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Abstract
Ankyrin repeat and LEM-domain containing protein 1 (ANKLE1) is a GIY-YIG endonuclease

with unknown functions, mainly expressed in mouse hematopoietic tissues. To test its

potential role in hematopoiesis we generated Ankle1-deficient mice. Ankle1Δ/Δ mice are via-

ble without any detectable phenotype in hematopoiesis. Neither hematopoietic progenitor

cells, myeloid and lymphoid progenitors, nor B and T cell development in bone marrow,

spleen and thymus, are affected in Ankle1Δ/Δ-mice. Similarly embryonic stress erythropoie-

sis in liver and adult erythropoiesis in bone marrow and spleen appear normal. To test

whether ANKLE1, like the only other known GIY-YIG endonuclease in mammals, SLX1,

may contribute to Holliday junction resolution during DNA repair, Ankle1-deficient cells were
exposed to various DNA-damage inducing agents. However, lack of Ankle1 did not affect

cell viability and, unlike depletion of Slx1, Ankle1-deficiency did not increase sister chroma-

tid exchange in Bloom helicase-depleted cells. Altogether, we show that lack of Ankle1
does neither affect mouse hematopoiesis nor DNA damage repair in mouse embryonic

fibroblasts, indicating a redundant or non-essential function of ANKLE1 in mouse.

Introduction
Ankyrin-and LEM-domain containing protein 1 (ANKLE1) is a GIY-YIG-type endonuclease
conserved from Caenorhabditis elegans [1] to man [2]. It is a member of the LAP2-Emerin-
MAN1 (LEM)-domain containing protein family [3], defined by the presence of the LEM
motif, a bi-helical structure that mediates interaction with the chromatin protein Barrier-to-
Autointegration Factor (BAF) [4]. The mammalian genome contains seven genes encoding
LEM-domain proteins, most of which are transmembrane proteins of the inner nuclear mem-
brane. The well characterized integral membrane proteins of the LEM protein family, LAP2,
Emerin, MAN1 and LEM2, are involved in a variety of nuclear functions, including nuclear

PLOSONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 1 / 20

a11111

OPEN ACCESS

Citation: Braun J, Meixner A, Brachner A, Foisner R
(2016) The GIY-YIG Type Endonuclease Ankyrin
Repeat and LEM Domain-Containing Protein 1
(ANKLE1) Is Dispensable for Mouse Hematopoiesis.
PLoS ONE 11(3): e0152278. doi:10.1371/journal.
pone.0152278

Editor: Zhongjun Zhou, The University of Hong
Kong, HONG KONG

Received: December 23, 2015

Accepted: March 12, 2016

Published: March 24, 2016

Copyright: © 2016 Braun et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the Austrian
Science Fund (FWF grant P22569-B09) to RF, and
the Herzfelder’sche Familienstiftung to AB. JB was
supported by a doctoral program grant I031-B from
the University of Vienna. The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152278&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152278&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0152278&domain=pdf
http://creativecommons.org/licenses/by/4.0/


architecture and mechanical stability, (hetero-)chromatin organization and the regulation of
several signaling pathways and gene expression [3, 5–7].

In contrast to these inner nuclear membrane LEM proteins, ANKLE1 is soluble and con-
tains a GIY-YIG endonuclease domain at its C-terminus that nicks and cleaves double stranded
DNA in a BAF-dependent manner [2]. GIY-YIG motifs are found throughout evolution in all
branches of life including phages, bacteria and eukaryotes, within selfish, mobile DNA ele-
ments, known as homing endonucleases that spread in the genome and were therefore inte-
grated into various protein domains [8]. Nevertheless the only other so far identified GIY-YIG
domain protein in mammals is the Holliday junction-resolving nuclease SLX1 [8] that is part
of the homologous recombination (HR) repair pathway [9]. HR-mediated repair of DNA dou-
ble strand breaks in somatic cells occurs during S/G2 phase, as it is dependent on the availabil-
ity of sister chromatids serving as template for the damaged strand, where strand exchange
leads to the formation of Holliday junctions [10]. While Holliday junctions between homolo-
gous chromosomes in meiotic cells can lead to cross-overs required for genomic diversity,
somatic cells depend on error-free DNA double strand break repair through the dissolution of
Holliday junctions by the BTR complex, consisting of Bloom helicase, topoisomerase IIIα,
RMI1 and RMI2 [11]. SLX1 in association with the scaffolding protein SLX4 and a second
endonuclease complex, MUS81/EME1, and the resolvase GEN1 resolve Holliday junctions that
escape dissolution by the BTR complex, ensuring faithful chromosome segregation, however
on the expense of introducing DNA breaks that can lead to both non-crossover and cross-over
reactions [11].

Furthermore, it has been suggested that other still unknown components may be involved
in the repair mechanisms, since C. elegansmutants lacking the known Holliday junction-
resolving nucleases SLX1, MUS81 and GEN1, still retain resolvase activity [12]. Lem-3, the C.
elegans orthologue of ANKLE1 may be a candidate [12], as worms expressing an endonucle-
ase-dead version of Lem3 are more sensitive towards DNA damage caused by the DNA cross-
linker cisplatin or UV-light [1]. The high redundancy of resolvases in the processing of
Holliday junctions may also account for the observation that mice lacking SLX1 [13] or
MUS81 [14] are viable, fertile and develop without gross defects. Nonetheless, on the cellular
level, both Slx1-/- andMus81-/- fibroblasts show increased sensitivity towards DNA interstrand
crosslinking reagents.

In this study we generated an Ankle1-deficient mouse model to investigate the physiological
role of ANKLE1 in mouse and its potential function in DNA repair. Based on our previous
findings that Ankle1 is predominantly expressed in hematopoietic tissues in human, we
hypothesized that ANKLE1 may primarily function in hematopoiesis and we performed a
comprehensive phenotypic analyses of the hematopoietic system in Ankle1Δ/Δ-mice.

Results
Human ANKLE1 is most abundantly expressed in bone marrow and fetal hematopoietic tis-
sues [2]. To test if Ankle1’s tissue specific expression is conserved in mouse, we isolated mRNA
from tissues of 8 weeks old mice and performed semi-quantitative end point PCR (Fig 1A).
Murine Ankle1 expression is tissue specific, however less restricted compared to human tissues.
Highest expression was detected in hematopoietic tissues including bone marrow, spleen and
thymus, but colon, liver, ovary and testis also showed significant mRNA expression (Fig 1A
and 1B). As shown previously [2], various antibodies that detect recombinant ANKLE1
expressed in mammalian cells failed to detect endogenous ANKLE1 protein in those cells and
tissues that showed abundant Ankle1mRNA expression even after enrichment by immunopre-
cipitation, suggesting that ANKLE1 protein levels are extremely low and/or strictly regulated.

ANKLE1 Endonuclease Dispensable for Hematopoiesis

PLOS ONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 2 / 20



In order to get insight into potential in vivo functions of ANKLE1 in mice we generated an
Ankle1-deficient mouse model. We obtained C57BL/6N embryonic stem (ES) cells from the
EUCOMM project in which the Ankle1 gene was constitutively inactivated by targeting the
locus with a deletion cassette consisting of a LacZ reporter gene under the transcriptional con-
trol of the endogenous Ankle1 promoter and a neomycin resistance gene under the control of a
β-actin promoter (Fig 2A and S1A Fig). We confirmed the correct targeting of the construct to
the Ankle1 locus using long-range PCR (S1B Fig) in ES cells and in Ankle1+/- mice and verified
the single integration of the targeting cassette by Southern Blots against the neomycin resis-
tance gene (S1C Fig). Subsequently, we generated an Ankle1-deficient mouse strain lacking the
resistance cassette (Ankle1Δneo) by crossing the original Ankle1+/-mice with C57BL/6J CRE del-
eter mice, and a strain lacking the complete deletion cassette (Ankle1Δ) by crossing with
C57BL/6J FLP-deleter mice (Fig 2A and S1A Fig). The depletion of the cassettes by the recom-
binases was checked and monitored for several mouse generations by PCR (S1A and S1D Fig).

