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Abstract

The integrity of our genome is very important therefore, our cells have developed efficient DNA
repair mechanisms to control this integrity and avoid mutations. Although the DNA double
strand break response pathway is well known, there are still many aspects of this pathway that
required further characterisation. The ATM protein is a major player in the DNA Damage
Response (DDR). Through a proteomic screen of ATM three C3H1-type zinc finger proteins
ZC3H8, ZC3H11A and ZC3H14 were identified as new ATM interacting partners. These
proteins had been implicated in several aspects of RNA biogenesis but nothing has been reported
about their implication in the DDR. We found these three zinc finger proteins being chromatin
bound proteins and forming foci within the nucleus, with ZC3H14 co-localising with Nuclear
Speckles (SC35). Depletion of ZC3H11A and ZC3H14 induces spontaneous damage, which
results in block of the replication fork since accumulation of BrdU foci and pRPA2 (S4/S8) foci
is visible upon ZC3H11A and ZC3H14 knock down. R-loop resolution is also affected when
ZC3H11A and ZC3H14 are depleted suggesting that their role in RNA biogenesis might be
important to avoid transcription/replication collision. Human cells are sensitive to IR, ICRF-193,
but not to Olaparib, when ZC3H14 is depleted. Depletion of ZC3H14 also leads to persistent
YH2AX foci and pATM S1981 foci confirming a role for this protein in DSBs repair. ZC3H14
is involved in the NHEJ, but not in the HR, repair pathway. The recruitment to site of DNA
double strand breaks for 53BP1, BRCA1, FK2, RNF168 and RNF8, but not MDC1, is affected
upon ZC3H14 depletion suggesting that ZC3H14 is required for DSBs repair pathway choice.
ZC3H14 interacts with MDC1 and its depletion increases the total MDC1 protein levels, before
and after damage, with the MDC1 lower band being more abundant than the upper band.

Surprisingly, depletion of ZC3H14 does not affect the MDC1-RNF8 interaction.
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CHAPTER 1

Introduction
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1.1 The DNA damage response

Our cells face the daily threat of the DNA damage. This damage can bring a change in our
genome sequence or in the DNA structure. In both cases, if it is not properly repair, this can lead
the cells to tumorigenesis (Ciccia et al., 2010). Our DNA has limited chemical stability therefore,
the spontaneous decay of our DNA is the major factor in mutagenesis, carcinogenesis and ageing
(Lindahl, 1993). All biological macromolecules can decompose. For instance, nucleic acids can
undergo spontaneous decomposition when in solution with the RNA being more vulnerable due
to the presence of a 2’ hydroxyl group of ribose (Lindahl, 1993). Because of the presence of
water in our cells the DNA hydrolysis represents a major threat. The DNA hydrolysis leads to a
base loss, which produces instability in the DNA chain. Fortunately, the AP endonuclease
initiates the DNA repair process by introducing a DNA strand break at the 5° side of the free-
base site (Lindahl, 1993). The gap is subsequently filled in by a DNA polymerase followed by a
DNA ligase. The presence of oxygen in our cells can represents another major threat. The two
major types of spontaneous premutagenic events in living cells are the hydrolytic deamination
of a cytosine to uracil in the DNA, and oxidation of a guanine to 8 hydroxyguanine. The oxidative
stress in our cells, generated by oxidation of the DNA, can be released by a specific DNA
glycosylase (Lindahl, 1993). The uracil-DNA glycosylase removes the uracil and the lesion in
the DNA is repaired by the AP endonuclease followed by the DNA polymerase and the DNA
ligase. Another source of spontaneous damage is the presence of S-adenosylmethionine (Lindahl,
1993). A nonenzymatic methylation on guanines or adenines with formation of the 7-
methylguanine and 3-methyladenine are the major DNA lesions. The 3-methyladenine is a
cytotoxic lesion that leads to a block in replication. This type of lesion can be promptly repaired
by a 3-methyladenine-DNA glycosylase, which excises the altered base. On the other hand, the
7-methylguanine is poorly repaired and so it rapidly accumulates in the DNA of mammalian

cells (Lindahl, 1993). Damage on our DNA can come from endogenous sources or it can also
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come from an external source. For instance, the exposure to ultraviolet light (UV) or any other
type of radiation can generate a break on the DNA structure (Lorraine et al., 2011). In addition
to DNA repair mechanisms cells are able to delay the cell cycle, when crossing a checkpoint, to

allow the DNA repair before a major cell cycle transition (Ciccia et al., 2010).

1.1.1 Single strand break signalling

Although single strand break (SSB) occurs frequently in the cells the response to such damage
and how it is repaired is not well understood. A critical and very early event in the SSBs repair
pathway is the activation of the poly (ADP-ribose) polymerases (PARPS). These are enzymes
that can modify themselves and other factors by attachment of mono and poly ADP-ribose
molecules (Caldecott, 2014). Subsequently the X-ray repair cross complementing protein 1
(XRCC1) is recruited by direct binding to PARP through its phosphate-binding pocket, a region
which is localised in the BRCT domain of XRCC1 (Breslin et al., 2015). The accumulation of
XRCC1 at DNA damage induced by UV is also mediated by the phosphate-binding pocket
(Breslin et al., 2015). The XRCCL1 recruitment together with the PARylation of histones serves
to transduce the signal to the downstream DDRs mediators and effectors required for efficient

SSB repair.

When SSBs occur during genome replication and they are not repaired rapidly they can be
converted to double strand breaks (DSBs). In this case the replication will stop in order to repair
the damage. When damage occurs the very early step is PARylation, which occurs in the first
few minutes after the actual break (Ciccia and Elledge, 2010); subsequently the recruitment of
one of the three main phosphatidylinositol 3-kinases (PIKKSs): Ataxia-telangiectasia Mutated

(ATM), ATM and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK) is crucial
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to sense the damage and to induce the downstream signalling so that the cells can go through
different biological responses. The double strand breaks (DSBs) activates both ATM and
DNAPK, while ATR can be activated by many types of DNA damage that when processed result
in single-stranded DNA (ssDNA) (Cimprich et al., 2009). ATR is mainly active during the S-
phase progression in response to DNA damage and replication fork stalling (Shechter et al.,
2004). The single strand of DNA is coated by the replication protein A (RPA) (Figure 1.1). RPA
bound to ssDNA will then trigger the recruitment of the ATR interacting protein (ATRIP) and
ATR itself. The recruitment of RPA is necessary for the localisation of the ATR-ATRIP complex
to the single strand of DNA (Byun et al., 2005). While the ATR-ATRIP complex is localised to
the single strand of DNA the Rad9-Rad1-Hus1 (9-1-1) complex is independently recruited to the
junction between ssDNA and dsDNA. The 9-1-1 complex will then trigger the recruitment of
TOPBP1, which activates ATR-ATRIP activator (Lee et al., 2007). In Xenopus the N-terminal
region of TOPBP1, containing the BRCT repeats | and Il, binds the 9-1-1 complex by
specifically interacting with Rad9. This region is also necessary for the TOPBPL1 interaction with
the ATR-ATRIP complex. Once it is bound to the ATR-ATRIP complex, in vitro, TOPBP1
activates ATR via its ATR activation domain (AAD) (Kumagai et al., 2006). Although the
mechanism through which TOPBP1 activates ATR is still unclear it seems that ATRIP interacts
with TOPBP1 through a region that is necessary for the association of TOPBP1 and ATR and
the subsequent ATR activation (Mordes et al., 2008). ATR activation is also mediated by the
Ewing tumor-associated antigen 1 (ETAAL) factor (Lee et al., 2016). ETAAL specifically
interacts with RPA upon DNA replication stress and activates ATR via a conserved ATR-

activating domain (AAD) located at its N-terminus.

Once activated ATR can phosphorylate and activate other factors to initiate the single strand

DNA signalling cascade. It is known that the main ATR substrate is CHK1 (Liu et al., 2000).
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CHK1 is phosphorylated on the Serine 345 upon damage. It has been shown that this
phosphorylation is dependent on ATR and it is mediated by Claspin, which is found at the
replication fork and brings ATR and CHK1 together (Kumagai et al., 2000). In both fission yeast
and human cells CHKZ1 activation will result in a checkpoint arrest (Furnari et al., 1997; Sanchez
et al., 1997). CHK1 binds and phosphorylates in vitro three CDC25 phosphatases CDC25A,
CDC25B and CDC25C, which control the cell cycle transition by de-phosphorylating the cyclin-

dependent kinases (CDK) necessary for cell cycle progression.
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Figure 1.1: Single strand DNA signalling. RPA binds the single strand of DNA. The 9-1-1 complex is
recruited to the junction between ssDNA and dsDNA. The recruitment of ETAAL is then triggered by its
interaction with RPA2. Subsequently the ATR-ATRIP complex is loaded on ssDNA due to the interaction
between ATRP and RPA2. Simultaneously, TOPBP1 loaded on ssDNA and it interacts with the 9-1-1
complex. ETAAL together with TOPBP1 will activate ATR, which will then phosphorylate CHK1 on the
Serine 345. CHK1 will then transduce the signal by phosphorylating the CDC25 phosphatases which will

cause a cell cycle arrest due to the inhibition of the cyclin-dependent kinases CDKSs.
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1.1.2 Double strand break signalling

DNA double strand breaks (DSB) are more dangerous lesions that can be repaired by two major
pathways: homologous recombination (HR) and non homologous end-joining recombination
(NHEJ). In addition to the HR and NHEJ repair pathway, alternative-NHEJ (alt-NHEJ) and
single-strand annealing (SSA) are also responsible for DSBs repair. The pathway choice is

determined by the extent of the DNA end processing (Ciccia and Elledge, 2010).

A crucial event necessary to sense the DSB is the phosphorylation of the histone variant H2AX
on the Serine 139 (Rogakou et al., 1998). The H2AX phosphorylation on the Serine 139 spreads
a few mega-bases from the break and it is dependent on ATM and MDC1 recruitment to the
breaks (Figure 1.2). DSBs are sensed by the MRE11-RAD50-NBS1 complex (MRN complex)
which localises to both sides of the break (Goldberg et al., 2003; Lukas et al., 2004). MDC1
interacts with NBS1 through its N-terminus enriched Ser-Asp-Thr (SDTD) repeats (Melander et
al., 2008) (Figure 1.3). This region of MDC1 is constitutively phosphorylated by casein kinase
2 (CK2) and it is necessary for the interaction between MDC1 and NBS1 and also for the
subsequent enrichment of NBS1 into foci (Spycher et al., 2008). MDCL1 also presents an TQXF
cluster domain at its N-terminus, which is phosphorylated by ATM. Consistent with this Ataxia
telangiectasia (AT) cells show a reduction in MDCL1 phosphorylation (Stewart et al., 2003). This
ATM-dependent phosphorylation of MDC1 is crucial for the recruitment of the E3 ubiquitin
ligase RNF8 (Kolas et al., 2007). RNF8 interacts with the phosphorylated N-terminus of MDC1
via its forkhead-associated (FHA) domain. RNF8 is found at site of damage together with the E2
ubiquitin-conjugating enzyme UBC13, which specifically generates K63-ubiquitin chains
(Hofmann et al., 1999). RNF8 and UBC13, but not RNF168, ubiquitinate the histone linker type

1 (Thorslund et al., 2015) but can also ubiquitinate the histone variants H2A and H2AX (Mailand
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et al., 2007). The E3-ligase RNF168 will subsequently be recruited to the site of damage by
binding the RNF8-mediated K63 ubiquitin chains via its UDM1 module (Panier et al., 2012).
However, the precise ubiquitination events are still to be determined. Initially, it was proposed
that RNF8 firstly ubiquitinates H2A, while RNF168 will amplify this signal (Mailand et al.,
2007). Later, it has been shown that RNF168 binds RNF8-dependent ubiquitylated histone
H2AX, it mono-ubiquitinates H2AX on Lys13/15, as well as amplifying the K63 ubiquitination
on H2A. This poly-ubiquitination of H2A on Lys63 is necessary for the retention of 53BP1 and
BRCAI1 at ionising radiation induced DSBs (Doil et al., 2009; Mattiroli et al., 2012). It seems
that these two E3 ligases cross-talk in the DDR in order to transduce the signal to the subsequent

effectors.
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MRN
Complex

Figure 1.2: Double strand break signalling. i) Double strand break is induced by IR ii) The MRN
complex is recruited at the break sites. iii) ATM binds the MRN complex and gets activated by its
autophosphorylation on $1981. MDCL1 binds ATM on the S1981 via its FHA domain. MDC1 is also
recruited via its interaction with the MRN complex and its interaction with phosphorylated YH2AX via
its BRCT domains. iv) MDC1 is phosphorylated by ATM and RNF8 is recruited to the break via its
interaction with phosphorylated MDC1 through the FHA domain. v) RNF8, together with UBC13 will
initiate the K63 ubiquitination of the histones H1. RNF168 will bind the RNF8 Lys63-mediated
ubiquitination chains in order to amplify this ubiquitination event and trigger the recruitment of 53BP1
and BRCAL1.
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Figure 1.3: Schematic of human MDC1. MDC1 presents a FHA domain necessary for its interaction
with phosphorylated ATM; SDTD and TQXF repeats phosphorylated by CK2 and ATM respectively, a

PST rich domain and two BRCT domains necessary for its interaction with YH2AX.

1.1.3 DNA damage mediators

In the DNA damage response ATM, ATR and DNAPK are among the first DDR proteins
recruited to the ssSDNA and DSBs. They have roles in sensing breaks and transducing this
information to downstream mediators and effectors, which will effect the different context

specific biological responses to breaks in DNA (Marechal et al., 2017).

The MDCL1 activation triggers the recruitment of the two E3 ubiquitin ligases, RNF8 and
RNF168, which will ubiquitinate the histone H1 and H2AX via Lys63 dependent linkages;
another necessary event for the recruitment of BRCAL and 53BP1 (Kolas et al., 2007; Mailand
etal., 2007; Doil et al., 2009). BRCAL1 is an E3 ubiquitin ligase, which forms a heterodimer with
the BRCAl-associated RING protein 1 (BARD1) (Wu et al., 1996). BRCAL1 is an important
tumor suppressor that binds the Abraxas protein, through its BRCT domains (Wang et al., 2007),
Abraxas will then recruit the ubiquitin-interacting motif (UIM)-containing protein RAP80 to
BRCAL and together they will facilitate the recruitment of this last two on DNA damage sites
through recognition of ubiquitinated proteins. Cells depleted for Abraxas or RAP80 show defect

in HR repair although this defect is less severe than the defect in BRCA1-depleted cells, which

23



suggests that Abraxas or RAP80 mediates a subset of BRCAL functions (Wang et al., 2007).
Once BRCAL is recruited to the break it binds and ubiquitinates CtIP, (Barber et al., 2006;
Nakamura et al., 2010, Roy et al., 2012) to initiate resection. Resection allow subsequent
recruitment of RPA2 and RAD51. BRCAL is also required for the RAD51 recruitment the sites
of DNA damage through its interactions with PALB2 and BRCA2 (Roy et al., 2012). Although
it seems that resection is initiated by ubiquitinated CtIP (Barber et al., 2006; Nakamura et al.,
2010, Roy et al., 2012) a recent study provide evidence for CtIP to act independently of BRCA1
(Polato et al., 2014). In mouse B cells deficient for CtIP resection is not affected by the loss of
the BRCAL-CtIP complex but, it is the CDK-mediated phosphorylation of CtIP on T847 that is

required to promote resection (Polato et al., 2014).

Effective recruitment of 53BP1 requires three elements of its primary structure: its
oligomerization domain, its tudor domain, and a short carboxy-terminal extension of the tudor
domain, termed the ubiquitination-dependent recruitment (UDR) motif. The Tudor domain of
53BP1 is necessary for its interaction with the Lysine20 of H4 (H4K20me2) whereas the UDR
is required for interaction with H2 A ubiquitinated on Lys 15 (Fradet-Turcotte et al., 2013; Zgheib
et al., 2009). The oligomerisation domain is also required for the 53BP1 phosphorylation
necessary for 53BP1 to bind RIF1 and blockage of BRCAL-dependent resection specifically in
the G1 phase of the cell cycle (Escribano-Diaz et al.,2013). This event, together with the

recruitment of the Shieldin complex will allow the cells to repair the damage via NHEJ.

Recent studies have identified the Shieldin complex as a four-subunit putative single-stranded

DNA-binding complex essential for REV7-dependent DNA end-protection and non-

homologous end joining during class-switch recombination (Ghezraoui et al., 2018). The
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Shieldin complex localises to site of DNA DSB in a 53BP1 and RIF1-dependent manner

(Noordermeer et al., 2018).

53BP1 also plays an important role in DSB repair pathway choice between HR and NHEJ. Cells
lacking BRCAL and 53BP1 are able to repair the damage by using HR (Bunting et al., 2010;
Zong et al., 2016). This is because a lack of 53BP1-dependent shieldin of DSB ends is permissive
for extensive BRCA1-independent resection, which will be then repaired by gene conversion
(GC) and/or single strand annealing (SSA). Due to its interaction with 53BP1 and requirement
for shieldin recruitment depletion of RIF1 restores the resection and RAD51 loading in BRCA1-

depleted cells (Escribano-Diaz et al.,2013).

1.2 DNA double strand break repair

While GC is RAD51-dependent, SSA is RAD52-dependent. SSA occurs when excessive
resection exposes homologous repetitive sequences up to several kilobases away from the break.
Alternative NHEJ (aNHEJ), also termed microhomology mediated end joining (MMEJ) occurs
in absence of the classical NHEJ factors such as Ku or XRCC4 (Guirouilh-Barbat et al., 2007).
MMEJ requires limited resection to reveal very short regions of homology, which are annealed
with the resulting ssDNA tails being to produce small deletion (Yan C.T. et al., 2007). DNA
polymerase 0 (Pol0) promotes MMEJ of DSBs (Black et al., 2019). Importantly, the helicase is
essential for Pold0 MMEJ of long ssDNA overhangs which model resected DSBs (Black et al.,
2019). SSA is mainly initiated by BRCAL, while the NHEJ and the alt-NHEJ are mainly initiated
by 53BP1 and DNAPK. There is evidence that these main DNA damage repair factors crosstalk
and inhibit each other in order to lead the cells through one pathway or the other. What exactly

leads the cells to choose for one repair pathway or the other is not yet well understood (Zong et
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al., 2016; Bunting et al., 2010). A main factor influencing the pathway choice seems to be the
DNA end processing (Hartlerode and Scully, 2009). In HR the DNA ends are resected to yield
3’ single stranded DNA tail with a 3> hydroxylated (3’ OH) end which will then be repaired by
annealing with the homologous single strand of DNA in case of SSA. In case of NHEJ DNA

resection is not needed and simple ligation of the broken DNA occurs.

