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Phosphorylation of the Cajal body protein WRAP533 by ATM promotes
its involvement in the DNA damage response
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ABSTRACT

The cellular response to DNA double-strand breaks is orchestrated by the protein kinase ATM, which
phosphorylates key actors in the DNA repair network. WRAP538 is a multifunctional protein that controls
trafficking of factors to Cajal bodies, telomeres and DNA double-strand breaks but what regulates the
involvement of WRAP538 in these separate processes remains unclear. Here, we show that in response to
various types of DNA damage, including IR and UV, WRAP538 is phosphorylated on serine residue 64 by
ATM with a time-course that parallels its accumulation at DNA lesions. Interestingly, recruitment of
phosphorylated WRAP538 (pWRAP535°%%) to sites of such DNA damage promotes its interaction with
yH2AX at these locations. Moreover, pWRAP538°% stimulates the accumulation of the repair factor 53BP1
at DNA double-strand breaks and enhances repair of this type of damage via homologous recombination
and non-homologous end joining. At the same time, phosphorylation of WRAP534 is dispensable for its
localization to Cajal bodies, where it accumulates even in unstressed cells. These findings not only reveal
ATM to be an upstream regulator of WRAP538, but also indicates that phosphorylation of WRAP538 at
serine 64 controls its involvement in the DNA damage response and may also restrict its other functions.
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Introduction important for both homologous recombination (HR) and non-

The WRAP53 (WD40 encoding RNA Antisense to p53) gene,
originally identified in our laboratory as an antisense gene of
the p53 tumor suppressor,’ encodes a WD40 protein
WRAP538 (also known as WRAP53, WDR79, TCABI)
involved in multiple cellular processes. First, this protein plays
a central role in the maintenance of the nuclear organelles
known as Cajal bodies, recruiting factors such as the SMN (sur-
vival of motor neuron) protein, scaRNAs (small Cajal body-
specific RNAs) and telomerase to these bodies.”* Upon loss of
WRAP538 these organelles collapse and cannot reform, result-
ing in mislocalization of associated factors.” Second, via Cajal
bodies WRAP53p targets telomerase to telomeres, thereby reg-
ulating their elongation.* Third, WRAP538 helps orchestrate
the repair of DNA double-strand breaks by recruiting the ubiq-
uitin ligase RNF8 (Ring finger protein 8) to DNA breaks

homologous end joining (NHE]).>

The significance of WRAP53 for tissue homeostasis is demon-
strated clearly by the finding that inherited mutations in this pro-
tein lead to dyskeratosis congenita, a syndrome characterized by
failure of the bone marrow and a predisposition to develop cancer.”
Moreover, certain single nucleotide polymorphisms (SNPs) in the
gene or downregulation of this protein predisposes individuals to
various sporadic forms of cancer, including breast, ovarian and
head-neck cancer, and are also correlated with shorter survival of
such patients and resistance of head-neck tumors to radiother-
apy.>*'% In addition, overexpression of WRAP538 has been
detected in some types of tumor, including head-neck,'""> lung'’
and rectal* cancer. Even though recent observations demonstrate
that overexpression of WRAP53p leads to more efficient repair of
DNA double-strand breaks,"” the clinical relevance of such
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overexpression in connection with cancer remains vague. Further-
more, the exact manner in which the different functions and regu-
lators of WRAP53p are coordinated is not yet clear.

As with so many other processes, post-translational mod-
ifications of proteins, including phosphorylation play a cru-
cial signaling role in the orchestration of cellular responses
to DNA damage. The protein kinases related to phosphoi-
nositide 3-kinase (PI3K), including ATM (ataxia telangiecta-
sia mutated), ATR (ATM and Rad3-related) and DNA-PK
(DNA-dependent protein kinase) initiate the damage cas-
cade by phosphorylating nearby molecules of histone H2AX
(at serine 139) to form yH2AX, a well-established marker
of DNA damage and repair.

