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ABSTRACT
DNA damage can be generated in multiple ways from genotoxic and physiologic sources.
Genotoxic damage is known to disrupt cellular functions and is lethal if not repaired properly.
We compare the transcriptional programs activated in response to genotoxic DNA damage
induced by ionizing radiation (IR) in abl pre-B cells from mice deficient in DNA damage response
(DDR) genes Atm, Mre11, Mdc1, H2ax, 53bp1, and DNA-PKcs. We identified a core IR-specific
transcriptional response that occurs in abl pre-B cells from WT mice and compared the response
of the other genotypes to the WT response. We also identified genotype specific responses and
compared those to each other. The WT response includes many processes involved in lymphocyte
development and immune response, as well as responses associated with the molecular mechan-
isms of cancer, such as TP53 signaling. As expected, there is a range of similarity in transcriptional
profiles in comparison to WT cells, with Atm-/- cells being the most different from the core WT
DDR and Mre11 hypomorph (Mre11A/A) cells also very dissimilar to WT and other genotypes. For
example, NF-kB-related signaling and CD40 signaling are deficient in both Atm-/- and Mre11A/A

cells, but present in all other genotypes. In contrast, IR-induced TP53 signaling is seen in the
Mre11A/A cells, while these responses are not seen in the Atm-/- cells. By examining the similarities
and differences in the signaling pathways in response to IR when specific genes are absent, our
results further illustrate the contribution of each gene to the DDR. The microarray gene expression
data discussed in this paper have been deposited in NCBI’s Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) and are accessible under accession number GSE116388.
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Introduction

DNA double-strand breaks (DSBs) are generated by
endogenous and exogenous sources. One exogenous
source of DSB damage is ionizing radiation (IR),
which has been shown to disrupt many cellular func-
tions. The response to radiation-induced DNA
damage must be detected and repaired rapidly or
this damage can lead to detrimental health effects
such as cell death or cancer. Upon exposure to DNA
damage, multiple highly regulated and complex
responses are induced that can regulate cell cycle
arrest, chromatin remodeling, DNA repair, or death
of the affected cells [1,2]. In mammalian cells, the

network of damage responses includes detecting and
removing the DNA lesions and allowing the cells to
progress and survive without mutations, or elimina-
tion of cells that cannot be repaired properly. There
are multiple levels at which proteins are involved in
this cascade of signaling events that can alter the out-
come of the damage-response network, such as sen-
sing the damage, transducing the signal, and
mediating or effecting interactions with other mole-
cules [3,4]. Proteins such as those in the MRN com-
plex (MRE11, RAD50 and NBS1) sense the damage
and initiate a rapid response [5–7]. A family of serine/
threonine kinases, known as phosphatidylinositol
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3-kinase-related kinases (PIKKs), are the major trans-
ducers of the DNA damage signals, and these activate
mediator and effector proteins, which direct and exe-
cute functional outcomes in the damage response.
Ataxia-telangiectasia mutated (ATM), ataxia-telan-
giectasia mutated and RAD3-related (ATR), and
DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs/Prkdc) are PIKKs, ATM being the pri-
mary responder toDSBs,which promote the hierarch-
ical accumulation of remodeling and repair factors on
the chromatin that surrounds the DSB sites. Beyond
the phosphorylation from these kinases and their tar-
gets, additional posttranslational modifications such
as ubiquitylation [8,9] and sumoylation provide essen-
tial information in the complex regulation of the cas-
cade of events in the DNA damage response (DDR)
[2,10,11]. Mediators of the response include BRCA1,
TP53, TP53-binding protein 1 (53BP1) and mediator
of DNA damage checkpoint 1 (MDC1). The variant
histone, H2AX, is a downstream target of activated
PIKKs, and the phosphorylated form, γ-H2AX, facil-
itates binding of these proteins to chromatin sur-
rounding the break site. 53BP1, MDC1 and BRCA1
bind without γ-H2AX, but do not remain bound to
the DSB site. MDC1 association is dependent on
ATM-mediated phosphorylation of histone H2AX,
which then facilitates the binding of ubiquitin ligases.
53BP1 binding also depends on accumulation of
MDC1 and ubiquitin ligases. The tumor suppressor
protein TP53 is highly inducible by IR through direct
ATMactivation and inhibition of theMDM2E3 ligase
[12]. Once stabilized, TP53 can induce cell cycle arrest,
apoptosis, or senescence, depending on the cell type
and conditions. TP53 deficiency leads to an increased
frequency of homologous recombination (HR) [13]
and chromosomal abnormalities in the presence or
absence of external genotoxic damage, suggesting
TP53 function in maintaining genomic stability
under physiological conditions [14,15].

DNA repair can be carried out through the non-
homologous end joining pathway (NHEJ) or the HR
repair pathway. NHEJ is the predominant method of
DSB repair in mammalian cells and occurs through-
out the cell cycle, while HR is the preferential method
of repair for DSBs formed in S phase. The relative
dynamics of the accumulation and competition of
different DSB repair proteins at break sites may be
an important aspect in determining which pathway
will be chosen for an individual replication-associated

DSB lesion [16–19]. For example, RNF169, an E3
ubiquitin ligase, negatively regulates the E3 ubiquitin
ligase RNF8/RNF168-dependent signaling response
to DSBs, thus competing with 53BP1 and RAP80-
BRCA1 for recruitment toRNF168-modified chroma-
tin [18]. 53BP1 binding to chromatid breaks blocks
HR and promotes NHEJ at the level of resection
[20,21]. Thus it may be that by competing with
53BP1 and RAP80 for binding to chromatin near
DSBs, RNF169 may function to channel repair to the
more error-free HR pathway [18,19].

