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The regulation of chromatin structure is critical for a wide range of essential cellular processes. The Tousled-like kinases, TLK1
and TLK2, regulate ASF1, a histone H3/H4 chaperone, and likely other substrates, and their activity has been implicated in
transcription, DNA replication, DNA repair, RNA interference, cell cycle progression, viral latency, chromosome segregation and
mitosis. However, little is known about the functions of TLK activity in vivo or the relative functions of the highly similar TLK1 and
TLK2 in any cell type. To begin to address this, we have generated Tlk1- and Tlk2-deficient mice. We found that while TLK1 was
dispensable for murine viability, TLK2 loss led to late embryonic lethality because of placental failure. TLK2 was required for
normal trophoblast differentiation and the phosphorylation of ASF1 was reduced in placentas lacking TLK2. Conditional bypass of
the placental phenotype allowed the generation of apparently healthy Tlk2-deficient mice, while only the depletion of both TLK1
and TLK2 led to extensive genomic instability, indicating that both activities contribute to genome maintenance. Our data identifies
a specific role for TLK2 in placental function during mammalian development and suggests that TLK1 and TLK2 have largely
redundant roles in genome maintenance.
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The Tousled kinase (TSL) and Tousled-like kinases (TLKs)
are serine–threonine kinases whose activity has been linked
to DNA replication, DNA repair, transcription, chromatin
structure, chromosome segregation, RNA interference, viral
latency and cell cycle checkpoint control in various
organisms.1–9 TSL was identified in Arabidopsis where
mutations in the gene led to pleiotropic defects, including
delays in flowering time and leaf development.1 In Drosophila
and Caenorhabditis elegans, deficiency in the single TLK
gene led to severe mitotic defects and lethality during
development.8,10 In Drosophila, these effects were proposed
to result from defective chromatin maintenance and could be
rescued by the overexpression of the histone H3–H4
chaperone ASF1, a substrate of TLK.3,10 In C. elegans, the
major defects observed following ceTLK-1 downregulation
were transcriptional, reflecting reduced phosphorylation of
RNA polymerase II, and mitotic, through interactions with
Aurora B.7,8

Vertebrates encode 2 distinct TLK homologs, TLKs 1 and 2
(TLK1 and TLK2), that interact with each other and
both ASF1a and ASF1b.3 In Drosophila, TLK phosphorylation
of ASF1 controls its stability, while in vertebrates,
TLK1-mediated phosphorylation of several sites on the
C-terminal tail of ASF1 promote its binding affinity for the

H3–H4 heterodimer.11,12 Following DNA damage, TLK1 is
phosphorylated by the checkpoint kinase CHK1, inhibiting its
activity, potentially to coordinate global ASF1 histone-binding
capacity with the checkpoint response.13,14 TLK activity has
also been linked to cell cycle checkpoint recovery through
the phosphorylation of RAD9, a component of the 9-1-1
(RAD9/HUS1/RAD1) alternative clamp loader that has
multiple roles in the response to DNA damage, including the
regulation of CHK1 activation,15–17 and through TLK2-ASF1a-
mediated transcriptional events.18 Although TLK2 is less well
characterized, the amplification of its activity has been
specifically linked to breast cancer progression in recent
work.19,20

Despite their identification nearly 15 years ago, the
roles of the ubiquitously expressed TLK1 and TLK2 in
mammalian physiology remain unexplored. In particular,
whether they have distinct, overlapping or entirely
redundant roles in particular tissues or cell types
remain unknown. Here we describe the generation and
characterization of both Tlk1- and Tlk2- deficient mice
and cells that reveal distinct and redundant roles for
TLK1 and TLK2 activities in development and genome
maintenance.
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Results

TLK1 is dispensable for embryogenesis and murine
viability. To determine if TLK1 and TLK2 had distinct or
redundant roles during development or aging, we generated
mice deficient for either Tlk1 or Tlk2. Mice homozygous for a
gene-trapped allele of Tlk1 (Tlk1T) (Figures 1a and b) showed
efficient reduction of Tlk1 expression (Figure 1c). In addition,
no TLK1 protein was detectable in western blot analysis from
mouse embryonic fibroblast (MEF) lysates (Figure 1d) and no
compensatory changes in Tlk2 mRNA or protein levels were

evident (Figures 1c and d). Despite the implication of TLK1 in
many critical cellular processes, Tlk1T/T mice were born at
normal Mendelian ratios (Figure 1e) and showed no obvious
morphological or size differences at birth or during the first
months of development (Figure 1f).4,13–16,21–23 In addition,
Tlk1T/T mice did not exhibit any obvious developmental
phenotypes or accelerated morbidity over 18 months
(Figure 1g). Both male and female Tlk1T/T mice were fertile,
indicating that meiotic recombination was largely functional,
and Tlk1T/T females produced litter sizes similar to that of
Tlk1+/+ and Tlk1+/T littermates (Figure 1h). Additionally, we
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Figure 1 TLK1 is dispensable for murine development. (a) Schematic of the Tlk1 genetrap allele (Tlk1T). The position of the Flex-vector genetrap cassette in the Tlk1 locus
and approximate positions of primers used for quantitative real-time PCR are shown. (b) The genetrap clone was screened for single-copy insertion using a probe for the
neomycin cassette in a Southern blot of EcoRV-digested genomic DNA. A single band of the expected size was observed (red arrow). GTF2 is an unrelated line with a neomycin
cassette (positive control) and C57BL6 is wild-type genomic DNA (negative control). (c) Quantitative real-time PCR analysis of Tlk1 and Tlk2 levels in MEF cultures derived from
littermates of the indicated gentoype. The mean (red bar) and standard deviation (S.D.) of three replicates are plotted. (d) Western blotting of TLK1 and TLK2 protein levels in MEF
cultures of the indicated genotype. Ponceau red-stained blot showed equal loading. (e) Tlk1T/T mice are born at the expected (exp.) Mendelian ratios. Number of pups of the
indicated genotype observed (obs.) from 32 litters of Tlk1+/T mice (110 pups total) is indicated. Percentage observed is indicated above the bar graphs. (f) Normal weight and
growth of Tlk1T/T mice. Weights of littermate animals at 18 and 30 days postpartum are plotted with the mean (red bars) and S.D. indicated (n= 16 for Tlk1+/+ and 15 for Tlk1T/T,
respectively). (g) Normal survival of Tlk1T/T mice. Kaplan–Meier plot of animal survival over 18 months (n= 25, 41 and 26 for Tlk1+/+, Tlk1+/T and Tlk1T/T, respectively). (h)
Normal litter sizes are observed in Tlk1T/T female mice of 2–5 months of age compared with wild type or heterozygous littermates (n= 20, 11 and 11 for Tlk1+/+, Tlk1+/T and
Tlk1T/T, respectively). The mean (red bars) and S.D. are plotted and statistical analysis using the Wilcoxon's rank-sum test indicated no significant differences (P= 0.65;Tlk1+/+

versus Tlk1+/T, 0.75; Tlk1+/+ versus Tlk1T/T and 0.52; Tlk1+/T versus Tlk1T/T). (i) TLK1 protein levels in thymocytes of the indicated genotype are shown. Actin serves as a loading
control. (j) Analysis of T-cell subsets in 2-month-old animals of the indicated genotype (n= 3 per genotype, each in triplicate). The mean (red bars) and S.D. are shown and
representative flow cytometry data showing CD4 and CD8 staining of CD3-positive T cells is shown in the right panel
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examined T-cell development that requires the repair of DNA
double-strand breaks (DSBs) induced by the RAG recombi-
nase, as previous work has implicated TLK1 in DNA
repair.16,21–24 Similar to what was observed in MEFs, no
TLK1 protein was detectable in T cells from Tlk1T/T mice

(Figure 1i) and the distribution of T cells in Tlk1+/+- and
Tlk1T/T-deficient mice was indistinguishable (Figure 1j), indi-
cating that non-homologous end-joining-mediated DNA
repair in this tissue operates efficiently in the absence of
TLK1. Although we cannot rule out more subtle effects on
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repair processes or developmental programs, these data
indicated that TLK1 was dispensable for murine develop-
ment, aging and multiple physiological DNA repair events.