Although these kinases all recognize Serine-Glutamine
(SQ) and Threonine-Glutamine (TQ) motifs,'®!” with a
preference for phosphorylating serine over threonine, their
co-factors and the types of damage by which they are acti-
vated differ. For example, ATM senses double-strand breaks
induced by ionizing radiation (IR), whereas ATR responds
primarily to single-strand breaks, replication stress and
bulky lesions induced by ultraviolet (UV) light."® While
often functioning in a manner similar to ATM, DNA-PK is
also distinct in acting mainly together with the Ku proteins
of the NHE]J repair pathway.'”?® In addition to H2AX, a
proteomic screen following induction of DNA damage by
IR revealed 700 other potential substrates for ATM/ATR.*!
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We reported previously that following exposure of cells to IR,
WRAP538 is recruited to DNA double-strand breaks by a process
that requires MDC1, yH2AX and ATM.” At these sites, WRAP538
acts as a scaffold for interactions between RNF8 and MDCI,
thereby mediating ubiquitylation of damaged chromatin and pro-
moting recruitment of downstream repair factors (RNFI168,
53BP1, BRCAI and RAD51).” In the current investigation, we
demonstrate that upon DNA damage WRAP538 is phosphory-
lated on serine 64 by ATM and this phosphorylation promotes its
localization to DNA double-strand breaks, its interaction with
yH2AX and, in addition, its role in the repair of these lesions.

Results
WRAP53p is phosphorylated in response to DNA damage

A proteomic screen previously identified serine residue 64 (S64)
on WRAP53p, as a putative site for phosphorylation by ATM/
ATR (Fig. 1A).>' Comparative analysis revealed maintenance of
this site and the subsequent glutamine (the SQ motif) throughout
evolution, an indicator of its biological importance (Fig. 1B).
To examine whether in cells WRAP53 8 is phosphorylated at S64,
we generated a phosphorylation-specific antibody targeting this
site (pPWRAP538%%). The specificity of this antibody was first
confirmed by expressing a WRAP538 construct in which serine
64 was mutated to alanine and indeed binding was only obtained
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Figure 1. WRAP53 is phosphorylated in response to DNA damage. (A) Schematic illustration of the WRAP538 protein, the organization of its domains and its S64 phos-
phorylation site. (B) Conservation analysis of the S64 phosphorylation site in different species. The SQ motif is underlined and the S phosphorylation site marked in red.
(C) U20S cells were transfected with an empty plasmid or a plasmids encoding wild-type (WT) or S64A WRAP538 tagged with GFP for 16 h; irradiated (6 Gy) and har-
vested 1 h later for western blotting of pPWRAP538°*, WRAP538 and S-actin. (D) Representative western blots of protein levels of WT or S64A GFP-WRAP53 in irradiated
U20S cells. Cells were transfected with indicated plasmids for 16 h; irradiated (6 Gy) then immediately treated with cycloheximide (CHX, 50 .g/ml) for the periods indi-
cated, after which they were harvested for western blotting with GFP and S-actin antibodies. (E) U20S cells stably expressing Flag-WRAP53 8 were either left untreated or
exposed to 6 Gy IR followed by 1 h recovery; 30 J/m? UV followed by 3 h recovery; 2 mM hydroxyurea followed by 3 h recovery; 1 uM camptothecin followed by 3 h
recovery or 6 pg/ml mitomycin C followed by 3 h recovery, after which they were harvested for western blotting with the antibodies indicated.
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to the wild-type (WT) and not the phospho-incompetent variant
(S64A) of WRAP53p (Fig. 1C). No major change in protein sta-
bility was observed between WT and the S64A mutant of
WRAP538 (Fig. 1D). Strikingly, this antibody revealed S64-phos-
phorylation of Flag-WRAP538 in response to DNA damage trig-
gered by a variety of agents, including IR, UV, hydroxyurea,
camptothecin and mitomycin C (Fig. 1E).

ATM mediates phosphorylation of WRAP53p in response to
DNA damage induced by IR and UV

Since the role of WRAP538 in the repair of DNA damage
induced by IR is well known, we utilized this damaging agent

for further characterization. Human U20S cancer cells that sta-
bly overexpress Flag-tagged WRAP538 were initially used to
examine phosphorylation of WRAP538.>'° Following irradia-
tion, WRAP538 was rapidly phosphorylated, a process that
continued for 24 h (Fig. 2A) with a time-course resembling the
kinetics of WRAP538 accumulation at DNA lesions.”