In developing B cells, NHEJ is particularly impor-
tant as it is required for the repair of DNA double-
strand breaks associated with the normal physiologic
Rag endonuclease-associated process of V(D)J recom-
bination, a process important for lymphocyte devel-
opment. In the cell culture system used in this study,
mouse pre-B cells are transformed with v-abl
(described in Supplemental Materials and Methods,
referred to as abl pre-B from here on). Chen et al. [22]
and Klug et al. [23], together, demonstrate that v-ABL
protein suppresses NF-kB and REL activity as well as
RAG-1 and RAG-2 expression, thus suppressing at
least two essential pathways utilized at this light
chain gene rearrangement stage of B-cell differentia-
tion. For examination of the RAG-induced breaks
associated with recombination, the cells are abl-inac-
tivated using an abl kinase inhibitor, STI571, thus
removing the abl “proliferative” signal and allowing
increased RAG endonuclease activity (in an
Artemis-/- background), as well as the activation of
NF-kB as the cells enter an arrest in the G1 phase of
the cell cycle. Using this system, we previously exam-
ined the RAG endonuclease-induced transcriptional
profile of abl pre-B cells in the G1 phase of the cell
cycle and identified a core lymphocyte-specific tran-
scriptional response [24] that is common to both this
physiologic response and IR-induced genotoxic
breaks in the G1 phase of the cell cycle [25]. As
described in the latter paper, we found that genotoxic
damage induces pathways and genes associated with
B-cell activation, increasedproliferation, andoxidative
stress responses, as well as increased expression of the
microRNA miR-155. Alterations in many pathways
through transcriptional regulation are known to be
involved in the generation of neoplasia, as well as
immune disorders, including those just mentioned.

In our current study, we examine the signaling
that is activated in the presence of DNA breaks
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resulting from exposure to ionizing radiation. We
first investigated the IR-induced genotoxic DNA
damage response in wild type (WT) cycling devel-
oping B-cells. These cells normally remain in pro-
liferative growth due to the strong abl signal,
causing cells to remain in the lymphocyte differ-
entiation process at the stage of Ig light chain gene
rearrangement.

We then examine differences and similarities in
the transcriptional response to IR-induced damage
in cycling cells that come from mice deficient in
different genetic components of DSB DNA
damage response (DDR) pathways, including
Atm, 53bp1, H2ax, Mdc1, Mre11 and DNA-PKcs/
Prkdc (Scid). Atm-/- cells have a deficiency in the
major DDR PIKK, ATM, which responds to DNA
DSBs and signals in both HR and NHEJ repair
pathways, while Scid cells have a deficiency in the
NHEJ pathway. MRE11, 53BP1, and MDC1 are
important in sensing and mediating the damage
response and H2AX is an important component of
the DNA damage complex at the site of the DSBs.

Immune defects are a common characteristic
for most of these deficient genotypes. Scid, Atm-,
H2ax-, Mdc1-, and 53bp1-deficient mice share
the characteristic of lymphopenia, though the
specific mechanisms or level of deficiency are
not always the same [26–28]. One source of
lymphopenia is that lymphocyte progenitors
cannot complete V(D)J recombination success-
fully, including the process of NHEJ, causing an
absence of or deficiency in mature lymphocytes
in those cells. For example, Prkdcscid mice have
a specific impairment of differentiation of stem
cells into mature lymphocytes, resulting in
a severe depletion of lymphoid cells [29]. Abl-
transformed pre-B cells from Prkdcscid, Atm-/-,
and Mre11A/A mice have been shown to have
abnormal rearrangements of immunoglobulin
and T cell receptor genes [30–32]. Mice deficient
in 53BP1 show defects in class switch recombi-
nation (CSR) [33,34], and mice deficient in
H2AX were found to have a 50% reduction in
B and T lymphocytes, also with defects found in
CSR [35]. An MDC1 deficiency results in less
severe defects than H2AX or 53BP1 deficiencies
[36]. In addition to lymphopenia, a number of
these genotypes are prone to lymphomas,
including Atm-/- and, to a lesser extent,

53bp1-/- mice [37]. One aspect of the response
to DNA damage is the interaction of different
proteins involved at the site of a break. There is
a considerable amount of information in the
published literature on the processes occurring
at the DNA damage site, including what happens
when defects in each of these genotypes exist
[2,9,11,28].

It is a combination of these responses to DNA
damage from both physiological and genotoxic
sources that generate the phenotypic characteristics
associatedwith deficiencies of each of these genotypes.
We examine broad aspects of these processes by com-
paring the global transcriptional responses to
a genotoxic source of DNA damage, IR, in the same
cell type from different deficient genotypes under the
same conditions. Comparing the responses in these
different lines may shed light on the roles of each
specific protein and potential redundancies of func-
tionality in the DDR. We couple this with an evalua-
tion of the G2/M checkpoint response, a hallmark
response to DNA damage in wild type cells, in order
to shed light on the integrity of the genetic network
regulatingDNAdamage responses in developing lym-
phocytes. Understanding the roles each gene plays in
the response could identify potential drug targets for
the treatment of neoplasia, lymphopenia and other
immune deficiencies in people with mutations of
DNA damage response genes.

Materials and methods

Cell lines and culture

Pre-B cell lines were derived frommice that harbored
the Eμ-Bcl2 transgene and different genemutations or
no mutation [30] and were v-abl transformed as
described in supplemental materials and methods.
Cells were maintained in suspension in Dulbecco’s
modified Eagle Medium (DMEM), high glucose,
(11960–077, Invitrogen, Grand Island, NY) supple-
mented with 10% fetal bovine serum (12476–024,
Invitrogen), 1X Sodium Pyruvate (11360–070,
Invitrogen), 1X Non-Essential Amino Acids (11140–
050, Invitrogen), 1X L-Glutamine (25030–081,
Invitrogen), and 0.0004% β-mercaptoethanol. For IR
treatment, logarithmically growing cells plated ~48 hr
earlier, were exposed to γ-rays from a 137Cesium
source at a rate of 0.72 Gy/min for a final dose of 1 Gy.
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G2/M checkpoint assay

For determination of their G2/MDNA damage check-
point function, cells were collected 2, 4 and 6 hr after
exposure to 1 Gy IR and fixed in 70% ethanol for
15 minutes at room temperature, followed by storage
at 4°C. For the flow cytometric checkpoint assay, cells
were rinsed with PBS, exposed to 0.2% triton X-100 in
PBS for 20 minutes on ice, resuspended in 100 μl IFA
(10mM HEPES, pH 7.4, 150 nM NaCl, 4% FBS, 0.1%
sodium azide) with anti-phospho-histone H3 (Ser 10)
(1:25; 9706, Cell Signaling, Danvers, MA) and incu-
bated 2 hr at room temperature, rinsed in IFA, resus-
pended in 100 μl anti-mouse FITC-conjugated in IFA
(1:250; 715-095-151, Jackson Immunological
Laboratories, West Grove, PA) and incubated for
30 minutes at room temperature in the dark, rinsed
with IFA and stained with Propidium iodide (1:250;
P3566, Invitrogen) and RNase (1:250; 1119915,
Boehringer Mannheim) in IFA for at least 15 minutes
on ice in the dark. Cells were analyzed in a Becton
Dickinson FACSort flow cytometer. A reduction of the
percentage of cells in mitosis, as quantified by the
percentage of cells with phosphorylated histone H3
(pHH3), was used as a measure of G2/M checkpoint
function.