Ankle1-deficient mice from all three strains are viable and show no obvious defects, gain
weight (Fig 2C) and have a life span (Fig 2D) similar to wild-type controls. However, in hetero-
zygous pairings of Ankle1- and Ankle1Δ strains we observe a discrepancy between the observed
and expected Mendelian birth ratio with reduced numbers of homozygotic Ankle1- deficient
pubs, while the birth ratio of the strain carrying the LacZ reporter gene only (Ankle1Δneo)
appeared normal (Fig 2B). In addition E 13.5 d Ankle1Δ/Δ embryos of heterozygous pairings
were undistinguishable from their littermates, and pairings of Ankle1Δ/Δ mice that themselves
were born in reduced numbers in the heterozygous pairings, yielded normal litter sizes of up to
12 pubs. Therefore we speculate that the threshold for embryonic lethality may also depend on
small changes in the gene locus and /or genotype-independent factors.

Our expression analysis (Fig 1) showed that Ankle1 is highest expressed in bone marrow,
spleen and thymus, tissues that are essential for processes in hematopoiesis, such as hematopoi-
etic stem cell differentiation and erythro- and lymphopoiesis. These processes require an effi-
cient DNA repair machinery that includes several endonucleases [15–21]. We therefore tested,
whether the endonuclease ANKLE1 is required in hematopoiesis by analyzing the composition

Fig 1. Expression of Ankle1 in murine tissues. (A) Representative end point PCR from tissue cDNA, Actin andGapdh serve as loading control; (B)
Quantitative real time PCR, samples are normalized to Ankle1 expression in primary mouse embryonic fibroblasts (MEFs), 3� n� 5, error bars: standard
deviation.

doi:10.1371/journal.pone.0152278.g001
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of the hematopoietic progenitor repertoire, erythropoiesis and B and T cell development in the
Ankle1-deficient mice using flow cytometry.

First we tested, if the hematopoietic stem and progenitor cell repertoire is affected by loss of
Ankle1 in 9–10 months old mice (Fig 3). Bone marrow cells were stained with antibodies

Fig 2. Ankle1 knock-out mousemodel. (A) Schematic drawing of the Ankle1wild-type locus with exons 1 to 9, the knock-out allele carrying the complete
deletion cassette (Ankle1-) consisting of FRT recombination sites (semi circle), splice acceptors site (En2 SA), Internal Ribosome Entry Site (IRES), LacZ
gene (LacZ), polyadenylation site (pA), loxP recombination site (triangle), β-actin promoter (β -act.-p.) and aminoglycoside phosphotransferase gene (neo)
and the knock-out allele after CRE-recombination (Ankle1Δneo) carrying the reporter gene cassette only and the knock-out allele after FLP-mediated
recombination (Ankle1Δ); (B) Birth statistics of different Ankle1-deficient mouse strains (for organization of the genomic locus see Fig 2A) from heterozygous
pairings, for determination of statistical significant differences between the observed and the expected birth ratios (25%wildtype, 50% heterozygous, 25%
knock-out) a Chi square test was performed, p�0.05 statistical significant, p�0.01 very statistical significant; (C) Weight of Ankle1+/+ and Ankle1Δ/Δ animals
1–4 months and 4–8 months old, paired students t-test, statistical significance p�0.05, 17� n� 19; (D) Survival curve for Ankle1+/+ and Ankle1Δ/Δmice, log
rank (Mantel-Cox) test p = 0.11, n = 18.

doi:10.1371/journal.pone.0152278.g002
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against lineage markers (Lin), c-Kit and Sca-1 to quantify KLS cells, representing a mixture of
hematopoietic stem cells and progenitor cells [22]. In addition, we quantified common myeloid
progenitors (CMP) (Fig 3B) and common lymphoid progenitors (CLP) (Fig 3C), which are
often reduced in DNA damage repair-deficient mice [21]. All compartments showed a normal
cell number as compared to the wild-type controls indicating that Ankle1-deficiency has little
or no effect on hematopoietic stem and progenitor cell differentiation.

Fig 3. Flow cytometric analysis of early hematopoietic development in 9–10 months old Ankle1Δ/Δ mice. (A) Representative dot plot of lineage
negative bone marrow cells (BMCs) of an Ankle1+/+ and an Ankle1Δ/Δ mouse and relative quantification of the KLS cells (c-Kit+ and Sca-1+, boxed) depicted
in a scatter plot; (B) Representative dot plot of c-Kit+ Lin- IL7Rα- Sca-1- BMCs of an Ankle1+/+ and an Ankle1Δ/Δ mouse and relative quantification of the
boxed, CD16/32low CD34+ commonmyeloid progenitors (CMPs) in a scatter plot; (C) Representative dot plot of IL7Rα+ Lin- BMC of an Ankle1+/+ and an
Ankle1Δ/Δ mouse and relative quantification of the c-Kit+ Sca-1+, common lymphoid progenitors (CLPs) depicted in a scatter plot; scatter plots indicate the
mean (n = 5), error bars: standard deviation, paired students t test was used for determination of statistical significant differences (p�0.05).

doi:10.1371/journal.pone.0152278.g003
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B- and T cells both originate from the CLPs and are generated in bone marrow and thymus,
respectively. During their differentiation both lineages undergo genomic rearrangements in
their lymphoid receptor loci, requiring endonucleases for DNA cleavage and subsequent repair
of the lesions [15, 20, 23]. Unsuccessful rearrangements lead to the depletion of the subsequent
developmental stages. Furthermore, precursor B and T cells undergo a massive clonal expan-
sion during their differentiation process, also requiring an efficient DNA repair machinery
[16]. To test, whether these processes are affected in Ankle1-deficient mice, we quantified the
number of B cell progenitors before and during the rearrangement process (B220+ IgM-) and
immature B cells (B220+ IgM+) after rearrangement in the bone marrow (Fig 4A), as well as
mature B cells in spleen (Fig 4C) in 8 weeks old mice. Precursor T cells were isolated from thy-
mus and stained with CD25 and CD44 or CD4 and CD8 antibodies to determine the number
of cells before, during and after the first and second T cell receptor chain rearrangement (Fig
4B). Also the frequency of mature CD4+ and CD8+ T cells in spleen was determined (Fig 4D).
In all cases, the number of B and T cells at the analyzed developmental stages in Ankle1-defi-
cient mice were comparable to those of their wild-type littermates, suggesting that B- and T
cell development in a pathogen-free environment are not affected.

Next we turned to erythroid lineage development. Erythropoiesis is located mainly in bone
marrow but also in the spleen of adult mice and is strictly dependent on genomic integrity [17].
Fetal erythropoiesis starting from day 12.5 of embryonic development onward in liver shows a
similar sequence of differentiation steps as in adult erythropoiesis. Stages of erythroid differen-
tiation can be identified by the expression of the surface markers CD71 and TER119. We ana-
lyzed erythroblast differentiation in bone marrow and spleen in 9–10 months old mice by flow
cytometry (Fig 5B and 5C). R1 to R4 populations represent four consecutive stages in erythro-
blast differentiation. Relative quantification of each stage did not reveal any signs of a differen-
tiation block in erythropoiesis in Ankle1Δ/Δ mice, indicating that ANKLE1 is not required for
steady-state erythropoiesis in bone marrow and spleen. Embryonic erythropoiesis differs from
steady-state erythropoiesis in adults due to the rapid growth of embryos requiring excessive
generation of new erythrocytes to supply the newly formed tissues with sufficient oxygen, and
resembles an in vivo genotoxic stress condition [24]. Because mild phenotypes in erythropoie-
sis often manifest in stress responses and we have observed a decrease in Ankle1-deficient pubs
in litters of heterozygous parents, we hypothesized that ANKLE1 may be important for embry-
onic stress erythropoiesis. Hence we analyzed erythroblast differentiation in fetal liver on
embryonic day 13.5. At this developmental stage only a few cells are fully differentiated and
most erythroblasts are found in differentiation stage R3, in which CD71 is still highly expressed
and TER119 fully upregulated (Fig 5A). Despite the high proliferation rates in embryonic
erythropoiesis, we detected normal differentiation patterns in Ankle1-deficient embryos show-
ing that ANKLE1 is not required in this process resembling geneotoxic stress conditions, and
therefore unlikely to be the cause for the partial embryonic lethality of Ankle1 knock-out mice
in heterozygous pairings.