The recruitment of WRAP538 to DNA double-strand
breaks is totally dependent on ATM, partially dependent on
ATR, but independent of DNA-PK.” Strikingly, inhibition of
ATM completely abolished the phosphorylation of WRAP538
at S64 following IR treatment (Fig. 2B), whereas inhibition of
ATR or DNA-PK had no effect (Fig. 2B). Since ATR responds
mainly to other types of DNA damage, we also examined
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Figure 2. ATM phosphorylates WRAP538 upon IR and UV exposure. (A) U20S cells stably overexpressing Flag-WRAP53 8 were irradiated (6 Gy) and harvested at the time-
points indicated for western blotting with the antibodies indicated. (B) U20S cells stably expressing Flag-WRAP53 were treated with the inhibitors indicated for 16 h or
siIWRAP53 for 48 h, exposed to 6 Gy IR, and harvested 1 h later for western blotting with the antibodies indicated. (C) U20S cells stably expressing Flag-WRAP538 were
treated with the inhibitors indicated for 24 h or siWRAP53 for 48 h, exposed to 30 J/m? UV, and harvested 3 h later for western blotting with the antibodies indicated. (D)
U205 cells stably overexpressing Flag-WRAP538 were exposed to 30 J/m? UV and harvested at the time-points indicated for western blotting with the indicated antibod-
ies. (E) U20S cells stably expressing Flag-WRAP53 8 were treated with the siRNAs indicated for 48 h or an inhibitor of ATM (ATMi) for 24 h, exposed to 6 Gy IR, and har-
vested 1 h later for western blotting with the antibodies indicated. (F) Parental U20S cells were exposed to 6 Gy IR (1 hour recovery) or 30 J/m2 UV (9 hours recovery)
and harvested for western blotting with the antibodies indicated. H1299 cells were treated with ATMi for 16 h or siWRAP53 for 48 h, irradiated with 6 Gy and harvested

30 min later for western blotting of pWRAP538°%*, WRAP53 and S-actin.



phosphorylation WRAP538 after UV treatment, which con-
firmed that ATM, and not ATR or DNA-PK mediate this phos-
phorylation (Fig. 2C). Furthermore, knockdown of WRAP538
attenuated such phosphorylation (Fig. 2B and 2C), again con-
firming the specificity of our antibody. WRAP538 phosphory-
lation was more rapid following exposure to IR than UV, in
agreement with the relative kinetics of induction of DNA dam-
age by these agents,”” and as reflected in the slower formation
of yH2AX after UV (Fig. 2D). Depleting cells of yH2AX,
MDC1 or RNEF8, which are known to interact with
WRAP538,>** did not influence phosphorylation of
WRAP538, indicating that these proteins are not involved in
the formation of pWRAP535°%* (Fig. 2E).

Phosphorylation of endogenous WRAP538 was also
observed after UV and IR in parental U20S and H1299 cells,
the latter of which express high levels of WRAP53p (Fig. 2F).
However, detection of phosphorylated WRAP538 was weak in
comparison to total WRAP53p, indicating that only a small
proportion of this protein is normally phosphorylated at S64.
Together, these observations reveal that in response to DNA
damage, ATM rapidly phosphorylates WRAP53 8 at S64.

Phosphorylated WRAP53 5 accumulates at DNA
double-strand breaks

To determine whether phosphorylated WRAP538 is recruited
to sites of DNA damage, we employed three different
approaches. The first of these was based on U20S cells in which
site-specific DNA double-strand breaks can be induced by FokI
endonuclease. These cells are stably transfected with a reporter
containing several hundred repeats of the Lac operator (LacO)
and expression of an mCherry-tagged Lac repressor (Lacl)
fused to FokI (mCherry-LacI-Fokl) results in binding of LacI to
the LacO, in which the nonspecific Fokl endonuclease creates
double-strand breaks (Fig. 3A),*** as confirmed here by the
formation of yH2AX at these sites (Fig. 3B). Interestingly,
upon formation of DNA breaks in the LacO array, endogenous
pWRAP538%* was recruited to this array (Fig. 3C), a pattern
observed with different antibodies against WRAP538 (Fig. 3C).
Next, following laser micro-irradiation, endogenous phosphor-
ylated WRAP53 8 was observed to rapidly re-localize to the sites
of DNA damage (laser stripes) (Fig. 3D). Thus, endogenous
pWRAP538%* is recruited to DNA damaged sites induced by
FokI or laser micro-irradiation.

Finally, we examined whether pWRAP538°* accumulated
in repair foci, which previously has been observed for endoge-
nous WRAP538 and as also confirmed here (Fig. 3E).” While
we were unable to detect foci formation of endogenous
pWRAP538%* upon DNA damage, phosphorylated
WRAP535°* formed foci in irradiated U20S cells that stably
overexpress Flag-tagged WRAP538 (Fig. 3F) and these foci
clearly overlapped with yH2AX foci (Fig. 3F). The fact that IR-
induced foci of pPWRAP538°* were only detected in cells stably
overexpressing WRAP538 could be due to the weak detection
of phosphorylated endogenous WRAP53p. Foci formation of
WRAP538%* overlapping both yH2AX and the repair factor
RPA2 (replication protein A2) was also observed in cells over-
expressing Flag-WRAP538 after UV exposure (Fig. 3F).
Together, these findings reveal that phosphorylated
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WRAP53 ,3564 localizes to sites of DNA damage induced by IR,
UV or Fokl, indicating that it performs a function there.