TLK2 is an essential gene. Based on previous data from
lower organisms, we expected that loss of TLK1 activity
would result in severe phenotypes in the mouse.8,10 The lack
of any clear phenotypes in Tlk1T/T animals suggested
potentially redundant activities, with TLK2 being the most
likely candidate. To address this, we generated a conditional,
gene-trapped allele of Tlk2 (Figures 2a and b and
Supplementary Figure S1) and interbred heterozygous mice
to generate Tlk2-deficient animals. In sharp contrast to Tlk1,
we did not observe any live births of Tlk2T/T mice, indicating
embryonic lethality (Figure 2c).
To understand the cause of death, we examined embryos at

different developmental stages. The number of Tlk2T/T

embryos observed from embryonic days (E) 10.5 to E13.5
was consistent with expected Mendelian ratios (Figure 2d),
although embryos were smaller in all cases (Figures 2e–h).
Tlk2T/T embryos appeared anemic (Figures 2f and g) and
perished by E15.5, as no heartbeat was detectable. By
E16.5 extensive tissue autolysis was evident (Figure 2h).
Fibroblast cultures from E14.5 embryos confirmed that
Tlk2 mRNA and protein levels were reduced and that there
was no compensatory increase of TLK1 (Figures 2i and j). The
further examination of Tlk2T/T embryos by conventional
immunohistochemistry (IHC) (Figure 2k) and lightsheet-
based fluorescence macroscopy (Supplementary Figure S2)
did not reveal any consistent defects and suggested that
embryos were developmentally delayed, but in the majority
of cases morphologically normal. Collectively, our data
suggested that TLK2, but not TLK1, was essential for
embryonic viability.

TLK2 is essential for placental development. As consis-
tent defects in embryonic morphology were not observed, we
examined placental function. At E14.5 Tlk2T/T placentas were
smaller and there was a lack of blood circulation in the
umbilical cord (Supplementary Figures S3A and S3B). To
address this phenotype further without potential complica-
tions from the genetrap, we excised it by crossing to FlpO-
expressing mice, thus rendering exon 4 floxable (Tlk2F)
(Figure 2a). Crosses with mice expressing Sox2-Cre, that is
active in the embryonic epiblast cells, effectively deleted exon
4 and yielded Tlk2+/− animals that were then interbred to
generate Tlk2−/− embryos (Supplementary Figure S3C).

We histologically examined Tlk2−/− placentas from E10.5
to E16.5, and at all stages, Tlk2−/− placentas were moderately
to severely smaller, thinner and less cellular compared with
Tlk2+/+ or Tlk2+/− littermates, and poorly vascularized
(Figures 3a–e and Supplementary Figure S3). At E10.5
through E12.5 the labyrinths of Tlk2−/− placentas were
disorganized and composed of less differentiated and less
mature trophoblasts (Figure 3d and Supplementary
Figure S3). Tlk2−/− placentas had moderately to severely
reduced numbers of labyrinth trophoblast, syncytiotropho-
blast, spongiotrophoblast (including glycogen cells) and
mildly to moderately reduced numbers of trophoblastic giant
cells and vasculature (Figures 3c–e and Supplementary
Figure S3). These data indicated that TLK2 was required for
normal placental development and function, and that its loss
led to late embryonic lethality.

The influence of TLK2 deficiency on proliferation and
gene expression in the placenta. As the regulation of
ASF1 by TLK activity has been linked to ongoing DNA
replication, we examined trophoblast proliferation by IHC
using the marker Ki67.2 By E12.5 most cells of the
trophoblastic lineage are differentiated and their rate of
proliferation decreases.25,26 Regardless of genotype, we
observed similar percentages of Ki67-positive cells at each
stage of development, suggesting that the overall number of
proliferating cells was similar (Figure 4a). In addition, we did
not observe any significant increase in either the DNA DSB
marker γH2AX or the apoptosis marker cleaved caspase-3
(Figure 4b and Supplementary Figure S4A), suggesting that
overall levels of proliferation, DNA damage and cell death
were similar.
In addition to DNA replication, TLK2 has been implicated in

transcriptional regulation through the phosphorylation of
ASF1a.18,27 To address the possibility that transcription may
be affected, we examined the mRNA expression levels of
several genes required for trophoblast differentiation: Cdx2,
Tpbpa, Pl1 and Pl2.28 We observed lower levels of Cdx2,
Tpbpa and Pl2 in the Tlk2−/− placentas, reflecting reduced
numbers and/or defective differentiation of trophoblast stem
cells, spongiotrophoblasts and canal or sinusoidal trophoblast
giant cells, respectively (Figure 4c). In contrast, the expression
of Pl1, which is amarker for parietal trophoblast giant cells and
is normally reduced by E11.5, was slightly upregulated
compared with wild-type placenta, although this was more
variable among individual samples (Figure 4c).28 In addition,
the expression of many imprinted genes that influence

Figure 2 TLK2 is an essential gene. (a) Schematic of the Tlk2 knockout-first allele (Tlk2T). The position of the genetrap cassette, the allelic configurations and their
designations following FLP and CRE expression are shown. (b) Southern blot of SpeI-digested genomic DNA with a probe for neomycin to identify clones with single insertions.
Six targeted clones and a negative control (C57BL/6) are shown and the expected size indicated. Additional Southern blots confirming correct targeting are shown in
Supplementary Figure S1. (c) Tlk2 deficiency is embryonic lethal. The number of animals expected (exp.) from 27 Tlk2+/T breedings (112 pups total) assuming normal Mendelian
inheritance is shown compared with the number of observed pups (obs.). Percentage observed is indicated above the bar graphs. Based on the genotypes of a total of 112 pups
from 14 independent litters, a P-value ofo0.0001 was determined using binomial distribution and indicated by ***. (d) Normal Mendelian distribution of genotypes was observed
among 41 E10.5 to E13.5 embryos from six individual Tlk2+/T breedings. Percentage observed is indicated above the bar graphs. (e) Examples of littermate E10.5 embryos (scale
bar= 1 mm). (f) E12.5 embryos (scale bar= 1 mm) (g) E15.5 embryos (scale bar= 2 mm) and (h) E16.5 embryos (scale bar= 2 mm). (i) Quantitative real-time PCR analysis of
Tlk1 and Tlk2 levels in MEFs from littermates of the indicated genotype. The mean (red bars) and standard deviation (S.D.) of three replicates are plotted. (j) Western blotting of
TLK1 and TLK2 protein levels in MEFs of the indicated genotype. Histone H3 is shown as a loading control and a nonspecific (NS) band recognized by the TLK2 antibody is
indicated. (k) Hematoxylin and eosin (H&E) (left panels) or Ki67 immunohistochemical staining (right panels) of E12.5 embryo sections of the indicated genotype (scale
bar= 1 mm)
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placental development, including Igf2,H19,Peg10 andGrb10,
was reduced in Tlk2−/− placentas, while others, such as IgfR2
and Phlda2, were expressed at similar levels to that of wild-

type (Figure 4d).28,29 The reduced size of the Tlk2−/− labyrinth
and reduced area of Tpbpa-positive cells was further
confirmed with IHC (Figure 4e). Taken together, these data
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suggested that the loss of TLK2 did not cause clear defects in
trophoblast proliferation or survival, but reduced the expres-
sion of numerous genes important for their normal function
and led to impaired differentiation and placental function.