RNA isolation

For RNA analysis, cells were collected 2 hr after
exposure to 1 Gy IR and flash frozen. For microar-
ray, RNA was isolated using a Qiagen RNeasy kit
(Qiagen, Germantown, MD) following the manufac-
turer’s protocol, including the addition of DNase.

Microarray hybridization and data analysis

Isolated total RNA was submitted to the NIEHS
Microarray Core facility for microarray analysis.
Gene expression analysis was conducted using
Affymetrix Mouse Genome 2.0 GeneChip arrays
(Mouse 430 v2). One microgram of total RNA was
amplified as directed in the Affymetrix One-Cycle
cDNA Synthesis protocol. Fifteen micrograms of
amplified biotin-complementary-RNAswere fragmen-
ted and hybridized to each array for 16 h at 45°C in
a rotating hybridization oven using the Affymetrix
Eukaryotic Target Hybridization Controls and proto-
col. Array slides were stained with streptavidin and

phycoerythrin using a double-antibody staining proce-
dure, and then washed using the EukGE-WS2v5 pro-
tocol of the Affymetrix Fluidics Station FS450 for
antibody amplification. Arrays were scanned in an
Affymetrix Scanner 3000 and data was obtained
using the GeneChip Operating Software (Version
1.2.0.037). The resulting data were processed and ana-
lyzed using Partek Genome Suites (Partek® Genome
Suites software, version 6.6beta Copyright © 2009
Partek Inc., St. Louis, MO, USA). Intensity values
from the Affymetrix files were imported into Partek
separately for each genotype using RMA background
correction and Quantile Normalization (3 control and
3 irradiated samples per genotype). To eliminate back-
ground low expression variability, all intensity values
were floored to 120 and probe sets with no more than
120 in any of the 6 samples were eliminated for that
genotype. An analysis of variance (ANOVA) was per-
formed between the control (0 Gy) and irradiated
(1 Gy) samples. Associated p-values were generated
by Partek to identify differentially expressed probe
sets for each genotype. Combined with a fold change
ǀFCǀ≥ 1.5, a p-value of≤ 0.05was used to generate a list
of differentially expressed probe sets for each genotype.

Pathways analyses

We used two programs to generate pathway informa-
tion, Ingenuity Pathway Analysis (IPA) (https://www.
qiagenbioinformatics.com/products/ingenuity-path
way-analysis) and Gene Set Enrichment Analysis
(GSEA) [38]. IPAcontains lists of genes for established
signaling and metabolic pathways. IPA was used to
examine altered canonical pathways based on differ-
ential gene expression using pre-determined cutoffs of
significance level. Over-representation of a pathway is
determined regardless of up- or down-regulation of
gene expression within the pathway’s set of genes. For
our analysis, theWT genes used to generate data were
based on lists generated using FC and p-value signifi-
cance (1.5 and 0.05), as described above. Pathways
were considered significantly over-represented if
they had a p-value of ≤ 0.005 (-Log10 ≥ 2.3). GSEA
utilizes knowledge-based data sets represented in the
GSEA Molecular Signatures Database, MSigDB.
MSigDB collections include 8 major categories of
gene sets with thousands of sub-collections. We
chose to narrow our analyses to curated gene sets
from Biocarta, KEGG and Reactome Pathways.
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GSEA includes genes that may not meet the threshold
for statistical significance based on pre-determined
criteria, but when acting together, they may have
relevant biologic meaning in cellular processes. The
gene lists we used for GSEA included all probe sets
with an intensity of > 120 in any of the 6 samples for
that genotype but without any fold change or p-value
limits, resulting inmuch larger lists thanwere used for
IPA. GSEA calculates enrichment scores, and subse-
quent statistical significance values (FDR q-value),
that reflect ranking of differential expression of genes
between, in this study, unirradiated and irradiated
microarray-generated data for each genotype and dis-
tribution of the gene rankwithin a GSEA gene set. For
our study, pathways were considered significantly
enriched if they had a false discovery rate (FDR)
q-value of ≤ 0.10. An additional feature of GSEA is
that the gene sets are separated into those that are up-
regulated or down-regulated following IR based on
the direction of expression changes of each probe set.
We used both programs for validation of each other
from multiple database sources. GSEA added the
potential to reveal pathways that might not have sig-
nificant differential regulation of specific genes but
may have relevant biologic meaning in cellular pro-
cesses when a group of genes is acting together.

Results

Ionizing radiation induces a transcriptional
program in WT murine abl pre-B cells that
includes cell cycle regulation and immune
activation signaling

Utilizing Affymetrix whole mouse genome gene
expression microarrays, we collected gene expression
data from wild type abl pre-B cells exposed to either
0 Gy (control treatment) or 1Gy of IR. In order to
identify significant changes in gene expression after
IR-induced DNA damage we utilized a combination
ofANOVAgenerated p-values and fold change cutoffs
(p≤ 0.05; ǀFCǀ≥ 1.5).We identified 128 probe sets that
were significantly changed after IR-induced DNA
damage in WT cells (Supplemental Table 1). From
the 128 probe sets there were 88 known genes (Table
1), each represented by 1 to 3 significantly regulated
probe sets. Of these, 58 are induced and 30 are
repressed. Using IPA based on the 128 probe sets
and GSEA based on 19,711 probe sets, we identified

a broad range of pathways that had significant
responses to IR-induced genotoxic DNA damage in
these WT cells. Figure 1(a) shows some of these over-
represented IPA canonical pathways affected, while
Figure 1(b) shows some of the 24 enriched GSEA
pathway gene sets with genes up-regulated after IR.
Supplemental Table 2 shows the 64 IPA significant
pathways and the genes associated with each pathway