1.2.1 Homologous Recombination (HR)

In the case of homologous recombination once the double strand break has been sensed by MRN
the localisation of BRCA1 and CtIP will catalyse resection thereby inhibiting NHEJ-dependent
simple ligation. BRCAL will activate CtIP by ubiquitination (Yu et al, 2006) and together they
will initiate the 5° to 3 DNA resection, which is then extended by DNA2 and EXO1 (Hoa et al,
2015; Nakamura et al., 2010). The presence of sister chromatids is essential for repair by HR,
this is why cells use this repair pathway when they are in S or G2 of the cell cycle (You et al.,
2010). The formation of sSDNA with a 3’ terminus leads to the recruitment of RPA2, which
protects the ssDNA from degradation (Figure 1.4). RAD51 subsequently is loaded onto the RPA-
ssSDNA in a BRCA2-dependent manner and replaces RPA (Wong et al., 1997). At this point a
search for homology starts involving collision between the RAD51-coated ssDNA and DNA
duplex as elsewhere in the nucleus. The close proximity of the sister chromatid immediately
following replication greatly facilitates the homologous search. Once the homology is found the
resected strand will invade the homologous strand of the DNA duplex by forming a D-loop
structure (Figure 1.4 A-B). At this point the invaded strand of DNA is used as a template and the
3 end revealed by resection will be extended by a DNA polymerase. It is still unclear which
polymerase is required in HR but a study shows that DNA polymerase n can perform this

function in vitro (Mcllwraith et al., 2006). The HJ is then resolved by different enzymes; it can
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be resolved by the Bloom’s syndrome protein (BLM) in complex with the topoisomerase Illa to
form a non-crossover product (Wu and Hickson 2003) or it can be resolved by the MUS81-
EMEZ1 complex (Chen et al., 2001), which will generate a crossover product (Figure 1.4 B). If
the 3° ssDNA goes through extensive resection then RAD52 will coat the single strand of DNA
by binding the RPA-ssDNA complex (Ma et al., 2017). RAD52 forms a different complex with
RPA compared to the RAD51 and plays a role in the annealing of complementary ssDNA
(Shinohara et al., 1998). RAD52 promotes the RAD51-independent recombination through
single strand annealing (SSA), where a sister chromatid is not required since the homologous

sequence for the repair is found on the same DNA duplex (Figure 1.4 C).
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Figure 1.4: HR repair pathway. The double strand break is sensed by the MRN complex which will
activate the DDR cascade. BRCA1 will be recruited to the damage site, it will ubiquitinate CtIP and
together they will initiate HR repair by inhibiting the 53BP1/RIF1 recruitment and triggering the
resection. The 5 DNA ends resection is performed by the exonucleases DNA2 and EXO1 which generate
a 3 resected ssDNA which is coated by RPA2 which protects this from degradation. RAD51 is
subsequently brought to the single strand of DNA through its interaction with BRCA2. The resected
strand will then invade the sister chromatid strand where there is a homologous sequence by forming a
D-loop structure (A-B). A DNA polymerase will extend the resected strand by using the sister chromatid
as a template. This way we can end up with a non-crossover product (A) or a crossover product (B). If
there is a hyper-resection with a homology sequence nearby then the HR repair occurs in a RAD51-
independent way also known as single strand annealing or SSA (C). This pathway is dependent on
RADS52.
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1.2.2  Non-homologous end joining recombination (NHEJ)

The NHEJ pathway is initiated by the recruitment of the Ku heterodimer complex Ku70/Ku80
to each end of broken DNA (Figure 1.5). The Ku complex forms a ring-like structure and the
DNA helix, which is positioned through this ring (Walker et al., 2001). The topological
principles of DSB recognition and alignment-based end joining are currently unknown.
However, Ku has no sequence specificity when binding to DNA ends (Walker et al., 2001).
Subsequently, the Ku heterodimer recruits the DNA-dependent protein kinase catalytic subunit
(DNA-PKCcS). The Ku-DNAPK interaction is essential for the activation of the serine/threonine
kinase activity of DNA-PK (Gottlieb and Jackson, 1993). Two molecules of DNA-PK are
brought to both broken DNA ends, one on each side, suggesting that DNA-PK bridges DNA
ends together to facilitate their repair (De Fazio et al., 2002). The MRN complex also seems to
play a role in the NHEJ repair pathway. A studie suggest a role for the MRN complex in bridging
DNA ends together with DNA-PK (Dinkelmann et al., 2009). This role for the MRN complex in
bridging DNA ends seems to be conferred by RAD50 and its conserved motif (Cys-X-X-Cys),
which forms a Zn (2+) ion dependent hook (Hopfner et al., 2002). This RAD50 motif is
functional since if mutated it can lead to IR sensitivity in yeast and disruption of the MRN
complex. This suggests that this RAD50 conserved motif is necessary for forming metal-

mediated bridging complexes between two DNA ends.

Once DNA-PK is activated it can phosphorylate itself on different residues and it also
phosphorylates different substrates required in the NHEJ repair cascade (Chan et al., 2002).
Artemis interacts with DNA-PK, which phosphorylates Artemis (Ma et al., 2002). Free Artemis
possesses a single strand 5°-3” exonuclease activity but, once it forms a complex with DNA-PK,

and gets phosphorylated by DNA-PK, it acquires a 5°-3* endonucleolytic activity necessary for
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the 5’ and 3’ overhang processing in NHEJ. The final step in the NHEJ repair pathway is the
ligation of the DNA ends. This step is carried out by the XRCC4-LIG4 complex. This complex
is phosphorylated by DNA-PK even though the phosphorylation of XRCC4 and XLF by DNA-
PK is not essential for cell survival or DNA repair (Yu et al., 2003; Yu et al., 2008; Wang et al.,
2004). DNA ligase 1V is responsible for the ligation of blunt ends and its activity is stimulated
by XRCC4 (Grawunder et al., 1998). DNA ligase 1V can ligate one DNA strand independently
from the other one, and ligate across gaps or incompatible DNA ends by generating short

overhangs (Gu et al., 2007).
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Figure 1.5: NHEJ repair pathway. When DSB occurs the Ku heterodimer (Ku70/80) is recruited to the
site of damage. Subsequently two molecules of DNA-PK interact with Ku70/80 and it bridges the DNA
blunt ends. By interacting with Ku70/80 and the DNA DNA-PK gets activated by autophosphorylation
and it phosphorylates and recruits Artemis first and then the XRCC4-L1G4 (X4-L4) complex, composed
of DNA Ligase 1V, XRCC4 and XLF, which will ligate the two DNA blunt ends together.



1.2.3  The choice between HR and NHEJ

It is still not completely clear how the choice between the HR and the NHEJ is made at DSBs.
There is evidence for BRCA1 to promote HR by antagonising 53BP1 but it remains unknown
how BRCAL function is limited to the S and G2 phases (Nakamura et al., 2019). BRCA1
recruitment requires recognition of histone H4 unmethylated at lysine 20 (H4K20me0), linking

DSB repair pathway choice directly to sister chromatid availability (Nakamura et al., 2019).

Resection is a critical step for the HR initiation. CtIP, together with MRE11, initiates the short-
range resection which is then extended by DNA2 and EXOL1 (Hoa et al., 2015). Resected DNA
ends are not a good substrate for the recruitment and binding of Ku, a main player in the NHEJ
pathway. NHEJ occurs throughout the cell cycle and is the principle DSB repair pathway of cells
in the G1 phase of the cell cycle, HR primarily occurs when the cells are in the S and G2 stages
of the cell cycle when sister chromatids are available as a template for repair (Symington and
Jean Gautier, 2011). HR in G1 would require a homologous chromosome which will be more
difficult to find then the proximal sister chromatid upon replication. In budding yeast, for
example, CDK1 is responsible for DSB-induced HR. CDK1 levels are low in G1, which could
explain why the cells are more prone to repair the break via NHEJ. CDK1 regulates resection,
and so the HR repair pathway by phosphorylating Sae2, the yeast equivalent of CtIP (Ira G. et
al., 2004). Inhibition of HR by using an analogue-sensitive CDK1 protein results in an increased
NHEJ. In Saccharomyces cerevisiae, DSB end resection and checkpoint activation seem to be
dose-dependent (Zierhut and Diffley, 2008) and more efficient in G2/M then in G1; but the
highest efficiency of DSB processing is reached at the S stage of the cell cycle at breaks
encountered by DNA replication fork. Since resection is the important initiating step for HR

initiation this has to be inhibited in order for the cells to repair via NHEJ repair.
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HR and resection inhibition is due to the recruitment to site of damage of 53BP1, which recruits
effector proteins with DNA end protection activity. 53BP1 interacts with REV7, one of the
subunits of the Shieldin 1 complex. The Shieldin complex is necessary for the REV7-dependent
DNA-end protection during the NHEJ class-switch recombination (Ghezraoui et al., 2018;
Noordermeer et al., 2018). The Shieldin complex is recruited to DSBs in a 53BP1-RIF1-
dependent manner, it binds the ssSDNA via the FAM35A (SHLD2) subunit and protects the DNA
from extensive resection (Noordermeer et al., 2018). In G1 cells RIF1 is recruited to site of
damage by its direct interaction with 53BP1 and it inhibits the HR by recruiting shieldin which
inhibits the recruitment of BRCAL and CtIP to the breaks. The depletion of RIF1, on the other
hand, restores the resection and the recruitment of RAD51 in BRCA1-depleted cells suggesting
that the resection is a major feature for the initiation of the HR repair pathway and its inhibition

will activate the NHEJ repair pathway (Escribano-Diaz et al., 2013).

Even if the two DSB repair pathways look like they antagonise each other all the time there is
some evidence of crosstalk. Loss of 53BP1 reduces the sensitivity to PARP inhibition in
BRCA1-mutated cells and it promotes DSB repair through HR (Bunting et al., 2010). In BRCA1-
deficient cells, if 53BP1 is silenced or its localisation to DSB is inhibited then the DSB resection
is converted to hyper-resection which leads the cells to repair the breaks through HR but more
specifically through SSA which is an alternative error-prone RAD51-independent and RAD52-

dependent HR pathway (Ochs et al., 2016).

1.3 Regulation of the DNA double strand break repair by Ubiquitination and Sumoylation

In presence of a double strand break the DNA around the break goes through distinct chromatin

modifications. It is well known that one of the most important histone modifications during DNA
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repair is the phosphorylation of the histone variant H2A on the Serine 139 (Savic et al., 2009;
lacovoni et al., 2010). All DSBs trigger this phosphorylation which, is bidirectional and spreads
up to 1Mb from the site of damage (lacovoni et al., 2010). The mechanism behind H2AX
phosphorylation and its spreading is still not completely clear but this event is necessary for the
recruitment of DDR factors such as MDC1 and the subsequent DSB repair. Histone methylation
is another important epigenetic modification in the DNA double strand break repair pathway.
For instance, 53BP1 is recruited to DSBs by direct binding between its Tudor domain, and
H4K20me2, while its UDR binds specifically to H2A mono-ubiquitylated on Lys13 and Lys15
(Botuyan et al., 2006). The E3-ubiquitin ligase enzyme RNF8 is responsible for poly-
ubiquitination of H1 and H2A yet to be discovered residues (Thorslund et al., 2015). This
epigenetic modification is important for the recruitment of a second E3-ubiquitin ligase enzyme,
RNF168, which binds the poly-ubiquitinated histone H2A and stimulates their further poly-
ubiquitination (Doil et al., 2009). Additionally, RNF168 is responsible for the mono-
ubiquitination of histone H2A on Lys13 and Lys15 required for efficient binding of 53BP1 to
chromatin in the vicinity of DSB (Mattiroli et al., 2012).

Sumoylation is another important epigenetic modification in the genome stability (Jackson and
Durocher 2013). Vertebrate cells possess two types of SUMO proteins: SUMOL and the highly
related pair SUMO2 and SUMQO3, which appear to be redundant and only differ from each other
by three residues at the N-terminus. Interestingly SUMOZ2/3 only share 50% similarity with
SUMO1 (Wilkinson and Henley 2012). Many substrates can be modified by SUMO1 and
SUMO2/3 even though it is not clear how the SUMOylation machinery distinguishes between
these two and for most of these SUMO substrates the functional differences between SUMO1
and SUMOZ2/3 conjugation have yet to be defined. Many proteins are substrates for
Ubiquitination as well as SUMOylation, often can be the same Lysine residue (Wilkinson and

Henley 2012).
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1.3.1  Ubiquitin conjugation machinery

Ubiquitins (Ub) are very small proteins that are conjugated to the amino group of lysines on
target proteins and recognised in a way that leads to downstream events (Pickart and Eddins
2004). The ubiquitin can be attached to the target protein as a monomer or form polymers which
are called polyubiquitin chains. This ubiquitin conjugation occurs on a Lysine residue of the
target protein. The fate of the specific target depends on the type of ubiquitin modification. For
example, polyubiquitin chains linked on Lys48 are the main signal for targeting substrates to the
proteasome (Thrower et al., 2000), while Lys63 polyubiquitination is a signal for initiating the
DNA repair pathway (Mattiroli et al., 2012). The ubiquitination of histone H2A on Lys11 is
another important event in the DNA damage response. A recent study suggests that this Lys11
ubiquitination is responsible for silencing-transcription in the regions either side of DSBs (Atanu

etal., 2017).

The conjugation of an ubiquitin (Ub) to the target protein requires three enzymes: Ub-activating
enzymes (E1); Ub-conjugating enzymes or Ubc (E2) and Ub-protein ligases (E3). In general,
each Ub has a specific E1 enzyme and more than one E2 and E3 enzyme (Dye and Schulman,
2007). The first step of the Ub conjugation is its own activation which is catalysed by the E1
enzyme. Firstly, an intermediate product is formed by E1-dependent adenylation of the Ub. This
intermediate product will then bind the E1 on the cysteine residue to form an E1-Ub thiol-ester.
This E1-Ub thiol ester product is then transferred from an E1 catalytic cysteine to an E2 catalytic
cysteine. The E2-Ub thiol-ester product is released and it can be attached to the target protein by
an E3 ligase enzymes. In the human genome, there are hundreds of E3 ligases genes, which could
explain the specificity of ubiquitination. E3 ligases can be classified into three big families which

share a common biochemical property of E2 binding: Homologous to E6AP Carboxy Terminus

35



(HECT), Really Interesting New Gene (RING), and UFD2 homology proteins (U-box) (Pickarta

and Eddinsb, 2004).

The HECT E3 ligases differ slightly from the RING and the U-box. HECT E3 act like the E6
associated protein (E6-AP). This E3 ligase, involved in the human papillomavirus E6-induced
ubiquitination of p53, forms an ubiquitin thiol-ester which is actually an intermediate. In this
particular case the transfer of the ubiquitin molecule is from E1 to E2, from E2 to E6-AP and
finally from this to the substrate. In this particular case the Ub conjugation cascade does not stop
at the E2-Ub product but it goes further with one more intermediate, the E3-Ub (Scheffner et al.,
1995). The first U-box E3 ligase was identified in yeast and it is known as Ufd2. This Ufd2
ligase is unusual, as it does not have a proper substrate but it polyubiquitinates others E3 ligase
substrates (Koegl et al., 1999). U-box E3 ligases are often called E4 rather than E3 because they
present a different kind of E3 ligase activity. On the other hand, E3 ligases that are part of the
RING family show a RING domain, which consists of a short motif rich in Cysteines and
Histidines, which includes two zinc atoms. BRCAL contains a RING domain at its N-terminus.
Mutations in the BRCA1 RING domain seem to predispose people to breast cancer suggesting
that the BRCAL E3 ligase activity is essential for its role as a tumor suppressor (Hashizume et
al., 2001). A study shows that BRCAL ubiquitinates CtIP and this event is necessary for the
recruitment of CtIP at the site of damage (Yu et al., 2006) although, a recent study provides

evidence for CtIP to act independently of BRCAL (Polato et al., 2014).

1.3.2 SUMO conjugation machinery

SUMO proteins are synthesised as inactive precursors. Their activation is mediated by the

SUMO-specific protease enzyme, which cleaves the C-terminus of the SUMO protein by
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exposing a di-glycine motif necessary for the conjugation of the SUMO protein to lysine residues

of the protein target (Wilkinson and Henley, 2012).

The SUMO conjugation machinery works similarly to the ubiquitin conjugation machinery.
They are first activated in an ATP-dependent manner by the SUMO E1-activating enzyme SAE1
and SAE2 (Gong et al., 1999). In this step a thioester bond is formed between the active-site
cysteine residue of SAE2 and the glycine residue of SUMO located at its C-terminus. Via a
thioester linkage the activated SUMO is passed to the active-site cysteine of the conjugating
enzyme Ubc9 (ubiquiting-conjugating 9) (Johnson et al., 1997). At this point a SUMO E3-ligase
is required to attached the SUMO protein to the protein target. Similarly to RING E3-ligases,
SUMO E3-ligases do not receive the SUMO protein through a thioester linkage, but act as
scaffolds bringing SUMO-loaded Ubc9 into contact with the substrate protein (Wilkinson and

Henley, 2012).

The first SUMO E3-ligases were identified in budding yeast and they are known as Siz proteins
(Johnson et al., 2001). The mammalian homologous of the Siz proteins are the PIAS proteins
(protein inhibitor of activated STAT (signal transducer and activator of transcription). This
family is composed of five PIAS proteins all showing SUMO-dependent E3-ligase activity. They
also possess a RING domain that is also found in the ubiquitin E3-ligases (Schmdit et al., 2002).
A number of other RING domain-containing proteins have been reported to function as SUMO
E3 ligases such as TOPORS (topoisomerase I-binding, arginine/serine-rich) and the
mitochondrial E3 ubiquitin ligase 1 (Weger et al., 2005; Braschi et al., 2009).