TLK2 interacts with ASF1 and influences its phosphor-
ylation in the placenta. To understand why placental
function was dependent on TLK2 and not TLK1, we
examined their relative mRNA expression and protein levels.
We found similar mRNA expression patterns of both genes in
the wild-type placenta at E13.5, E15.5 and E17.5 (Figure 5a).
The protein levels of TLK2 were similar in the placental tissue
compared with the tissue from the embryo (heart and fetal
liver), whereas TLK1 protein levels were strongly increased
in the embryonic tissues compared with the placenta,
although TLK1 was detectable in placentas (Figure 5b and

Supplementary Figure S4B). This suggested that TLK1 was
significantly less abundant in the placenta than the
embryo, providing a potential explanation as to why
placental development was particularly sensitive to Tlk2
deficiency.
ASF1a and ASF1b are the most clearly defined targets of

TLK1 and TLK2, but other substrates, such as RAD9 and
NEK1, have been reported for TLK1.15,23,30 To address the
potential substrate spectrum of TLK2, we carried out IPs of
tagged TLK2 or kinase dead TLK2 followed by quantitative
mass spectrometry (IP-MS; Supplementary Figure S5A). In
addition, we overexpressed TLK2 fused to the BirA* biotin
ligase to identify the proximity interactome of TLK2 using BioID
(Supplementary Figure S5B). Only a small number of proteins
were consistently identified by both approaches, including
ASF1a and ASF1b, TLK1 and LC8 (DYNLL1) (Figure 5c,

l

l

l

Figure 4 Proliferation and gene expression in placentas lacking TLK2. (a) Immunohistochemical staining of the proliferative marker Ki67 or (b) the DNA DSB marker γH2AX
in E10.5, E11.5 and E12.5 placentas of the indicated genotype. Similar numbers of proliferative cells are visible in the labyrinth of Tlk2−/− placentas compared with wild type at
each stage. Mean percent-positive cells (red bars) and S.D. is graphed in right panels. n= 3 and 2 at E10.5, n= 3 and 3 at E11.5 and n= 5 and 6 at E12.5 for Tlk2+/+and Tlk2−/−,
respectively. At least 200 total cells were counted for each individual and scale bar in (a) is equal to 10 μm and in (b) is equal to 100 μm. (c and d) Quantitative real-time PCR
analysis of genes expressed in trophoblast lineages from E12.5 placenta samples. Combined data represents the mean of triplicate samples from three individual animals of each
genotype. Statistical significance was determined using an upaired t-test (***Po0.0001, **Po0.001, *Po0.05). (e) Immunohistochemical staining for Tpbpa reveals a thinner
trophospongium (TS) in the absence of TLK2 at both E10.5 and E12.5. The orientation of the labyrinth (L) is also indicated. Quantification of signal intensity distribution in the TS is
shown in the right panel, normalized to area. Scale bar= 500 μm
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Supplementary Figure S5 and Supplementary Tables S1–S6).
Additional proteins known to be involved in a variety of
cellular processes, including DNA replication and chromatin
assembly (e.g. MCM helicase components, RIF1 and
HIRA/UBN1-2), transcription (e.g. GATAD2A, JUN) and
translation (e.g. EIF3F, EIF2S1) were identified in one or both
approaches below our statistical thresholds (Figure 5c). We
focused on the most high confidence interactions and found
that while we could confirm the LC8 interaction, it did not
appear to be a substrate of TLK2 activity (Supplementary
Figure S5E–H). We therefore focused on determining the level
and phosphorylation status of ASF1 in normal and Tlk2-
deficient placentas. In Tlk2−/− placentas total ASF1 protein

levels were similar to wild-type controls, but the phosphoryla-
tion of S166 (p-ASF1), a target site of TLKs, was reduced,
suggesting reduced H3/H4 binding potential in the absence of
TLK2 (Figure 5d and Supplementary Figure S6A).11 To
confirm the interaction of TLK2 with ASF1 in the placenta,
we performed co-immunoprecipitations (IPs) of endogenous
TLK2 or ASF1 from placental lysates. Following the IP of
TLK2, we readily observed both ASF1 and TLK1 and
reciprocal IPs with anti-ASF1 antibodies efficiently co-
immunoprecipitated TLK2 (Figure 5e and Supplementary
Figure S6B). Taken together, these results indicated that
despite some levels of detectable TLK1, TLK2 is required for
full ASF1 phosphorylation in the placenta, potentially
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Figure 5 TLK2 interacts with ASF1 and influences its phosphorylation in the placenta. (a) Quantitative real-time PCR of Tlk1 and Tlk2 in wild-type placentas of the indicated
age. Mean (red bars) and S.D. of triplicate samples is graphed (n= 1, 3 and 1 for each age indicated). (b) Western blotting of TLK1, TLK2 and ASF1 in lysates from E13.5
placenta (Pon.= Ponceau red-stained membrane). TLK2 levels are similar in either tissue (placenta=Pla. and heart/fetal liver= h–l), while TLK1 levels are much higher in
embryonic tissue relative to placenta. Samples from two littermate wild-type placentas are shown. Additional examples are shown in Supplementary Figure S4B. (c) Graphic
depiction of the combined results from multiple proteomics approaches to identify TLK2-interacting proteins from HEK293Tor AD293 cells (IP-MS and BioiD approaches and data
are described in further detail in Supplementary Figure S5 and Supplementary Tables S1–S6). TLK1, ASF1a, ASF1b and DYNLL1 (LC8) are the only high confidence interacting
proteins identified. LC8 does not appear to be a substrate of TLK2 (Supplementary Figures S5G and S5H). (d) Reduced ASF1-S166 phosphorylation (p-ASF1) in the E12.5 and
E13.5 Tlk2−/− placentas. Western blotting of lysates for TLK2, ASF1 and p-ASF1 from littermates of the indicated age. In each case, blots shown are from the same membrane
(Pon.= Ponceau red-stained membrane). Quantification of p-ASF1/ASF1 levels in multiple samples of the indicated genotype is shown in the right panel (additional Western blot
analysis examples are shown in Supplementary Figure S6A). Statistical significance (P= 0.0064) was determined using an unpaired t-test and the mean (red bars) and S.D. are
indicated (n= 14 and 11, respectively). (e) Co-IP of endogenous TLK2 and ASF1 from wild-type E13.5 placental lysates using antibodies for ASF1 (top panels) or TLK2 (bottom
panels). (Pon.= Ponceau red-stained membrane). Additional examples are shown in Supplementary Figure S6B
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influencing the regulation of genes required for trophoblast
differentiation and placental development.

