Fig. 4c and Suppl. Fig. 4E, F).
The observed difference in NHEJ efficiency upon immuno-
depletion of KU70 and KUSO in testis was surprising, since
they generally exist as a complex. Therefore, we compared
the immunodepletion efficiencies of KU70, KU80O and
LIGASE IV using western blotting. Results showed that
there was indeed a difference in the efficiency of IP
between the proteins, thereby explaining the observed
difference in NHEJ (Fig. 4d, e). Thus, our data suggest that
the joining was mostly dependent on LIGASE IV, KU70
and KUSO indicating the involvement of classical NHEJ. In
addition, we also found that, in the case of compatible
ends, immunodepletion of LIGASE IV, KU70, and KU80
led to a reduction in the linear multimers, whereas it
resulted in an increase in circularization (Fig. 4a, b and
Suppl. Fig. 5).

To corroborate our findings, we also used an inhibitor of
DNA-PKcs, LY294002, which has been used to study the
role of DNA-PKcs in NHEJ [34]. Then, 2 pg of cell-free
extracts was pre-incubated with LY294002 (50 pM) and
used for NHEJ reaction with 5'-5" noncompatible termini.
Results showed reduced joining in the case of testis, thy-
mus, spleen and lungs compared to control (Fig. 4f). Thus,
our data suggest that the rat tissues catalyze joining through
the NHEJ pathway.

Expression of NHEJ genes varies among rat tissues

The above studies suggested that the end-to-end joining
observed from different tissues is mediated through NHEJ.
Therefore, we were interested in testing whether the
observed difference in the efficiency of NHEJ between
tissues could be attributed to the differential expression of
NHEJ genes. Thus, we tested their expression, both at the
transcriptional and translational level. Semi-quantitative
RT-PCR using primers against Ku70, Ku80, Ligase IV,
Artemis and Xrcc4, was performed to study the expression
at RNA level (Fig. 5). Gapdh was used as an internal
control. Results showed that all the NHEJ genes analyzed
were expressed abundantly in testis and lungs when com-
pared to other tissues (Fig. 5, lanes 4, 10). Thymus also

showed elevated expression of Ligase IV, Artemis and
Xrcc4 compared to other tissues (Fig. 5, lane 6). Interest-
ingly, heart and liver had lowest expression of almost all
the NHEJ genes, especially Ligase IV (Fig. 5, lanes 12,
14). We noted that expression of Ku70 and Artemis was
detected in most of the tissues compared to other NHEJ
genes (Fig. 5).

Since we could find an interesting correlation between
expression of NHEJ genes at transcriptional level and
efficiency of NHEJ in different tissues, we further checked
the expression at translational level by immunoblotting.
GAPDH was used as a loading control since it is consti-
tutively expressed in all tissues (Fig. 6a; Suppl. Fig. 1B-D).
Results showed that all the NHEJ proteins analysed were
present in testis (Fig. 6a, lane 2). Importantly, lungs and
thymus also showed detectable expression of most of the
NHET] proteins (Fig. 6a, lanes 5 and 3). We could observe
expression of KU70 and ARTEMIS at the protein level in
almost all the tissues (Fig. 6a, b). In a previous study, it was
reported that KU70 is present in nuclei of all cell types of
testis except in early zygotene spermatocytes [51, 52].
Hence, the observed higher expression of KU70 in testis is
consistent with the above reports, although we have not
performed the study in isolated testicular cells or in nuclear
extracts. Expression of LIGASE IV and XRCC4 was found
to be lowest in spleen which may explain lower efficiency
of NHEJ. We also observed expression of key NHEJ pro-
teins in brain except for POLA, where the expression was
very low. Surprisingly, expression of many NHEJ proteins
was high in liver and kidney, in spite of very low activity.
This interesting observation is being investigated currently.
In the case of heart, most of the key NHEJ proteins were
highly expressed except for XRCC4 (Fig. 6a). We also
observed slight differences in the molecular weight of
XRCC4 indicating possible isoforms in different tissues.
pS53 is a tumour suppressor gene involved in activation of
DNA repair or apoptosis depending on the extent of DSBs.
The expression of p53 was highest in testis and lungs while
it was low in spleen, heart, liver and kidney. It was also
expressed at a lower level in brain and spleen (Fig. 6a, b). A
recent study suggesting regulation of NHEJ by BRCA1 [53]
prompted us to test its expression level in different tissues.
Results showed that expression of BRCA1 was highest
in heart. Its expression was also seen in kidney, liver
and testis, while it was undetectable in other tissues
(Fig. 6a, b).