WRAP538 is highly enriched in Cajal bodies and to examine
whether this localization depends on phosphorylation of
WRAP538, cells were transfected transiently with WT or the
phospho-incompetent mutant of WRAP53f tagged with green
fluorescent protein (GFP). This revealed that the phospho-
incompetent mutant of WRAP53 8 accumulated in these bodies
to the same extent (or often to a greater extent) as the WT pro-
tein (Fig. 3G). This demonstrates that phosphorylation of
WRAP538 is dispensable for its localization to Cajal bodies, in
agreement with the fact that this protein accumulate in these
organelle also in non-irradiated or unstressed cells where the
level of pWRAP538°* should be low.

We also explored whether phosphorylated WRAP535%%*
localizes to Cajal bodies. Although co-staining between
pWRAP534°* and the Cajal body marker protein coilin
revealed localization of pWRAP538°* in Cajal bodies
(Fig. 3H), this localization was observed less frequently using
the pWRAP538°* antibody (pWRAP538°* detected in
around 50% of Cajal bodies) compared to antibodies targeting
total WRAP538 (total WRAP538 detected in 100% of Cajal
bodies).

Phosphorylation of WRAP53p promotes its interaction
with yH2AX and stimulates its functional role in repair of
double-strand breaks

Since recruitment of WRAP538 to sites of DNA damage
requires interaction with its partners yH2AX and MDCI1,>*
we next tested whether phosphorylation of WRAP538 influen-
ces these interactions. Strikingly, substitution of serine 64 in
WRAP538 with alanine prevented its interaction with yH2AX
in response to DNA damage, but not with MDC1 (Fig. 4A).
The same extent of interaction was also observed between the
phospho-mutant of WRAP538 and RNF8 (Fig. 4A). These
results are consistent with our previous findings that binding of
WRAP538 to MDC1 and RNFS8 is independent of DNA dam-
age and ATM.>** Thus, phosphorylation of WRAP538 at S64
by ATM promotes its interaction with yH2AX, but not with
MDCI1 or RNF8.

It is known that WRAP53 facilitates recruitment of repair
factors (RNF8, RNF168, 53BP1, BRCA1 and RAD51) to dou-
ble-strand breaks™” and we wanted to explore the influence of
WRAP538 phosphorylation in this context as well. Loss of this
protein impairs accumulation of these factors at DNA lesions
and we examined whether WRAP538 S64A could correct this
defect. When constructs encoding siRNA-resistant forms of
WT or S64A WRAP53 were introduced into cells depleted of
endogenous WRAP538 (Fig. 4B), notably, only the WT could
restore 53BP1 foci induced by IR (Fig. 4C and 4D), clearly indi-
cating that phosphorylation of WRAP53 8 stimulates its recruit-
ment of 53BP1 to double-strand breaks.

Loss of WRAP538 also results in increased amounts of
residual yH2AX foci 24 h after IR, due to impaired DNA repair
(Fig. 4E).” While re-introduction of WT WRAP538 restored
clearance of IR-induced yH2AX foci, re-introduction of the
S64A mutant did not (Fig. 4E), again indicating that



808 C. COUCORAVAS ET AL.

LacO repeats (x256) Chr 1p3.6 (U208)

YH2AX Fokl Merged

WRAPS533 Fokl Merged

Endogenous

(IF12) pWRAP533%64

WRAP538 WRAPS3B Endogenous
(Proteintech)

=)

YyH2AX  pWRAP533s64 Merged

E No IR IR 1h F " No IR IR 1h UV 3h uveh . UVoh
= & &
9 .~ 2] ™
v o n [To]
0~ o a
< L < <
re i o
= 2 2

[=X
x
3 < D,
(o} o
o
© e}
¥ g. -
5] @
= =
Flag-WRAP53 cells
G GFP-WRAP538  Coilin Merged 3 Coilin Merged

g (%]

o [}

c [52]
= G w
* 2%

p=Ni4

L4

i
< &
g £a
@ <0

5L

=

Figure 3. Phosphorylated WRAP53 8 accumulates at sites of DNA damage. (A) Schematic illustration of the LacO-Lacl-Fokl system in U20S cells. (B) Following a 5 h induc-
tion of the mCherry-Lacl-Fokl fusion protein, the U20S-Fokl cells were fixed and immunostained for yH2AX to confirm the generation of double-strand breaks. (C) Follow-
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ated with 6 Gy (1 hour recovery), pre-extracted using CSK buffer, fixed and immunostained for yH2AX and endogenous WRAP538 using the 1F12 antibody. (F) U20S cells
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phosphorylation of WRAP538 stimulates its function in repair
of double-strand breaks.