Table 1. 88 Differentially regulated known genes in WT cells
2 hours after exposure to 1 Gy IR, 58 induced and 30 repressed.
Values are fold change of gene expression 2 hr after exposure
to 1 Gy IR compared to 0 Gy controls based upon 1, 2* or 3^
significant probe sets for a given gene. Values are averaged for
the multiple probes if more than 1 probe set was found to be
significant. See Supplemental Table 1 for a list of all 128 probe
sets.
Gene Symbol Fold Change Gene Symbol Fold Change

Nfkbie 4.05 Nudt5 1.60
Cd69 4.05 Def6 1.60
Slc19a2* 3.41 Batf 1.59
Relb 3.37 Sdhaf1 1.59
Enc1* 3.17 Mtmr14 1.56
Cd40^ 3.17 Ei24 1.55
Nfkb2 3.10 Snx20 1.55
Polk 2.92 Oxld1 1.53
Icam1 2.88 Nfkbib 1.53
Phlda3 2.80 Mettl6* 1.51
Sesn2 2.50 Sac3d1 1.51
Swap70* 2.49 Mybl2 1.51
Pvt1* 2.46 Cdc34 1.51
Cdkn1a* 2.38 Thyn1 1.50
Fchsd2 2.34 Jakmip1 −1.50
Igk-C/Igk-J1/Igk-V28* 2.24 Traf5 −1.51
Mdm2* 2.15 Spry2 −1.52
Rnf169 2.13 Eef2k −1.52
Gtse1 2.13 Mylip −1.53
Nfkbia* 2.10 Filip1l −1.54
Mobkl2a 2.08 Mapre2 −1.54
Birc3 2.07 Ptger4 −1.54
Lrdd 2.06 Peli1 −1.55
Ccng1^ 2.05 Lpar1* −1.55
Notch1 2.03 Ccdc69 −1.55
Bbc3 2.00 Trappc13 −1.57
Ddit4 1.97 Fam65b −1.57
Trio 1.91 Etv5 −1.57
Ccnf 1.80 St8sia4 −1.59
Aen 1.79 Vegfc −1.62
Prkcd 1.78 Antxr2 −1.65
Fam129c 1.75 Pcf11 −1.66
Tcfe3 1.72 Cdc42ep3 −1.66
Btg2* 1.72 Elk3* −1.70
Tbc1d10a 1.71 Ifit2 −1.72
Fam212b 1.71 Tnfsf11 −1.74
Bcl2l11* 1.70 Atp8a1 −1.74
Gimap6 1.69 Dtl^ −1.77
Il12a 1.67 Ceacam1* −1.79
Plekho2 1.66 Tiparp* −1.83
Trp53inp1 1.65 Phf17 −2.02
Atg16l2 1.63 Rasgrp1 −2.05
Sde2 1.62 Zfp367 −2.06
Ier5* 1.60 Slain1 −2.23
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and Supplemental Table 3 shows the 24 enriched
GSEA pathway gene sets with the associated genes
listed. Due to the different analytical approaches for
determining genes associated with the pathways (see
Materials and Methods), we see overlapping and dis-
tinct genes associated with the significantly enriched/
over-represented pathways, as well as overlapping and
distinct pathways using these different analytical tools.
Combining the two, we discern patterns of transcrip-
tional regulation. An over-riding feature of the signif-
icant IPA pathways is up-regulation of NF-kB
signaling, from Nfκb2 and Relb, as well as NF-kB
inhibitors (Nfκbia, Nfκbib, and Nfκbie). The CD40
signaling pathway is themost significant IPA pathway
for WT abl pre-B cells, which includes NF-kB signal-
ing as well as Cd40 and Icam1 transcriptional activa-
tion. ICAM1, intercellular adhesion molecule 1, has
roles in cell adhesion and viral entry, as well as in
signal transduction associated with a pro-inflamma-
tory response to mediators such as cytokines, hor-
mones, and cellular stresses, including those
generated by reactive oxygen or nitrogen species.
Dendritic Cell Maturation (IPA) is another significant
pathwaywith up-regulationof Icam1,Cd40, Il12a, and
Nfκb2 as players in this immune cell maturation pro-
cess. We see up-regulation of additional genes asso-
ciated with activation of immune cells, including
Swap70, Notch1, and Cd69. In summary, we see tran-
scriptional regulation that is associated with

lymphocyte-specific development, maturation, and
immunological responses to external stimuli due to
exposure to the genotoxic IR-induced DNA damage.

Another strongly represented area of signaling
in response to IR is through the transcription
factor TP53. We are aware that it has been
shown that mutations in Tp53 are involved in
a subset of < 50% of abl-transformed pre-B isolates
[39]. We have not examined the TP53 status of the
abl pre-B cells we use, however, we do see tran-
scriptional profiles that suggest TP53 is activated
at the transcriptional level in all genotypes except
Atm-/-. In IPA, the TP53 signaling pathway is
significantly over-represented and in GSEA the
KEGG and Biocarta TP53 pathways are signifi-
cantly enhanced. Genes significantly up-regulated
in these pathways include some that have been
associated with cell cycle and checkpoint regula-
tion (p21/Cdkn1a, Mdm2, Ccng1) and apoptosis
(Bbc3/Puma, Trp53inp1/Sip, Lrdd/Pidd). Since
GSEA includes a broader set of genes, it picks up
patterns that would not be detected using only the
selected significant genes used for IPA. The GSEA
TP53 Signaling Pathways include genes that are
up-regulated and affect cell cycle arrest (p21),
apoptosis (Bbc3, Ei24/Pig8), DNA repair and
damage prevention (Gadd45, Sesn2), and TP53
negative feedback (Mdm2, Ccng1) or localization
(Gtse1) (see Supplemental Table 3 for gene list).