We have observed lowest efficiency of NHEJ in heart,
despite the presence of all the NHEJ proteins (except
XRCC4). Therefore, we wondered whether expression of
XRCC4, a stimulating factor for LIGASE IV, plays a
critical role in regulating the NHEJ in heart. In order to test
the hypothesis, we performed NHEJ assay following
addition of purified recombinant XRCC4 protein to the
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Fig. 4 NHEJ assay following immunodepletion of DNA LIGASE
IV, KU70, or KU80 and incubation with DNA-PKcs inhibitor. DNA
LIGASE 1V (a), KU70 (b) and KUS8O (c) proteins were immunopre-
cipitated using respective antibodies from rat testicular cell extracts
using protein-G agarose. Then, NHEJ reactions were carried out with
substrates containing different DSBs. Products were resolved on a
denaturing PAGE. CE 5'-5' compatible ends, 5’NC 5'-5' noncom-
patible ends, 3’NC 5'-3’ noncompatible ends and blunt for blunt ends.
M is radiolabeled 50-bp ladder. Joined products of each lane were
quantified and presented as a bar diagram below respective panels.

d Western blot analysis of KU70, KU80 and LIGASE IV following
immunodepletion of the respective proteins. Tubulin is used as an
internal loading control. e Bar diagram showing comparison of
amount of proteins quantified from (d). f LY294002, a DNA-PKcs
inhibitor (50 ptM) was incubated with cell-free extracts (2 pg) of
brain, testis, thymus, spleen, lungs, heart, liver and kidney along with
5'-5' noncompatible overhang substrates and the NHEJ products were
analyzed as described above and products were quantified and
presented as a bar diagram
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Fig. 5 Semi-quantitative
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heart cell-free extract (Fig. 6¢). Interestingly, we found that
although addition of XRCC4 improved the efficiency of
NHEI in heart, it was still much lower when compared to
other tissues (Fig. 6d, e).

To further confirm the above observations inside cells,
we selected two key NHEJ proteins, LIGASE IV and
KU70, for immunostaining studies. Histological sections of
brain, testis, thymus, spleen, lungs, heart and kidney were
stained with appropriate antibodies. The results showed
that the expression level of KU70 was similar in all the
tissues analyzed, which was consistent with its expression,
both at transcriptional and translational levels (Fig. 7a). On
the other hand, the expression of LIGASE IV varied among
tissues and was higher in testis, thymus, lungs, kidney and
brain while it was lower in heart and spleen (Fig. 7b).
Hence, the expression of DNA repair proteins may play a
vital role in regulating NHEJ machinery in both germ and
somatic tissues.

Discussion

DSBs can occur naturally by normal physiological and
metabolic processes at a significant frequency. Besides,
exogenous factors also contribute to generation of DSBs in
different cells of an organism. Thus, DSB repair machinery
including NHEJ is active throughout the lifespan of a cell,
so that the integrity of the genome is restored to ensure the
survival of a cell. Previously, using a plasmid based cell-
free repair assay system, efficient NHEJ-mediated DSB
repair was reported in mice testis [43, 44]. NHEJ has also
been extensively studied in Xenopus oocytes [54-57].
Transformed monkey kidney cells have been used for
transfection studies to demonstrate NHEJ inside the cells
[33, 58]. Studies from somatic cells were based on cell
extracts prepared from various cell lines [29, 31, 34, 59-61].
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Although these studies have compared the efficiencies of
NHE]J, most of them were performed in isolation. More-
over, since cell lines are derived by transforming somatic
cells, they may not represent a physiological scenario [41].
In addition, although a cell line is developed from a par-
ticular cell of an organ, it might not necessarily behave the
same [39-42].

Lung extracts possess highest NHEJ while heart, liver
and kidney showed lowest activity

The comparison of NHEJ efficiency between different
tissues showed that, similar to testicular cells, lungs also
possessed an efficient NHEJ system. The NHEJ efficiency
of lungs was greater than any other somatic cells studied
(Table 1; Fig. 1). However, sequence analysis of NHEJ
junctions suggested that there was no major difference
in the mode of joining between lungs, testes, spleen and
brain.