Altogether, we did not observe any defects in the hematopoietic system of Ankle1-deficient
mice under normal and genotoxic stress conditions, although we cannot fully exclude that it
may have a role in erythropoiesis under specific circumstances. Thus we concluded that
ANKLE1’s role in normal erythropoiesis is redundant or that ANKLE1 has a hematopoiesis-
independent function.

Small nucleotide polymorphisms within the human Ankle1 gene have been associated with
increased risk for certain forms of breast and ovarian cancer [25–27]. Given the fact, that
ANKLE1 is a GIY-YIG endonuclease [1, 2, 8] and the only other so far identified protein with a
GIY-YIG domain in mammals is the resolvase SLX1, which is involved in the resolution of
Holliday junctions after HR, we hypothesized that ANKLE1 may have a similar resolvase
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Fig 4. Flow cytometric analysis of lymphoid differentiation in 8 weeks old Ankle1Δ/Δ mice. (A) Representative dot plots of B cell progenitors (B220+

IgM-) and B cells (B220+ IgM+) in white blood cells (WBC) from bone marrow of an Ankle1+/+ and an Ankle1Δ/Δ mouse and relative quantification of the B220+

IgM- and B220+ IgM+ cells in a bar graph; (B) Representative dot plots of consecutive developmental stages of T cell progenitors in thymus of an Ankle1+/+
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and an Ankle1Δ/Δmouse and its relative quantification; Relative quantification of (C) B220+ and (D) CD4+ and CD8+ WBCs in spleen; error bars: standard
deviation, paired students t test was used for determination of statistical significant differences (p�0.05), n = 5.

doi:10.1371/journal.pone.0152278.g004

Fig 5. Flow cytometric analysis of erythroid differentiation in Ankle1Δ/Δ mice.Cells were labeled with antibodies against Ter119 and CD71 (A)
Representative dot plots of fetal liver cells from Ankle1+/+ and Ankle1Δ/Δ embryos (E 13.5), regions 1–5 (R1–R5) represent five erythroid maturation stages,
bar graphs show the percentage of labeled cells in each differentiation stage, n litter = 3; Representative dot plots of (B) Bone marrow and (C) Splenic cells
from an 9–10 months old Ankle1+/+ and an Ankle1Δ/Δmouse, regions 1–4 (R1–R4) represent four erythroid maturation stages, bar graphs show the
percentage of labeled cells in each differentiation stage, n = 5; error bars: standard deviation, students t test was used for determination of statistical
significant differences (p�0.05).

doi:10.1371/journal.pone.0152278.g005
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function in DNA repair. First, we tested whether Ankle1-deficient cells are more sensitive
towards genotoxic stress than wild-type controls. We isolated primary mouse embryonic fibro-
blasts (MEFs) (E13.5) and performed DNA damage response analyses after their first passage
in culture. Without any treatment the growth rates of wild-type and Ankle1Δ/Δ MEFs were
undistinguishable within 4–5 cell divisions (Fig 6A). Exposure of the cells to Camptothecin,
Cisplatin, Mitomycin and Hydroxyurea for 72 h as well as a single exposure to UV light after
which the cells were cultured for 72 h leads to similar survival rates in wild-type and Ankle1-
deficient cells (Fig 6B–6E). In order to monitor the response of the cells to long-term DNA
damage we immortalized wild-type and Ankle1 knock-out MEFs and performed clonogenic
assays in the presence of Bleomycin, Camptothecin, Cisplatin and Mitomycin (Fig 6F–6I) over
the course of 10 to 14 days, continuosly challenging the cells' DNA damage repair machinery.
However, Ankle1-deficient MEFs did not exhibit an enhanced sensitivity towards any of the
DNA damaging agents applied.

In parallel we challenged the hypothesis that as a resolvase, ANKLE1, like SLX1 may be
involved in the resolution of Holliday junctions and in sister chromatid exchange (SCE). We
first compared expression patterns of the components involved in Holliday junction resolution,
including Bloom Helicase (Blm), Eme1,Mus81, Gen1, Slx1 and Slx4 with that of Ankle1 (Fig
7A). We found some commonalities in tissue-specific mRNA expression, such as the high
expression of all tested genes in bone marrow and testis. However, the high Ankle1 expression
in spleen is unique within the tested genes.

To test whether ANKLE1 is involved in Holliday junction resolution, we performed SCE
assays in immortalized MEFs. In somatic wild-type cells, double Holliday junctions are mainly
dissolved by Bloom Helicase (BLM) without strand cleavage thereby avoiding SCE. In the
absence of BLM, resolvases like SLX1, MUS81 and GEN1 introduce strand breaks, which lead
to crossover or non-crossover events during the resolution of entangled sister chromatids. We
depleted Blm levels by siRNA in MEFs to trigger the resolvase-dependent DNA repair pathway
and tested under these conditions whether lack of Ankle1 leads to a change in SCE rates. As a
positive control we depleted SLX4, a well-characterized scaffold protein essential for SLX1
activity [13]. The knock-down of Blm and Slx4 led to a strong reduction of respective protein
levels, Ankle1mRNA was reduced by around 65% (Fig 7B). As expected, Blm depletion led to a
significant increase in SCE rates compared to the control, while double knock-down of Blm
and Slx4 lowered this rate (Fig 7C). In contrast, Ankle1 knock-down in a Blm-depleted back-
ground did not affect SCE rates, indicating that ANKLE1 has no major role in Holliday junc-
tion resolution in MEFs. Furthermore, knock-down of Blm in immortalized Ankle1Δ/ΔMEFs
led to a similar increase in the SCE frequency as compared to wild-type and Ankle1-knock-
down MEFs (Fig 7D), ruling out that inefficient Ankle1mRNA knockdown was responsible for
the unaffected SCE rates.

Discussion
The aim of this study was to elucidate the in vivo function of the evolutionarily conserved
GIY-YIG-type endonuclease ANKLE1 in mice. In a newly generated Ankle1-deficient mouse
model we performed a comprehensive analysis of hematopoiesis, as Ankle1 expression is tissue
restricted and most abundant in hematopoietic tissues, such as bone marrow, spleen and thy-
mus. Two previous reports suggested that ANKLE1 may be involved in DNA damage repair
[1, 2]. hANKLE1 was demonstrated to have endonuclease activity in vitro and in vivo that
nicks and cleaves double stranded DNA [2], and a C. elegansmutant strain bearing a catalytic
inactive mutant of the ANKLE1 orthologue in worm, lem-3, was hypersensitive towards UV-
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Fig 6. Growth and DNA damage sensitivity of Ankle1-deficient mouse embryonic fibroblasts (MEFs).
(A) Growth curve of primary MEFs (pMEFs), n = 3, error bars: standard deviation; (B-D) Survival of pMEFs
after chronic exposure to indicated DNA damaging agents for 72 h, n = 3, error bars: standard deviation; (E)
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and ionizing irradiation and the DNA crosslinking agent cisplatin [1]. These findings let us
hypothesize that ANKLE1 may ensure DNA integrity during hematopoiesis in mice.

However, Ankle1-deficient mice neither showed abnormal numbers of hematopoietic pro-
genitor cells, of common lymphoid and myeloid progenitors, nor did they reveal any
impairment in lymphoid development and in adult erythropoiesis. In addition, embryonic
erythropoiesis on E 13.5 d, considered to resemble stress erythropoiesis with increased geno-
toxic stress appeared normal. It is therefore possible that Ankle1-deficiency may be compen-
sated by other DNA repair enzymes, particularly since many DNA damage repair pathways are
redundant to ensure genome stability [28, 29]. Therefore, we cannot rule out that combined
depletion of ANKLE1 and one or more other DNA repair components may uncover
ANKLE1-specific defects. One candidate for enzymes functioning redundantly with ANKLE1
in DNA repair is the GIY-YIG containing resolvase SLX1 [8] involved in Holliday junction res-
olution during HR-mediated DNA repair [9]. SLX1 has partially redundant functions with two
other known resolvases, MUS81 and GEN1 [11]. Interestingly, mice lacking SLX1 [13] or
MUS81 [14] are viable, fertile and develop without major defects.