Figure 1. Selected significantly affected signaling pathways over-represented in WT cells exposed to 1 Gy IR. A) A selection
of the top Ingenuity Pathways Analysis Canonical Pathways (-log10 (p-value) shown on X axis) that passed a cutoff of p ≤ 0.005
(-log10 ≥ 2.3). B) A selection of the top enhanced GSEA Pathway Gene Sets (FDR q-value ≤ 0.10).
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As a biological “endpoint” we examined cell cycle
checkpoint function. TP53 is involved in control of the
G1/S-phase checkpoint [40–43] and the G2/M-phase
arrest following IR. TP53 is involved in the G2/M
transition, although it is not required for the early G2
checkpoint response [44–50]. The G2/M checkpoint is
characterized by an ATM-dependent early response to
IR, which can be measured by pHH3, as we did here,
and a late response that results in ATM-independent
G2/M accumulation. We performed checkpoint ana-
lyses and show activation of both G1/S and G2/M
checkpoints. Figure 2 shows that following IR, the
percentage of cells with phosphorylated histone H3
(pHH3, a measure of cells in mitosis) is reduced to
2.5% of the unirradiated controls at 2 hr, with a release
intomitosis evident at 4 hr (66.8% of unirradiated) and
full recovery at 6 hr (116.7% of unirradiated). While
the G1/S checkpoint generated following this low-dose
of IR is not as strong, we see a reduction to 39.2% of the
unirradiated cells 8 hr following IR (Supplemental
Figure 1). Thus, in agreement with some of the gene
expression changes observed, there is checkpoint acti-
vation at both G1/S and G2/M in these cells.

Following an investigation of the WT response,
we analyzed how disruption of the major signaling
proteins and pathways change the DSB response.
In order to accomplish that, we treated cells from
Atm-/-, 53bp1-/-, H2ax-/-, Mdc1-/-, Mre11A/A, and
Scid mice in the same way we treated the WT cells.
The same analyses of gene expression changes

following IR were performed and comparisons
generated of transcriptional changes and asso-
ciated pathway representation. In addition, check-
point assays were performed on cells from each of
the different genotypes as they were for WT cells.

Checkpoint activation as a biological
representation of the IR response of each
genotype

As mentioned above, WT abl pre-B cells have
a strong G2/M checkpoint at 2 hr, with a return
to normal cycling levels of pHH3 by 6 hr following
IR. They also have a reduction of cells in early
S phase 8 hr following IR that indicates activation
of the G1/S checkpoint, though not as strong as
the G2/M checkpoint. We examined the G2/M
checkpoint function for each of the genotypes
and show these responses in Figure 2. All cells
were in logarithmic growth phase at the time of
irradiation. The G2/M checkpoint is based on
a measure of phosphorylation of histone H3. Low
percentage values represent a strong checkpoint. It
can be seen in Figure 2 that most genotypes have
a strong G2 checkpoint response at 2 hr following
IR, with the notable exception of an attenuation in
Atm-/- and Mre11A/A cells, and, to a lesser degree,
in H2ax-/- cells. What differs from WT cells in all
genotypes is the recovery seen at 4 and 6 hours

Figure 2. G2/M checkpoint response in WT cells exposed to 1 Gy IR: comparison of genotype specific responses to the WT
response. Cells were collected 2, 4 and 6 hr after exposure to 1 Gy IR and stained with anti-phospho-histone H3 (Ser 10) to
determine the percentage of cells with pHH3 at each time point, indicative of the delay of cells in G2.
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post IR treatment, suggesting unrepaired DNA
damage at these later times in all genotypes except
WT. Mdc1-/-, Scid and 53bp1-/- cells have very
poor reentry into mitosis. H2ax-/- cells have
recovered to the level of Mre11A/A and Atm-/-
cells by 6 hr but at 4 hr they were still intermediate
in their progression into mitosis. From these data
it appears that Atm-/- and Mre11A/A cells are most
like each other in this G2/M checkpoint response
and most dissimilar to WT at 2 hr, H2ax-/- cells
are intermediate, and Scid, Mdc1-/- and 53bp1-/-
cells are most similar to each other but dissimilar
to WT in their recovery. Similar observations have
been made by others [51], such as an intact G2/M
checkpoint but delayed exit in 53bp1-/- cells [37].

Supplemental Figure 1 shows G1/S checkpoint
responses 8 hr following IR. The percentage of cells
in early S phase, determined by exposure to BrdU
between 6 and 8 hr after IR, was compared between
genotypes. The values are percentage of BrdU-positive
cells in early S phase after 1 Gy IR/percentage after no
irradiation, thus representing a holding of cells at the
G1 checkpoint and a clearing from early S at this

snapshot in time. Here we see that H2ax-/- and
Atm-/- cells have a tendency toward an attenuated
G1/S checkpoint as compared to WT cells. The most
striking difference fromWT is the stronger clearing of
early S phase in theMdc1-/- cells, with an intermediate
response of the Scid and 53bp1-/- cells in that direction.

Differences in gene transcription and signaling
pathways between the genotypes suggest
complex signaling with many redundant
pathways

The fold-change values between IR-treated and
untreated cells for each genotype for the 128 WT
response probes sets were clustered with the WT
values (Figure 3). The clustering pattern from all
genotypes is almost identical to that with just the
WT probe sets, with the exception of Mre11A/A and
Atm-/-, withMre11A/A intermediate between Atm-/-
and the remaining genotypes. Supplemental Table 4
shows the fold change values of the 128 probe sets in
all cells in cluster order. Those in bold type are
significant by both fold change and p-value. To

Figure 3. Differentially regulated probe sets in WT cells exposed to 1 Gy IR: comparison of genotype specific responses to
the WT response. The fold change values, based on average genotype intensity levels from 1 Gy/0 Gy exposure, were generated
and compared to those that were significant in WT cells based on a p-value cutoff of p ≤ 0.05 and a fold change ǀFCǀ ≥ 1.5. The fold
change values were hierarchically clustered to determine the similarities and differences between the genotypes based on the 128
significant probe sets of the WT response to IR. Fold change values in this cluster for non-WT genotypes are not necessarily
significant for that genotype based on p-value or fold change cutoffs.
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examine signaling at a broader level, we compared
the WT significantly affected IPA pathways to those
of each genotype. For this comparison, IPA -log10
(p-values) were determined for each probe set for
each genotype based only on the 128 WT probe sets
utilizing a 1.5 FC cutoff (regardless of p-value). The
64 pathways determined to be significant at a cutoff
of p ≤ 0.005 (-log10 (p-value) ≥ 2.3) in the WT cells
were clustered using these genotype-specific gener-
ated -log10 (p-values) (Figure 4). Negative log10
(p-values) are listed in Supplemental Table 5. In
this clustering pattern we see a very strong separa-
tion of the Mre11A/A and Atm-/- cells from the
remaining genotypes, without the intermediate
response of the Mre11A/A cells. The reason for this
is that the Mre11A/A cells share similarities with the
WT cells only in ATM signaling, TP53 signaling, and
several Cancer signaling pathways. The remaining
WT affected pathways are insignificant, as they are in
the Atm-/- cells. The WT cells are separate from the
remaining 4 genotypes, H2ax-/-, Scid, Mdc1-/- and
53bp1-/-, which are most similar to each other.