Lower Eukaryotes posses only one SUMO protein while high Eukaryotes posses three SUMO
isoforms known as SUMO1, SUMO2 and SUMO3 (Zhao, 2018). These three SUMO isoforms

differ from each other for several reasons, for example, they can have different preferences for
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E3 ligases or they can form poly or mono SUMO chains on different lysine residues of the target
protein (Pitchler et al., 2017). SUMOL is attached to the protein target as a mono-Sumoylation
while SUMO2/3 are attached as a poly-Sumoylation (Tatham et al., 2001). SUMO1 does not
form chains but it can be attached to lysine residues of SUMO2/3 chains leading to chain
termination (Matic et al.,, 2008). SUMOL is mostly found conjugated to proteins while,
SUMO2/3 are found in a free form and become attached to substrates upon cellular stresses
(Saitoh et al., 2000) Once attached to the substrate they can have different effects. They can
change the substrate interaction with DNA, RNA or other proteins by simply changing the
conformation of the protein; the effect of the sumoylation can be reversed when the SUMO is

removed by SUMO-specific proteases or desumoylases (Zhao, 2018).

1.3.3 Ubiquitination and Sumoylation in the DNA damage response

Some important ubiquitination events in the DDR occur on the histones. For example, the histone
H2A is ubiquitinated on Lys127 and Lys129 by the E3 ligase activity of the BRCA1/BARD1
complex. Even though the role of this ubiquitination is still poorly understood it seems to be
necessary for repositioning 53BP1 and completion of resection through HR (Densham et al.,
2016). The BRCAL1 complex is recruited to breaks via RAP80 and its interaction with
RNF8/RNF168 catalises K63-linked ubiquitin chains (Sobhian et al., 2007). BRCAL interacts
with BRCA2 and subsequently binds PALB2 allowing the BRCA2-dependent recruitment of
RAD51 to DSBs (Shirley et al., 2009). BRCA1 recruitment depends on the BRCA1-PALB2
interaction. The presence of PALB2 at the site of damage is dependent on MDC1 and RNF8
recruitment, suggesting that histone ubiquitination strongly regulates the PALB2 recruitment
(Zang F. et al., 2012). BRCAL recruitment to breaks is also dependent on its interaction with

BARDL (Yuetal., 2006). In response to DNA damage BARD interacts with Lys9-dimethylated
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histone H3 (H3K9me2) in an ATM-dependent but RNF168-independent manner (Wu et al.,
1996). The BRCT domain of BARD1 is crucial for its retention at DNA damaged sites via its

interaction with HP1 (Wu et al., 1996).

The histone variant H2B is also ubiquitinated (Weake and Workman, 2008). Mono-ubiquitinated
H2B on Lys123 (H2BK123ubl) was identified for the first time in yeast Saccharomyces
cerevisiae and mutation of the conserved ubiquitination site is shown to confer mitotic defects
in mitotic cell (Robzyk et al., 2000). This H2BK123ub1 is required to promote error-free trans-
lesion synthesis mediated by DNA polymerase eta (Poln) upon damage. In absence of
H2BK123ubl, DNA polymerase zeta (Pol() is responsible for mutagenic mechanisms (Northam
et al., 2016). In mammalian cells, H2B ubiquitination is primarily mediated by an E3 ubiquitin
ligase complex, which is composed of two RING finger proteins RNF20 and RNF40 (Shiloh et
al., 2011). This H2B123ub1l mono-ubiquitination is also associated with gene transcription,
probably by modulating the chromatin condensation at transcribed regions (Shiloh et al., 2011).
Recent studies suggest that this modification can enhance or suppress the transcription of specific
set of genes through a mechanism, which involves the hPAF1 complex and TFIIS protein.
Because some of these genes are involved in genome stability RNF20 and RNF40 are classified
as tumor suppressors. In mammalian cells these two RING finger proteins localise at sites of
damage in an ATM-dependent manner and ubiquitinate histone H2B (Moyal et al., 2011).

RNF8 together with UBC13 and the Lys63 ubiquitination of H2A is necessary for the
recruitment of the BRCA1 complex (Wang et al., 2007). The BRCAL complex contains the
BRCAL/BARD1 heterodimer, RAP80, Abraxas and the Lys63-specific deubiquitinase BRCC36.
RAP80 contains an Abraxas-interaction domain (AIR), but it also contains two ubiquitin-
interacting motifs (UIMs), which bind the Lys63-ubiquitin chains (Sobhian et al., 2007). This

suggests that the RNF8-UBC13 Lys63-dependent ubiquitination is necessary for the recruitment
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of the BRCA1 complex and that RAP80 functions as a link between the K63-polyubiquitination

chains and the recruitment of the entire complex.

The mono-ubiquitination of H2A on Lys13 and Lys15 by RNF168 is, on the other hand,
necessary for the 53BP1 recruitment to the site of damage. In fact, 53BP1 is directly recruited to
DSBs by its interaction with H2AK15/K13 via its ubiquitin-dependent recruitment (UDR) motif
(Zgheib et al., 2008; Fradet-Turcotte et al., 2013). The recruitment of 53BP1 will inhibit the
resection thus leading the cells towards NHEJ repair rather than HR repair. A recent study has
associated RNF168 with HR repair (Luijsterburg et al., 2017) 53BP1 together with RIF1
suppresses HR in G1 cells. In S/G2 cells HR inhibition is relieved due to the presence of PALB2,
which drives the cells towards HR repair. This is possible because PALB2 indirectly recognises
histone ubiquitylation by associating with ubiquitin-bound RNF168 (Luijsterburg et al., 2017).
This interaction occurs between the PALB2-interacting domain (PID) of RNF168 and the WD40
domain in PALB2. This strongly suggests that, while RNF8 is responsible for the initiation of
the ubiquitination cascade, RNF168 is necessary for its amplification, which is necessary for the

recruitment of downstream DDR factors (Luijsterburg et al., 2017).

In case of Sumoylation, mammalian SUMO E3-ligases PIAS1 and PIAS4 are required to
promote the DNA double strand break response (Galanty et al., 2010). They are recruited to sites
of damage via their SAP domain. PIAS4 is mainly required for the recruitment of 53BP1, RNF8
and RNF168, while PIAS1 is required for RAP80 and BRCAL1 accumulation at sites of damage
(Galanty et al., 2010). BRCAL, in fact, is found at DSBs together with SUMO1, SUMO2/3 and
the SUMO-conjugating enzyme Ubc9 (Morris et al., 2009). The SUMO1 modification of
BRCA1 by PIAS1 increases its ubiquitin-ligase activity (Morris et al., 2009). A very well

characterised link between sumoylation and the DDR is the Rad52 sumoylation in budding yeast.
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Rad52 acts in HR and its activity is promoted by SUMO E3-ligase Siz2-dependent sumoylation
(Torres-Rosell et al., 2007). Emerging studies are suggesting a connection between
ubiquitination and sumoylation. Many recent studies have been focused on SUMO-targeted
ubiquitin ligases (STUbLSs), which include human RNF4. These STUbLSs contain SUMO binding
motifs (SIMs) that bind SUMO proteins on target proteins and then ubiquitylate such proteins,
often leading to their proteasomal degradation. RNF4 is found at DSBs and it is brought there
via its interaction with MDC1, 53BP1 and RPA2 (Luo et al., 2012; Galanty et al., 2012; Jackson
etal., 2013). The RNF4 recruitment to DSB is necessary for MDC1 sumoylation and subsequent
ubiquitination, which is RNF4-dependent. MDC1 sumoylation and ubiquitination is important
for its turnover and regulation in the DDR (Luo et al., 2012). RNF4 can also ubiquitinate RPA2
after it has been sumoylated, this event is necessary for the degradation of RPA2 and its

replacement by RAD51 necessary in HR repair (Galanty et al., 2012).

1.4 PIKKs and the DNA damage response

PIKKs are responsible to activate a wide range of substrates. PIKKs possess a kinase activity
that allows them to phosphorylate other proteins on Serine and Threonine residues. In the DNA
damage response ATM (ataxia-telangiectasia mutated) is mainly involved in multiple responses
to DSBs, while ATR (ATM- and Rad3-Related) is mainly involved in replication stress but also
functions DSB repair. DNA-PKcs (DNA-dependent protein kinase) is involved in DSB repair
via NHEJ. ATM and ATR seem to activate a wider range of substrates and so to have a wider
range of DDR responses compare to DNAPK, which seems to have fewer targets consistent with

a main role in the NHEJ repair pathway (Marechal and Zou, 2013).
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1.4.1 The human PIKKs family: ATM, ATR and DNAPK

These three PIKKs were first identified based on sequence analysis (Keith et al, 1995). These
kinases share common protein domains: the PIK-related kinase domain, the FAT-C terminal
motif (FATC), a large region of a-helical HEAT repeats at the N-terminal some of which
contribute to a second FAT domain localised upstream the kinase domain (Figure 1.6). The first
PIKK to be identified was mTOR. It was initially identified in budding yeast to play a role in
cell growth but not in the DDR (Kunz J. et al., 1993). On the other hand, ATM, ATR and DNA-

PK all play a role in the DDR.

ATM forms a dimer, which is then dissociated when ATM is activated by autophosphorylation
on the residue serine 1981 in the presence of DSBs (Bakkenist et al., 2003). ATR is found in a
complex with ATRIP (Cortez et al., 2001). The structures for ATM and ATR has not been
identified yet. However, the structure of DNA-PK is known (Sibanda et al., 2010). DNA-PK,
which consists of the DNA-PK catalytic subunit and the Ku70/80 heterodimer, forms a hollow
circular structure with the kinase domain located at the top of this ring. Although there is no
evidence that these HEAT repeats bind DNA, it is known that, for ATM and ATR, HEAT repeats
are required for protein-protein interactions. It has been shown in yeast that ATM (Tell) binds
the C-terminus of NBS1 through two separated pairs of HEAT repeats (You et al., 2005). This
interaction is necessary for the ATM activation and its retention at the site of damage. ATR also
binds ATRIP through the HEAT repeats located in its N-terminus region (Ball et al., 2005). The
FAT and FATC domains in ATM and ATR play important roles in regulation and activation of
the kinase activity of these two PIKKSs. In absence of damage the FAT domain and the kinase
domain of ATM interact with each other to inhibit ATM activity (Bakkenist et al., 2003). This

interaction is disrupted by autophosphorylation on S1981, a residue that is located in the FAT
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domain, and triggers ATM activation in presence of damage. Although the phosphorylation on
S1981 is important to disrupt the interaction between the FAT domain and kinase domain of
ATM and initiate the DNA double strand break repair, in ATM” mice, which show immune
system deficiency and extreme radiosensitivity, the restoration of wild-type is only possible by
complete restoration and expression of ATM (Di Siena et al., 2018). The FATC domain of ATM
is required for binding of the acetyltransferase TIP60 which also contributes to ATM activation
by its acetylation (Sun et al., 2005).

Phosphorylation of the threonine 1989 of ATR is recognised by TOPBP1 through its BRCT
domain, it enables TOPBP1 to engage ATR-ATRIP and stimulates the ATR kinase activity. The
FATC domain of ATR, on the other hand, still has no clear role but, is probably indispensable

for its kinase activity (Marechal et al., 2013).
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Figure 1.6: Schematic of human ATM, ATR and mTOR. The three human PIKKs share some
conserved domains such as the FAT, the PIKK and the FATC domain.

1.4.2 ATM structure and function

The FAT and FATC domains, in ATM, are located at the C-terminus either side of its kinase

domain (Bakkenist et al., 2003; Sun et al., 2005). The kinase domain is enzymatic, catalysing
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the transfer of a phosphate from ATP to its main substrates. Phosphorylation follows binding of
substrates HEAT repeats via various specific domains found on ATM substrate proteins
(Marechal et al., 2017). In vitro, inactive ATM dimers were activated by the presence of free
dsDNA and MRN complex (Lee et al., 2005). This recognition by the MRN complex,
subsequently, triggers the recruitment of ATM to the site of damage and its activation (Shiotani

B. etal., 2009).

1.4.3 ATM downstream signalling

Once activated, ATM can phosphorylate and activate many downstream factors. MDC1 is one
of these ATM substrates. MDC1 has a SQ/T rich region at the N-terminal that is phosphorylated
by ATM (Stewart et al., 2003). This phosphorylation is necessary for the subsequent
transmission of the DDR signal to the downstream factors. The activation of the ATM effector
checkpoint kinase 2 (CHK?2) leads to the CHK2-dependent phosphorylation of the HP1-binding
domain of KAP-1 on the S473, which results in mobilisation and dissociation of HP1-f from the
heterochromatin. This event is necessary to allow DDR factors to access the heterochromatic
DSBs for subsequent repair (Bolderson et al., 2012). The tumor suppressor protein p53 is an
ATM effector and acts as a tumor suppressor by regulating apoptosis and checkpoint regulation
in presence of damage. p53 can be phosphorylated by ATM and is also a CHK2 substrate
(Nakagawa et al., 1999). Chk2” mouse cells are defective for p53 stabilisation and for p53-
dependent transcription (Hirao et al., 2000). Human CHK?2 is able to directly phosphorylate p53
which then increases its stability and accumulation in the cell. The ATM activation and
subsequent H2AX phosphorylation also triggers the ubiquitination and the SUMOylation
cascades. These two modifications can occur on histones and on different DDR factors and are

important for the subsequent recruitment of 53BP1 and BRCAL.
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1.5 Zinc finger proteins

Zinc finger (Znf) proteins are a large diverse family with different biological functions. Multiple
zinc fingers domains are often found in zinc finger proteins with each zinc finger binding one
zinc ion. The zinc finger domain was shown to be involved in different biological roles such as
DNA and RNA binding, as well protein-protein interactions. In the zinc finger domain the zinc
ion is usually coordinated to cysteine and histidine residues. The zinc ion is usually not involved
in binding targets rather it is required to stabilise the zinc finger fold. There are different zinc

finger domains classified in function of their structure and role (Laity et al., 2001).

1.5.1 Zinc finger proteins: classes, structures and functions

A zinc finger domain is characterised by the consensus sequence X3-Cys-Xz-4-Cys-Xi2-His-Xs.
5-His-X4. This consensus sequence forms a globular finger-like structure, which contains o-
helices and B-sheets held together by the zinc ion (figure 1.7). The first zinc finger domain
(Cys2His2 or C2H2) was identified in the transcription factor 1A in Xenopous laevis (Miller et
al., 1985). These zinc finger domains allow the Il1A transcription factor to bind the 5S of the

rRNA gene.
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Figure 1.7: Schematic of a C2H2-type zinc finger domain. The zinc finger domain typically contains

a Zinc atom surrounded by B-sheets and a-helices.

C2H2 is the main class of the zinc finger proteins. Proteins falling into this class can bind DNA
and RNA through the zinc finger domains (Laity et al., 2001). There is also some evidence for
the presence of a consensus sequence, in these C2H2 type zinc finger proteins, which is
necessary for the DNA binding (Laity et al., 2001). This consensus sequence (TGEKP) links two
zinc finger domains and forms a cap at the C-terminus of the upstream domain (Laity et al.,
2001). The hypothesis is that C2H2 DNA-binding zinc finger proteins can interact with a specific
DNA sequence as this TGEKP linker sequence consensus is highly conserved through species
(Laity et al., 2001). Although the majority of C2H2 zinc finger type proteins is involved in
nucleic acid binding there is evidence, for some members of this family, to be involved in

protein-protein interactions (Laity, Lee and Wright, 2001).

There are different zinc finger proteins, which are classified in function of how many cysteines

and histidines they present in their domains and they are also classified by their function (Laity
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et al., 2001). While C2H2 zinc finger proteins are mainly involved in DNA-RNA binding the
C4H1 and C3HL1 type zinc finger proteins are primarily involved in protein-protein interactions
(Laity et al., 2001). GATA transcription factors are C4H1 zinc finger containing proteins
implicated in adipogenesis in Drosophila and mammalian cells. GATA transcription factors
recruit members of the Friend of GATA (FOG) family (Jack et al., 2010). The interaction
between the GATA and the FOG co-factors has been shown to occur between the C4H1 domain
at the N-terminus of GATA and three or four of the C3H1 domains of the FOG (Jack et al.,
2010). The C2H2 domain in FOG doesn’t seem to play a role in this interaction. It has also been
shown that a substitution of one histidine with a cysteine in the zinc finger domain does not
affect the domain structure (Jack et al., 2010). Although this other class of zinc finger proteins
are mainly involved in protein-protein interactions, there is also some evidence for DNA binding
among some members of this family. The doublesex protein is a transcription factor which is
involved in sexual differentiation in Drosophila. This protein presents two intertwined zinc

finger domains CCHC and HCCC, which are able to bind DNA (Zhu et al., 2000).

1.5.2 Zinc finger proteins and the DNA damage response

Zinc finger domains are present in many human proteins. They have been characterised as
proteins, typically involved in transcription, that interact with DNA, RNA or proteins.
Proteomic, cellular and molecular studies of these proteins have highlighted a possible role for
this large family in protecting our genome. Findings show a role for already existing and new
zinc finger containing proteins in genome integrity, telomere maintenance and DNA repair

(Lahity et al., 2001).
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The ability of the C2H2 zinc finger proteins to bind other proteins can also be mediated by
protein modification such as ubiquitination and sumoylation (Campbell et al.,2012). Some of
these proteins, such as Really Interesting New Gene (RING) proteins and homeodomain proteins
(PHD), have already been implicated in the DNA damage response. RNF8 and RNF168 are well
known for transducing the DDR signal by histone ubiquitination. The RING domain is actually
a C3HC4 type zinc finger domain. Although it is clear that the RING domain for RNF8 is
responsible for its interaction with the E2 ubiquitin-conjugating enzyme UBC13, it is not clear
what the RING domain for RNF168 is involved in (Campbell et al.,2012). RNF168 might bind
another E2 ubiquitin-conjugating enzyme, since the two RING domains of the two E3 ligases
are very similar in terms of structure (Campbell et al.,2012). The only difference is that while
the RNF8 RING domain dimerises upon its interaction with UBC13, the RNF168 RING domain

iS a monomer.

A recent proteomic screen to identify proteins that localise to DNA breaks after damage showed
that more than 120 proteins can localise to site of damage with most of them being DNA-binding
proteins or transcription factors (Izhar et al., 2015). A random analysis of the transcription factors
revealed that some of them have never been associated with the DDR, while some others were
zinc finger proteins. Among these transcription factors which are zinc finger proteins, 70% were

found to accumulate at DSBs.