As C. elegansmutants lacking the three known resolvases SLX1, MUS81 and GEN1 retain
some residual resolvase activity [12] potentially mediated by lem-3, the C. elegans orthologue of
ANKLE1, we speculated that murine ANKLE1 may be a Holliday junction-resolving enzyme.
Therefore, we tested if ANKLE1 is involved in the resolution of Holliday junctions in MEFs.
However, unlike Slx1-deficient MEFs that are more sensitive to the DNA crosslinker mitomy-
cin C compared to control cells [13], Ankle1-deficient MEFs did not reveal an increased sensi-
tivity towards a number of different genotoxic agents. Furthermore, Ankle1-deficiency did not
affect SCE in cells depleted for BLM, as reported for Slx1-deficient cells [13]. One possibility
for the lack of a DNA damage repair phenotype in Ankle1-deficient MEFs may be the low
expression of Ankle1 in MEFs compared to the 5–10 times higher expression in hematopoietic
cells. However, also stress erythropoiesis in Ankle1-deficient embryos was not affected, making
it unlikely that application of genotoxic stress to Ankle1-deficient mice postnatally would have
any considerable phenotype.

A potential role of ANKLE1 in DNA damage repair and hematopoesis is consistent with
genome wide association studies showing that small nucleotide polymorphisms within the
human Ankle1 gene are associated with an increased risk for breast and ovarian cancer in
BRCA1 mutation carriers, [25–27] and for multiple autoimmune syndromes [30]. However,
Ankle1-deficient mice do not show increased predisposition to any malignancy and have a nor-
mal life span. One can only speculate about the reasons for these inconsistencies between
mouse and man. The cancer-linked polymorphism in human ANKLE1 is located in its
Ankyrin repeats, which are common protein-protein interaction motifs [31]. One may thus
speculate that impaired protein interaction networks of ANKLE1 variants may lead to more
severe deregulation of DNA repair pathways than the full depletion of Ankle1 in mice. The
short lifespan of mice compared to man may also contribute to the fact that Ankle1-deficient
mice are not prone to cancer.

The only subtle phenotype we observed in two out of the three Ankle1-deficient mouse
strains was a non-Mendelian birth ratio in heterozygous matings. However, homozygous mice
are fertile and have normal sized litters. Therefore, we assume that this mild phenotype might
either depend on small changes of the locus or on a weak, not yet identified meiotic defect.

Survival of pMEFs 72 h after single exposure to increasing doses of UV-light, n = 3, error bars: standard
deviation; (F-I) Clonogenic survival assay of immortalized MEFs (iMEFs) after chronic exposure to indicated
DNA damaging agents for 10–14 days, n = 2–3, error bars: standard error of the mean.

doi:10.1371/journal.pone.0152278.g006
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Fig 7. Involvement of ANKLE1 in Holliday junction resolution. (A) mRNA expression profile of Ankle1 and known proteins involved in Holliday junction
resolution after double strand break repair in somatic cells, representative end point PCR, Actin andGapdh serve as loading control; (B) Western blot and
qPCR analysis of iMEFs 48 h after transfection with indicated siRNAs; Scatter plot of sister chromatid exchange (SCE) frequencies in (C) Wild-type iMEFs
and (D) Wild-type vs. Ankle1Δ/Δ iMEFs following siRNA treatment, each dot represents one metaphase spread, horizontal bars represent the mean, error
bars: standard error of the mean, p values were determined using the students t test, n.s. not significant, * significant (p�0.05), ** very significant (p�0.01),
*** extremely significant (p�0.001).

doi:10.1371/journal.pone.0152278.g007
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Overall, the Ankle1-deficient mouse model gives little insight into the physiological and
mechanistic function of the endonuclease ANKLE1. Nevertheless, research on ANKLE1 needs
further attention due to the link to human cancer development. The most promising approach
for these analyses will be to eliminate different, potentially compensatory components involved
in DNA damage repair pathways in Ankle1-/- mice, such as members of the BRCA1 complex
and other Holliday junction-resolving enzymes.

Materials and Methods

mRNA expression analysis in murine tissue
RNA from murine tissues of 6–8 weeks old wild-type mice were isolated with TRIzol (Invitro-
gen) according to manufacturers protocol. Tissues were homogenized in a Precellys homoge-
nizer (Peqlab). cDNA synthesis was performed according to manufactures’ protocols either
with First Strand cDNA Synthesis Kit for RT-PCR (Roche) or M-MuLV Reverse Transcriptase
(Fermentas) using 1 μg to 2 μg of total RNA and oligo-dT-primers.

End-point PCR for mRNA expression analysis of various genes was performed using
GoTaq Green Master Mix (Promega) and the following primers:

Actin-f (5’ ATCTGGCACCACACCTTCTAC 3’),
Actin-r (5’ CAGCCAGGTCCAGACGCAGG 3’),
Ankle1-f1 (5’ GGCGGGAAGGCATTACAAAG 3’),
Ankle1-r1 (5’ TCGAGCCTGAATGTCCTGAG 3’)
Ankle1-f2 (5’ TGCCCTAGGTCTCCAGACAC 3’),
Ankle1-r2 (5’ GTCACATCCTCAGCATTCAG 3’),
Blm-f (5’ CTTTGAATTGTGGGACCGAATTG 3’),
Blm-r (5’ GTGGTGGGTAAACATTCCTCAG 3’),
Eme1-f (5’ GGAGATGGCCAGTGCTATTG 3’),
Eme1-r (5’ CCACGTCGCACTTGTATGTC 3’),
GAPDH-f (5’ CATCACCATCTTCCAGGAGCGA 3’),
GAPDH-r (5’ CCTGCTTCACCACCTTCTTGAT 3’),
Gen1-f (5’ TCTGCCCTTGTGAATGGCATC 3’),
Gen1-r (5’ TGGAATGGAAATCCTTCGCAAC 3’),
Mus81-f (5’ GTGGACATTGGCGAAACCAGA 3’),
Mus81-r (5’ CTCCAACGTGTAGCTTGCGT 3’),
Slx1-f (5’ CCGCCCTTCGGTTTGAATGG 3’),
Slx1-r (5’ TCGCTGTCAGCCTCGCTTAC 3’),
Slx4-f (5’ caggcatctaccactgagac 3’),
Slx4-r (5’ actcaaacgcagctccaaac 3’).
After amplification equal sample volumes were loaded on agarose gels and resolved via gel

electrophoresis.
Quantitative real-time PCR for expression analysis in murine tissues was performed using

2x KAPA SYBR FAST QPCRMasterMix Universal (Peqlab), an Eppendorf Realplex 4 Master-
cycler and primers Ankle1-f2 (5’ TGCCCTAGGTCTCCAGACAC 3’) and Ankle1-r2 (5’
GTCACATCCTCAGCATTCAG 3’) for Ankle1 expression, as well as primers Hprt forward (5’
TGATTAGCGATGATGAACCAGG 3’) and Hprt reverser (5’ CTTTCATGACATCTCGAGCAAG
3’) for Hprt expression. Three technical replicates were averaged for each tissue. Relative
Ankle1 expression was evaluated via the ΔCt value method using Hprt as a reference gene and
Ankle1 expression in MEFs was set to 1. Tissues of two to four mice were analyzed. Data are
represented as mean ± SD.
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Mouse strains and husbrandry
In order to generate Ankle1-deficient mice, ES cell clones with targeted Ankle1 alleles (tm1
(KOMP)Wtsi) were purchased from the Knockout Mouse Project Repository (https://www.
komp.org). ES cell expansion, blastocyst injection and blastocyst implantation was performed
at the Stem Cell Centre of the Institute of Molecular Biotechnology in Vienna. Chimeric mice
were crossed to wild-type C57BL/6J mice and heterozygous offspring was either crossed to
wild-type mice, Cre-deleter mice (C57BL/6J) [32], Flp-deleter mice (C57BL/6J) [33] or other
heterozygous offspring. After deletion of loxP or FRT flanked fragments, the Cre and Flp alleles
were outcrossed by pairing to wild-type mice.

Mice were maintained in accordance with the procedures outlined in the Guide for the Care
and Use of Laboratory Animals, the “Charter of Fundamental Rights of the European Union”,
the opinion of the “European Group on Ethics in Science”, and the “Protocol on the Protection
andWelfare of Animals”. The Animal Research is covered by the National Austrian legislation
(Law of Animal Experiments 2012 (“TVG-Tierversuchsgesetz”; Federal Law regulating the
“Experimentation on living animals” BGBI. I Nr.114/2012) and the overriding EU and interna-
tional legislation and codes of conduct. Additionally, animal experiments involving genetic
manipulations are governed by the “Gentechnikgesetz” (GTG, 12.07.1994).