Thymus also showed an efficient NHEJ, which is
expected as these cells are proficient in V(D)J recombi-
nation, the process by which T-cell receptor (TCR)
diversity is generated [62]. It is well established that NHEJ
seals the cleaved V, D or J ends during final phase of V(D)J
recombination [1]. Sequence analysis of junctions from
thymus showed extensive alterations in almost every
molecule studied (Fig. 2), as thymus possesses many
enzymes capable of bringing additional junctional diversity
during TCR rearrangement. Earlier studies have also
reported efficient NHEJ in calf thymus [63]. Similarly, the
observed NHEJ in spleen matches with its properties, as it
is a lymphoid organ, harboring B-cells, which undergo
class switch recombination [64]. Previous studies using
brain cells have also demonstrated an efficient NHEJ
using a plasmid-based system, which is consistent with our
results [46].
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Fig. 6 Western blotting showing expression of repair proteins in rat
tissues. Cell-free extracts were prepared from brain (B), testis (7),
thymus (7h), spleen (S), lungs (L), heart (H), liver (Lv) and kidney
(K) and resolved on SDS-PAGE. a Western blot analysis. 60 png of
extract proteins from rat tissues were resolved on a SDS-PAGE and
transferred to PVDF membrane. Appropriate antibodies were used
against DSB repair proteins to study the expression of KU70, KUS8O0,
DNA-PKcs, ARTEMIS, POL/, XRCC4, LIGASE IV, p53 and
BRCAI1. b Comparison of expression of proteins quantified from
the respective blot is shown as bar diagrams. ¢ SDS-PAGE profile
of purified XRCC4 protein. Bacterial cell lysate containing

Among the tissues studied, heart, kidney and liver
exhibited lowest NHEJ activity. This is surprising based on
the observation that kidney, heart and liver have efficient
expression of most of the NHEJ proteins. Since the cells in
these organs do not divide actively, it could be possible that
the cells with DSBs may be more easily tolerated. We also
wondered whether such a contradiction is due to presence
of some inhibitory factors, characteristic of certain cell
types with respect to joining, as these organs contain
mostly terminally differentiated cells. Very recently, we
noted that separation of proteins by fractionation of kidney

128 4 5 6

overexpressed XRCC4 was loaded on to a Ni-NTA column and the
fractions were collected. The purified protein was resolved on a
PAGE and stained with CBB. The image shown is in gray scale.
M Molecular weight ladder for proteins. d NHEJ assay on DSBs
containing 5" overhangs with compatible and non-compatible termini
using rat heart extracts following addition of purified XRCC4. Lanes
1, 4 DNA substrate; lanes 2, 5 substrate incubated with heart extract
and equivalent volume of dialysis buffer; lanes 3, 6 substrate
incubated with heart extract and purified XRCC4 protein. M*
Radiolabeled 50-bp ladder. e Bar diagram showing quantification
of NHEJ products obtained from 5’ compatible ends from (d)

extracts led to an elevated joining efficiency compared to
whole cell extracts (T.S.K. and S.C.R., unpublished data).
This is one reason which makes cell-free extracts a difficult
system for analysis of NHEJ. This may be due to factors
such as nuclear/cytoplasmic ratio, which may determine
how much ‘contamination’ occurs with other proteins rel-
ative to the level of NHEJ proteins. Nevertheless, there is
merit and value in knowing the overall level of apparent
NHEJ activity in crude extracts. This indicates that,
although joining efficiency can be correlated with expres-
sion of NHEJ genes, in the cases of kidney, liver and heart,
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KU70.
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f Heart

KU707

{
3

LIGASE IV

Fig. 7 Localization of KU70 and LIGASE 1V by immunostaining in
various rat tissues. Immunofluoroscence for KU70 (a) and LIGASE
IV (b) were carried out using respective anti-KU70 and anti-LIGASE
IV and FITC-conjugated secondary antibody (green) and nuclear stain
DAPI (blue). Images were taken at a magnification of x40. Tissues
used are a brain, b testis, ¢ thymus, d spleen, e lungs, f heart, and

NHEJ may be regulated at other levels, which needs to be
explored further.

In the case of heart, it is important to point out that there
is a major protein species at ~ 150 kDa that makes up a

C Thymus

DAPI d Spleen DAPI
L

g kidney. In each panel, upper left is secondary antibody alone
(control), upper right panel is stained with DAPI, lower left panel of
each set is positive immunostaining using FITC alone, while lower
right is the merged image. Liver tissue could not be analyzed due to
its high auto fluorescence

J Kidney

LIGASE IV

large percentage of the total extracts (Suppl. Fig. 1B, C). It
is unclear whether this protein has any role in regulating
NHEJ, and this is being investigated. Nevertheless, it is
apparent that other proteins including the ones for NHEJ
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would be proportionally lower in a specified quantity of
total protein cell extract due to the presence of the above
protein. In fact, this may contribute towards lower effi-
ciency of NHEJ in heart.