WRAP538 has recently been shown to be a rate-limiting factor
in the repair of double-strand breaks and overexpression of this
protein results in more efficient HR and NHE] repair and fewer
DNA breaks."” Therefore, we asked whether phosphorylation of

p < 0.001, as determined by Student's t-test.

WRAP538 influences HR and NHE] employing reporter assays
that measure restoration of a functional GFP protein by these
processes. The HR assay involves U20S cells stably carrying a
construct with the direct repeat (DR)-GFP sequence, in which a
single DNA double-strand break can be introduced by expression
of exogenous I-Scel endonuclease. Repair of this break by HR
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DNA damage

DNA double-strand break repair

Figure 5. Schematic model of how phosphorylation of WRAP538 promotes role in
the repair of DNA double-strand breaks. In response to DNA damage, ATM phos-
phorylates WRAP538, H2AX and MDC1. This phosphorylation of WRAP538 (at S64)
promotes its interaction with yH2AX, but not with MDC1 or RNF8. Since unphos-
phorylated WRAP538 still interacts with both MDC1 and RNFS, it appears like
WRAP538 forms a complex with these proteins prior to DNA damage and that
phoshporylation of WRAP538 triggers recruitment of this protein complex to DNA
lesions. Phosphorylation of WRAP538 also stimulates the recruitment of 53BP1 to
site of DNA damage and the following repair of DNA double-strand breaks by HR
and NHEJ.

creates a functional GFP gene and its expression level provides an
accurate measure of the efficiency of HR.*® The NHE] assay is
similar, but involves a GFP reporter construct (E]J5-GFP) with
two I-Scel sites flanking a puro gene. Following cleavage of these
sites by I-Scel, the puro gene is removed and repair of these dou-
ble-strand breaks by NHE] places a promoter adjacent to the GFP
gene and allows expression of GFP.>’ Strikingly, overexpression
of WT or S64A of WRAPS538 in these cells revealed that only the
WT had an effect on the efficiency of HR and NHE], enhancing
these approximately 4 and 3-fold, respectively (Fig. 4F). Thus,
ATM-dependent phosphorylation of WRAP538 promotes the
role of this protein in the repair of double-strand breaks, possibly
by facilitating its recruitment to these lesions and interaction
there with yH2AX (Fig. 5).

Discussion

In addition to controlling recruitment of factors to and mainte-
nance of Cajal bodies, WRAP53 8 safeguards genome integrity by
regulating both telomere elongation and repair of DNA double-
strand breaks. Regulation of WRAP538 itself in connection with
these different processes has been unknown, but here we demon-
strate that phosphorylation of S64 by ATM controls its role in the
repair of DNA double-strand breaks. In response to various DNA
damaging agents, WRAP53p is phosphorylated with a time-
course that, in the case of IR treatment, parallels the accumulation

of this protein at DNA double-strand breaks. Inhibition of the
upstream protein kinases ATM, ATR and DNA-PK revealed that
only inhibition of ATM completely abolished this phosphoryla-
tion in response to IR and UV-induced DNA damage.

Our findings clearly demonstrate that phosphorylated
WRAP538 is recruited to sites of DNA damage, induced by the
FoklI endonuclease, IR or UV, indicating that it plays a func-
tional role at these sites. Indeed, phosphorylated, but not
unmodified WRAP538 interacts with yH2AX, a known inter-
action partner of WRAP538 upon DNA damage. Notably, the
known involvement of WRAP538 in promoting the interaction
between the ubiqutin ligase RNF8 and its upstream partner
MDCI at double-strand breaks does not appear to be influ-
enced by phosphorylation of WRAP538, since unmodified
WRAPS538 still interacts with both MDC1 and RNF8. Our find-
ing that the the mutant form of WRAP538 that could not be
phoshporylated was fully capable of interacting with both
RNEF8 and MDCI is in agreement with our previous observa-
tions that this binding is independent of both DNA damage
and ATM.? Furthermore, this indicates that WRAP538 forms
a complex with MDC1 and RNF8 prior to DNA damage and
subsequent phoshorylation of WRAP53p8 triggers recruitment
of this protein complex to DNA lesions. Moreover, we previ-
ously showed that this recruitment of WRAP538 also requires
MDCI1,’ as well as RNF8 (data not shown), and these proteins
may thus be necessary for stable association of WRAP538 with
sites of DNA damage.