GSEA pathway FDR q-values were determined
based on all probe sets that passed a 120 minimum
intensity cutoff specifically for each genotype. The 24
GSEA pathways are all the WT Biocarta, KEGG and

Reactome pathways determined to be significant at
a cutoff of FDR q-value ≤ 0.10. The GSEA generated
FDR q-values for each genotype specifically for these
24 pathways were clustered (Figure 5). The q-values
are listed in Supplemental Table 6. In all 3 of these
clusters (IR-induced fold change, IPA pathways and
GSEA pathways) the genotypes with the most dissim-
ilar response to theWTcells areAtm-/- andMre11A/A,
these being most like one another. The other geno-
types are somewhat similar to each other but showing
distinct differences from the WT cells in their defi-
ciencies in responding to DNA damage.

Ionizing radiation induces a different
transcriptional program in each genotype of
murine abl pre-B cells

In addition to the above comparisons to the WT
cell response, we examined the transcriptional
response to IR of each genotype separately to
provide insight into signaling that may differ
based on the absence of a specific DNA damage
response gene in these cultured abl pre-B cells
regardless of the WT IR response. We combined
all significantly differentially regulated probe sets
for all 7 genotypes, a total of 411, and generated

Figure 4. Ingenuity Pathways that met a p-value cutoff of p ≤ 0.005 in WT cells: comparison of WT response to the
remaining 6 genotypes. The Ingenuity Canonical Pathway -log10 (p-values) generated for each genotype were compared for the
64 pathways that were significantly over-represented in WT cells based on a p-value of ≤ 0.005 (= -log10 (p-value) of 2.3). The -log10
(p-values) were clustered to determine the similarities and differences between the 7 genotypes based on the WT response to IR.
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a table of fold change values. These were clustered
to examine the similarities and differences between
the genotypes (Supplemental Figure 2). This gave
very similar results to what we saw when cluster-
ing the genotypes using just the WT response
genes. We also generated a list of Ingenuity
Canonical Pathways from each genotype’s own
list of differentially regulated probe sets. We then
combined each of these 71 IPA pathways that had
a significance of at least a -log10 (p-value) of 2.3 in
any one of the 7 genotypes. The -log(p-values)
were clustered to observe similarities and differ-
ences (Supplemental Figure 3 and Supplemental
Table 7). It should be noted that the IPA pathway
significance values are not necessarily the same
when the different size probe sets are analyzed
(128 WT only vs. 411 all genotypes).

We also examined GSEA, as we did for the WT
genotype, generating a probe set list for each gen-
otype that passed the intensity cutoff of 120. This
resulted in probe set lists ranging from 16,845 to
19,711. Significant GSEA gene sets are based on
a false discovery rate (FDR) q-value cutoff of
q ≤ 0.1. We combined the 85 significant gene

sets with up-regulated genes (Supplemental
Figure 4(a), Supplemental Table 8) and 15 with
down-regulated genes (Supplemental Figure 4(b,
c), Supplemental Table 9) from all 7 genotypes.

Using this type of comparison, we can identify
particular pathways that may be unique to a specific
genotype (Table 2). While the fold change of the
individual genes in these categories is not statistically
significant, there is a group of associated genes that
together have a level of altered expression following IR
that GSEA found to have a FDR q-value ≤ 0.1. For
example, there is a group of categories uniquely up-
regulated after IR in the Atm-/- cells that is partially
driven by changes in guanine nucleotide binding pro-
teins (G proteins) and adenylate cyclases. Another
example appears to be the PI3K-ERBB and PIP3-
AKT responses in Mdc1-/- cells. Interestingly, the
down-regulation data is driven by cell cycle regulation
and progression associated pathways in the Scid cells.
Although to a lesser extent, the Mdc1-/- cells share
many of the same responses as Scid cells, and the
53bp1-/- cells share the G2/M and Activation of
ATR in response to replicative stress categories. We
speculate that the down regulation of genes involved

Figure 5. Gene Set Enrichment Analysis Pathways that met a FDR q-value cutoff of q ≤ 0.1 in WT cells: comparison of WT
response to the remaining 6 genotypes. The GSEA Pathway FDR q-values generated for each genotype were compared for the 24
up-regulated pathways that were significant in WT cells based on a q-value of ≤ 0.1. The q-values of each genotype, each based on
their own probe set list, were clustered to determine the similarities and differences between the 7 genotypes based on the WT
response to IR.
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in these pathways is related to the poorer release from
the G2/M checkpoint and cell cycle progression seen
in these 3 cell lines (see Figure 2). The 53bp1-/- cells
also have unique down-regulation of genes in 3 path-
ways: B-Cell ReceptorActivation byAntigens,HDAC,
and RHO GTPase signaling. RHO signaling has been
linked to themitotic phase of cell division [52] and it is
possible that this pathway is linked to the extendedG2
arrest of the 53bp1-depleted cells, or possibly death of
mitotic cells; cause or effect being unknown. The
involvement of RHO in the DNA damage response
was reviewed in Fritz et al. [53] and RHO inhibition
has been studied as a pharmacological target influen-
cing IR-induced toxicity in radiation oncology
care [54].

In Table 2 we provide an overview of some of the
global transcriptional responses to IR in the same cell
type from different DNA damage response gene-defi-
cient lines under the same conditions to shed light on
the integrity of the genetic network regulating DNA
damage responses in developing lymphocytes. This
table shows genotype specific similar and variable
categories of responses based on both IPA and
GSEA pathways in any of the 7 cell lines, including
some that are unique to one genotype.