TLK2 is dispensable for viability in embryonic and adult
tissues. The differential protein levels of TLK1 between the
placenta and embryonic tissue provided a potential explana-
tion for placental dependence on TLK2 (Figure 5b). We
considered that a similar situation in other cell types in the

embryo could also contribute to the embryonic death of
Tlk2−/− animals. To address this, we crossed female Tlk2+/−

mice carrying the Sox2-Cre transgene, which expresses Cre
in the epiblast, with males carrying the floxed conditional
allele (Tlk2+/F) to allow the generation of Tlk2−/− embryos,
while maintaining at least one functional copy of Tlk2 in the
placenta (Figure 6a).31 This strategy bypassed the embryonic
lethality and we observed the birth of live, morphologically
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Figure 6 TLK2 is dispensable in embryonic and adult tissues. (a) Tlk2+/+ and Tlk2−/− littermates are shown from breedings of female Tlk2+/− , Sox2-Cre+ and male Tlk2+/F

mice. (b) Weight of mice lacking TLK2 is slightly reduced but growth is similar to wild type. Mean (red bars) and S.D. are indicated (n= 20 and 9 for 1 month, n= 10 and 7 for
2 months, n= 6 and 5 for 3 months, n= 5 and 4 for 4 months for Tlk2+/+ and Tlk2−/−, respectively). (c) Kaplan–Meier survival curve of mice with the indicated genotypes
(Tlk2+/−, n= 42; Tlk2−/−, n= 26). (d) Western blotting of TLK1 and TLK2 using lysates from selected tissues of Tlk2+/+ and Tlk2−/− mice. NS refers to a nonspecific band
observed with the TLK2 antibody in many tissues and cell lines. (e) Similar expression patterns of Tlk1 and Tlk2 in adult mice. Taqman real-time PCR analysis of Tlk1 and Tlk2
mRNA levels (log 2-transformed) relative to ActB. Mean (blue bars for Tlk1 and red bars for Tlk2) and S.D. of triplicate reactions from at least two animals are plotted. In each case,
levels are normalized to that of the liver (set to 1). (f) Western blotting of TLK1/2 protein levels in 2-month-old male and female wild-type tissues. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) is shown as a loading control. (g) Examples of littermate Tlk1T/T Tlk2+/+ and Tlk1T/T Tlk2+/T animals at different ages. All Tlk1T/T Tlk2+/T animals
(n= 4) observed were severely runted and one lacked limbs on the left torso. All mice were killed before 1 month following veterinary advice owing to the lack of mobility and
trembling. A Kaplan–Meier survival plot for all related genotypes is presented in Supplementary Figure S7
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normal, Tlk2−/− animals (Figure 6a). These animals, although
sometimes smaller than littermates, showed a similar growth
capacity (Figure 6b) and no increased morbidity has been
observed up to 18 months (Figure 6c), although we cannot
yet rule out tissue-specific or aging-related phenotypes that
are not overtly evident. Importantly, we could not detect TLK2
protein in any tissues examined by western blotting, indicat-
ing that Sox2-Cre was effective at eliminating Tlk2 expression
(Figure 6d). These data demonstrate that, like TLK1, TLK2 is

not required for organismal viability, despite its critical role in
the development and function of the placenta.
As relative TLK1 and TLK2 protein levels were different

between embryonic and placental tissues, we sought to
determine if a similar situation existed in other adult tissues.
We freshly isolated mRNA and protein from a panel of wild-type
tissues at 2 months of age. Using quantitative real-time PCR,
we determined the expression levels of Tlk1 and Tlk2 in
different tissues (Figure 6e). In general, the expression of Tlk1

Figure 7 TLK1 and TLK2 cooperate to maintain cell viability and chromosome stability. (a) Western blot with antibodies against TLK1 and TLK2 in whole-cell extracts of
transformed MEFs of the indicated genotypes mock-treated or treated with 4OHT to induce trapping of TLK1 and/or deletion of TLK2 (Pon.= Ponceau red-stained membrane).
(b) Deletion of TLKs reduces colony formation. MEFs were mock-treated or treated with 4OHT for 72 h, washed, plated and cultured for 10–14 days. Relative colony number to
mock-treated cells is displayed. Tlk1+/+ Tlk2+/+ Cre+/− , n= 3; Tlk1C/CTlk2F/− Cre+/− , n= 6; Tlk2F/− Cre+/− , n= 6. Results are shown as mean± S.E.M. Experiment was
performed in technical duplicates, at least in biological triplicate. Statistical significance was determined using an upaired t-test (****Po0.0001, ***Po0.001). (c) Representative
images of IF experiments staining for γH2AX are shown from Tlk1T/T Tlk2F/− cells that were mock-treated or treated with 4OHT. Nuclei were counterstained with 4′,6-diamidino-2-
phenylindole (DAPI). (d) Increased DNA DSB formation following the depletion of TLK1 and TLK2. High-throughput microscopy of γH2AX levels per individual nucleus in
response to TLK depletion in MEFs mock-treated or treated with 4OHT. At least 800 nuclei were quantified per condition. Mean is shown as a red line; a.u., arbitrary units.
Statistical significance was determined using ordinary one-way analysis of variance (ANOVA) Tukey's multiple comparisons test (****Po0.0001). (e) Increased chromosome
bridges are evident in 4OHT induced double TLK-deficient cultures relative to mock-treated or Tlk2 deletion alone. A minimum of 200 cells was scored in each independent
experiment. Tlk1+/+ Tlk2+/+ Cre+/−, n= 2; Tlk1C/CTlk2F/− Cre+/−, n= 5; Tlk2F/− Cre+/−, n= 4. Results are shown as mean± S.D. Statistical significance was determined using
an upaired t-test (*Po0.05). (f) Plot of chromosomal aberration types scored from multiple transformed MEF cultures depicted as percent aberrations per chromosome. Results
are shown as mean±S.E.M. Statistical significance was determined using Fisher’s exact test (****Po0.0001). (g) Western blotting of Tlk1C/CTlk2F/− MEF lysates mock-treated
or treated with 4OHT for TLK1, TLK2, ASF1 and p-ASF1. Experiment performed in biological triplicate and a representative example shown. (h) Proposed model for the
contribution of TLK1 and TLK2 activity to the placenta and adult tissues. In the placenta, and possibly other cell types or tissues, TLK2 is the prevalent activity and is required to
maintain a threshold of signaling required for viability. This likely involves ASF1a/b and potentially other substrates. In most adult tissues, TLK1 and TLK2 are largely redundant
and the presence of either is sufficient to provide the necessary activity to support cellular functions required for the maintenance of genome integrity and viability
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and Tlk2 followed a similar pattern across tissues, although the
expression of Tlk2was particularly high in the testes, where the
human TLK2 genewas originally identified.6 To determine if the
mRNA levels reflected relative protein levels, we performed
western blotting from lysates prepared from some of the same
tissues of both male and female mice (Figure 6f). These results
were generally consistent with themRNAexpression levels and
the patterns of TLK1 and TLK2 protein levels were similar
relative to tissue type. One exception was the kidney, where
both TLK1 and TLK2 protein were undetectable, despite similar
levels of mRNA expression as other tissues (Figures 6e and f).
These results suggested that the lack of clear phenotypes in
adult animals deficient for either TLK1 or TLK2 could be due to
their redundancy in most tissues, in contrast to the placenta
where TLK2 is required because of the low levels of TLK1.
Supporting this possibility, we found that Tlk2 is haploinsuffi-
cient on a Tlk1-deficient background, as all Tlk1T/TTlk2+/T pups
we observed displayed severe birth defects (Figure 6g and
Supplementary Figure S7).