The zinc finger ZNF451, also known as ZATT, is a C2H2-type zinc finger protein responsible
for processing the protein-TOP2 DNA cleavage complex (TOP2cc) together with tyrosyl-DNA
phosphodiesterase 2 (TDP2) (Schellenberg et al., 2017). TOP2 normally creates DSBs, which
form intermediates (TOP2cc) where TOP2 is found to bind the DNA and that are used to resolve

the stress coming from DNA supercoiling (Schellenberg et al., 2017). ZNF451 is a SUMO E3
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ligase, which can sumoylate TOP2 and promote the TDP2 interaction with sumoylated TOP2
(Schellenberg et al., 2017). TDP2 with its hydrolase activity can so resolve the TOP2cc complex.
It is still unclear whether the role of ZNF451 is actually mediated by its zinc finger domains.

The ZNF506 is another C2H2-type zinc finger protein that is found at DSBs and facilitates
MDC1 recruitment via de-phosphorylation of H2AX on Y142 (Nowsheen et al., 2018). ZNF506
is recruitment to DSB in an ATM-dependent manner. The ZNF506 activation triggers the EYA
phosphatase recruitment to site of break, which is responsible for the H2AX de-phosphorylation

at Y142 necessary for the MDC1 and other DDR factors recruitment to DSB.

The lethal(3)malignant brain tumour-like protein 2 (L3MBTL2) is an usual C2C2-type zinc
finger protein (Lechtenberg et al., 2009). LAMBTL2 possess a transcription repression activity.
Importantly, in the DDR it is found to interact with RNF8 and RNF168. L3MBTL2 seems to be
the linker between RNF8 and RNF168 since, once L3MBTLZ2 is ubiquitinated by RNF8, then it

recruits RNF168 to DSBs (Nowsheen et al., 2018).

Another class of zinc finger proteins, which is involved in the DDR, is the myeloproliferative
and mental retardation MY M-type. Members of this family are characterised by a tandem zinc-
binding MYM motif. The MYM motif gets is nomenclature from the fact that proteins with this
motif have been identified in genes mutated in X-linked mental retardation and a
myeloproliferative disorder (Van der Maarel et al., 1996). One of the members of this MY M-
type zinc finger protein family, ZMYM3, has been recently associated with the DDR (Leung et
al., 2017). ZMYMa3 is found at sites of damage and recruited through its ability to bind histones
and components of the nucleosome. ZMYM3 directly binds the BRCAL1-A complex and
mediates the function of this complex at DNA damage sites to facilitate DNA repair by HR

(Leung et al., 2017). ZMYM3 acts to harness the HR-suppressive properties of the BRCAL1-A
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complex. ZMYM3 directly binds RAP80 and ABRAL and facilitates BRCA1 accumulation at

DSBs, which ensures its requisite loading for HR repair. (Leung et al., 2017)

Other zinc finger proteins, on the other hand, are responsible for transcription regulation at the
DSBs. The zinc finger myeloid, Nervy, and DEAF-1 domain containing 8 (ZMYNDS) protein
has been recently identified as a new DDR factor required for the recruitment of the nucleosome
remodelling and histone deacetylation (NURD) complex to damaged chromatin (Gong et al.,
2015). The NuRD complex is responsible for transcription regulation in the DDR. ZMYND8
bridges the NuRD complex with many other zinc finger proteins, which associate with DNA
damage regions and regulate the ZMYND8-NuRD DDR axis (Spruijt, et al 2016). The histone
demethylase KDM5A, for example, is responsible for the demethylation of the histone variant
H3 on the lysine 4 (H3K4me3). This demethylation is essential for the subsequent recruitment
of the ZMYND8-NuRD complex. KDM5A depletion results in impaired transcriptional

silencing and DSB repair (Gong et al.,2017).

1.5.3 C3H1-type zinc finger proteins ZC3H8, ZC3H11A and ZC3H14

Very little is known about ZC3H8 and ZC3H11A. They are both involved in RNA biogenesis
with ZC3H8 being a component of the little elongation complex (LEC) in human cells and
playing a role in small nuclear RNA biogenesis (Hu et al., 2013). On the other hand, ZC3H11A
is required for nuclear mRNA export together with PDIP3 (polymerase delta interacting protein

3) (Folco et al., 2012).

A little more is known about ZC3H14, which is considered a polyadenosine binding protein.

The fate of a new transcript is primarily dependent on the proteins binding the transcript. These
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transcript-binding proteins act as maturation factors involved in capping, splicing,
polyadenylation or cleavage of the transcript. Other proteins can be, instead, involved in packing
the transcript to stabilise it and exporting it out of the nucleus. One important class of proteins
involved in post-transcriptional regulation of gene expression is the poly(A) binding protein
class (Pab). These proteins can bind the poly(A) tail trough a specific ribonucleoprotein
consensus sequence (RNP) (Adam et al., 1986). Although this motif is specific for all Pabs there
is another sub-class among these, where the binding to the poly(A) tail of a transcript is mediated

through the C3H type zinc finger domain (Anderson et al., 1993).

Nab2 is one of the major Pabs associated with nuclear polyadenylated RNA in vivo (Anderson
et al., 1993). Nab2 shows two distinct RNA-binding motifs: the RGG box and the C3H motif
repeats, which are also found in the large subunit of RNA pol I, Il and I1l. This C3H zinc motif
of Nab2 in yeast has been found to be important for the protein to bind the poly(A) tail of
transcripts (Kelly et al., 2007). Similarly to yeast, in human, the ZC3H14 protein contains C3H
zinc finger homologous to the one found in Nab2 and it specifically binds the polyadenosine
RNA through those repeats. A mutation in the human gene encoding for ZC3H14 causes an
autosomal recessive intellectual disability (Pak et al., 2011). ZC3H14 mRNAs are found in the
human central nervous system, in rodents ZC3H14 is found in hippocampal neurons and
colocalises with poly(A) RNA in neuronal cell bodies, while in D. Melanogster a mutation in
the ZC3H14 gene reveals defects in development and in neurons that are involved in locomotion
and flight (Pak et al., 2011). Nabz2 is essential for controlling the poly(A) tail length of transcripts
and its depletion results in hyperadenylation of the poly(A) (Soucek et al., 2013). Given that a
mutation in the human homologue ZC3H14 gives an autosomal recessive intellectual disability;
it is possible that the role of this C3H type zinc finger protein in controlling the poly(A) tail

length might be related to the intellectual disability. The role of ZC3H14 is very conserved
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through different species. Once firstly identified in yeast more studies have been conducted on
Nab2/ZC3H14 especially to properly understand its role in human. Mutation in the dNab2 gene
causes defects in locomotion and flight. Such defects can be rescued by introduction of the
human dNab2, ZC3H14, in dNab2 null flies suggesting that the human gene might have a role
in the development of certain regions of the human brain. Although ZC3H14 has been associated

with an intellectual disability as yet there is no evidence for ZC3H14 functioning in the DDR.

1.6 Cellular compartments

1.6.1 Nuclear and sub-nuclear compartments

The primary function of the eukaryotic nucleus is to package the genetic material (Pollard et al.,
2017). Inside the nucleus the DNA is found to bind different DNA binding proteins such as the
nucleosomes, which are responsible for the DNA packaging. The nucleus is separated from the
cytoplasm by a double nuclear membrane similar to the cellular membrane (Pollard et al., 2017).
The nucleus is connected to the cellular cytoplasm through nuclear pores that are distributed all
over the nuclear membrane. These nuclear pores are a complex network of proteins and
important for export and import of proteins out of and into the nucleus. Inside the nucleus, the
soluble fraction is termed the nucleoplasm (Pollard et al., 2017) while there are also several
membrane-less organelles such as the nucleolus, paraspeckles, Cajal bodies, PML bodies and
nuclear speckles (Handwerger et al., 2006). These membrane-less sub-nuclear organelles are
dynamic structures typically involved in RNA metabolism. They can rapidly exchange
components with the surrounding environment and also respond to external stress (Mitrea and
Kriwacki, 2016). The paraspeckles are involved in gene expression (Handwerger et al., 2006).

The Cajal bodies are the less well understood membrane-less organelles but seem to be linked

52



to the regulation of small nucleolar ribonucleoprotein particles (SnoRNPs) (Handwerger et al.,
2006). On the other hand, the nuclear speckles are linked to mMRNA processing and proteins that
are involved in splicing and poly(A) tail length accumulate in nuclear speckles (Handwerger et

al., 2006).

1.6.2 Molecular organisation of nuclear speckles

Nuclear speckles are nuclear structures enriched in mRNA splicing factors and polyadenosine
RNA-binding proteins. They are dynamic membrane-less organelles that vary in size and shape.
Their dynamic structures allows continuous exchange of RNA and proteins between speckles
and other nuclear structures (Lamond and Spector, 2003). By electron microscopy these nuclear
structures are seen as interchromatin granule clusters. In the nucleoplasm they form regions
where there is little or no DNA. Although there is some evidence for nuclear speckles localising
at transcriptionally active sites more studies describe the nuclear speckles as storage, assembly

and modification compartments (Xing et al., 1995).

An important signal for proteins to localise to nuclear speckles is the presence of serine and
arginine rich regions (RS) (Lamond and Spector, 2003). Many splicing factors as well as kinases
and phosphatases, which can phosphorylate and dephosphorylate components of the splicing
machinery, have been localised to nuclear speckles (Mintz et al., 1999). Of particular interest in
these nuclear structures is the presence of transcription factors and 3° end RNA-processing
factors. Although transcription does not occur within the nuclear speckles and there is no DNA
localising to these regions, several sub-units of RNA polymerase Il have been identified at the
nuclear speckles together with a subset of transcription factors (Galganski et al., 2017). It is

unclear what determines the localisation of this subset of transcription factors to the nuclear
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speckles but their presence in these regions might relate to some regulatory steps affecting the
modification or the accessibility of transcription factors. Additionally, poly(A) RNAs and non-
coding RNAs have been identified at the nuclear speckles (Galganski et al., 2017) but it is still
unknown, why such RNAs are located at these nuclear structures.

Ubiquitination and Sumoylation machinery is also found in nuclear speckles. Recent studies
have identified many E3 ubiquitin ligase enzymes, together with de-SUMOylating enzymes at
the nuclear speckles (Galganski et al., 2017). It seems that SUMO-1 is a typical signal to target
proteins to these nuclear structures. This data might suggest that nuclear speckles are a centre
for such processes but the role of ubiquitination and SUMOQylation at the nuclear speckles
remains to be determined. More studies, regarding nuclear speckles and their components, have
to be carried out in order to address these observations and the relationship between these
proteins and mMRNA processing.

Because nuclear speckles are membrane-less organelles they are very dynamic structures and
they can change in size and re-distribute during the cell cycle (Thiry, 1995). The biggest change
for these organelles occurs when cells go through mitosis. During interphase, nuclear speckles
are very stable but upon prophase initiation and nuclear envelope breakdown they disassemble.
From metaphase to telophase nuclear speckles form mitotic interchromatin granules, which are
probably required for modifications, assembly and delivery of pre-mRNA processing complexes
to transcription sites in daughter nuclei. The mechanisms behind this nuclear speckle’s re-

distribution during the cell cycle are still unknown (Lamond and Spector, 2003).

1.6.3 Nuclear Speckles and DNA damage

Nuclear speckles are dynamic nuclear structures whose roles in cells is still unclear. They have

been associated with pre-mRNA processing simply because, from a proteomic screen, 54% of
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proteins found at the nuclear speckles are pre-mRNA splicing components and 20% are RNA
associated proteins (Saitoh et al., 2004). Although the association of nuclear speckles with
proteins involved in mRNA processing, more studies have suggested the presence at the nuclear
speckles of proteins that have nothing to do with RNA metabolism such as SUMOylated and
ubiquitinated proteins and PIKKs such as DNA-PK suggesting that their role in human cells

might extend beyond RNA biogenesis (Lamond and Spector, 2003).

Studies have linked nuclear speckles to the DNA damage; in particular to the UV-induced
damage response (Campalans et al., 2007; Wong et al., 2013). UV radiation relocates the DNA
glycosylase hOGGL1 to the nuclear speckles (Campalans et al., 2007). This glycosylase is
responsible for the initiation of the base excision repair (BER) of oxidised purines. One of the
most dangerous lesions in the DNA is the presence of oxidised bases, such as the 8-oxoguanine,
which, if not repaired, leads to the substitution of a T-A pair to a G-C pair. The hOGGL is an
important enzyme, which allows the repair of the DNA upon oxidative stress (Campalans et al.,
2006). It has been shown that hOGGL1 is usually distributed in the entire nucleus of human cells
but, upon UV radiation forms foci that correspond to nuclear speckles. This hOGGL1 relocation
can be inhibited with anti-oxidant treatment, suggesting that reactive oxygen species are the
signal for this protein to be relocated to nuclear speckles. Another important enzyme involved
in the BER pathway is apurinic endonuclease APE1, which is responsible for the repair of the
mismatch on the DNA caused by the excision of the oxidased base by the glycosylase. APE1,
together with hOGG1, relocalises to speckles upon UV-radiation. Transcription blockage does
not induce the hOGG1 localisation to the nuclear speckles suggesting that such mechanism is
entirely dependent on UV damage. The reason why this relocation occurs only upon UV damage
has not been elucidated yet (Campalans et al., 2006). A protein involved in cell cycle

progression, B-Myb, is found to be phosphorylated and relocated to nuclear speckles upon UV
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treatment (Werwein et al., 2013). Little is known about the role of B-Myb at the nuclear speckles.
Upon damage, the cells arrest or slow down their progression in the cell cycle in order to repair
the damage so, for B-Myb, the hypothesis is that the protein is sequestered at these organelles

till the cell proliferation restarts (Werwein et al., 2013).

Other membrane-less organelles have been associated with UV-induced damage. The
polymerase delta interacting protein 38 (PDIP38) is also found at PML nuclear bodies upon UV
radiation (Wong et al., 2013). The PDIP38 relocation to PML bodies is important for the
accumulation of alternative splice variants of MDM2 upon damage. Some of the MDMZ2 spliced
variants have been associated with different human cancers so this role for PIPD38 in the PML
bodies might suggest that there is a correlation between nuclear structures and different types of

genotoxic stress (Wong et al., 2013).

1.7 Summary

Human cells daily face the threat of endogenous and exogenous damage (Lindahl et al., 1993).
This damage leads cells to mutations, which can subsequently result in tumorigenesis and cancer.
This is the reason why human cells have developed different DNA damage repair pathways
(Cicciaetal., 2010). Many proteins have been identified in playing a role in these repair pathways
but the majority of them yet has to be discovered. ATM is the main player in the repair of DNA
DSB repair. We carried out a proteomic screening for ATM (Pessina et al., 2014) and identified
new players in the DDR. We identified three human zinc finger proteins ZC3H8, ZC3H11A and
ZC3H14 as new ATM-interacting proteins. These proteins are part of the C3H1-type family of

zinc fingers and they are known for playing different roles in the RNA biogenesis (Hu et al., 2012;
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Folco et al., 2013; Soucek et al., 2013). Although they have a role in RNA processing, nothing

has yet been reported concerning a role for ZC3H8, ZC3H11A and ZC3H14 in the DDR.

Here we provide new evidence for these zinc finger proteins, as ATM-interacting partners, in
playing new quite distinct roles in genome stability. Based on the data accumulated around the
role of ZC3H14 in the DDR, we hypothesise that ZC3H14 might be required for MDC1
phosphorylation on specific residues that are required for the MDC1 activation/turnover and
subsequent transduction of the signal to the downstream DDR factors. These new findings provide
evidences for an important new player in the DDR pathway, ZC3H14, which acts above the repair
pathway choice. Considering the role of ZC3H14 as a polyadenosine binding protein, here we
hypothesise that this C3H1-type of zinc finger protein might be required for efficient MDC1

splicing and transduction of the DNA double strand break signal to the downstream DDR factors.
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CHAPTER 2

Characterisation of C3H-type zinc finger containing protein
ZC3H8, ZC3H11A and ZC3H14

Keywords:, ZC3H8, ZC3H11A, ZC3H14, membrane-less organelles, RNA biogenesis Nuclear
Speckles, DNA damage, single strand DNA (ssDNA), replication stress, replication fork,

phosphoRPA2 (S4/S8), R-loops
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2.1 Summary

Zinc finger proteins are very abundant in biology. A stable isotope labelling with amino acids in
cell culture (SILAC) screen carried out in our laboratory identified several proteins, previously
unreported to be interacting with ATM in presence and absence of DNA damage. Among them,
we identified three zinc finger-containing proteins ZC3H8, ZC3H11A and ZC3H14. Apart from
their C3H-type zinc finger domains very little is known about these three zinc finger proteins
and their structures. The first few experiments showed in this chapter were performed to identify
which zinger finger protein between ZC3H8, ZC3H11A and ZC3H14 were to pursue for further
investigation. We performed a primary sequence analysis of ZC3H8, ZC3H11A and ZC3H14
and found that they are mainly hydrophilic and contain alpha-helix and beta-turns. We show that
ZC3H8 forms foci primarily in the nucleus, while some focal structures are also visible in the
cytoplasm. ZC3H14 forms foci exclusively in the nucleus. Interestingly ZC3H14, but neither
ZC3H8 nor ZC3H11A, localises to Nuclear Speckles a subnuclear compartment primarily
associated with mRNA processing. The fact, that they interact with ATM strongly suggests a
role for these proteins in the DNA damage response. Among these three zing finger proteins
ZC3H8 was the only one which showed a lower score, in terms of its interaction with ATM,
compared to ZC3H11A and ZC3H14 (data from the SILAC). This is the reason why we decided
to focused on the role that ZC3H11A and ZC3H14 might play in the DDR. We so observed
spontaneous damage upon ZC3H11A or ZC3H14 knock down and, when examined further, we
found that their depletion induces accumulation of single-stranded DNA (ssDNA) coated by
pPRPA2 (S4/S8). Furthermore, we provide preliminary evidence that DNA-RNA hybrids (R-

loops) are not properly resolved when ZC3H11A or ZC3H14 are depleted.
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2.2 Highlights

e ZC3HS8, ZC3H11A and ZC3H14 are mainly hydrophilic proteins organised in alpha-helix
and beta-turn structures

e ZC3H8 forms foci primarily in the nucleus and it is found as chromatin bound protein and
also in the cytoplasm

e ZC3H14 forms foci exclusively in the nucleus and it is found only in the chromatin fraction

e ZC3H14, but neither ZC3H8 nor ZC3H11A, is found at the Nuclear Speckles

e Depletion of ZC3H11A or ZC3H14 induces spontaneous damage

e Accumulation of ssDNA and pRPA2 (S4/S8) upon ZC3H11A or ZC3H14 depletion

¢ R-loops formation/resolution is affected upon ZC3H11A or ZC3H14 knock down
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2.3 Introduction

In our cells, macromolecules such as proteins, DNA and RNA are organised in membrane-bound
compartments and non-membrane-bound compartments. In organelles containing a membrane
these macromolecules are accumulated within lipid membranes where the hydrophilic region
will contain hydrophilic molecules within the aqueous phase. On the other hand, membrane-less

organelles do not show a bilayer structure and thus are more dynamic.