Chimeric mice were generated at the Institute of Molecular Pathology and the Institute of
Molecular Biotechnology of the Austrian Academy of Sciences in compliance with the then
current Austrian law 2005, BGBl. I Nr. 162/2005 (TVG 1989) and within a general valid project
license (GZ M58/003079/2009/8) that was approved by the Office of the Vienna provincial
government on 10.07.2009. The license also permitted breeding, housing, and euthanasia of
mice. The scope of this general license was the generation of chimeric mice by blastocyst trans-
fer and included a total of 9000 mice. Mice were sacrificed by cervical dislocation. For this
study 8 recipient mice were used within the general license and chimeras were transferred to
the animal facility of the Max F. Perutz Laboratories (MFPL).

Starting with 2011, all further mouse breeding and housing of mice was done at MFPL
according to the then effective Austrian Law (Tierversuchsgesetz 1989, BGBl. I Nr. 162/2005
TVG 1989). In contrast to the current Austrian law (Law of Animal Experiments 2012, BGBI. I
Nr.114/2012) the older version effective during the time of generation of the transgenic animals
imposes no separate and additional approval for animal experiments by the Federal Ministry
for Science and Research (BMWF) besides the general permission of the Institute of Molecular
Biotechnology shown above, nor ethical approval for the production and breeding of new
transgenic mouse lines by the Animal Experiment Evaluation Committee of the Medical Uni-
versity (“Ethikkommission zur Beratung und Begutachtung von Studien am Tier der Medizi-
nischen Universität Wien“. As the generated transgenic mice had no overt phenotype, did not
show any signs of distress (see below) and only served as donors for tissues and cells in this
study no specific permission from the Federal Ministry for Science and Research (BMWF) was
required for this study. The operation of the MFPL mouse facility, where the transgenic mice
were housed and bred was approved by the Austrian Federal Ministry of Science and Research
(GZ) BMWFW-66.006/0012-WF/II/3b/2014. This general license permits breeding, housing,
and euthanasia of mice by carbon dioxide. For this study a total of 1400 mice was bred and
housed at the MFPL facility. Of these 1400 mice, 150 mice were used for breeding and genera-
tion of the different genotypes outlined in the manuscript, 38 animals for weight gain analyses,
36 mice for survival analysis, 11 mice for RNA isolation, 10 mice for isolation of hematopoietic
progenitors and adult erythropoiesis analysis, 16 mice for the isolation of MEFs and 16 mice
for the analyses of embryonic erythropoiesis. Most of these mice and additional 1200 mice
were used for generating birth statistics of the different lines described in the manuscript. Mice
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were euthanized using carbon dioxide. With regard to animal welfare, animals were daily mon-
itored for signs of distress as defined in the Report of the Federation of European Laboratory
Animal Science Associations (FELASA) Working Group on Pain and Distress accepted by the
FELASA Board of Management November 1992. These include crouched posture, inability to
move and to reach food and water, but also self-inflicted injuries (e.g. by scratching), extreme
disquiet or listlessness. None of the transgenic animals showed any of these symptoms and
showed any overt phenotype compared to wild-type controls. Mice were euthanized by car-
bone dioxide at different ages as outlined in the manuscript to serve as cell donors for in vitro
experiments, or they were kept in cages until natural death occurred.

Long range PCR: Mouse tail DNA used for long range PCRs and genotyping was extracted
from mouse tail clips or where indicated from ES cells. Amplifications at the junctions between
targeting cassette and endogenous locus were performed using Herculase II Fusion DNA Poly-
merase (Agilent Technology) and primers Ankle1-ko-targ-f1 (5’ GCCCTACTTCAGTGACG
ATG 3’) and Ankle1-ko-targ-r2 (5’ CCCTTCCTCCTACATAGTTG 3’) for the 5’ end. At the
3’ junction primers PNF (5’ ATCCGGGGGTACCGCGTCGAG 3’) and GR3 (5’ GCCTATTCA
GATCAGGCGTGCTATATAG 3’) were used. The myogenin locus served as a control for DNA
quality and loading (MyogenF 5’ TTACGTCCATCGTGGACAGC 3’, MyogR246 5’
TGGGCTGGGTGTTAGCCTTA 3’).

Southern Blot: Genomic DNA from murine liver was isolated using Omniprep for mouse
tails (GBioscience). Southern Blot analysis was performed using standard protocols. DNA was
digested using AflII and BseRI. The neomycin-resistance cassette probe template was PCR
amplified using the primers Ankle1-ko-20714f (5’ AGCACAGAGCCTCGCCTTTG 3’) and
Ankle1-ko-21330r (5’ CATGGGTCACGACGAGATCC 3’) and genomic ES cell DNA was
cloned into the pCR2.1 plasmid (Invitrogen) and verified by sequencing. Before labeling the
probes, the plasmid was digested with EcoRI and the bands were eluted from the gel. The Rosa
26 locus (Rosa26 5’ probe) served as a loading control [34]. The probes for hybridization were
generated using Prime-It II Random Primer Labelling Kit (Agilent Technologies) and radioac-
tively labeled [32P]dCTP (3000Ci/mmol) (Hartmann Analytic). The membrane was exposed to
X-ray sensitive Kodak BioMax MR film (Sigma-Aldrich) for several days at −80°C.

Genotyping of mouse strains: Genomic DNA was prepared from tail tips and PCR analyses
were performed using KAPAMouse Genotyping Hot Start Kit (Peqlab) and the following
primers: Ankle1-ko-20714 (5’ AGCACAGAGCCTCGCCTTTG 3’), Cresense (5’ CCAATTT
ACTGACCGTACACC 3’), Creantisense (5’ TAATCGCCATCTTCCAGCAGG 3’), Flpsense (5’
GTGGATCGATCCTACCCCTTGCG 3’), Flpantisense (5’ GGTCCAACTGCAGCCCAAGCTTCC
3’), gmAnkle1-17771f (5’ CAGCTGATCCTCTACTATCC 3’), gmAnkle1-17968r (5’
GCTCGGATACCTTTCATGTG 3’), KOMP-5’F (5’ TGGTCCTCTCAAAGCTCTAC 3’),
KOMP-3’R2 (5’ GATGGCTCAGGATTCATGTC 3’), KOMP-en2-R (5’ CCACTGACCTTGGG
CAAGAACAT 3’).

Cell culture, MEF isolation and immortalization
Cells were cultured in DMEM supplemented with 10% to 20% FCS, 2 mM L-glutamine, non-
essential amino acids and penicillin/streptomycin at 37°C in a humidified atmosphere contain-
ing 8.5% CO2.

For MEF isolation, 13.5 dpc embryos were derived from timed matings between heterozy-
gous or homozygous parents. After decapitation, the heads were used for genotyping. The red
organs were removed, the embryo was minced and resuspended in 1 ml trypsin/1mM EDTA
and incubated at 37°C for 10 min before the addition of 10 ml growth medium. Cells were
plated and allowed to attach over night before cells were washed with fresh medium to remove
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debris. When cells reached confluency they were frozen (1:3). Replating after thawing was con-
sidered passage 1. All experiments with primary MEFs were performed within passages 2 to 3.
MEFs were immortalized via expression of SV40 large T antigen.

For analyses of cell growth, 3 x 104 primary MEFs per well in a 6 Well plate of three inde-
pendent cell lines for each genotype were seeded in quadruples for the first count (0 h) and in
duplicates for the following time points. Cells were allowed to attach for 24 h and were then
harvest and counted every day for 8 days in a row. First count corresponds to 0 h. Quadruples
and duplicates were averaged and results were normalized to 0 h.

For testing cell survival, 1 x 105 primary MEFs per well in a 6 well plate of three independent
cell lines for each genotype were seeded in duplicates. 24 h after seeding fresh medium with the
indicated concentration of genotoxin (Camptothecin, Cisplatin, Mitomycin C (MMC) and
Hydroxyurea) was added. For UV-irradiation cells were washed with PBS and exposed to a
UV-C source. After a 72 h incubation, cells were counted. Duplicates were averaged and cell
numbers were normalized to the untreated sample.