TLK1 and TLK2 cooperate to maintain cell viability and
chromosomal stability. As TLK1- or TLK2-deficient animals
appeared phenotypically normal, we wanted to investigate
the effects of depleting both activities. To accomplish this, we
generated single (Tlk1+/+Tlk2F/− ) and double conditional
(Tlk1C/CTlk2F/− ) transformed MEF lines that allow the
4-hydroxytamoxifen (4OHT)-inducible trapping and deletion
of Tlk1 and Tlk2, respectively. Depletion of TLK1 and TLK2
protein levels following 4OHT induced Cre recombinase
induction was effective (Figure 7a) and led to reduced colony
formation compared with wild-type or single mutants for Tlk2
(Figure 7b).
The simultaneous depletion of TLK1 and TLK2 resulted in a

marked increase in DNA DSBs, indicated by increased
intensity of γH2AX foci in the nucleus (Figures 7c and d).
These cells also displayed mitotic defects, such as chromo-
some bridges (Figure 7e), as well as increased levels of
chromosome aberrations scored in metaphase spreads,
particularly chromosome fragments and fusions (Figure 7f).
This was accompanied by a reduction in total ASF1
phosphorylation, similar to what was observed in the placenta
(Figure 7g). Collectively, our in vivo and in vitro results
indicated that TLK1 and TLK2 activities are largely redundant
for cell viability and chromosome maintenance, but that TLK2
is critical for mammalian development through its role in
supporting placental function (Figure 7h).

Discussion

Here we describe for the first time the relative contributions
of TLK1 and TLK2 to mammalian embryogenesis. Of the
two proteins, TLK1 has been the most studied and has
been implicated in many critical cellular processes, such
as transcription, DNA repair, DNA replication and
mitosis.2,4,7,8,10,11,13–16,21–23,32–36 Although it may have a role
directly or indirectly in these processes, our results indicate
that TLK1 is not required for essential cellular functions when
TLK2 is expressed normally. We did however observe that
TLK1 becomes essential in Tlk2+/T animals (Figure 6g), and
we believe that this likely reflects a need for TLK1 in supporting

placental or possibly embryonic function, when Tlk2 is
haploinsufficient, but have not investigated this further.
Regardless, the loss of TLK1 does not impair the generation
of viable, apparently healthy animals, notably impact several
physiological repair processes or detectably influence
genomic stability.
In contrast to TLK1, TLK2 was strictly required for

embryogenesis through its role in supporting placental
development. As both Tlk1 and Tlk2 mRNAs are readily
detectable in every tissue that we (Figure 6e), and others,37

have examined, this essential role for TLK2 was unexpected.
We observed reduced ASF1 phosphorylation, impaired gene
expression and histological evidence that indicated a require-
ment for TLK2 in the proper differentiation of the tropho-
blast lineages. As we did not observe any indications that
proliferation was strongly affected, we believe this is likely
through a role in transcriptional regulation.18 We, however,
cannot rule out the possibility that loss of TLK2 impairs DNA
replication to some extent, leading to either cellular attrition or
indirect defects on transcription and that TLK2 may influence
cell migration19 or other cellular functions that have yet to be
uncovered. A similar differential requirement for ASF1a and
ASF1b in development has been reported previously. The
depletion of murine ASF1a leads to lethality by E9.5,38 notably
earlier than we observed with TLK2 deletion, potentially
consistent with the incomplete effect we observed on total
ASF1 phosphorylation. In contrast, ASF1b is dispensable for
viability, although it affects fertility.39 While mice lacking either
TLK1 or TLK2 were fertile, we cannot rule out subtle or
age-related differences in fertility from existing data. Future
analysis of mice lacking combinations of both TLK and ASF1
alleles may be informative for identifying more specific
functions and determining how much of the TLK-deficient
phenotype relies on ASF1 regulation.
Although mRNA levels of Tlk1 and Tlk2 were similar from

E13.5 to 17.5 of placental development, TLK1 protein levels
were much higher in embryonic tissues compared with
placenta, whereas TLK2 protein levels were similar regardless
of the tissue. We believe this provides the most parsimonious
explanation for the essential nature of TLK2 in the placenta,
although we cannot rule out that TLK2 is uniquely capable of
modifying a cell type-specific substrate or carrying out another
unknown, essential role during development. Whether similar
unique dependencies of either TLK1 or TLK2 occur in other
cell types of embryonic or adult animals remain to be
determined, as do the mechanisms that regulate TLK1 or
TLK2 protein levels, activity and substrate engagement.
TLK1 activity appears to buffer Tlk2 haploinsufficiency

(Figure 6g), but it is insufficient to fully support placental
development in the absence of TLK2. This may be because of
its lower levels, and presumably lower activity, relative to
embryonic tissue, reduced affinity for ASF1a,27 or because of
specific interactions that have yet to be identified. However, in
other tissues of the embryo and adult animals, the protein
levels of TLK1 and TLK2 appear to be sufficient to act
interchangeably to support cellular functions, evidenced by
the viability of both Tlk1T/T and Tlk2−/− cell cultures and
animals (Figures 1,6 and 7).
While our results suggest that there may be a high level of

redundancy between TLK1 and TLK2 in many cell types,
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recent work has specifically connected TLK2 mutations to
patients with intellectual disabilities40 and it is tempting to
speculate that this could reflect placental defects, although we
would expect them to be less marked than what we have
observed inmicewith a full TLK2 knockout. Moreover, TLK2 has
been identified as a regulator of starvation-induced autophagy41

and gammaherpesvirus latency,9 amplifications and hyperpho-
sphorylation of specifically TLK2 have been identified in
subtypes of breast cancer and shown to influence cancer
progression19,20,42,43 and TLK2 has been shown to have a
critical role in cell cycle checkpoint recovery that was not
observed following TLK1 depletion.18 These apparently specific
roles may reflect differences in their transcriptional or transla-
tional regulation and relative ratios, differential control of their
activity or distinct substrate specificity. Recent work identified
around 150 putative TLK1 interactors30 andwe foundonly seven
proteins in common using different experimental approaches for
TLK2, including ABLIM1, DNAJC7, EMG1, PDCD6, SERBP1,
SNRPC and SRSF1, although these fell below the stringent
thresholds we used for selecting interactions to validate
(Figure 5c and Supplementary Tables S1–S6). Further inves-
tigation in a wider array of cell types will be required to
understand the unique and overlapping substrates and func-
tions of TLK1 and TLK2 and their specific roles in development,
genome maintenance and other cellular processes.