Nuclear Speckles, Cajal Bodies and PML Bodies are membrane-less organelles localised in the
nucleus. The Nuclear speckles are enriched in mRNA splicing factors and found in the
interchromatin region in mammalian cells. These are dynamic structures, which can change their
pattern during the cell cycle due to phosphorylation and dephosphorylation of the nuclear
speckles proteins. This regulation of phosphorylation results in release of these proteins, which
will then migrate to the transcription sites (Lamond and Spector, 2003). Although Cajal bodies
have been linked to the small nuclear RNA (snRNA) and to the small nuclear ribonucleoprotein
particles (snoRNPs) their biological roles still remain unclear (Cioce and Lamond, 2005). The
role of the PML bodies has yet to be fully elucidated. Their number is influenced by the cell
cycle (Eskiw et al., 2003) and they are also localised at the nucleolar caps in senescent cells

(Condemine et al., 2007) suggesting a role in RNA metabolism.

Nuclear Speckles have been also linked to the DNA damage. One example of this is polymerase
delta interacting protein 38 PDIP38 which was first identified as a polymerase 6 and PCNA
interacting protein (Liu et al., 2003). PDIP38 is found to re-localise to spliceosome/nuclear
speckles upon UV damage and it is required for alternative splicing of MDM2 upon UV-

irradiation (Wong et al., 2013).
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Here we focus on three C3H-type zinc finger proteins ZC3H8, ZC3H11A and ZC3H14,
previously reported to have roles in RNA biogenesis. ZC3H8 is a component of the little
elongation complex (LEC) in human cells and plays a role in small nuclear RNA biogenesis (Hu
etal., 2013). ZC3H11A is required for nuclear MRNA export together with PDIP3 (polymerase
delta interacting protein 3) (Folco et al., 2012), while ZC3H14 binds RNA for regulation of
poly(A) tail length during mRNA processing and is found at the nuclear speckles in N2A mouse
cells (Kelly et al., 2014). ZC3H8 localises to PML bodies in Drosophila (Hu et al., 2013), but
we could not confirm this in human cells. On the other hand, we found ZC3H14 localising to
nuclear speckles in human cells. We were able to link ZC3H11A and ZC3H14 to the DNA
damage response. Furthermore, we observed spontaneous DNA damage upon ZC3H11A and
ZC3H14 depletion. Specifically, this spontaneous damage may result from replication stress as
we found BrdU foci colocalising with pRPA2 (S4/S8) foci upon ZC3H11A and ZC3H14
depletion. Interestingly, the R-loops resolution was also affected upon depletion of these two

zinc finger proteins.
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2.4 Materials and Methods

2.4.1 Cell culture

U20S and U20S GFP-ZC3H14 were cultured at 37°C in a humidified atmosphere of 5% CO-
using DMEM (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (Gibco) and 1%
penicillin-streptomycin (Sigma-Aldrich).

hTERT RPE-1 cells were cultured at 37°C in a humidified atmosphere of 5% CO, using DMEM-
F12 (Sigma-Aldrich) media supplemented with 10% Fetal Bovine Serum (Gibco) and 1%

penicillin-streptomycin (Sigma-Aldrich).

2.4.2 siRNA knockdown, plasmid transfection and plasmid generation

1.5x10° U20S cells were plated in 35mm dishes and 24 hours later transfected with siZC3H11A
Ambion (60nM) and siZC3H14 Dharmacon pool (80nM), (negative control sSiRNA (Ambion)
was used as a control) by using oligofectamine. 1ml of fresh media was added one day after
transfection. The cells were then left for further 24h at 37°C before further analysis. See appendix
1 table 4 for the siRNAs sequences.

For DNA transfection 1.5x10° cells were plated in a 35mm dish and transfected 24 hours later
with DNA by using lipofectamine 2000 (1:3 DNA:lipofectamine ratio). 5 hours after
transfection, the media was switched to media containing fetal bovine serum only and the cells
were left for 48 hours at 37°C before further analysis. The plasmid pEGFP-C1-ZC3H14 was
generated by cloning the ZC3H14 cDNA resistant to the SiIRNA (isoform 1) into the pEGFP-C1
plasmid. Xhol and Hindlll restriction enzyme sites were used to clone the ZC3H14 cDNA into
the pEGFP-C1 vector (see appendix 1 table 1 for primers sequences). The ZC3H14 cDNA

resistant to the siRNA was generated by site-directed mutagenesis of the ZC3H14 cDNA (see
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appendix 1 table 1 for primers sequences). 4 point mutations, G2040A, T2049C, A2184G and

T2196A were inserted in the region of ZC3H14 siRNA 1 and 2 of the Dharmacon pool binding.

2.4.3 Immunofluorescence

For analysis of the different nuclear structures and YH2AX foci 1.5x10° U20S cells or RPE1
cells were plated in a 35mm dish 24 hours prior fixation. Cells were fixed in 4% PFA diluted in
1X PBS for 10 minutes at RT. They were washed three times in 1ml of 1X PBS and then
permeabilised for 2 minutes at RT in 0.125% Triton X-100 diluted in 1X PBS. Three more
washes in 1X PBS were performed prior blocking in 1% BSA for 1h at 37°C. The cells were
washed again three times with 1ml of 1X PBS and incubated for 1 hour at 37°C in 1% BSA
containing the primary antibody. The same incubation was performed with secondary antibody.

Vectashield mounting-DAPI was used to stain the nuclei.

For analysis of ssDNA and phosphorylation of RPA2 on Ser4/8 upon ZC3H11A and ZC3H14
knockdown, 1.5x10° U20S cells were plated in a 35mm dish. 24 hours later siRNA transfection
was performed as previously described (scramble RNA was used as a control). One day later
BrdU was added at the final concentration of 500uM and the cells were left further 24 hours at
37°C. The BrdU was then washed off and, where specified, the cells were treated with 2mM
Hydroxyurea for 2 hours. At this point the coverslips were collected and pre-extracted with CSK
(100mM NaCl; 300mM Sucrose; 10mM Pipes ph 6.8; 3mM MgCl»; 0.3% Triton X-100) for 10
min at RT, while remaining cells were lysed for 1 hr on ice by adding 100ul of 1X lysis buffer
containing phosphatase/protease inhibitors and Benzonase (1/1000), followed by centrifugation
at 14000 rpm for 10 minutes at 4°C. The supernatant was collected and proteins were quantified

by Bradford. The lysates were then analysed by western blot. Antibodies used for the western
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blot analysis were diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide,
25mM Tris-HCI pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% milk TBST
1X. The coverslips were fixed for 10 minutes at RT in 4% PFA diluted in 1X PBS and
permeabilised with 0.125% Triton X-100 for 2 minutes at RT. The cells were then blocked at
37°C for 1 hour in 1% BSA and subsequently incubated 1 hour at 37°C with 1% BSA containing
anti-BrdU and anti pRPA2 S4/S8. Same incubation was performed for the secondary antibody.
In between each of the above steps, cells were washed three times in 1ml of 1X PBS. Vectashield

mounting-DAPI was used to stain the nuclei.

For the R-loops study 1x10° U20S were plated in a 35mm dish and 24 hours later transfected
with siRNAs as previously described. 24 hours after transfection, cells were transfected with
PEGFP plasmid expressing RNAseH1 (empty vector was used as a control) as previously
described. The coverslips were then recovered and processed and remaining cells were lysed and
lysates were analysed as previously described. The coverslips were pre-extracted for 10 minutes
at RT with CSK and fixed in 4% PFA diluted in 1X PBS for 10 minutes at RT followed by 2
minutes permeabilisation at RT in 0.3% Triton X-100 diluted in 1X PBS. The cells were then
blocked in 5% BSA for 1 hr at RT, followed by 1 hr incubation at RT with primary antibody
diluted in blocking buffer and 1 hr incubation at RT with secondary antibody diluted in blocking
buffer. Each of the steps above was followed by three washes with 1 ml of 1X PBS. DAPI

(Vectashield mounting medium) was used to stain the nuclei.

2.4.4 Chromatin Binding Assay

In 10cm dish 90% confluent U20S cells were treated with 50uM Etoposide, where specified, for

1hr. The cells were then harvested and washed twice with 1 ml of ice-cold 1X PBS. Half of the
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cells were resuspended in 400ul of 2X laemmli buffer (Input), while the other half was lysed in
200ul of CSK buffer I containing protease inhibitors (10mM Pipes pH 6.8; 100mM NaCl; 1mM
EDTA; 300mM Sucrose; 1mM MgClz; ImM DTT; 0.5% Triton X-100) for 15 minutes on ice.
The lysates were then centrifuged at 1000g for 6 minutes at 4°C. The supernatant (S1 fraction)
containing the triton-soluble proteins (not chromatin bound proteins) was further clarified by
centrifugation at 120009 for 5 minutes and transferred to a fresh tube. The pellet was washed
once in 200ul of CSK buffer I and then resuspended in 200ul of CSK buffer 11 (10mM Pipes pH
6.8; 50mM NaCl; 300mM Sucrose; 6mM MgCl,; ImM DTT) containing Benzonase (1/1000)
and protease inhibitor followed by 40 minutes incubation on ice. 250mM Ammonium Sulfate
was then added to the pellet and incubated for further 15 minutes at 37°C. The samples were
then centrifuged at 120009 for 10 minutes at 4°C and the supernatant was recovered (S2 fraction)
containing released chromatin-associated proteins. The protein concentration was measured by
Bradford and the input with the S1 and S2 fractions were analysed by western blot. Antibodies
used for the western blot analysis were diluted in primary antibody buffer containing 2% BSA,
0,1% Sodium Azide, 25mM Tris-HCI pH 7.4, 150mM NaCl. Secondary antibodies were diluted

in 5% milk TBST 1X.
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2.5 Results

2.5.1 Primary analysis of the human ZC3H8, ZC3H11A and ZC3H14 protein sequences

Little is known about human C3H type Zinc finger ZC3H8, ZC3H11A and ZC3H14 proteins.
We know, from the Uniprot database, that ZC3H8 (Q8N5P1) has three C3H Zinc finger domains
localised in the C-terminus of the protein. ZC3H11A (075152) has three C3H Zinc finger
domain localised in the N-terminus, while ZC3H14 (Q6PJT7) has five C3H Zinc finger domain,
two in its C-terminus and three centrally located. Additionally, ZC3H14 has a Piwi-like domain
spanning from residue 172 to residue 199 (Figure 2.1). All three zinc finger proteins present
several SQ/TQ sites spanned throughout the entire protein sequence, with those of ZC3H11A
being mainly found in a C-terminal cluster, while for ZC3H8 and ZC3H14 the SQ/TQ sites are

primarily N-terminally located.
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116 370 497 531 590 617731748
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138 164 571aa
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Figure 2.1: Human ZC3H8, ZC3H11A and ZC3H14 protein structures. The ZC3H8, ZC3H11A and
ZC3H14 protein sequences were obtained from the Uniprot database. The coloured boxes in the sequence
highlight the C3H1 Zinc finger domains and the Piwi-like. The different colours for the Znf domains
represents how conserved these domains are with in the three proteins. The yellow stars indicate the
SQ/TQ sites.
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The protein sequence of each C3H-type zinc finger protein obtained from the Uniport website
was used in the EXPASYy bioinformatic website to obtain more information about the secondary
structure of these proteins. By using the ProtScale tool, we were able to identify predicted alpha-
helices and beta-turns. The ProtScale tool uses the Deleage-Roux apha-helicity and beta-turnicity
plot. In this method each amino acid has a score. The score for the amino acid changes between
the alpha-helix and the beta-turn plot. In the plot the amino acid position is on the X-axis while
the amino acid score is on the Y-axis. A cut-off score is taken at 0.99. Using the ZC3H8 Uniprot
ID, we obtained the apha-helicity and beta-turnicity plot (Figure 2.2). ZC3H8 mainly contains

an alpha-helical structure with beta-turns in aal45 to 155.
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Figure 2.2: ZC3H8 alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-
helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axys
while the score is on the Y-axis. The zinc finger domains for ZC3H8 are localised from position 191 to

position 271 of the protein sequence.

ZC3H11A consists of an equal distribution of alpha-helices and beta-turns throughout the entire

protein sequence (Figure 2.3). We identified some alpha-helix spikes corresponding to the
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central region of the protein (~350™ amino acid) and the C-terminus, and a couple of spikes for

the beta-turns around position 220 and 300.
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Figure 2.3: ZC3H11A alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-
helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axis
while the score is on the Y-axis. The zinc finger domains for ZC3H11A are localised from position 2 to

position 86 of the protein sequence.
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Something similar is observed in the case of ZC3H14 (Figure 2.3). ZC3H14 contains an equal

distribution of alpha-helix and beta-turn structures, throughout the entire protein.
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Figure 2.4: ZC3H14 alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-
helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axis
while the score is on the Y-axis. The zinc finger domains for ZC3H14 are localised from position 595 to

position 719 of the protein sequence.
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The ExPASYy bioinformatic website allows to investigate the total hydrophobicity/hydrophilicity
of a protein. We used the Eisenberg et al plot, which assigns a score to each amino acid. A
positive score is given to the hydrophobic amino acid, while a negative score is given to the
hydrophilic ones. The output is a plot (Hphob/Eisenberg plot) showing the position of the amino
acids on the X-axis and the score on the Y-axis. The Hphob/Eisenber et al. plots for ZC3H8,
ZC3H11A and ZC3H14 shows many spikes falling in the negative region of the plot suggesting
that these proteins are mainly hydrophilic (Figure 2.5 A-B-C). Apart from their zinc finger
domains, ZC3H8, ZC3H11A and ZC3H14 are largely unstructured proteins since no other

domains have been identified. This is the reason why they are primarily hydrophilic.
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Figure 2.5: Hphob/Eisenberg plots for ZC3H8, ZC3H11A and ZC3H14. The Eisenberg method to
determine whether a protein is hydrophilic or hydrophobic is based on giving a positive score to
hydrophobic residues and a negative score to the hydrophilic residues. The position of the amino acid is
then plotted on the X-axis, while the score is on the Y-axis. A) ZC3H8. B) ZC3H11A. C) ZC3H14.
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2.5.2 ZC3H8 and ZC3H14 are nuclear proteins found primarily in the chromatin fraction

We asked whether ZC3H8 and ZC3H14 are nuclear or cytoplasmic. Note that a previous PhD
student in our laboratory showed that ZC3H11A forms foci exclusively in the nucleus and is a

chromatin bound protein (Danielle Hamilton, PhD thesis 2013).

We carried out IF for ZC3H8 and ZC3H14 in U20S cells and observed similar patterns for both
proteins. Specifically, ZC3H14 is primarily in the nucleus (Figure 2.6 B), while ZC3H8 is
primarily in the nucleus with some small foci apparent in the cytoplasm (Figure 2.6 A). Also,
the two zinc finger proteins show a slightly different nuclear pattern. ZC3H14 foci are bigger in

size compared to ZC3H8 foci.

DAPI ZC3H8 MERGE

ZC3H14 MERGE

Figure 2.6: Nuclear localisation of ZC3H8 and ZC3H14. U20S cells were grown on a coverslip and
subsequently stained for ZC3H8 (Ab) and ZC3H14 (Ab) respectively. DAPI was used to stain the nuclei.
The experiment was repeated twice. Images were acquired with an Olympus 1X73 inverted microscope
(DV Core, Imsol system). A) ZC3H8. B) ZC3H14.
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We next decided to investigate if ZC3H8 and ZC3H14 were chromatin binding proteins as
previously described for ZC3H11A (Danielle Hamilton, PhD thesis 2013). To do so we carried
out a chromatin binding assay (Figure 2.7) and observed a strong band for both proteins
appearing in the chromatin bound fraction (S2). In case of ZC3HS8, a fainter band was visible in
the non-chromatin bound proteins fraction (S1). The faint band could correspond to the ZC3H8
foci around the nucleus observed in our immunofluorescence experiments. In addition, ZC3H8

and ZC3H14 localisation did not change in presence of Etoposide, which induces DSB.
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Figure 2.7: ZC3H8 and ZC3H14 are chromatin bound proteins. A) Schematic of experimental
protocol. B) U20S cells were treated with 50uM of Etoposide for 1hr. The input corresponds to the
untreated cells, with S1 being the cytoplasmic fraction and the S2 the nuclear. Anti-Tubulin and anti-H3
antibodies were used as controls. The middle band detected with anti-ZC3H14 antibody is a non-specific
band (ns). See Figure 2.12 B.

The ZC3H8 and ZC3H14 antibodies, also, showed a different pattern. ZC3H8, which size is 38
KDa, came up as a single band at around 40 KDa. In case of ZC3H14 we could see three bands,

very close to each other, coming up between 64 and 98 KDa. These bands could correspond to

different ZC3H14 spliced variants as previously described by Leung SW et al., 2009 as they



migrate close to the size expected for their specific sequence 82 kDa for isoform 1 and 64 kDa
for isoforms 2 and 3.

We were also confident of the results obtained since the band for the Tubulin protein was visible
only in the cytoplasmic fraction (S1) while the band for the Histone H3 was visible only in the
nuclear fraction (S2) suggesting that the fractionation of chromatin from non-chromatin bound

proteins was very efficient.