For clonogenic assays, immortalized MEFs of three independent cell lines per genotype
were seeded in triplicates on 6 well dishes and were allowed to attach. Fresh medium with the
indicated concentration of genotoxin (Bleomycin, Camptothecin, Cisplatin, Mitomycin C
(MMC)) was added. After 10 to 14 days cells were fixed and stained (0.05% crystal violet, 1%
methanol, 1% paraformaldehyde in PBS). Plates were scanned and evaluated with the ImageJ-
plugin “ColonyArea” [35]. Results were normalized to the untreated sample and triplicates
were averaged. Experiments for each cell line were repeated 2 to 3 times and averaged. Data are
represented as mean ± SEM.

Flow cytometric analyses of hematopoietic cells
For isolation of embryonic erythroid cells, 13.5 dpc embryos were derived from timed matings
between heterozygous or homozygous parents. After decapitation, the heads were used for gen-
otyping. The liver was removed and resupended in medium and squashed through a 40 μm cell
strainer, centrifuged and resuspended in PBS/2% BSA. Cells were incubated with Fc block
(CD16/CD32, eBioscience) and rat serum (eBioscience) for 5 min and stained for 30 min. Sam-
ples were washed and measured. Results of the same genotype within one litter were averaged,
3 litters were analyzed and significance (p�0.05) was determined by performing students t test
(unpaired, two tailed). Data are represented as mean ± SD.

Isolation of hematopoietic cells from adult mice: Flow cytometric analyses of murine ery-
throid and early hematopoietic cells (KLS, CMP, CLP) were performed using 9 to 10 months
old Ankle1Δ/Δmice and Ankle1+/+ littermates. For analyses of the lymphoid lineage, littermates
were 8 weeks old. Bone marrow cells were isolated by flushing tibia and femur of both hind
legs with PBS/2% BSA and filtering the cell suspension through a 40 μm cell strainer. Thymus
and spleen were washed in FACS buffer and also filtered through a 40 μmmesh to obtain a sin-
gle cell suspension of thymocytes and splenocytes. Cells were incubated with Fc block (CD16/
CD32 clone 93, eBioscience) except for CMP samples and rat serum (eBioscience) for 5 min,
stained with antibodies for 30 min. Samples were washed and measured. 5 littermates were
analyzed and significance (p�0.05) was determined by performing students t test (paired, two
tailed). Data are represented as mean ± SD.

BD FACSCalibur was used for acquisition of lymphoid and erythroid samples, early
hematopoietic cells were measured with BD FACS Aria. Data were evaluated using FlowJo
(Tree Star Inc.).

The following antibodies were used for flow cytometric analyses: B220 FITC (clone RA3-
6B2), CD4 FITC (clone GK1.5), CD8 PE (clone 53–6.7), CD16/CD32 PerCP-Cy 5.5 (clone 93),
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CD25 PE (clone PC61.5), CD34 FITC (clone RAM34), CD44 FITC (clone IM7), CD71 PE
(clone R17217), c-Kit APC (clone 2B8), IgM PE (clone eB121-15F9), IL7Rα (CD127) FITC
and PE (clone A7R34), Sca-1 PE (clone D7), TER-119 FITC (clone TER-119) and according
isotype controls all from eBioscience as well as the PE anti-mouse lineage cocktail with isotype
control from BioLegend.

Sister chromatid exchange assay
For siRNA mediated knockdown of Blm, Slx4, Ankle1 and control transfection 2.5 x 105 MEFs/
6-well were plated 8–12 h prior to the first siRNA transfection. 2 transfections 24 h apart were
performed using 40 pmol ON-TARGETplus SMARTpool siRNA for each target and 5 μl Dhar-
maFECT 1, all purchased from Dharmacon. Cell culture media was changed at the time of
both transfections. The following siRNAs were used: ON-TARGETplus Non-targeting Pool
(D-001810-10), SMARTpool: ON-TARGETplus Mouse Blm siRNA (L-061987-00), SMART-
pool: ON-TARGETplus Mouse Slx4 siRNA (L-057081-01), SMARTpool: ON-TARGETplus
Mouse Ankle1 siRNA (D-001810-10-20). 48 h after the first transfection cells were harvested,
500 000 cells/10 cm were replated and 2x10-4 M BrdU was added to the medium. Remaining
cells were lysed for protein and mRNA analysis.

The sister chromatid exchange assay was performed as described by Bayani et al. [36] with
slight adaptions. After two days of BrdU incubation 0,1 μg/ml Colcemid was added to the cells
for 45–60 min and thereafter mitotic cells were harvested, resuspended in 75 mM KCl and
incubated for 15 min at 37°C, stepwise fixed using Methanol/acetic acid fixative (3:1) and
stored at least over night at -20°C. Chromosomes were spotted on glass slides, slides were dried
and rehydrated in PBS, stained for 5 min with Hoechst 33258, washed in PBS 2x SSC and
exposed to UV-light for 15 min, slightly covered with 2xSSC and finally stained for 3 min in
4% Giemsa/Gurr buffer (pH 6.8), wash in distilled water and mounted in Eukitt (Sigma-
Aldrich). Pictures of chromosome spreads were acquired using a Zeiss light microscope (mag-
nification) and Axiovison Version.

For protein analysis harvested cells were counted, washed in PBS and resuspended in lysis
buffer (8 M Urea, 25 mM Tris-HCl pH 7.4, 100 mMNaCl, 10 mM DTT, 1x complete protease
inhibitor mix (Roche)) with a concentration of 20 000 cells/μl. 1 U/μl Benzonase was added
and lysates were incubated for 15 min on ice. Lysates were mixed with Laemmli sample buffer,
incubated for 20 min on 37°C and resolved via polyacrylamide gel electrophoresis. Proteins
were blotted onto nitrocellulose membranes and probed with the following antibodies: BLM
(A300-572A, Bethyl), SLX4 [13] (a gift from J. Rouse), γ-tubulin (GTU-88, Sigma-Aldrich).
After incubation with horse-radish peroxidase conjungated secondary antibodies, the Amer-
sham ECL Prime Western Blotting Detection Reagent and CL-XPosure films (Thermo Scien-
tific) were used to detect signals.

For mRNA analysis the SV Total RNA Isolation System (Promega) was used to isolate total
RNA from harvested cells according to manufacturer’s protocol and cDNA was synthesized
using RevertAid Reverse Transcriptase (Thermo Scientific). Quantitative real-time PCR was
performed using Ankle1 and Hprt primer described above. Relative Ankle1 expression was
evaluated via the ΔCt value method usingHprt as a reference gene.

Supporting Information
S1 Fig. Disruption of the murine Ankle1 locus.
(PDF)

ANKLE1 Endonuclease Dispensable for Hematopoiesis

PLOS ONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152278.s001


Acknowledgments
We would like to thank Verena Jantsch and Peter Fuchs (both MFPL, Vienna) for discussion,
Christian Theussl (Institute of Molecular Pathology, Vienna) for blastocyst injection and
Nikola Woisetschläger, Thomas Sauer, Bettina Koblmüller and Wilhelm Otto (MFPL, Vienna)
for technical support as well as John Rouse, Univ. Dundee for providing antibodies.

Author Contributions
Conceived and designed the experiments: JB AB RF. Performed the experiments: JB AM AB.
Analyzed the data: JB AB RF. Contributed reagents/materials/analysis tools: AM. Wrote the
paper: JB AB RF. Produced founder mouse line: AM.

References
1. Dittrich CM, Kratz K, Sendoel A, Gruenbaum Y, Jiricny J, Hengartner MO. LEM-3—A LEM domain con-

taining nuclease involved in the DNA damage response in C. elegans. PLoS One. 2012; 7(2):e24555.
Epub 2012/03/03. doi: 10.1371/journal.pone.0024555 PONE-D-11-14963 [pii]. PMID: 22383942;
PubMed Central PMCID: PMC3285610.

2. Brachner A, Braun J, Ghodgaonkar M, Castor D, Zlopasa L, Ehrlich V, et al. The endonuclease Ankle1
requires its LEM and GIY-YIG motifs for DNA cleavage in vivo. J Cell Sci. 2012; 125(Pt 4):1048–57.
Epub 2012/03/09. jcs.098392 [pii] doi: 10.1242/jcs.098392 PMID: 22399800.