Materials and Methods
Generation of Tlk1- and Tlk2-deficient mice. Embryonic stem (ES)
cells with a gene-trapped Tlk1 allele were purchased from the German Genetrap
Consortium (clone ID E067A02). A single insertion was confirmed and cells injected
into 3.5-day mouse C57B6/j blastocysts (Supplementary Figure S1). A total of
12–15 ES cells were injected into each blastocyst and reimplanted into the oviduct
of 2.5-day pseudopregnant foster mice (CD1s). Chimeras were scored and mated
with C57B6/j wild-type mice. Agouti offsprings were screened by PCR for the Tlk1
allele and pups were screened for zygosity using PCR or by quantitative real-time
PCR (Transnetyx, Cordova, TN, USA). Primer details are available upon request.
The knockout-first Tlk2 targeting construct was designed and constructed in the

IRB Mutant Mouse facility using standard recombineering methods.44 The targeting
vector was confirmed by sequencing and linearized vector transfected into ES cells
for targeting. Cells were selected with neomycin and digested genomic DNA analyzed
by Southern blot (performed by service in the Centro Ricerche Biotecnologiche of the
Università Cattolica del Sacro Cuore, Milan, Italy) for correct targeting
(Supplementary Figure S1). For Southern analysis, three probes were used and
correctly targeted clones injected as described for Tlk1. We analyzed the 5′ (5P) and
3′ (3P) integration sites following KpnI digestion (probe primers in Table S7).
Pgk1-FlpO (011065) and Sox2-Cre (008454) were purchased from Jackson
Laboratories (Bar Harbor, ME, USA) and ERT2-Cre mice were described
previously.31,45,46 All animals were maintained in strict accordance with the European
Community (86/609/EEC) guidelines at the animal facilities in the Barcelona Science
Park (PCB). Protocols (CEAA13/0008) were approved by the Animal Care and Use
Committee of the PCB (IACUC; CEEA-PCB) in accordance with applicable legislation
(Law 5/1995/GC; Order 214/1997/GC; Law 1201/2005/SG). All efforts were made to
minimize use and suffering.

Generation of MEFs. MEF cultures were established from E14.5 embryos
that were dissected into fresh PBS and kept overnight at 4 °C in trypsin/EDTA (Life
Technologies, Carlsbad, CA, USA) solution. Following incubation at 37 °C for
20 min, cells were disaggregated with a serological pipette and supernatant plated
for culture in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO, USA), 2 mM L-glutamine and 100 U/ml penicillin.
Transformed MEFs were generated by transfecting a linearized p129 plasmid,
containing an origin-less SV40 genome, using an Amaxa nucleofector with MEF
reagent 2 (Lonza, Basel, Switzerland). For the induction of Cre recombinase in

ERT2-Cre-expressing cell lines, cells were exposed to 4OHT (Sigma-Aldrich;
H7904; 1 μM) for 72 h, washed and plated for experiments.

Immunological analysis. Analysis of thymocytes was performed as
described previously.47 Thymi were dissected from 8-week-old animals and a
single-cell suspension was obtained using a 45 μm nylon mesh (Thermo Fisher
Scientific, Waltham, MA, USA). Apoptosis of thymoctes was assessed by flow
cytometry after double staining with FITC-conjugated Annexin V (BD Biosciences,
East Rutherford, NJ, USA) and propidium iodide. Thymic sub-populations were
quantified by staining with fluorescence-conjugated antibodies for CD3e, CD4 and
CD8 (BD Biosciences) and analysis by flow cytometry using the FlowJo Software
(Tree Star).

Immunohistochemistry. Paraffin-embedded tissue sections (3 μm) were air
dried and further dried at 60 °C overnight. IHC was performed using an Autostainer
Plus (Dako, Agilent Technologies, Santa Clara, CA, USA) or manually (Tpbpa).
Before IHC, sections were dewaxed using the low pH EnVision FLEX Target
Retrieval Solutions for caspase-3 detection (Dako) at 97 °C for 20 min using a PT
Link (Dako), or dewaxed and rehydrated and thereafter antigen retrieval was
performed using a PT link (Dako) at 97 °C for 20 min with a citrate buffer (pH 6).
Quenching of endogenous peroxidase was performed for 10 min with Peroxidase-
Blocking Solution (Dako; REAL S2023). Primary antibodies used were as follows:
rabbit polyclonal anti-Ki67 (Thermo Fisher Scientific; 1 : 75), rabbit polyclonal anti-
CD31 (Abcam, Cambridge, UK; ab28364; 1:500), mouse monoclonal anti-phospho-
histone H2A.X-pSer139) (clone JBW301; Millipore, Billerica, MA, USA; 05-636;
1:600), rabbit polyclonal anti-cleaved caspase-3 (Asp175) (Cell Signalling
Technology, Danvers, MA, USA; no. 9661; 1:300) and rabbit polyclonal anti-
trophoblast-specific protein-α (Abcam; ab104401; 1:1500) were incubated at room
temperature for 120 min. BrightVision Poly-HRP-Anti Rabbit IgG Biotin-free
(Immunologic, VWR International, Radnor, PA, USA; DPVR-110HRP) was used
as a secondary antibody. Antigen–antibody complexes were revealed with 3-3′-
diaminobenzidine (Dako; K3468), with the same time exposure per antibody (5 min).
Sections were counterstained with hematoxylin (Dako; S202084) and mounted with
a mounting medium, toluene-free (CS705; Dako), using a CoverStainer (Dako).
Specificity of staining was confirmed by omission of the primary antibody. Slides
were imaged using a Olympus DP25 camera (Olympus, Tokyo, Japan) mounted on
a Olympus BX45 microscope (Olympus) or using a E600 Nikon epifluorescence
microscope (Nikon, Tokyo, Japan) equipped with a x40 NA 0.75 objective lens and a
charge-coupled Olympus DP72 device camera (Olympus).

Histopathology. Embryos and placentas were harvested and fixed in 4%
paraformaldehyde overnight at room temperature. Representative sections were
trimmed, processed, embedded in paraffin, blocked, sectioned and stained with
H&E and periodic acid/Schiff reagent. Stained slides were examined micro-
scopically, unbiased by two experienced board-certified pathologists (SAY, AdB).
The different types of trophoblastic cell lineage (i.e. labyrinth trophoblast,
syncytiotrophoblast, giant cell trophoblast and trophospongium) were identified
based on the characteristic histologic features of every cell. The numbers and/or
size of a particular cell from the trophoblastic cell lineage were compared between
different genotypes and scored by an ordinal semiquantitative system as
described,48 where normal= no change in the numbers/size from control tissue,
mild= decreased between 10 and 25%, moderate= decreased between 25 and
50% and severe= the number and/or size of a particular cell type is decreased
450% when compared with control tissue.