2.5.3 ZC3H14, but neither ZC3H8 nor ZC3H11A, co-localises with the Nuclear Speckles

It is known that ZC3HS8 is found in the Cajal bodies in Drosophila (Shilatifard et al., 2013),
while ZC3H14 is found in the Nuclear Speckles in N2A mouse cells (Corbett et al., 2014).
ZC3H11A co-localisation remains to be determined. To determine whether ZC3H8 and ZC3H14
could be found in the Cajal bodies or PML or nuclear speckles in human cells we performed IF
analysis. We used Coilin or PML or SC35 as markers of Cajal bodies, PML bodies and nuclear
speckles respectively. ZC3H8, ZC3H11A and ZC3H14 were not found in the Cajal bodies using
two different human cell lines, U20S and RPE1 (Figure 2.8 A-B). Furthermore, these three zinc
finger proteins did not localise to PML bodies in either cell lines. Furthermore neither ZC3H8
nor ZC3H11A or ZC3H14 co-localised with the PML bodies in human U20S and RPEL cell

lines (Figure 2.9 A-B).
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Figure 2.8: ZC3H8, ZC3H11A and ZC3H14 do not co-localise with Cajal Bodies. U20S (A) and
RPE1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and Coilin respectively. DAPI was used to
stain the nuclei. Images were acquired with an Olympus 1X73 inverted microscope (DV Core, Imsol

system).
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Figure 2.9: ZC3H8, ZC3H11A and ZC3H14 do not co-localise with PML Bodies. U20S (A) and
RPE1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and PML, respectively. DAPI was used to stain

the nuclei. Images were acquired with an Olympus 1X73 inverted microscope (DV Core, Imsol system).

Similarly, to mouse N2A cells (Kelly et al., 2014) we observed co-localisation of ZC3H14 with
the nuclear speckles marker, SC35, in both U20S and RPE1 human cells(Figure 2.10 A-B). We
could not see any co-localisation between the nuclear speckles marker SC35 and ZC3H8 or
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ZC3H11A in both U20S and RPE1 cells indicating that neither of these proteins localises to
nuclear speckles, PML bodies, nor Cajal bodies (Figure 2.10 A-B). The localisation of ZC3H14
in Nuclear speckles was also confirmed by examinating the GFP tagged ZC3H14 localisation in
U20S cells stabling expressing the ZC3H14 siRNA resistant construct (Figure 2.11).
Importantly, knockdown of ZC3H14 abolished ZC3H14 focal localisation, indicating the

specificity of the antibody used.
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Figure 2.10: ZC3H14, but neither ZC3H8 nor ZC3H11A, co-localises with the nuclear speckles.
U20S (A) and RPEL1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and SC35 respectively. DAPI
was used to stain the nuclei. Images were acquired with an Olympus IX73 inverted microscope (DV Core,
Imsol system).
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siZC3H14
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Figure 2.11: GFP tagged ZC3H14 co- Iocallses with nuclear speckles U20S and U208 GFP-ZC3H14
were transfected with siRNA against ZC3H14, where the GFP-ZC3H14 construct is resistant to the
SiRNA. They were stained for ZC3H14 and SC35. Images were acquired with an Olympus 1X73 inverted

microscope (Imvisage, Imsol system).

2.5.4 Depletion of ZC3H11A or ZC3H14 induces spontaneous damage

The ATM proteomic screen carried out in our laboratory allowed us to identify ZC3H11A as an
ATM interactor (Pessina et al., 2014). In this proteomic screen ZC3H14 had a lower interaction
score than ZC3H11A but was stronger than ZC3H8. Based on these scores we decided to focus
on ZC3H11A and ZC3H14. ZC3H11A depletion induces spontaneous damage in U20S cells
(Danielle Hamilton, PhD thesis 2013). Based on this, we asked whether ZC3H14 depletion had
a similar phenotype. Upon DNA damage induced by ionising radiation we observed yH2AX foci
after IR throughout all the samples but some of these foci were also visible upon ZC3H11A or
ZC3H14 knock down in undamaged cells, suggesting that depleting these two proteins might
have resulted in spontaneous damage (Figure 2.12 A). In about 7% of ZC3H11A depleted cells
YH2AX foci were observed in the absence of damage, while 12% of ZC3H14 depleted cells

contained YH2AX foci in the absence of damage compare to the control.
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Figure 2.12: Spontaneous damage upon ZC3H11A or ZC3H14 knockdown. A) U20S cells were
transfected with siRNA against ZC3H11A and ZC3H14 respectively. 48 hours later they were irradiate
at 3Gy and let recover for 1 hour at 37°C. They were subsequently stained for YH2AX S139. DAPI was
used to stain the nuclei. The percentage showed for the siZC3H11A (-IR) sample and for the siZC3H14
(-IR) sample represents the percentage of cells with more than 5 YH2AX foci. Images were acquired with
an Olympus IX73 inverted microscope (DV Core, Imsol system). B) Corresponding knock down of
ZC3H11A and ZC3H14.
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To make sure that such phenotype was due to the ZC3H11A or ZC3H14 knock downs the lysates
were analysed by western blot (Figure 2.12 B). The ZC3H11A signal appeared as the expected
single band of 98 kDa, while of the three bands we previously observed from an anti-ZC3H14
blot (Figure 2.7) we could assess that the middle band was likely to be an unspecific band. The
top and the bottom band probably corresponded to the ZC3H14 spliced variants 1 and 2 as

previously reported by Leung S. W. et al. (Leung et al., 2009).

2.5.5 Accumulation of single-stranded DNA upon ZC3H11A or ZC3H14 knockdown

Spontaneous damage upon ZC3H11A or ZC3H14 knock down could be an indication that
depletion of these two C3H-type zinc finger proteins causes replication stress. Replication stress
can be a result of stalled replication fork progression when such forks encounter difficult to
replicate regions of the genome. Upon replication fork stalling, ssSDNA accumulates and triggers
recruitment of RPA2 and the consequent phosphorylation of the RPA2 subunit on residue S4
and S8.

The hydroxyurea (HU) blocks the DNA replication thereby increasing ssDNA. As expected, in
the positive control 90% of the cells showed BrdU foci overlapping with pRPA2 (S4/S8) foci
(Figure 2.13 A). Cells had an accumulation of sSDNA upon depletion of ZC3H11A and ZC3H14
compared to control cells. In the siZC3H11A treated cells about 5% of the population showed
BrdU foci colocalising with the pRPA2 (S4/S8) foci, while in the siZC3H14 treated cells about
12% showed accumulation of ssSDNA. In ZC3H14 depleted cells we could observe a more severe

phenotype in terms of Brdu foci compared to ZC3H11A depleted cells.
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Figure 2.13: Accumulation of ssSDNA upon ZC3H11A and ZC3H14 knock down. A) U20S cells were knocked
down for ZC3H11A and ZC3H14 respectively (siGFP was used as a control). Cells were grown for 24 hours in
presence of BrdU, which was then removed and HU was added for 2 hours at final concentration of 2mM. Cells were
then stained for BrdU and pRPA2 S4/S8. DAPI was used to stain the nuclei. The percentages on the merge channel
represent the percentage of cells showing BrdU and pRPA2 (S4/S8) foci. Images were acquired with an Olympus 1X73
inverted microscope (DV Core, Imsol system). B) Western blot analysis of pRPA2 S4/S8. U20S cells were knocked
down for ZC3H11A and ZC3H14 respectively (siGFP was used as a control). 2 mM Hydroxyurea was added, as

indicated, for 2 hours.
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Surprisingly, when we analysed the lysates by western blot we could not detect any pRPA2
S4/S8 signal in cells depleted for ZC3H11A or ZC3H14 compared to HU treated cells (Figure
2.13 B). The western blot analysis is less sensitive than the immunofluorescence, the 5% and
12% of cells showing pRPA2 S4/S8 foci when ZC3H11A or ZC3H14 are depleted might be to
little to be detected by western blot. On the other hand, we can’t exclude the possibility that 5%
and 12% we observed in term of cells showing pRPA (S4/S8) foci when ZC3H11A or ZC3H14
are depleted might have been apoptotic cells, although this is still a high percentage if compared

to siCTL.

2.5.6 R-loops formation is affected upon ZC3H11A or ZC3H14 depletion

It is known that ZC3H11A is involved in mRNA export (Folco et al., 2012), while ZC3H14
plays a role in mRNA processing particularly in controlling the poly(A) tail length (Kelly et al.,
2014. Kelly et al., 2017). Replication and transcription occur simultaneously during S-phase. At
the same time, newly RNA molecules can be bound by mRNA processing factors. It is known
that if the DNA replication and transcription proceed in the same direction the DNA-RNA
hybrids, if not resolved quickly, can be an obstacle for the replication which will subsequently
stop (Garcia-Muse and Aguilera, 2016).

Since ZC3H11A and ZC3H14 are both mRNA binding proteins involved in processing new
MRNA (Folco et al., 2012; Kelly et al., 2014) it is possible that their loss could lead to an
accumulation of DNA-RNA hybrids, which in turn, could impede progression of the replication
fork. We depleted ZC3H11A or ZC3H14 and stained cells with the anti-S9.6 an antibody that
recognises DNA-RNA hybrids (Figure 2.14). In control cells, we could observe signal consistent
with R-loop accumulation in the nucleoli. The R-Loop signal was removed upon expression of

RNAseH1 enzyme, which disrupts RNA-DNA hybrids, suggesting that the signal we observed
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indeed corresponds to R-loops. Loss of ZC3H11A resulted in reduction of the S9.6 signal
suggesting that ZC3H11A might be required for efficient formation of R-loops. On the other
hand, when ZC3H14 was depleted the S9.6 signal in the nucleoli was more intense with larger
nucleoli relative to the control. Thus, there might be a defect in R-loop resolution when ZC3H14

is absent.
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S9.6 MERGE

- GFP-RNAseH1

siCTL

+ GFP-RNAseH1

- GFP-RNAseH1

siZC3H11A

+ GFP-RNAseH1

- GFP-RNAseH1
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siZC3H14

+ GFP-RNAseH1

Figure 2.14: R-loop formation is affected upon ZC3H11A and ZC3H14 depletion. U20S were
transfected with ZC3H11A or ZC3H14, respectively. 24 hours later the RNAseH1 enzyme was expressed
as indicated. The cells were subsequently stained for S9.6 and DAPI was used to stain the nuclei. Images
were acquired with an Olympus 1X73 inverted microscope (DV Core, Imsol system). The percentages

indicate the amount of cells showing the phenotype.
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2.6 Discussion

There is newly evidence for a role for C3H-type zinc finger proteins in mRNA processing but
little is known about any potential function in the DNA damage response pathways. Our
identification of them as ATM-interacting proteins suggests a function for ZC3H8, ZC3H11A
and ZC3H14 in the DDR.

We previously identified ZC3H11A as chromatin bound protein forming foci exclusively in the
nucleus (Danielle Hamilton, PhD thesis 2013). Here, we could confirm that ZC3H8 and ZC3H14
are chromatin bound proteins with ZC3H14 being exclusively in the chromatin bound proteins
fraction and ZC3H8 being partially in the non-chromatin bound proteins fraction. ZC3H14 is
found in Nuclear Speckles, which are not chromatin structure. Although, it could be possible that
nuclear speckles are disrupted during chromatin fractionation or not all ZC3H14 is found at
nuclear speckles but a small amount of the ZC3H14 protein might be at chromatin. ZC3H8 forms
foci primarily in the nucleus and some foci are visible in the cytoplasm while ZC3H14 forms
foci exclusively in the nucleus. The cytoplasmic ZC3H8 foci could result from additional
structures in the cytoplasm or could merely result from non-specific background. Previously it
has been shown that ZC3H14 is found at the nuclear speckles in neuronal N2A cells (Leung et
al.,2009). Here we could confirm the localisation to nuclear speckles for ZC3H14, and
demonstrate that neither ZC3H11A nor ZC3H8 localise to nuclear speckles in human cells. In
Drosophila ZC3H8 has been reported to localise to the Cajal bodies (Shilatifard et al., 2013) but
we could not see ZC3H8 colocalising with this nuclear structure in human cells. This could be
due to a different role that the human ZC3H8 might play compared to the ZC3H8 Drosophila
orthologues.

We focused on the possible role of ZC3H11A and ZC3H14 in the DNA damage response

suggested by their identification as ATM-interacting partners but, excluded ZC3H8 from further
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analysis given its relatively lower interaction score in our proteomic studies. In previous
unpublished work we obtained evidence that ZC3H11A functions in the DDR; in particular
U20S cells are sensitive to ionising radiation (IR) upon ZC3H11A depletion and persistent
YH2AX foci are visible upon ZC3H11A depletion after IR (Danielle Hamilton, PhD thesis 2013).
Before damage, the average number of yH2AX foci per cell in the ZC3H11A depleted population
looks higher than the control cells. We confirmed this data for ZC3H11A and, while we could
see that 7% of the ZC3H11A knocked down population was showing spontaneous damage
compare to the control cells, about 12% of the ZC3H14 knocked down population showed
YyH2AX foci compare to the control cells. This suggests that ZC3H11A and ZC3H14 are required
for genome integrity. Although the number of U20S cells showing spontaneous damage when
ZC3H11A or ZC3H14 are depleted is quite high we cannot be sure about this phenotype. This
spontaneous damage could be an off-target effect of the actual siRNAs. A rescue experiment for
ZC3H11A and ZC3H14 would confirm the data above and exclude the off-target effect
hypothesis.

Depletion of ZC3H11A or ZC3H14 also leads to an accumulation of BrdU and pRPA2 (S4/S8)
foci. This might suggest the presence of replication stress upon ZC3H11A or ZC3H14 resulting
depletion. This could explain why we see such an accumulation of spontaneous damage when
we deplete ZC3H11A or ZC3H14. The percentages of cells showing BrdU and pRPA2 (S4/S8)
foci was higher in the ZC3H14 depleted population compared to the ZC3H11A depleted one
suggesting that, ZC3H14 might play a major role in the DDR compared to the ZC3H11A role.
Phosphorylation of RPA2 on S4/S8 was detectable by western blot in U20S treated with HU but
not in control cells or cells knocked down for ZC3H11A or ZC3H14. This might suggest that
even though we could see 5% and 12% of cells showing pRPA2 S4/S8 foci when ZC3H11A or
ZC3H14 are knocked down by immunofluorescence, these percentages might have been very

low to detect the pRPA S4/S8 signal by western blot. Another hypothesis is that the 5% and 12%
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we observed in terms of pRPA2 S4/S8 foci when we deplete ZC3H11A or ZC3H14 are apoptotic
cells, although these percentages are still high compare to the 0% observed in the siCTL sample.
Further analysis is required to investigate whether ZC3H11A and ZC3H14 have a role in
replication and resection.

Next question was to try to understand why we were observe replication stress upon ZC3H11A
and ZC3H14 depletion. The DNA replication and transcription can occur simultaneously leading
to the DNA-RNA hybrids formation (R-loops), which if not properly resolved can cause a block
in the DNA replication (Garcia-Muse and Aguilera, 2016). ZC3H11A and ZC3H14 are found to
be involved in mMRNA processing (Folco et al., 2012; Kelly et al., 2014) so we wondered whether
we could observe a defect in terms of R-loops resolution upon ZC3H11A or ZC3H14 depletion.
Our data suggests opposite phenotypes upon ZC3H11A or ZC3H14 depletion. The depletion of
ZC3H14 resulted in bigger and brighter R-loops foci in the nucleoli while, in case of ZC3H11A
depletion, resulted in reduction of the R-loop signal. We do not really understand what the role
for ZC3H11A and ZC3H14 might be in terms of replication but this data suggests that these two

zinc finger proteins might play more separate roles in cells.

89



CHAPTER 3

ZC3H14 is required for genome integrity functioning between
MDC1 and RNF8 to regulate the recruitment of repair and
signalling factors to DSBs

Keywords: Genome integrity, DNA damage response, DSBs, Double strand break repair, HR,

NHEJ, ubiquitination, 53BP1, BRCA1, FK2, RNF8, RNF168, MDC1.
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3.1 Summary

The relatively poorly described ZC3H14 protein has been assigned functions as an RNA binding
protein. In neuronal cells from mice ZC3H14 co-localises with poly(A) RNA in neuronal cell
bodies indicating brain-specific function (Pak et al., 2011). The budding yeast ortholog of
ZC3H14, known as Nab2 was shown to be involved in mMRNA maturation (Soucek et al., 2016).
Analysis of ZC3H14 function in a neuronal cell line (N2A cells) as well as in vivo
complementation studies in the Drosophila model system identify a role for ZC3H14 in proper
control of poly(A) tail length in neuronal cells (Kelly et al., 2014). Consistent with the presence
of ZC3H14 mRNA transcripts in the human central nervous system and its role in neuronal
mMRNA maturation, a mutation in the ZC3H14 gene causes a human brain disorder which leads

to intellectual disability (Pak et al., 2011).

Here we show a novel role for ZC3H14 in the DNA damage response in cultured human cells.
First identified as an ATM-interacting protein (Pessina and Lowndes, 2013), we confirmed the
interaction between ZC3H14 and ATM. We also observed that U20S cells were sensitive to
ionising irradiation upon ZC3H14 depletion. Persistent damage was detectable upon ZC3H14
knock down as we could observe persistent YH2AX foci, as well as pATM S1981 foci upon
depletion of this zinc finger protein relative to control cells. Preliminary data suggests defect in
the NHEJ repair pathway but not in the HR repair pathway when ZC3H14 is depleted compare
to control cells. Although, immunofluorescence data strongly suggests that ZC3H14 acts above
DNA repair pathway choice since ZC3H14 depletion affects both 53BP1 IRIF and BRCAL IRIF.
Depletion of ZC3H14 also caused defective FK2 IRIFs, RNF168 IRIFs and RNF8 IRIFs but not
MDC1 IRIFs. When we immunoprecipitated MDC1 we could detect an interaction between

MDC1 and tagged ZC3H14. ZC3H14 depletion also leads to increased MDC1 protein levels
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with the MDC1 lower band being more abundant than the upper MDCL1 band in cells depleted
for ZC3H14 compared to control cells. Surprisingly, ZC3H14 does not appear to regulate the
MDC1-RNF8 interaction. These results suggest that ZC3H14 is acting upstream of pathway

choice.