3. Brachner A, Foisner R. Evolvement of LEM proteins as chromatin tethers at the nuclear periphery. Bio-
chem Soc Trans. 2011; 39(6):1735–41. Epub 2011/11/23. BST20110724 [pii] doi: 10.1042/
BST20110724 PMID: 22103517.

4. Cai M, Huang Y, Ghirlando R, Wilson KL, Craigie R, Clore GM. Solution structure of the constant region
of nuclear envelope protein LAP2 reveals two LEM-domain structures: one binds BAF and the other
binds DNA. EMBO J. 2001; 20(16):4399–407. Epub 2001/08/14. doi: 10.1093/emboj/20.16.4399
PMID: 11500367; PubMed Central PMCID: PMC125263.

5. Barton LJ, Soshnev AA, Geyer PK. Networking in the nucleus: a spotlight on LEM-domain proteins.
Curr Opin Cell Biol. 2015; 34:1–8. Epub 2015/04/13. S0955-0674(15)00039-3 [pii] doi: 10.1016/j.ceb.
2015.03.005 PMID: 25863918; PubMed Central PMCID: PMC4522374.

6. Wagner N, Krohne G. LEM-Domain proteins: new insights into lamin-interacting proteins. Int Rev Cytol.
2007; 261:1–46. Epub 2007/06/15. S0074-7696(07)61001-8 [pii] doi: 10.1016/S0074-7696(07)61001-
8 PMID: 17560279.

7. Wilson KL, Foisner R. Lamin-binding Proteins. Cold Spring Harb Perspect Biol. 2010; 2(4):a000554.
Epub 2010/05/11. cshperspect.a000554 [pii] doi: 10.1101/cshperspect.a000554 PMID: 20452940;
PubMed Central PMCID: PMC2845209.

8. Dunin-Horkawicz S, Feder M, Bujnicki JM. Phylogenomic analysis of the GIY-YIG nuclease superfam-
ily. BMCGenomics. 2006; 7:98. Epub 2006/05/02. 1471-2164-7-98 [pii] doi: 10.1186/1471-2164-7-98
PMID: 16646971.

9. Wyatt HD, West SC. Holliday junction resolvases. Cold Spring Harb Perspect Biol. 2014; 6(9):
a023192. Epub 2014/09/04. 6/9/a023192 [pii] doi: 10.1101/cshperspect.a023192 PMID: 25183833.

10. Chapman JR, Taylor MR, Boulton SJ. Playing the end game: DNA double-strand break repair pathway
choice. Mol Cell. 2012; 47(4):497–510. doi: 10.1016/j.molcel.2012.07.029 PMID: 22920291.

11. Sarbajna S, West SC. Holliday junction processing enzymes as guardians of genome stability. Trends
Biochem Sci. 2014; 39(9):409–19. doi: 10.1016/j.tibs.2014.07.003 PMID: 25131815.

12. Saito TT, Lui DY, Kim HM, Meyer K, Colaiacovo MP. Interplay between structure-specific endonucle-
ases for crossover control during Caenorhabditis elegans meiosis. PLoS Genet. 2013; 9(7):e1003586.
Epub 2013/07/23. doi: 10.1371/journal.pgen.1003586 PGENETICS-D-12-02829 [pii]. 23874210;
PubMed Central PMCID: PMC3715419. PMID: 23874210

13. Castor D, Nair N, Declais AC, Lachaud C, Toth R, Macartney TJ, et al. Cooperative control of holliday
junction resolution and DNA repair by the SLX1 and MUS81-EME1 nucleases. Mol Cell. 2013; 52
(2):221–33. doi: 10.1016/j.molcel.2013.08.036 PMID: 24076219; PubMed Central PMCID:
PMC3808987.

14. Dendouga N, Gao H, Moechars D, Janicot M, Vialard J, McGowan CH. Disruption of murine Mus81
increases genomic instability and DNA damage sensitivity but does not promote tumorigenesis. Mol
Cell Biol. 2005; 25(17):7569–79. Epub 2005/08/19. 25/17/7569 [pii] doi: 10.1128/MCB.25.17.7569-
7579.2005 PMID: 16107704; PubMed Central PMCID: PMC1190297.

ANKLE1 Endonuclease Dispensable for Hematopoiesis

PLOS ONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 18 / 20

http://dx.doi.org/10.1371/journal.pone.0024555
http://www.ncbi.nlm.nih.gov/pubmed/22383942
http://dx.doi.org/10.1242/jcs.098392
http://www.ncbi.nlm.nih.gov/pubmed/22399800
http://dx.doi.org/10.1042/BST20110724
http://dx.doi.org/10.1042/BST20110724
http://www.ncbi.nlm.nih.gov/pubmed/22103517
http://dx.doi.org/10.1093/emboj/20.16.4399
http://www.ncbi.nlm.nih.gov/pubmed/11500367
http://dx.doi.org/10.1016/j.ceb.2015.03.005
http://dx.doi.org/10.1016/j.ceb.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25863918
http://dx.doi.org/10.1016/S0074-7696(07)61001-8
http://dx.doi.org/10.1016/S0074-7696(07)61001-8
http://www.ncbi.nlm.nih.gov/pubmed/17560279
http://dx.doi.org/10.1101/cshperspect.a000554
http://www.ncbi.nlm.nih.gov/pubmed/20452940
http://dx.doi.org/10.1186/1471-2164-7-98
http://www.ncbi.nlm.nih.gov/pubmed/16646971
http://dx.doi.org/10.1101/cshperspect.a023192
http://www.ncbi.nlm.nih.gov/pubmed/25183833
http://dx.doi.org/10.1016/j.molcel.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22920291
http://dx.doi.org/10.1016/j.tibs.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25131815
http://dx.doi.org/10.1371/journal.pgen.1003586
http://www.ncbi.nlm.nih.gov/pubmed/23874210
http://dx.doi.org/10.1016/j.molcel.2013.08.036
http://www.ncbi.nlm.nih.gov/pubmed/24076219
http://dx.doi.org/10.1128/MCB.25.17.7569-7579.2005
http://dx.doi.org/10.1128/MCB.25.17.7569-7579.2005
http://www.ncbi.nlm.nih.gov/pubmed/16107704


15. Bassing CH, Swat W, Alt FW. The mechanism and regulation of chromosomal V(D)J recombination.
Cell. 2002; 109 Suppl:S45–55. PMID: 11983152.

16. Caddle LB, HashamMG, Schott WH, Shirley BJ, Mills KD. Homologous recombination is necessary for
normal lymphocyte development. Mol Cell Biol. 2008; 28(7):2295–303. doi: 10.1128/MCB.02139-07
PMID: 18212067; PubMed Central PMCID: PMC2268416.

17. Kwon TH, Han YH, Hong SG, Lee DJ, Ha HL, Kang SW, et al. Reactive oxygen species mediated DNA
damage is essential for abnormal erythropoiesis in peroxiredoxin II(-/-) mice. Biochem Biophys Res
Commun. 2012; 424(1):189–95. doi: 10.1016/j.bbrc.2012.06.113 PMID: 22749995.

18. Nijnik A, Woodbine L, Marchetti C, Dawson S, Lambe T, Liu C, et al. DNA repair is limiting for haemato-
poietic stem cells during ageing. Nature. 2007; 447(7145):686–90. doi: 10.1038/nature05875 PMID:
17554302.

19. Prasher JM, Lalai AS, Heijmans-Antonissen C, Ploemacher RE, Hoeijmakers JH, Touw IP, et al.
Reduced hematopoietic reserves in DNA interstrand crosslink repair-deficient Ercc1-/- mice. EMBO J.
2005; 24(4):861–71. doi: 10.1038/sj.emboj.7600542 PMID: 15692571; PubMed Central PMCID:
PMC549615.

20. Rooney S, Sekiguchi J, Zhu C, Cheng HL, Manis J, Whitlow S, et al. Leaky Scid phenotype associated
with defective V(D)J coding end processing in Artemis-deficient mice. Mol Cell. 2002; 10(6):1379–90.
PMID: 12504013.