To unravel the function of pWRAP535°* at DNA lesions,
we monitored accumulation of the repair protein 53BP1 (for-
mation of 53BP1 repair foci) at these breaks, a process known
to require WRAP538.” 53BP1 is involved in the selection of
repair pathway employed upon double-strand break formation
and promotes repair via NHE].*® Strikingly, re-introduction of
WT, but not S64A of WRAP538 into irradiated cells depleted
of this protein could restore formation of these foci, clearly
demonstrating that phosphorylation of WRAP538 by ATM is
required for its role in the repair of double-strand breaks.
Moreover, only the WT, but not S64A of WRAP538 could
resolve residual yH2AX foci induced by irradiation of cells
lacking endogenous WRAP538. In addition, overexpression of
WRAP538 was recently shown to results in more efficient HR
and NHE] repair. Our current findings demonstrate that only
the WT, and not the phospho-incompetent mutant of
WRAP538 had any effect on the efficiency of HR and NHE]
repair, again indicating that phosphorylation of WRAP538
promotes the role of this protein in the repair of double-strand
breaks.

Our finding that only a small proportion of WRAP538 is phos-
phorylated in response to DNA damage, provides support for our
hypothesis that the protein modified in this manner by ATM plays
a specific role in DNA repair rather than the other functions of
WRAPS538. For instance, phosphorylation could trigger re-distri-
bution of WRAP538 from Cajal bodies to DNA breaks.

Indeed, accumulation of pWRAP538%* in Cajal bodies was
detected less frequently compared to the localization of total
WRAP538 in Cajal bodies, although this could also be due to
low amounts of pWRAP538°* at this site below the threshold
of detection. Moreover, S64A WRAP538 accumulated to a
greater extent in Cajal bodies than the WT protein, indicating



that an inability to become phosphorylated traps the protein at
this location.

In summary, we demonstrate here that in response to DNA
damage the Cajal body protein WRAP538 is phosphorylated by
ATM and that this phosphorylation is important for the recruit-
ment of WRAP538 to DNA lesions, its interaction with yH2AX,
subsequent localization of the downstream repair factor 53BP1
to DNA breaks, as well as for HR and NHE] repair. The present
results represent a first step toward understanding how this mul-
tifunctional protein is regulated and, in particular the signals
that govern its involvement in repair of DNA damage.

Materials and methods
Cells and culture conditions

Mock and Flag-WRAP538 U20S cells were maintained in
McCoy’s 5A medium (HyClone, Thermo Scientific), selected
with 10ug/ml Blasticidine S (InvivoGen), U20S cells were
maintained in McCoy’s 5A medium (HyClone, Thermo Scien-
tific), U20S-FoKI cells were maintained in DMEM with Gluta-
MAX (Gibco, Life Technologies) and H1299 cells (human non-
small cell lung carcinoma cell line) were maintained in Dulbec-
co’s modified medium (HyClone, Thermo Scientific) supple-
mented with 10% fetal bovine serum (HyClone) and 2,5 g/mL
Plasmocin (InvivoGen) at 37°C in 5% CO, humidified incuba-
tors. The stable Flag-WRAP538 cells overexpress the open-
reading frame of the protein tagged with 1xFlag.

lonizing radiation

y-irradiation was performed with a '*’Cs source (Scanditronix,
Uppsala, Sweden) at the Karolinska Institutet, Stockholm, at a
photon dose rate of 0.5 Gy-minutes . Dosimetry was done
with an ionization chamber as well as with ferro sulfate.

uv

UV irradiation was carried out with 30 J/m? in a UV cross-
linker (model UVC-500; Hoefer).