3.2 Highlights

e ZC3H14 interacts with ATM

e Persistent YH2AX foci and pATM (S1981) foci upon ZC3H14 depletion

e ZC3H14 cannot be detected at sites of DNA DSB

e Defective 53BP1 and RIF IRIFs upon ZC3H14 depletion

e Defective BRCA1L in non S-phase cells upon ZC3H14 depletion

o Defective damage-dependent ubiquitination upon ZC3H14 depletion

e Defective RNF8 and RNF168 focal recruitment upon ZC3H14 knock down

e ZC3H14 depletion does not impact upon the levelling of several DDR factors

e Normal MDC1 recruitment to DSBs upon ZC3H14 depletion

e ZC3H14 depletion leads to increased total MDCL1 protein levels

e ZC3H14 interacts with MDCL1 but it is not required for the MDC1-RNF8 interaction
e U20S are sensitive to IR and ICRF193, but not to Olaparib, upon ZC3H14 depletion

e ZC3H14 is involved in the NHEJ repair pathway but not in the HR repair pathway
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3.3 Introduction

Our genome integrity is threatened daily. These threats can bring a change into our genome
sequence. During DNA replication a nucleotide insertion or deletion might occur and this will
bring a change in the genome sequence. DSB can arise by exposure to an external agent such as
ionising radiation (IR) or it can arise when DNA replication fork encounters an unrepaired DNA-
lesion (Pfeiffer et al., 2000). Such changes are detected in our cells by the DNA damage response
proteins, which will activate a cascade of events necessary to initiate the repair (Marechal A. et
al., 2013). The two major DNA DSBs repair pathways are homologous recombination (HR) and
the error prone nonhomologous end-joining recombination (NHEJ). In the NHEJ 5° DNA ends
are blocked by the Ku70-Ku80 heterodimer and resection is inhibited. NHEJ promotes directly
ligation of blunt DNA ends in an error prone manner, often resulting in small deletions, insertions
or substitutions at the break site (Chapman et al., 2012). In contrast, HR is largely error free and
is triggered when the resection is initiated. The resection generates 3’ ssDNA ends which are
bind by the RAD51 and the RPA2 protein. This structure invades homologous duplex DNA

which is used as a template for the repair (Chapman et al., 2012).

Following DSB the histone variant H2AX is phosphorylated on S139 in the proximity of the
break (Rogakou et al, 1998). This phosphorylation event spreads a few megabases from each
side of the break and functions as platform for the recruitment of the subsequent DDR factors
necessary for the repair. The MRN complex is retained at sites of damage by its direct interaction
with MDC1 via NBS1 (Chapman and Jackson, 2008) (Figure 1,2). MDCL1 is constitutively
phosphorylate by Casein Kinase 2 (CK2). This kinase phosphorylates the SDTD consensus
sequence of MDCL1 promoting so the direct binding of MDC1 with NBS1 via its FHA domain

(Chapman and Jackson, 2008). MDC1 is also phosphorylated by ATM (Goldberg et al., 2003;
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Kolas et al., 2007). ATM preferentially phosphorylates MDC1 on the TQXF consensus
sequence. This phosphorylation event is necessary for the recruitment of the ubiquitin E3 ligase
RNF8, which binds the pT719 residue of MDC1 via its FHA domain (Kolas et al., 2007). RNF8,
together with UBC-13, an E2 ubiquitin-conjugating enzyme, will initiate the formation of
ubiquitin chains on Lysine-63 of the linker-histone H1 (Thorslund et al., 2015). This
ubiquitination recruits RNF168 to the site of damage, which then initiates the ubiquitination on

Lysine-63, Lysine 13 and 15 of the histone variant H2A (Doil et al., 2009; Mattiroli et al., 2012).

The H2AX ubiquitination is an important event necessary for the recruitment of 53BP1 and
BRCA1 and the subsequent DNA DSB repair. 53BP1 is recruited to sites of damage by its
interaction with the H4K20me2 and H2AK13/K15 via the Tudor domain and the UDR,
respectively (Zgheib et al., 2008; Fradet-Turcotte et al., 2013). 53BP1 is subsequently
phosphorylated by ATM and binds RIF1 (Chapman et al., 2013). RIF1 and 53BP1 cooperate to
block the DNA DSB resection and initiate the NHEJ in G1 cells. The block of the resection is
mainly provided by the 53BP1-RIF1 dependent recruitment of the shieldin complex
(Noordermeer et al., 2018). This complex encounters four subunits, C200rf196 (SHLD1),
FAM35A (SHLD2), CTC-534A2.2 (SHLD3) and REV7, where the SHLD2 binds the ssDNA
and protects the DNA ends to mediate 53BP1-dependent DNA repair. Loss of the Shieldin
complex results in impaired non homologous end-joining. In BRCA1-deficient cells shieldin
promotes DNA DSB end-joining by restricting DSB resection and to inhibit homologous
recombination by antagonizing BRCA2/RAD51 loading (Dev et al., 2018). 53BP1 regulates the
NHEJ class-switch recombination and NHEJ long range V(D)J recombination. REV7 interacts
with 53BP1 to promote non-homologous end joining during class-switch recombination, but
REV7 is not required for 53BP1-dependent VV(D)J recombination (Ghezraoui et al., 2018). The

NHEJ repair pathway is antagonised by BRCAL in S-phase. The BRCA1-BARD1 complex is
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brought to site of damage by RAP80 (Sobhian et al., 2007). BRCAL1 interacts with CtIP which
is responsible for the initiation of 3° DNA ends resection and subsequent recruitment of RPA2

on ssDNA promoting DSB repair via HR (Sartori et al., 2007; Hoa et al., 2015).

Here we report new evidences for a new player in the DDR, ZC3H14. ZC3H14 is found to
interact with ATM. Depletion of ZC3H14 results in increased IR sensitivity in U20S and RPE1
cells suggesting an important role for this zinc finger protein in the DNA damage response
pathway. Here we investigated on the role that ZC3H14 might play in the DDR and where, in

this pathway, this new zinc finger protein might act.
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3.4 Materials and Methods

3.4.1 Cell culture

U20S, U20S-DSB reporter, U20S ZC3H14 KO and HEK293-T cells were cultured at 37°C in
a humidified atmosphere of 5% CO2 using DMEM (Sigma-Aldrich) supplemented with 10%
Fetal Bovine Serum (Lonza) and 1% penicillin-streptomycin (Sigma-Aldrich).

RPE-1 hTERT cells were cultured at 37°C in a humidified atmosphere of 5% CO2 using DMEM
F12 (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (Lonza) and 1% penicillin-

streptomycin (Sigma-Aldrich).

3.4.2 Plasmids and siRNA

Flag-tagged ZC3H14 was generated by cloning the ZC3H14 cDNA into the pCMV2C plasmid
by Dr. Murilo T.D. Bueno. The plasmid pEGFP-C1-ZC3H14-WTr was generated by cloning the
ZC3H14 cDNA resistant to the siRNA (isoform 1), by using Xhol and HindlIlI restriction sites,
into the pEGFP-C1 plasmid. The ZC3H14 cDNA resistant to the sSiRNA was generated by site-
directed mutagenesis of the ZC3H14 cDNA. 4 point mutations, G2040A, T2049C, A2184G and
T2196A were inserted in the region of ZC3H14 siRNA 1 and 2 of the Dharmacon pool binding.
The ZC3H14 mutant lacking of the Piwi-like domain (pEGFP-C1-ZC3H14APiwi) was generated
by Fusion PCR of the ZC3H14r cDNA (see appendix 1 table 1 for primers sequence). The
ZC3H14 cDNA lacking of the Piwi-like domain (aal72-199) was then cloned, using Xhol and
Hindll restriction sites, into the pEGFP-C1 plasmid. The ZC3H14 mutant lacking of the c-
terminus of the protein where the five Zinc finger domains are located (pEGFP-C1-

ZC3H14AZF) was generated by PCR of the ZC3H14r cDNA (see appendix 1 table 1 for primers
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sequence). The PCR product lacking of the region coding for the c-terminus (aa595-736) was
then cloned, using Xhol and HindlIll restriction sites, into the pEGFP-C1 plasmid. Plasmid
transfection was performed using Lipofectamine 2000 (1:3 DNA:lipofectamine ratio). 5 hours
after transfection, the media was changed to media containing fetal bovine serum only and the
cells were left for 48 hours at 37°C before further analysis.

Cells were transfected with siRNAs by using oligofectamine 24 hours after plating. Negative
control siRNA (Ambion AM4611) and siGFP were used as controls.

A pool of four siRNAs for ZC3H14 was used at final concentration of 80nM. The DNA-PK
siRNA was used at the final concentration of 50nM, while the sSiRNAs for BRCA1 and DNA
ligase 4 were used at the final concentration of 40nM. See appendix 1 table 4 for the details about

the siRNAs sequences.

3.4.3 Immunoprecipitation

For the WT GFP-ZC3H14/ATM ColP, HEK293-T cells were plated in a 10cm dish. 24 hours
later, the cells were transfected with WT ZC3H14 (pEGFP-C1 was used as a control). 48 hours
later the cells were irradiated (3Gy) and let recover for 1h at 37°C. They were then harvested
and lysed in 1ml of 1X lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 0.5% NP40, 10%
Glycerol) containing phosphatase/protease inhibitors and Benzonase (1/1000), followed by
centrifugation at 14000 rpm for 10 minutes at 4°C. 5mg of crude cell extract was incubated with
5ug of mouse anti-GFP antibody (Roche 11814460001) for 2h under rotation at 4°C. 60ul of
Sepharose G-beads 4 Fast-flow (Sigma), which were washed twice in 200ul of 1X lysis buffer
w/o benzonase, were added to the crude cell extract/antibody mix and incubated for further 2
hours under rotation at 4°C. The flow through was recovered and the beads were washed three

times with 200ul of 1X lysis buffer (tubes were inverted upside down for 3 times in each wash).
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The beads were resuspended in 10ul of 2X laemmli buffer, boiled at 95°C and span down at max
speed. The samples were then analysed by SDS-page gel. The proteins were transferred to a
nitrocellulose membrane at 100mA ON at 4°C. The membrane was blocked in 5% milk TBST
1X for 1 hour at RT and then incubated ON at 4°C with primary antibodies. The day after the
membrane was washed for 30 minutes in TBST 1X at RT, incubated with the secondary
antibodies for 1 hour at RT, washed again for 30 minutes with TBST 1X prior to X-Ray films
analysis. Primary antibodies were diluted in primary antibody buffer containing 2% BSA, 0,1%
Sodium Azide, 25mM Tris-HCI pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5%

milk TBST 1X.

For the Flag-tagged ZC3H14 immunoprecipitation, HEK293-T cells were plated in a 10cm dish
24 hours later the cells were transfected with pPCMV2C-FLAG-ZC3H14 plasmid. The cells were
left further 48 hours at 37°C when they were irradiated (3Gy) and let recover for 1h at 37°C. In
case of ZC3H14 knock down, the cells were transfected with the siZC3H14 (80 nM) 24 hours
after plating. 24 hours later a second round of siRNA transfection was performed together with
DNA transfection and left in the incubator for further 24 hours. They were then harvested and
lysed in 1ml of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase
(1/1000), followed by centrifugation at 14000 rpm for 10 minutes at 4°C. 10mg of crude cell
extract was incubated with 30ul of Flag magnetic beads for 2 hours at 4°C under rotation. The
beads were washed three times with 500ul of lysis buffer 1X without benzonase (tubes were
inverted upside down for 3 times in each wash), resuspended in 10ul of 2X laemmli buffer,
boiled at 95°C and span down at max speed. The samples were then analysed by SDS-page gel.
The proteins were transferred to a nitrocellulose ON at 100mA at 4°C. The membrane was
blocked in 5% milk TBST 1X for 1 hour at RT and then incubated ON at 4°C with primary

antibodies. The day after the membrane was washed for 30 minutes in TBST 1X at RT, incubated
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with the secondary antibodies for 1 hour at RT, washed again for 30 minutes with TBST 1X
prior to X-Ray films analysis. Primary antibodies were diluted in primary antibody buffer
containing 2% BSA, 0,1% Sodium Azide, 25mM Tris-HCI pH 7.4, 150mM NaCl. Secondary

antibodies were diluted in 5% milk TBST 1X.

For the MDC1/GFP-ZC3H14 ColP, HEK293-T cells were plated in a 10cm dish. 24 hours later
the cells were transfected with WT ZC3H14 (pEGFP-C1 was used as a control. 48 hours later
the cells were irradiated (3Gy) and let recover for 1h at 37°C. They were then harvested and
lysed in 1ml of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase
(1/1000), followed by centrifugation at 14000 rpm for 10 minutes at 4°C. 5mg of crude cell
extract was incubated with 5ug of rabbit anti-MDC1 antibody (Bethyl A300-053A) for 2h under
rotation at 4°C. 60ul of Sepharose G-beads 4 Fast-flow (Sigma), which were washed twice in
200ul of 1X lysis buffer w/o benzonase, were added to the crude cell extract/antibody mix and
incubated for further 2 hours under rotation at 4°C. The flow through was recovered and the
beads were washed three times with 200ul of 1X lysis buffer (tubes were inverted upside down
for 3 times in each wash). The beads were resuspended in 10ul of 2X laemmli buffer, boiled at
95°C and span down at max speed. The samples were then analysed by SDS-page gel. The
proteins were transferred to a nitrocellulose membrane by a costant voltage of 85V for 80
minutes at 4°C. The membrane was blocked in 5% milk TBST 1X for 1 hour at RT and then
incubated ON at 4°C with primary antibodies. The day after the membrane was washed for 30
minutes in TBST 1X at RT, incubated with the secondary antibodies for 1 hour at RT, washed
again for 30 minutes with TBST 1X prior to X-Ray films analysis. Primary antibodies were
diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide, 25mM Tris-HCI

pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% milk TBST 1X.
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For the MDC1/RNF8 ColP 4x10 cm dishes of U20S WT and U20S ZC3H14 KO were plated,
per condition. Once they were 90% confluent they were radiated at 5Gy and harvested 15minutes
after. Cells were lysed for 1 hour on ice with 1ml of lysis buffer 1X containing
phosphatase/protease inhibitors and Benzonase (1/1000). The supernatant was recovered after
10 min centrifugation at max speed at 4°C. 3mg of lysate was incubated for 2,5 hours at 4°C,
under rotation, with 3ug of rabbit anti-MDC1 antibody (Bethyl A300-053A) (anti-rabbit IgG
was used as control). 60ul of sepharose G-beads 4 Fast flow (Sigma) were washed twice with
200ul of 1X lysis buffer w/o Benzonase and incubated for 2,5 hours at 4°C, under rotation, with
the lysate/antibody mix. They were then washed 3 times (tubes were inverted upside down for 3
times in each wash) with 1X lysis buffer w/o Benzonase. The first and third wash were performed
with 200ul of lysis buffer while, the second wash was performed with 100ul of lysis buffer.
Beads were resuspended in 10ul of 2X laemmli buffer, boiled at 95°C and span down at max
speed. The samples were then analysed by SDS-page gel. The proteins were transferred to a
nitrocellulose membrane at 100mA ON at 4°C. The membrane was blocked in 5% milk TBST
1X for 1 hour at RT and then incubated ON at 4°C with primary antibodies. In case of the RNF8
blot the membrane was incubated 48 hours with primary antibody. The day after the membrane
was washed for 30 minutes in TBST 1X at RT, incubated with the secondary antibodies for 1
hour at RT, washed again for 30 minutes with TBST 1X prior to X-Ray films analysis. Primary
antibodies were diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide,
25mM Tris-HCI pH 7.4, 150mM NacCl. Secondary antibodies were diluted in 5% milk TBST

1X.
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3.4.4 Clonogenic survival assay

1.5x10° U20S cells were plated in a 35mm dish. 24 hours later they were transfected with sSiRNA
(negative control siRNA was used as a control) and left for further 48 hours at 37°C. Cells were
trypsinised and 500 cells were plated in a 60mm dish. Cells were treated with indicated doses of
ionising radiation, Olaparib (Santa Cruz sc-302017) and ICRF-193 (Sigma Aldrich 14659). For
the ATM inhibitor treatment, this was added at final concentration of 10uM 1 hour before
irradiation. The cells were left at 37°C till colonies appear (10/14 days). Colonies were stained
with 1,9-dimethylmethylene blue-70% methanol solution, washed with milli-Q water and then

counted. Colony numbers were normalised to the untreated control for each siRNA condition.

3.4.5 GFP Reporter Assay

Polyclonal HEK293-T cells with an integrated DR-GFP and TK-GFP plasmid (Janna Luessing,
unpublished) were plated (1.5x10°) in a 35mm dish and transfected, the day after, with SiRNAs
(negative control siRNA was used as a control). 24 hours after sSiRNA transfection the cells were
transfected with 1Scel plasmid and left for 48 hours at 37°C. The cells were then trypsinised,
washed and resuspended in ice-cold 1X PBS prior analysis by FACS. The total level of GFP was
normalised to the scramble.

Some cells were lysed in 1X lysis buffer as previously described for western blot analysis.

3.4.6 Immunofluorescence

1.5x10° U20S were plated in a 35mm dish in presence of a coverslip. 24 hours later they were

transfected with siRNAs (negative control sSiRNA or sieGFP were used as controls) and left for

101



further 48 hours at 37°C. The cells were irradiated (3Gy) and let recover for 1 hour at 37°C. The
coverslips were processed for the immunofluorescence analysis while, the cells left in the dish
were lysed for 40 minutes on ice with 100ul of 1X lysis buffer containing protease/phosphatase
inhibitors and Benzonase (1/1000). The supernatant was recovered after centrifugation at
14000rpm for 10 min at 4°C. 30ug of lysates was used for western blot analysis. The coverslips
were washed three times in 1X PBS and subsequently fixed in 4% PFA in 1X PBS for 10 minutes
at RT and the permeabilised for 10 minutes at RT with 0.125% Triton X-100. They were then
blocked for 1 hour at 37°C in 1% BSA followed by 1 hour incubation at 37°C with primary
antibody firstly, diluted in 1% BSA, and secondary antibody secondly. Three washes with 1 ml
of 1X PBS were performed in between each of the above steps. DAPI (vectashield mounting

medium) was used to stain the nuclei.

In case of RNF8 and RNF168 staining the cells were fixed in 4% PFA diluted in 1X PBST (1X
PBS containing 0.1% Triton X-100) for 10 minutes at RT. The cells were washed three times
with 1 ml of 1X PBS and permeabilised for 3 minutes at RT with 0.5% Triton X-100 diluted in
1X PBS. The cells were washed three times in 1X PBS and then blocked ON at 4°C with 10%
FBS in 1X PBST. They were subsequently incubated for 2 hours at RT with primary antibody
diluted in blocking buffer. Cells were washed three times with 1X PBS and incubated for 40
minutes at RT with the secondary antibody diluted in blocking buffer. Vectashield mounting-

DAPI was used to stain the nuclei.