21. Rossi DJ, Bryder D, Seita J, Nussenzweig A, Hoeijmakers J, Weissman IL. Deficiencies in DNA dam-
age repair limit the function of haematopoietic stem cells with age. Nature. 2007; 447(7145):725–9. doi:
10.1038/nature05862 PMID: 17554309.

22. Challen GA, Boles N, Lin KK, Goodell MA. Mouse hematopoietic stem cell identification and analysis.
Cytometry A. 2009; 75(1):14–24. doi: 10.1002/cyto.a.20674 PMID: 19023891; PubMed Central
PMCID: PMC2640229.

23. Mombaerts P, Iacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioannou VE. RAG-1-deficient
mice have no mature B and T lymphocytes. Cell. 1992; 68(5):869–77. PMID: 1547488.

24. Paulson RF, Shi L, Wu DC. Stress erythropoiesis: new signals and new stress progenitor cells. Curr
Opin Hematol. 2011; 18(3):139–45. doi: 10.1097/MOH.0b013e32834521c8 PMID: 21372709; PubMed
Central PMCID: PMC3099455.

25. Antoniou AC, Wang X, Fredericksen ZS, McGuffog L, Tarrell R, Sinilnikova OM, et al. A locus on 19p13
modifies risk of breast cancer in BRCA1 mutation carriers and is associated with hormone receptor-
negative breast cancer in the general population. Nat Genet. 2010; 42(10):885–92. Epub 2010/09/21.
ng.669 [pii] doi: 10.1038/ng.669 PMID: 20852631; PubMed Central PMCID: PMC3130795.

26. Bolton KL, Tyrer J, Song H, Ramus SJ, Notaridou M, Jones C, et al. Common variants at 19p13 are
associated with susceptibility to ovarian cancer. Nat Genet. 2010; 42(10):880–4. Epub 2010/09/21.
ng.666 [pii] doi: 10.1038/ng.666 PMID: 20852633; PubMed Central PMCID: PMC3125495.

27. Stevens KN, Vachon CM, Lee AM, Slager S, Lesnick T, Olswold C, et al. Common breast cancer sus-
ceptibility loci are associated with triple-negative breast cancer. Cancer Res. 2011; 71(19):6240–9.
Epub 2011/08/17. 0008-5472.CAN-11-1266 [pii] doi: 10.1158/0008-5472.CAN-11-1266 PMID:
21844186.

28. Agostinho A, Meier B, Sonneville R, Jagut M, Woglar A, Blow J, et al. Combinatorial regulation of mei-
otic holliday junction resolution in C. elegans by HIM-6 (BLM) helicase, SLX-4, and the SLX-1, MUS-81
and XPF-1 nucleases. PLoS Genet. 2013; 9(7):e1003591. doi: 10.1371/journal.pgen.1003591 PMID:
23901331; PubMed Central PMCID: PMC3715425.

29. Bey EA, Wuerzberger-Davis SM, Pink JJ, Yang CR, Araki S, Reinicke KE, et al. Mornings with Art, les-
sons learned: feedback regulation, restriction threshold biology, and redundancy govern molecular
stress responses. J Cell Physiol. 2006; 209(3):604–10. doi: 10.1002/jcp.20783 PMID: 17001694.

30. Johar AS, Mastronardi C, Rojas-Villarraga A, Patel HR, Chuah A, Peng K, et al. Novel and rare func-
tional genomic variants in multiple autoimmune syndrome and Sjogren's syndrome. J Transl Med.
2015; 13:173. Epub 2015/06/03. doi: 10.1186/s12967-015-0525-x 10.1186/s12967-015-0525-x [pii].
PMID: 26031516; PubMed Central PMCID: PMC4450850.

31. Li J, Li J, Mahajan A, Mahajan A, Tsai M-D, Tsai M-D. Ankyrin repeat: a unique motif mediating protein-
protein interactions. Biochemistry. 2006; 45(51):1–11. doi: 10.1021/bi062188q PMID: 17176038.

32. Schwenk F, Baron U, Rajewsky K. A cre-transgenic mouse strain for the ubiquitous deletion of loxP-
flanked gene segments including deletion in germ cells. Nucleic Acids Res. 1995; 23(24):5080–1.
PMID: 8559668; PubMed Central PMCID: PMCPMC307516.

33. Dymecki SM. Flp recombinase promotes site-specific DNA recombination in embryonic stem cells and
transgenic mice. Proc Natl Acad Sci U S A. 1996; 93(12):6191–6. PMID: 8650242; PubMed Central
PMCID: PMCPMC39212.

ANKLE1 Endonuclease Dispensable for Hematopoiesis

PLOS ONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11983152
http://dx.doi.org/10.1128/MCB.02139-07
http://www.ncbi.nlm.nih.gov/pubmed/18212067
http://dx.doi.org/10.1016/j.bbrc.2012.06.113
http://www.ncbi.nlm.nih.gov/pubmed/22749995
http://dx.doi.org/10.1038/nature05875
http://www.ncbi.nlm.nih.gov/pubmed/17554302
http://dx.doi.org/10.1038/sj.emboj.7600542
http://www.ncbi.nlm.nih.gov/pubmed/15692571
http://www.ncbi.nlm.nih.gov/pubmed/12504013
http://dx.doi.org/10.1038/nature05862
http://www.ncbi.nlm.nih.gov/pubmed/17554309
http://dx.doi.org/10.1002/cyto.a.20674
http://www.ncbi.nlm.nih.gov/pubmed/19023891
http://www.ncbi.nlm.nih.gov/pubmed/1547488
http://dx.doi.org/10.1097/MOH.0b013e32834521c8
http://www.ncbi.nlm.nih.gov/pubmed/21372709
http://dx.doi.org/10.1038/ng.669
http://www.ncbi.nlm.nih.gov/pubmed/20852631
http://dx.doi.org/10.1038/ng.666
http://www.ncbi.nlm.nih.gov/pubmed/20852633
http://dx.doi.org/10.1158/0008-5472.CAN-11-1266
http://www.ncbi.nlm.nih.gov/pubmed/21844186
http://dx.doi.org/10.1371/journal.pgen.1003591
http://www.ncbi.nlm.nih.gov/pubmed/23901331
http://dx.doi.org/10.1002/jcp.20783
http://www.ncbi.nlm.nih.gov/pubmed/17001694
http://dx.doi.org/10.1186/s12967-015-0525-x
http://www.ncbi.nlm.nih.gov/pubmed/26031516
http://dx.doi.org/10.1021/bi062188q
http://www.ncbi.nlm.nih.gov/pubmed/17176038
http://www.ncbi.nlm.nih.gov/pubmed/8559668
http://www.ncbi.nlm.nih.gov/pubmed/8650242


34. Lyashenko N, Winter M, Migliorini D, Biechele T, Moon RT, Hartmann C. Differential requirement for
the dual functions of beta-catenin in embryonic stem cell self-renewal and germ layer formation. Nat
Cell Biol. 2011; 13(7):753–61. doi: 10.1038/ncb2260 PMID: 21685890; PubMed Central PMCID:
PMCPMC3130149.

35. Guzman C, Bagga M, Kaur A, Westermarck J, Abankwa D. ColonyArea: an ImageJ plugin to automati-
cally quantify colony formation in clonogenic assays. PLoS One. 2014; 9(3):e92444. doi: 10.1371/
journal.pone.0092444 PMID: 24647355; PubMed Central PMCID: PMCPMC3960247.

36. Bayani J, Squire JA. Sister chromatid exchange. Curr Protoc Cell Biol. 2005; Chapter 22:Unit 22 7. doi:
10.1002/0471143030.cb2207s25 PMID: 18228468.

ANKLE1 Endonuclease Dispensable for Hematopoiesis

PLOS ONE | DOI:10.1371/journal.pone.0152278 March 24, 2016 20 / 20

http://dx.doi.org/10.1038/ncb2260
http://www.ncbi.nlm.nih.gov/pubmed/21685890
http://dx.doi.org/10.1371/journal.pone.0092444
http://dx.doi.org/10.1371/journal.pone.0092444
http://www.ncbi.nlm.nih.gov/pubmed/24647355
http://dx.doi.org/10.1002/0471143030.cb2207s25
http://www.ncbi.nlm.nih.gov/pubmed/18228468