Inositol hexakisphosphate (IP6) has also been shown to
regulate NHEJ [65]. It could be possible that IP6 levels
vary between different tissues resulting in the observed
difference in efficiency of NHEJ. However, this needs to be
studied.

Mode of joining differs between tissues

Sequence analysis of NHEJ junctions of 5-5" noncom-
patible termini revealed three independent modes for
repair. Deletion of one overhang, followed by end-filling of
the second and ligation was the predominant mechanism in
all the tissues (Figs. 3a, M1 and 2a). In the second case,
both the overhangs were deleted independently, and the
resulting ends were ligated (Fig. 3a, M2). In the third
mechanism, 1- to 2-nt microhomology region was exposed
by exonuclease action, alignment followed by processing
of the flap region, possibly by ARTEMIS and then ligation
(Fig. 3a, M3). Three independent mechanisms were also
observed for 5-3’ noncompatible termini junctions. In
most tissues, single-strand ligation of overhangs followed
by gap-filling and ligation was the main mechanism
(Figs. 3a, M4 and 2a). The second mechanism involves
deletion of ends from both termini followed by joining
(Fig. 3b, M2). The third mechanism utilizes microhomol-
ogy as described (Fig. 3b, M3). It has been shown that
microhomology-mediated end joining uses DNA LIGASE
I and III, but not DNA LIGASE IV [66]. Since the length
of the microhomology region in the present study is
mostly 1-2 bp, it needs to be studied further whether the
observed microhomology-mediated joining is LIGASE
I/IT dependent. Another study had previously demon-
strated microhomology-mediated end joining in the case of
nuclear extracts derived from rat testis [67]. Generally, at
least two independent modes of mechanism operate for
each terminus examined for a particular tissue in our study.

Why would lungs possess better NHEJ efficiency
among somatic tissues?

Genomic insults acquired by lungs due to xenotoxic stress
are very high compared to other somatic tissues. Alveoli of
lungs are continuously exposed to oxygen, which itself
could be a source of DNA damage due to oxidative stress
[68]. In contrast to other somatic tissues, cells of lungs are
consistently exposed to different pollutants in the air,
which could induce DNA breaks. The constant exposure to
such mutagens would have helped lungs to evolve with an
efficient NHEJ system to repair DSBs.

The above hypothesis is further supported by the
observed elevated level of cancers related to lungs. Lung
cancer accounts for approximately 30% of all cancer-
related deaths. It is reported that lung cancer patients have
a lower DNA repair capacity in comparison to healthy
individuals [69]. In fact, non-small cell lung cancer
(NSCLC) has been associated with genomic instability,
which was due to polymorphism in DSB repair genes
emphasizing an active DSB repair machinery in lungs [70].
In a different study, it was also shown that suppression of
KU70 increases radio- and chemosensitivity in human lung
carcinoma cell lines [71]. Microsatellite genotyping study
indicated that polymorphism in DSB repair genes can
modulate lung cancer susceptibility and prognosis [72].
However, we do not find such an elevated NHEJ in the case
of liver, which is also exposed to a variety of xenotoxic
agents. As discussed above, this could be due to some other
factors regulating NHEJ, which is being investigated.

LIGASE IV dependent classical NHEJ is predominant
in rat tissues

Immunodepletion and inhibitor studies showed the
involvement of KU proteins, LIGASE IV and DNA-PKcs,
during NHE] activity. These proteins are involved in rec-
ognizing the ends, recruiting other proteins and ligation of
broken ends [8, 10, 14]. Hence, our results show that the
observed joining is LIGASE IV- and KU70-dependent
indicating dominance of classical NHEJ. Previously, it has
been shown that KU is very important for joining, since it
serves as an alignment factor for bringing the two DNA
ends together, in addition to its role in protecting the ends
of DSBs and thus increasing both the efficiency and
accuracy of NHEJ [17, 73-75]. Consistent with this
observation, in our studies, we find that most of the DNA
sequences of the joined junctions were preserved with
limited alterations, especially in tissues in which the
joining was efficient. We also noted that, generally, when
joining was low, there were more molecules with exten-
sive deletions. Hence, our study opens a new window for
correlation of the NHEJ pathway in various somatic
tissues and their genomic rearrangements due to endoge-
nous and exogenous damages, which could help in
understanding the mechanism of radiosensitivity and
thereby oncogenesis.
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