Fokl system

The U20S-Fokl cells contain a stably integrated LacO array
and stably express the mCherry-LacI-FokI fusion protein fused
to a destabilization domain (DD) and a modified estradiol
receptor (ER) (ER-mCherry-LacI-FokI-DD). This enable
inducible nuclear expression of ER-mCherry-LacR-FokI-DD
after administration of the small molecule Shield-1 ligand (sta-
bilizes the DD-domain) and 4-hydroxytamoxifen (4-OHT;
induce nuclear translocation of ER-mCherry-LacR-FokI-DD).
To induce site-specific double-strand breaks by FokI, these cells
were incubated with 1 ©M Shield-1 (cat. no. 632189, Clontech)
and 1 uM 4-OHT (cat. no. H7904, Sigma- Aldrich) for 5h.

Laser micro-irradiation

Localized DNA damage was generated by exposure of cells to a
UV-A laser. U20S cells were pre-sensitized with 10 mM
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5-Bromo-2'-deoxyuridine (BrdU) for 24 hours at 37°C. Prior
to microscopy the medium was replaced for a phenol red-free
medium. Micro-irradiation was performed with a confocal
microscope equipped with a 365-nm UV-A laser.

Treatment with drugs or inhibitors

2 mM Hydroxyurea (cat. no. H8627, Sigma-Aldrich), 1 uM
camptothecin (cat. no. C9911, Sigma-Aldrich) or 6 ug/ml
mitomycin C (cat. no. 10107409001, Roche) were added to cells
for 3 h. ATM (KU55933) and DNA-PK (NU7441) inhibitors
were obtained from TOCRIS bioscience. The ATR inhibitor
(VE-821) was obtained from Axon MedChem (cat# Axon
1893). Where appropriate, 10 uM ATMi, 2 uM DNA-PKi and
2.5 uM ATRi were added to the culture medium 24 h prior to
IR or UV treatment.

Cycloheximide chase

Cycloheximide was added directly to the culture medium after
irradiation to give a final concentration of 50 pg/ml.

Antibodies

Primary antibodies: rabbit «-WRAP53-C2 (cat. no PA-2020-
100, Innovagen AB, Sweden), mouse monoclonal o-WDR79
(clone 1F12, cat. no. HO00055135-M04; Abnova), rabbit
oz—pWRAP53>,B564 (cat. no PA-2230-100, Innovagen AB), mouse
monoclonal a-WDR?79 (clone 1F12, cat. no. H00055135-M04;
Abnova), rabbit «-WRAP53 (cat. no 14761-1-AP, Proteintech),
mouse «-yH2AX (cat. no 05-636, Millipore), rabbit «-yH2AX
(cat. no 2577, Cell Signaling), rabbit ¢-H2AX (cat. no. ab11175,
Abcam), mouse a-MDCI1 (cat. no ab50003, abcam), mouse
a-RNF8 (cat. no sc-271462, Santa Cruz Biotechnology), mouse
RPA32/RPA2 [9H8] (cat. no ab2175, abcam), rabbit «-53BP1
(cat. no NB100-904, Novus Biologicals), mouse a-coilin (cat.
no. sc-56298, Santa Cruz Biotechnology), mouse «-B-actin (cat.
no A5441, Sigma), rabbit a-GFP (cat. no ab290, abcam), mouse
a-Flag (cat. no F1804, Sigma-Aldrich), normal rabbit IgG (cat.
no sc-2027, Santa Cruz Biotechnology) and normal mouse IgG
(cat. no sc-2025, Santa Cruz Biotechnology).

Secondary antibodies: goat a-rabbit HRP (cat. no 7074, Cell
Signal), horse a-mouse HRP (cat. no 7076, Cell Signal), goat
a-rabbit Alexa Fluor 488 (cat. no A11008, Life technologies),
goat o-mouse Alexa Fluor 488 (cat. no A11029, Life technolo-
gies) and donkey o-mouse Alexa Fluor 594 (cat. no A21203, Life
technologies).

Western blotting

Cell extracts for western blot analysis: cells were harvested,
washed and lysed in ice cold lysis buffer (100 mM Tris-HCL
pH 8, 150mM NaCl, 1% NP-40, 1% protease inhibitor cocktail)
for 30 minutes on ice followed by sonication. Lysates were cen-
trifuged at 14000 rpm for 15 minutes at 4°C and protein con-
centrations were determined using Bradford assay (Biorad).
Western blotting was performed according to standard
procedures.
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Immunoprecipitation

Cells were lysed in NP40 buffer (150 mM NaCl, 50 mM
Tris-HCL pH 8,0, 1% NP40, 1% protease inhibitor cocktail)
for 15 minutes on ice, followed by 3x10 seconds sonication.
Protein lysates were spun down at 6000 rpm for 5 minutes
and protein concentrations were quantified by Bradford
assay (Biorad). Proteins were immunoprecipitated with
1 pg antibody per 1 mg protein and 10 ul Dynabeads Pro-
tein G (Life technologies) overnight at 4°C. The beads were
washed 4 x 15 minutes in 1 ml NP40 buffer and prepared
for western blotting.