Isolation of RNA and quantitative real-time PCR. Dissected tissue or
primary MEFs were collected on ice, washed in PBS and snap frozen on dry ice.
Tissues were disrupted in Tri-Reagent (Sigma-Aldrich) by zirconium beads in a
mechanical tissue disruptor (Precellys 24; Bertin Technologies, Montigny-le-
Bretonneux, France). RNA was isolated by centrifugation followed by chloroform
extraction, isopropanol precipitation, washing two times in 75% ethanol and
resuspension in DEPC-treated water. Nucleic acid quantification was performed with
a Nanodrop 8000 Instrument (Thermo Fisher Scientific). Reverse transcription
reaction was carried out using High Capacity RNA-to-cDNA Kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), following the
manufacturer's instructions, in a reaction volume of 20 μl and with the primers
contained in the 2 × RT buffer mix, which is composed of dNTPs, random octamers,
and oligo(dT)16 and cDNA was stored at − 20 °C. qPCR was performed using the
comparative CT method and a Step-One-Plus Real-Time PCR Instrument (Applied
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Biosystems). SYBR Green and Taqman reactions were carried out in technical
triplicate in a final volume of 10 μl. For SYBR Green 1 × SYBR Green PCR Master
Mix (no. 4364344; Applied Biosystems), forward and reverse primer (Sigma-Aldrich;
100 nM each) and 25 ng of template were used. For TaqMan reactions 1 × TaqMan
Universal PCR Master Mix (no. 4324018; Applied Biosystems), 0.5 μl of probe and
25 ng of template were used. Thermocycling parameters used for SYBR Green
reactions were: 95 °C 20 s; 40 cycles 95 °C 3 s, 60 °C 30 s; melting curve and for
TaqMan reactions were: 95 °C 20 s; 40 cycles 95 °C 1 s, 60 °C 20 s. For TaqMan
assays, mACTB probe was used as an endogenous control for normalization and
for SYBR Green assays; primers for 18 S were used as endogenous controls for
normalization. The 2− ddCT method was used for the analysis of the amplification
products. Primer pairs used are indicated in Supplementary Table S7. Data are
presented as the means± S.D. of at least three experiments, with at least
three animals within each experimental group. Statistical significance was
determined using an unpaired t-test (***P⩽ 0.0001, **P⩽ 0.001, *P⩽ 0.05,
NS= nonsignificant).

Affinity purification of TLK2 and quantitative mass spectro-
metry. The human TLK2 cDNA was obtained in a Gateway-compatible
pENTR223 vector (Sigma-Aldrich Mission cDNA library) and introduced into the
N-SF-TAP-DEST vector (a kind gift from J Gloeckner)49 by recombination reaction
(300 ng TLK2-pENTR223, 300 ng N-SF-TAP-DEST, 4 μl Gateway buffer (Invitrogen,
Carlsbad, CA, USA) and 4 μl clonase LR (Invitrogen)) and incubated at 25 °C for
1 h. Proteinase K (2 μl) (Sigma-Aldrich) was added and incubated at 37 °C for
10 min to stop the reaction. Competent Escherichia coli DH5α (Sigma-Aldrich) were
transformed with the resulting recombination reaction and selected with kanamycin.
Plasmids were checked by restriction digests and sequencing (Macrogen,
Amsterdam, the Netherlands) and DNA prepared with MaxiPreps (Promega,
Madison, WI, USA). The kinase dead mutation (D592V) was introduced using
QuickChange Lightning (Agilent Technologies, Santa Clara, CA, USA).
HEK293T cells were grown in DMEM (Life Technologies) supplemented with 10%

FBS and penicillin–streptomycin at 37 °C in a 5% CO2 incubator. Transient
transfections of 15 μg plasmid per 15 cm plate were carried out using
polyethylenimine (PEI) (Polysciences Inc., Warminster, PA, USA). Cells were
harvested 48 h after transfection and collected by centrifugation. Pellets were lysed in
1 ml lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Tween-20, 0.5% NP-40
with 1x protease inhibitor cocktail (Roche, Basel, Switzerland) and 1x phosphatase
inhibitor cocktail (Sigma-Aldrich)) on ice for 20 min. Cells were freeze-thawed three
times and lysates were cleared by centrifugation at 16,000 × g at 4 °C for 20 min.
Proteins were quantified using the DC Protein Assay (Bio-Rad, Hercules, CA, USA)
and 100 μl was retained for input. Protein extracts were incubated with 100 μl
prewashed streptactin superflow resin (IBA GmbH, Göttingen, Germany) at 4 °C for
2 h using an overhead tumbler. Resin was spun down (7000 × g for 30 s) and
transferred to microspin columns (GE Healthcare, Little Chalfont, UK). Resin was
washed three times with 500 μl washing buffer (30 mM Tris, pH 7.4, 150 mM NaCl,
0.1% NP-40, protease and phosphatase inhibitors). Fusion proteins were eluted from
the Strep-Tactin matrix with 500 μl of desthiobiotin elution buffer (IBA Gmbh) (30 mM
Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM desthiobiotin, protease and
phosphatase inhibitors) on ice for 10 min. One hundred and fifty microliter was
retained for western blot analysis and the remaining protein was concentrated in
centrifugal filter units and taken to a final concentration of 6 M urea and 100 mM
ammonium bicarbonate. Then they were reduced, alkylated and digested to peptides
using sequence-grade trypsin at 1:10 ratio (w : w; enzyme : substrate) at 37 °C
overnight. Tryptic peptide mixtures were desalted using a C18 UltraMicroSpin
(Thermo Fisher Scientific) column.50

Samples were analyzed in a LTQ-Orbitrap Velos Pro Mass Spectrometer (Thermo
Fisher Scientific) coupled to nano-LC (Proxeon, Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a reversed-phase chromatography 12-cm column with an
inner diameter of 75 μm, packed with 5 μm C18 particles (Nikkyo Technos Co. Ltd,
Tokyo, Japan). Chromatographic gradients from 93% buffer A, 7% buffer B to 65%
buffer A, 35% buffer B in 60 min at a flow rate of 300 nl/min, in which buffer A: 0.1%
formic acid in water and buffer B: 0.1% formic acid in acetonitrile. The instrument was
operated in DDA mode and full MS scans with 1 micro-scans at resolution of 60 000
were used over a mass range of m/z 250–2000 with detection in the Orbitrap.
Following each survey scan the top 20 most intense ions with multiple charged ions
above a threshold ion count of 5000 were selected for fragmentation at normalized
collision energy of 35%. Fragment ion spectra produced via collision-induced
dissociation (CID) were acquired in the linear ion trap. All data were acquired with
Xcalibur Software v.2.2 (Thermo Fisher Scientific, Waltham, MA, USA).

Acquired data were analyzed using the Proteome Discoverer Software suite
(v.1.3.0.339; Thermo Fisher Scientific) and the Mascot search engine (v.2.3; Matrix
Science, London, UK) were used for peptide identification. Data were searched
against an in-house generated database containing all proteins corresponding to
human in the SwissProt database plus the most common contaminants, as described
previously.51 A precursor ion mass tolerance of 7 p.p.m. at the MS1 level was used,
and up to three miscleavages for trypsin were allowed. The fragment ion mass
tolerance was set to 0.5 Da. Oxidation of methionine and protein acetylation at the
N-terminal were defined as variable modification. Carbamidomethylation on cysteines
was set as a fix modification. The identified peptides were filtered using a FDRo1%.
For protein quantitation, the top 3 method was used.52 In brief, the average of the
peptide areas for the three most intense peptides per protein was used a measure of
protein abundance. Additional data is presented in Supplementary Tables S1–S4.