Discussion

WT response to IR

We examined whole genome transcriptional
changes and checkpoint control in response to IR
exposure in WT abl pre-B cells. As seen previously
in G1 phase abl pre-B cells, we observed genes that
were differentially regulated similarly to those
regulated following physiological Rag-induced
DSBs. These include a range of genes, such as
Cd40, Cd69, Icam1, Swap70, and Nfκb, and path-
ways related to immune processes [24,25].
Utilizing IPA and GSEA we identified significantly
altered immune associated pathways with this
DNA damage response. Based on these findings,
we see transcriptional regulation that is associated
with lymphocyte-specific development, matura-
tion, and immunological responses to external sti-
muli due to exposure to the genotoxic IR-induced
DNA damage.

The regulation of NF-kB signaling, both in the
NF-kB family members and their inhibitors, is

a strong determinant in a number of the signifi-
cantly affected pathways. This signaling through
a variety of dimeric protein complexes plays
a key transcriptional role (activation and repres-
sion) in inflammation and development, and
incorrect regulation is associated with immune
defects, cancer and other chronic diseases.
Among the known inducers of NF-kB activity are
ionizing radiation, reactive oxygen species (ROS)
and bacterial products. We also see up-regulation
of several NF-kB inhibitors, Nfκbia, Nfκbib and
Nfκbie, which are known to act in a feedback
loop to regulate NF-kB expression. The members
we see transcriptionally differentially regulated in
the abl pre-B cells are primarily Nfκb2 (p100/p52)
and Relb. NF-kB signaling has been classified into
canonical (p50/RELA and p50/c-REL heterodi-
mers) and non-canonical signaling [55]. The
dimerization of p52 with RELB falls into the
non-canonical signaling pathway, which has been
shown to be linked to canonical NF-kB signal-
ing [56].

CD40 is one of the known NF-kB inducers and
can be a stimulating factor in both the canonical or
non-canonical signaling pathways. Our data reveal
up-regulation of Cd40 in WT cells following expo-
sure to IR with “CD40 Signaling” being the most
over-represented IPA pathway. CD40 signaling is
known to regulate B-cell activation and differen-
tiation events as well as mediate dendritic cell
maturation and antigen presentation. Resulting
activation of NF-kB signaling involves post-trans-
lational control by the MAP kinase NIK, which
regulates p100 processing through phosphoryla-
tion and the action of E3 ubiquitin ligases
[55,57]. BIRC3 (cIAP2) is one of the ubiquitin
ligases involved in the fine-tuning of NF-kB acti-
vation and Birc3 is up-regulated in response to IR.
Intercellular adhesion molecule-1 (Icam1) is an
example of an inflammatory response gene up-
regulated following IR exposure and known to be
induced by a number of transcription factors, the
most important of which is NF-κB. Icam1 is up-
regulated in response to a variety of inflammatory
mediators and its expression is primarily increased
through gene transcription [58]. Lymphotoxin
b (LTB) is another inducer of the inflammatory
response system and is involved in normal lym-
phoid tissue development. LTB is regulated by
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multiple transcription factors, including NF-kB,
and this pathway is also up-regulated in response
to IR. However, it remains to be determined if
there is in fact inducible processing of p100 to
p52 in these abl pre-B cells.

We also found strong TP53 activation in multi-
ple TP53-regulated responses: cell cycle arrest
(p21), pro- and anti-apoptosis (Lrdd, Bbc3), DNA
repair and damage prevention (Sesn2), and its own
feedback regulation (Mdm2, Ccng1). Sestrin 2
(SESN2) is an example of a protein involved in
protection against oxidative stress [59], a known
consequence of IR exposure, and subsequent con-
trol of protein synthesis associated with DNA
repair following IR-generated DNA damage [60].
Similarly, TP53INP1, a major player in the oxida-
tive stress response, has a TP53-dependent regula-
tory function that allows for transcription of p21,
Sesn2, Bbc3 and Bax, resulting in subsequent G1
cell cycle arrest and ROS detoxification [61].

NF-kB and TP53 are both key transcription
factors that mediate responses to cellular stress.
They are often thought of as having distinct
roles, NF-kB acting for pro-survival and having
a prominent role in the immune system, and
TP53 associated with death and cell cycle arrest.
There are also increasing studies showing coopera-
tive regulation in inflammatory and DNA damage
responses. Understanding the interactions is com-
plicated by differences in cell type and study con-
ditions. Our hypothesis was that by comparing the
signaling in abl pre-B cells from mice with multi-
ple genetic defects in DNA damage signaling
under the same irradiation treatment condition,
broader understanding of possible interactions
could be gained at a pathway level, thus identifying
potential alternative pathways for repair or survi-
val that could play a role in lymphoid diseases and
increase our understanding of the underlying
molecular mechanisms of these diseases, with the
potential for aiding in improving therapeutic
strategies.

Comparison of DNA damage responses in abl
pre-B cells deficient in various DDR signaling
genes to WT response

The most striking difference seen between the 7
genotypes in comparison to each other is the

separation of Atm-/- and Mre11A/A cells from the
rest. The disease associated with hypomorphic
mutations in MRE11 is Ataxia-telangiectasia-like
disease (ATLD) [62]. There are similarities in the
cellular phenotypes and clinical presentations of
A-T and ATLD [62,63], as well as differences,
including a more normal TP53 response in ATLD
cells [62]. They have in common progressive cere-
bellar degeneration but differ in that there is an
absence of telangiectasias in ATLD and progression
of the symptoms is slower. While A-T is character-
ized by immunodeficiencies, ATLD patients show
normal levels of total IgG, IgA and IgM, although
patients with ATLD show a measurable immuno-
deficiency [64]. It has been shown that components
of the MRN (including MRE11) complex act both
upstream and downstream of ATM in the
DNA damage response pathway, explaining the
resemblance of the two disorders [7,65]. Cellular
characteristics of both mutant cell lines include
inappropriate DSBs responses, chromosomal
abnormalities, hypersensitivity to IR, radioresistant
DNA synthesis, and defective S-phase checkpoint
[62]. Because of the rarity of the disorder it is not
known if there is an increased risk of developing
cancer with ATLD, however Mre11ATLD1 hypo-
morph mice do not develop lymphomas [66],
while Atm-/- mice develop thymic lymphomas
and die early from their tumors [67,68]. Studies
utilizing Mre11ATLD1 hypomorph mice have pro-
vided insight into this very rare disease.
Theunissen et al. [66] compared cellular IR-
response characteristics of Mre11A/A hypomorph
and Atm-/- cells and found many similarities,
though generally less severe in Mre11 cells, includ-
ing trans-rearrangements between TCR ß and γ loci
in thymi, G1/S and G2/M phase checkpoint defects
in MEF cells, chromosomal abnormalities, and
abrogated CHK2 phosphorylation in MEFs and
thymocytes. They also found differences, including
normal TP53 stabilization and p21 induction in
Mre11 cells, whereas TP53 stabilization was
reduced in Atm-/- thymocytes compared to WTs
[69,70] and apoptotic death of thymocytes was sig-
nificantly lower in Atm-/- cells than WT cells but
close to WT levels in Mre11A/A cells. Taken
together, Theunissen et al. show similar, but less
severe, defects in Mre11 hypomorph mice com-
pared to Atm-/- mice regarding checkpoint and
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DNA recombination in response to IR exposure,
indicating that the effect of MRE11ATLD1 on ATM
activity is incomplete. It is possible that
MRE11ATLD1 proteins have some residual function-
ality that affects ATM activation or that there are
activities that depend on ATM but not MRE11. The
fact that Mre11ATLD1 hypomorph mice can survive
but mice null for MRE11 do not [71] supports the
former possibility.