Immunofluorescence microscopy

Cells grown on sterilized cover slips were fixed with 4% para-
formaldehyde for 15 minutes at room temperature. They were
then permeabilized with 0.1% Triton X-100 for 5 minutes at
room temperature, followed by 30 minutes of blocking in
blocking buffer (2% BSA, 5% glycerol, 0.2% Tween20, 0.1%
NaN3). The coverslips were subsequently incubated for 1 hour
in primary antibody followed by 40 minutes in secondary anti-
body, both diluted in blocking buffer, and finally mounted with
Vectashield mounting medium containing DAPI (4',6-diami-
dino-2-phenylindole, Vector laboratories). Images were
acquired with a LSM700 confocal microscope (Zeiss), mounted
on Axio observer.Z1 (Zeiss) equipped with Plan-Apochromat
63x/1.4 oil immersion lens, and processed with using Zen 2012
Black (Zeiss).

Pre-extraction: The cells were first washed with PBS and
then incubated for 3 minutes at room temperature with cyto-
skeleton buffer (CSK) (10 mM Pipes, pH 7.0, 100 mM NaCl,
300 mM sucrose, 3 mM MgCl, and 0.7% Triton X-100) and
thereafter for another 3 minutes with the same CSK buffer sup-
plemented with 0.3 mg/ml RNase A (CSK+R). Following these
treatments, the cells were washed once again with PBS and
then fixed in 4% paraformaldehyde.

siRNA

siRNA oligonucleotides used: siWRAP53#2 (cat. no
S100388948, Qiagen), siH2AX (cat. no SI00032844, Qiagen),
siMDCI1 (cat. no L-003506-00-0005, Dharmacon), siRNF8 (cat.
no L-006900-00-0005, Dharmacon). 10 nM of siRNA was
transfected into cells using HiPerfect (Qiagen) transfection
reagent in accordance with the supplier’s recommendations.

Plasmids

Plasmid transfections were performed using Lipofectamine 2000
Reagent (Invitrogen) according to the manufacturer’s recommen-
dations. The GFP-WRAP533 S64A, Flag-WRAP538 S64A, Flag-
WRAP53 ﬂ S64 AsiRNA resistant and Fla g—WRAP53 ﬂ WTSiRNA resistant
mutants were generated by Stratagene’s QuikChange XL II
site-directed mutagenesis kit (cat. no 200521). All primers used for
PCR amplifications are listed in Table 1. Flag vector corresponds to
the 1xFlag vector pCMV-Tag2 vector (Invitrogen). Generation of
the GFP- and Flag-WRAP538 WT (same as EGFP/Flag-
WRAP538 FL) was described previously.”

Table 1. Primers used in this study.

Mutagenesis primers to generate the
S64A mutation

PCR primer name

WRAP538°*A F

WRAP538°¢*A R

Mutagenesis primers to generate the
sIWRAP53#2 resistant mutations

PCR primer name

WRAP53ﬂ5iRNA resistant F

WRAP53ﬂ5iRNA resistant R

Sequence 5'- 3’
CTGGCTCAGCTGTGGCCCAGGAGCTACG
CGTAGCTCCTGGGCCACAGCTGAGCCAG

Sequence 5'- 3’
GCAAACGGGAGTCTCTCTGAAGAAGAAGC
GCTTCTTCTTCAGAGAGACTCCCGTTTGC

HR and NHEJ assays

300 000 cells were seeded into 6-well plates. 24 hours later cells
were transfected with an I-Scel vector together with a vector
expressing Flag-Empty, Flag-WRAP538 WT or Flag-
WRAP538 S64A using Lipofectamine 2000 (Invitrogen).
3xFlag vector corresponds to p3xFlag-CMV-9 (Sigma-Aldrich).
The next day media was changed and 24 hours after this cells
were harvested by trypsination, washed with PBS and the GFP
signal arising from the recombination event was measured by
flow cytometry on a FACS Calibur, with fluorescence detected
in the FL1-H channel (logarithmic scale). The frequency of
repair in cells transfected with the various plasmids was calcu-
lated relative to cells transfected with the empty plasmid. Each
data point represents the mean + standard deviation from 3
independent experiments.
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