BioID analysis of proximity interactions. Human TLK2 was amplified
with forward primer containing 5′ AscI (TLK2-AscI-F: 5′-AAAAAAGGCGCGCC
TATGGAAGAATTGCATAGCC-3′) or reverse primer containing 3′ NotI restriction
sites (TLK2-NotI-R: 5′-AAAAAAGCGGCCGCTTAATTAGAAGAACTGTT-3′) using
KOD Hot Start DNA Polymerase (Millipore) and cycling conditions recommended
from the manufacturer (polymerase activation at 95 °C for 2 min, denaturation at 95 °
C for 20 s, annealing at 55 °C for 10 s and extension at 70 °C for 50 s, repeated for
40 cycles). PCR products were purified using the PureLink Quick Gel Extraction Kit
(Invitrogen) and cloned into pCR2.1-TOPO vector (Invitrogen). Top 10 competent E.
coli cells (Invitrogen) were transformed with pCR2.1-TLK2 and colonies were
selected in carbenicillin. Constructs were verified by restriction digestion and
sequencing (Macrogen) with primers for the TOPO vector (T7 Promoter-F and M13-
R). Afterwards, TLK2 was cut from the pCR2.1-TOPO vector by restriction digest with
AscI (New England BioLabs (NEB), Ipswich, MA, USA) and NotI-HF (NEB), purified
using the PureLink Quick Gel Extraction Kit (Invitrogen) and ligated into pcDNA5/
FRT/TO-N-FLAG-hBirA* (TLK2) using Quick Ligation Kit (NEB). Top 10 competent E.
coli cells (Invitrogen) were transformed with pcDNA5/FRT/TO-N-Flag-hBirA*-TLK2
vector and carbenicillin selected. The constructs were confirmed by restriction
digestion with AscI (NEB) and NotI-HF (NEB) and sequencing (Macrogen).

AD293 cells were seeded and transfected the next day with either pcDNA5/FRT/
TO-N-FLAG-hBirA*-TLK2 or pcDNA5/FRT/TO-N-FLAG-hBirA* using PEI (Sigma-
Aldrich)± 50 μM biotin (IBA GmbH; 2-1016-002). For mass spectrometry, 5x15 cm2

plates per condition were harvested 24 h after transfection by scraping cells into PBS,
washing two times in PBS and snap freezing on dry ice. Cell pellets were lysed in 5 ml
modified RIPA buffer (1% TX-100, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitors)
on ice, treated with 250 U benzonase (Millipore) and biotinylated proteins were
isolated using streptavidin-sepharose beads (GE Healthcare). Proteins were washed
in ammonium bicarbonate and digested with trypsin. Mass spectrometry was
performed as described previously.53 Additional data are presented in Supplementary
Tables S5 and S6.

Endogenous co-IP. Dissected placentas were collected on ice and disrupted
in Extraction Buffer (300 mM NaCl, 0.5% NP-40, 50 mM Tris, pH 7.8, 0.2 mM EDTA,
5% glycerol, 1x protease (Roche, Basel, Switzerland) and phosphatase inhibitors
(Sigma-Aldrich)) by zirconium beads in a mechanical tissue disruptor (Precellys 24;
Bertin Technologies). After two centrifugation steps (10 min, max speed, 4 °C and
5 min, max speed, 4 °C), supernatants were collected, precleared and
immunoprecipitated (overnight, 4 °C, on rotation) with 10 μg of anti-TLK2 antibody
(Bethyl Laboratories, Montgomery, TX, USA; A301-257A), 10 μl of polyclonal ASF1
serum (generated in Anja Groth's Laboratory, BRIC, Copenhagen) or 10 μg of rabbit
IgG (Sigma-Aldrich) bound to 50 μl of Dynabeads Protein G (Invitrogen, Carlsbad,
CA, USA). Beads were washed five times with cold Wash Buffer (150 mM NaCl,
0.2% NP-40, 50 mM Tris, pH 7.8, 0.2 mM EDTA, 5% glycerol, 1x protease (Roche)
and phosphatase inhibitors (Sigma-Aldrich)), resuspended in 30 μl of Laemmli
sample buffer and boiled for 20 min.

Protein extraction for western blotting. Dissected tissues or cells were
collected on ice, washed in PBS and resuspended in TNG-150 buffer (50 mM
Tris-HCl, 150 mM NaCl, 1% Tween-20, 0.5% NP-40, 1x protease (Roche) and
phosphatase inhibitors (Sigma-Aldrich)). Tissues were disrupted by zirconium
beads in a mechanical tissue disruptor (Precellys 24; Bertin Technologies). Protein
concentration was quantified using the DC Protein Assay (Bio-Rad), separated by
SDS-PAGE and transferred to PVDF membrane (Millipore). Membranes were
probed with antibodies for TLK1 (Cell Signaling; 4125; 1:1000), TLK2 (Bethyl
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Laboratories; A301-257A; 1:1000), ASF1 (Sigma-Aldrich, A5236, 1:800, for
HEK-293 T human cells; Groth Laboratory, rabbit polyclonal, 1:2000, for mouse
tissue and MEFs),14 actin (Sigma-Aldrich; A4700; 1:3000), FLAG (Sigma-Aldrich;
F3165; 1:1000), LC8 (Abcam; ab51603; 1:1000), GAPDH (Millipore; MAB374;
1:10 000) and p-ASF1-S166 (Groth Laboratory; rabbit polyclonal, 1:30 000).11

Primary antibodies were detected with appropriate secondary antibodies conjugated
to HRP and visualized by ECL-Plus (GE Healthcare).

Analysis of genomic instability. For colony formation assays, cells were
seeded in duplicate on 6-cm plates and the number of seeded cells were adjusted
to the plating efficiency. Cells were incubated at 37 °C for 10–14 days and colonies
stained with crystal violet (Sigma-Aldrich) and counted using ImageJ-plugin
Trainable Weka Segmentation (NIH, Bethesda, MD, USA). For immunofluorescence
and high-throughput microscopy (HTM), MEFs were grown in LabTek II Chamber
slides (Nunc, Thermo Fisher Scientific). Cells were pre-extracted for 5 min in 0.2%
TX-100/PBS on ice and fixed for 10 min in 4% paraformaldehyde at room
temperature. Fixed cells were blocked in 3% BSA with 0.1%Tween/PBS for 1 h and
stained using standard procedures. For HTM, 48 images were automatically
acquired per well with a Scan^R (Olympus) at × 40 magnification and non-saturating
conditions. Images were segmented using the DAPI staining to generate nuclei
masks from which the corresponding signals were calculated using an in-house-
developed package based on the Cell Profiler. For immunofluorescence analysis the
antibody anti-γH2AX (sc-101696; Santa Cruz Biotechnology, Dallas, TX, USA) and
the corresponding secondary antibody conjugated with Alexa Fluor 568 were used.
For metaphase spread preparations, cells were treated with colcemid (0.1 g/ml for
2 h). Cells were trypsinized, hypotonically swollen in 0.075 M KCl for 20 min at 37 °
C and fixed (75% MeOH and 25% acetic acid, ice cold). Metaphase preparations
were spread on glass slides and stained with DAPI in Vectashield mounting
medium. Images were taken using a Leica DM6000 microscope (Leica, Wetzlar,
Germany) and analyzed using Fiji Software (https://fiji.sc/).
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