Our data support these findings in that
Mre11A/A cells are more similar to Atm-/- cells
than the remaining genotypes in G2/M check-
point function (Figure 2) and transcriptional reg-
ulation (Supplemental Table 4), and we see that
Atm-/- and Mre11A/A cells are most dissimilar
from all other genotypes. In most pathways
(Supplemental Tables 5 and 6), the Mre11A/A

cells are very similar to the Atm-/- cells. Two
exceptions are that the ATM pathway and TP53
pathway are over-represented in all genotypes
except Atm-/-, including the Mre11 hypomorphs.
A number of pathways are intermediate between
Atm-/- and WT cells in the Mre11 hypomorphs,
including several cancer signaling pathways and
PI3K/AKT signaling. Pathways such as NF-κB
and CD40 signaling discriminate Atm-/- and
Mre11A/A from the remaining genotypes. Based
upon significantly differentially regulated probes
from both of these genotypes, neither shows
changes in Nfκb or Nfκb inhibitors and NFκB
signaling is not significant based on the IPA or
GSEA pathway analyses, indicating that ATM and
MRE11 are on the same pathway in NF-κB reg-
ulation. There is a well-established association of
ATM regulation of NF-κB signaling but it has not
previously been shown that NF-κB signaling is
also MRE11-dependent (in this context).

In a broader overview of the comparison of the
remaining genotypes, Scid, Mdc1-/-, 53bp1-/- and
H2ax-/-, we see the most similarity to WT cells in
H2ax-/- cells at the overall differential regulation
of genes, whereas Scid and 53bp1-/- cells are most
like each other. In IPA and GSEA pathway ana-
lyses these four genotypes are closest to each
other, and then to WT cells. Mdc1-/-, Scid, and
53bp1-/- cells have similar G1/S and G2/M check-
point patterns. As mentioned previously, Cano
et al. [61] suggest that TP53 and TRP53INP1
could act synergistically on cell cycle progression

by inducing a G1 checkpoint, and to delay
S-phase progression. Significant up-regulation of
Trp53inp1 and Sesn2 is seen in WT cells, as well as
a very similar or greater fold change in Scid,
53bp1-/- and Mdc1-/- cells following IR. It may
be possible that the increased Trp53inp1 expres-
sion is associated with the G1 arrest equivalent to
or stronger than WT cells seen in these 3 cell
lines.

Comparison of DNA damage responses in abl
pre-B cells deficient in various DDR signaling
genes to each other and WT

We also compared significantly differentially regu-
lated gene expression changes from all 7 genotypes
(Supplemental Figure 2) to examine signaling that is
based on the absence of any of the DNA damage
response genes as well as the WT response. This
expanded the differentially regulated probe sets
from 128 to 411, resulting in changes in IPA and
GSEA pathway results. Like the hierarchical cluster
of all 7 genotypes comparing expression of the genes
differentially regulated inWT cells (Figure 3),Atm-/-
and Mre11 hypomorph cells are most dissimilar to
the remaining genotypes, WT and H2ax-/- cells are
most similar, and 53bp1-/-, Mdc1-/-, and Scid cells
are intermediate. This is the same pattern seen with
the IPA Pathways hierarchical cluster (Supplemental
Figure 3). In an overall comparison of the GSEA
significant pathways we see many pathways affected
in other cells lines that are not seen in the WT cells
(Supplemental Figure 4(a) for pathways with up-
regulated genes and 4(b) for pathways with down-
regulated genes, both showing the visual cutoff at
FDR q-value of 0.1, which is the level of significance
in our evaluations). This is most obvious in the Scid
cells, particularly in GSEA pathways down regulated
after IR. Supplemental Figure 4(c) shows the visual
cutoff of 0.25 for easier comparison of the genotypes.
DNA-PK is critical in replication and the pathways
we see down-regulated are cell cycle associated path-
ways, in agreement with our G1/S and G2/M check-
point results. Mdc1-/- cells have a similar pattern,
although not statistically significant in most of the
pathways (Supplemental Figure 4(c)). Both of these
cell lines appear to “shut down” and not be progres-
sing through the cell cycle (Figure 2 and
Supplemental Figure 1). As discussed above, these
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associations are similar to observations made when
comparing Scid, Mdc1-/- and 53bp1-/- cells to WT
cells, possibly because these genotypes share intact
ATM signaling in response to unrepaired DNA
breaks, resulting in cessation of cell cycle progression
at multiple phases of the cell cycle.

In summary, we have examined transcriptional
responses and cell cycle checkpoint responses to IR
in cell lines lacking functional DNA damage
response genes and have shown a range of differ-
ences in comparison to the WT response. This
demonstrates the complexity of the interactions of
key DNA damage response proteins in responding
to DNA breaks. Further studies evaluating genotype-
specific translational and post-translational events
associated with these transcriptional profiles will be
needed to expand knowledge of the complex DNA
damage response. Understanding the potential alter-
native pathways utilized by cells with these muta-
tions that allow them to continue to survive, despite
a potentially lethal amount of damage, could provide
additional understanding to the complex phenotypes
of lymphopenia and immunosuppression.
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