3.4.7 Analysis of ZC3H14 at site of damage in the U20S-DSB reporter cell line

U20S-DSB reporter cells were plated in a 35mm dish with a coverslip. The day after they were

exposed to 1uM hydroxytamoxifen (4OHT) together with SuM Shield-1 for 5 hours. The cells
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were then harvested and subsequently fixed in 4% PFA in 1X PBS for 10 minutes at RT and the
permeabilised for 10 minutes at RT with 0.125% Triton X-100. They were then blocked for 1
hour at 37°C in 1% BSA followed by 1 hour incubation at 37°C with primary antibody firstly,
diluted in 1% BSA, and secondary antibody secondly. Three washes with 1 ml of 1X PBS were
performed in between each of the above steps. DAPI (vectashield mounting medium) was used

to stain the nuclei.

3.4.8 Microscopy and images analysis

Images were acquired with an Olympus IX73 inverted microscope (Imvisage, Imsol system).
Each image was taken as Z-stacks (0.5um thickness) which were then deconvolved with the
Huygens software (Scientific Volume Imaging). Quantification of the different DDR factors foci
was performed with the ImageJ software. The parameters for the foci quantification were set on
the positive control (siCTL+IR) and kept constant throughout the entire analysis. Images of 16-
bit were converted to 8-bit and split into three channels creating three individual images. The
DAPI channel was used to adjust the threshold in order to highlight the nuclei. The FITC or
TRITC channel, corresponding to the foci, was used to highlight these as single points (black
dots on a white background). Equal noise tolerance was then kept constant throughout the images
analysed. The number of foci per cell was then calculated by dividing the raw integrated density

by the maximum grey value for each cell.

3.4.9 Analysis of DDR factors protein levels

1.5x10° U20S cells were plated in a 35mm dish and transfected with siZC3H14 (sieGFP was

used as a control) the day after. The cells were left for 48 hours at 37°C. They were irradiated
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(3Gy) and let recover for 1 hour at 37°C. The cells were lysed for 40 minutes on ice with 100ul
of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase (1/1000) followed
by centrifugation at 14000rpm for 10 minutes at 4°C. The supernatant was then collected and
30ug of lysates were loaded on a SDS-page gel. Proteins were subsequently transferred to a
nitrocellulose membrane for 80 minutes at 85V at 4°C. The membrane was then blocked for 1
hour in 5% milk in TBST 1X at RT, washed for 30 minutes in 1X TBST and incubated ON at
4°C with the different antibodies diluted in primary antibody buffer (2% BSA, 0.1% Sodium
azide, 25mM Tris-HCI pH7.4, 150mM NaCl) followed by 1 hour incubation at RT with HRP-
conjugated secondary antibody diluted in 5% milk. The membrane was washed for 30 minutes

in TBST 1X and exposed to X-ray films.

3.4.10 MDCL1 analysis by western blot

1.5x10° U20S cells were plated in a 35mm dish and transfected with siRNA against ZC3H14
(negative control siRNA was used as control) the day after. 48 hours after transfection the cells
were radiated at 5Gy and harvested at different timepoints. They were lysed with with 80ul of
lysis buffer 1X, containing benzonase (1:1000), for 1 hour on ice. The lysates were recovered
after 10 minutes centrifugation at max speed (4°C). Between 30ug and 50ug of total cells extract
was loaded on a 6.5% SDS-page gel 80:1 cross-linking ratio (see appendix 1 table 6 for the
recipe) and run at 120V for 90 minutes. The proteins were then transferred to a nitrocellulose
membrane at 0.16 A for 1 hour in transfer buffer (4°C). The membrane was blocked in 5% milk
in TBST 1X, washed and incubated ON at 4°C with anti-MDC1 antibody. The day after it was
washed for 30 minutes at RT in TBST 1X, incubated for one hour at RT with HRP-conjugated

secondary antibody, washed again for 30 minutes and analysed by X-ray films.

104



The ratio between the MDCL1 top and bottom band on the western blot was determined by the

Ly-Cor system using the Image studio digits Ver5.2 software.
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3.5 Results

3.5.1 ZC3H14 interacts with ATM

In our laboratory we performed two SILAC analysis in DT40 chicken cells to find potential
ATM interactors (Pessina et al., 2014 Fabio Pessina, PhD thesis, 2014). ZC3H14 was identified
as a novel ATM partner in both analysis. Interestingly this interaction was only detectable after
damage.

We confirmed this result by co-immunoprecipitating GFP-tagged ZC3H14 with ATM in
presence and absence of damage (Figure 3.1). Using an ant-GFP antibody to precipitate
overexpressed GFP-ZC3H14 we could detect an interaction between the GFP tagged ZC3H14
and ATM. Surprisingly this interaction was visible before and after damage, while the SILAC
data only showed interaction between ATM and ZC3H14 after damage. This result might be due
to the fact that when we looked at the ZC3H14 interaction with ATM by SILAC screening we
did not overexpress tagged ZC3H14 but we were looking at the interaction between endogenous

ZC3H14 and ATM.
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Figure 3.1: ZC3H14 interacts with ATM. HEK293-T cells were transfected with GFP WT ZC3H14
(GFP empty vector was used as a control). 48hours after transfection they were radiated at 3Gy, allowed
to recover for 1hour at 37°C and crude cell extracts were prepared. 5mg of crude cell extract was used to
immunoprecipitated GFP tagged ZC3H14 using anti-GFP antibody. The beads were resuspended in 10ul
of 2X laemmli buffer and loaded on an SDS-page gel together with 30ug of lysates coming from the input
and analysed by western blot.
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3.5.2 Persistent YH2AX foci and pATM (S1981) foci upon ZC3H14 depletion

The ZC3H14 interaction with ATM suggested a role for this C3H1-type zinc finger protein in
the DNA damage response. We next wanted to look at the kinetics of DNA repair. Using yYH2AX
foci as an indicator of DSBs, we knocked down ZC3H14 and analysed yH2AX (S139) foci at
different timepoints after IR (Figure 3.2 A-B). In control cells we could see YH2AX foci at 1
hour and fewer foci at 4 hours, while they were lost at 8 and 24 hrs after IR. Depletion of ZC3H14
resulted in persistence of yH2AX foci into the 8 and 24hrs samples. Quantification of this data
(Figure 3.2 B) confirmed the reproducible persistence of YH2AX foci relative to control cells
upon depletion of ZC3H14. This data suggests that ZC3H14 is required for efficient DSB repair.
Because ZC3H14 interacts with ATM and this is recruited and activated by autophosphorylation
on the SER1981 upon DSB we wondered if the ZC3H14-dependent persistent YH2AX phenotype
observed for YH2AX foci could also be detected using an antibody specific to phosphorylation
of ATM at Serine 1981 (ATM-S1981p). Similarly to yYH2AX, ATM-S1981p foci upon ionising
radiation were clearly visible at 1 hour and 4 hours post-irradiation, with clearly fewer ATM-
S1981p foci at 4 hours post IR. Only minimal ATM-S1981p foci were detected at 8 and 24 hours
after ionising radiation (Figure 3.3 A-B). Just as we observed for yH2AX foci, ATM-S1981p
foci were reproducibly persistent after IR upon ZC3H14 depletion. Thus, YH2AX and ATM-

S1981p, suggests that ZC3H14 has a role in the efficient repair of DDR.
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Figure 3.2: Persistent YH2AX foci upon ZC3H14 depletion. A) U20S cells were transfected with
SiRNA against ZC3H14 (scramble RNA was used as a control). 48 hours after transfection they were
radiated at 3Gy and harvested at different timepoints. The cells were stained for YH2AX. Images were
acquired with an Olympus 1X73 inverted microscope (DV Core, Imsol system). B) Quantification of the

IF images showed in A (n=3). The statistical analysis was done by paired t-test (p<0.0001).
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Figure 3.3: Persistent pATM(S1981) foci upon ZC3H14 depletion. A) U20S cells were transfected
with siRNA against ZC3H14 (scramble RNA was used as a control). 48 hours after transfection they were
radiated at 3Gy and harvested at different timepoints. The cells were stained for pATM(S1981). Images
were acquired with an Olympus 1X73 inverted microscope (DV Core, Imsol system). B) Quantification

of the IF images showed in A (n=3). The statistical analysis was done by paired t-test (p<0.0001).
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3.5.3 ZC3H14 cannot be detected at sites of DNA double strand breaks

ATM is the main player in the DDR and is found at sites of damage. ZC3H14 likely interacts
with ATM and is required for efficient DNA double strand break repair we next investigated
whether ZC3H14 is also found at DNA DSB sites by immunofluorescence. We induced damage
by IR and 1 hour later we harvested U20S cells and stained them with anti-yH2AX and anti-
ZC3H14 antibody (Figure 3.4). Interestingly, while ZC3H14 localisation into nuclear speckles
was unaffected by IR, we could not detect any ZC3H14 foci co-localising with YH2AX after IR.
if only a small portion of ZC3H14 localises to sites of DSBs this would not be detectable against
the large fraction in nuclear speckles.

Even though, ZC3H14 interacts with ATM and its depletion affects the DSBs repair suggesting
a role for ZC3H14 in the DNA damage response pathway we could not detect ZC3H14 IRIFs
(Figure 3.6). Therefore, we then decided to examine the localisation of ZC3H14 to sites of
damage in a more sensitive system, the U20S-DSB reporter cell line (Shanbhag et al., 2010;
Tang et al., 2013). In this cell line it is possible to examine DSBs that occur on a specific locus
by using the LacO system from bacteria (Shanbhag et al., 2010; Tang et al., 2013). 256 copies
of the LacO construct are integrated in the genome of these U20S cells (Figure 3.5 A). This
LacO construct contains a sequence that is recognised by the Fokl endonuclease. The U20S-
DSB reporter cell line also expresses a Lacl fusion protein. Specifically, the Lacl construct used
expresses a fusion of Lacl to the estrogen receptor (ER), the mCherry fluorescent protein, the
Fokl endonuclease and a destabilising domain (DD). This Lacl-ER-mCherry-FokI-DD fusion
protein is expressed, stabilised and transported into the nucleus by the presence of the
hydroxytamoxifen (4OHT) and Shield-1, which blocks the DD-dependent proteolysis. Once in

the nucleus, this Lacl fusion protein binds LacO and DSBs are generated within the 256 copies
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of the LacO array via the Fokl component of the Lacl fusion protein. The DSB is so detectable
as a single red spot within the nucleus.

The U20S-DSB reporter cell line was grown for 24 hours and DSBs induced by exposure of the
cells to 40OHT and Shieldin-1 for 5 hours. The cells were then harvested and stained with anti-
ZC3H14, anti-53BP1 and anti-yH2AX antibody (Figure 3.5 B). 53BP1 was clearly localising
with the Fokl and YH2AX. Unfortunately, we could not detect ZC3H14 at the Fokl site of

damage.

DAPI YH2AX ZC3H14 MERGE

+ IR

Figure 3.4: ZC3H14 cannot be detected in IRIFs. U20S were radiated with a 3Gy IR dose and let to
recover for 1h at 37°C. They were fixed, permeabilised and stained for ZC3H14 and YH2AX. DAPI was
used to stain the nuclei. Images were acquired with an Olympus 1X73 inverted microscope (DV Core,

Imsol system).
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Figure 3.5: ZC3H14 cannot be detected at the Fokl DSB-induced sites A) Schematic of the U20S-
DSB reporter cell line system. B) U20S-DSB reporter cells were plated and seeded for 24 hours after.
DSB was induced by 5 hours treatment with 40OHT and Shieldin-1. Subsequently, they were fixed,
permeabilised and stained with anti-53BP1 and anti-yH2AX (i) as control, and anti-yH2AX and anti-
ZC3H14 antibody (ii). Images were acquired with an Olympus 1X73 inverted microscope (DV Core,

Imsol system).
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3.5.4 Defective 53BP1 and RIF1 IR induced foci (IRIF) upon ZC3H14 depletion

Since we saw that ZC3H14 is required for efficient DNA DSB repair we started investigating
whether ZC3H14 is involved in the NHEJ repair pathway or in the HR repair pathway. We
started by looking at 53BP1 which is a DDR factor involved in the NHEJ repair pathway. We
knocked down ZC3H14 and looked at the recruitment of 53BP1 by immunofluorescence (Figure
3.6 A).

In absence of damage 53BP1 presents a pan-nuclear pattern with a few big bright foci, known
as G1 nuclear bodies, visible only in G1 cells. After damage 53BP1 localises to the breaks
resulting in loss of the pan-nuclear pattern and the appearance of clear foci co-localising with
YH2AX. Interestingly, when ZC3H14 is depleted 53BP1 IRIF cannot be detected even though
DSBs are been induced as shown by the yH2AX IRIF signal (Figure 3.6 A-Bi). What we can see
in these cells is the pan-nuclear staining with fewer foci compare to our control cells. No
difference is recorded, in terms of 53BP1 G1 nuclear bodies, before damage between control
cells and cells knocked down for ZC3H14. This data might suggest a potential role for ZC3H14
in the NHEJ repair pathway. Total cell extracts from control cells and cells knocked down for
ZC3H14 were analysed by western blot (Figure 3.6 Bii) to confirm that the defective 53BP1
IRIF observed in cells depleted for ZC3H14 was actually due to the absence of the ZC3H14
protein.

Importantly, expression of the GFP-tagged ZC3H14 resistant to the sSiRNA was able to rescue
the 53BP1 IRIFs indicating that loss of 53BP1 IRIF upon ZC3H14 depletion is not a result of an
off-target effect of the siRNA used (Fig 3.7 A-B). The 53BP1 IRIFs rescue in the sample
expressing the GFP-tagged ZC3H14 rescues 53BP1 IRIF to nearly 80% of that observed in

control cells.
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Next we examined the recruitment of RIF1 which, together with 53BP1, is recruited to the breaks
in order to inhibit the resection and promote the repair by NHEJ. RIF1 focal recruitment is
dependent on the phosphorylation of 53BP1 on its N-terminal phospho-SQ/TQ domain
(Chapman et al., 2013). Since we could see a defect on 53BP1 IRIF upon ZC3H14 depletion, as
a consequence, we were expecting to see the same phenotype for RIF1. We repeated the IF
experiment showed in Fig 3.10 A, this time staining the cells for 53BP1 and RIF1 (Figure 3.8
A-B). Similar to 53BP1, RIF1 shows a pan-nuclear pattern upon damage and forms IRIFs when
damage occurs. As for 53BP1, we observed defective RIF1 IRIFs upon ZC3H14 depletion,

consisting with ZC3H14 functioning upstream of 53BP1 focal recruitment.
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3.5.5 Defective BRCAL IRIF in non-replicating cells upon ZC3H14 depletion

Since ZC3H14 depletion results in defective 53BP1 and RIF1 recruitment after IR we were
wondering if similar phenotype was detectable for another important DDR factor, BRCAL. It is
known that BRCAL forms foci in S-phase cells in absence of damage (Scully et al., 1997). Arrest
of DNA synthesis leads to loss of these S-phase specific focal structures, suggesting that BRCA1
is recruited to DNA replication structures. To discriminate cells in S-phase from cells in other
stages of the cell cycle we used an anti PCNA antibody (Figure 3.9 A). Prior to damage, and as
expected, BRCAL foci were visible in PCNA positive S-phase cells, while upon damage BRCA1
IRIFs are visible in every single cell as indicated by the white arrows in Figure 3.13A. When
ZC3H14 is depleted, in absence of damage, BRCAL foci are visible in S-phase cells but not in
the PCNA negative non-replicating cells. After damage, depletion of ZC3H14 leads to a loss of
BRCAL foci in non-replicating cells (Figure 3.9 A-B). A second marker, such as RAD52, could
be used to confirm whether ZC3H14 acts above the BRCA1 focal recruitment or not.

This data, together with the defective 53BP1 IRIFs upon ZC3H14 knock down, suggests that
this C3H1-type zinc finger protein acts in the DDR upstream the recruitment of both 53BP1 and

BRCAL.
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3.5.6 Ubiquitination at sites of DNA damage requires ZC3H14

When ZC3H14 is depleted we observed defective recruitment of 53BP1, RIF1 and BRCAL into
IRIFs. This data strongly suggests a role for ZC3H14 upstream of 53BP1 and BRCAL focal
recruitment.

In order, for 53BP1 and BRCAL, to be recruited at sites of damage, the histone H1 has to be
mono and poly-ubiquitinated on Lys63, together with mono-ubiquitination of Lys13 and Lys15
of histone H2A. These ubiquitination events are a result of the recruitment of two important E3
ligases, RNF8 and RNF168, which are required for the subsequent recruitment of the
downstream factors 53BP1 and BRCAL.

To test whether ZC3H14 might regulate these ubiquitination events, once again, we knocked
down ZC3H14 and looked at the formation of polyubiquitin chains by staining the cells for FK2,
an antibody specific to ubiquitin (Figure 3.10 A). Before damage we detected only a few FK2
foci in both control cells and cells knocked down for ZC3H14, while 53BP1 showed the usual
pan nuclear staining with large, bright foci corresponding to the G1 nuclear bodies in the G1
cells (Figure 3.10 A-B). Upon damage, FK2 IRIFs could not form when ZC3H14 was depleted.
As observed for 53BP1 IRIFs, the FK2 IRIFs were also rescued by expression of the GFP-tagged
ZC3H14 resistant to the siRNA (Figure 3.11 A-B). Defective enrichment of ubiquitin in IRIF
upon ZC3H14 knock down suggests that ZC3H14 acts early in the DNA damage response,

perhaps, being required for RNF8 and RNF168 focal recruitment.
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3.5.7 RNF8 and RNF168 focal recruitment is affected upon ZC3H14 depletion

Histones ubiquitination is an early event that occurs when DNA double strand breaks accumulate
in the cells. One important ubiquitination event is the one that occurs on the Lys63 (K63) of the
histone-linker H1 (Thorslund et al., 2015). This H1 ubiquitination event is mediated by RNF8,
which also ubiquitinates the histone H2A. Subsequently, RNF8 binds the ubiquitinated H2A and
amplifies local concentration of lysine 63-linked ubiquitin conjugates, which are necessary for
the recruitment of 53BP1 and BRCAL (Doil et al., 2009).

Since we saw a defect in ubiquitination upon ZC3H14 depletion we decided to test if such defect
was due to a defective focal recruitment of RNF8 and RNF168 upon ZC3H14 knock down. Once
again, we depleted ZC3H14 and we looked at RNF8 and RNF168 IRIFs by immunofluorescence
(Figure 3.12 A-B, Figure 3.13 A-B). When ZC3H14 is knocked down both RNF8 and RNF168
IRIFs are barely visible compared to control cells. Importantly, once more, yYH2AX IRIF are
unaffected by ZC3H14 depletion.

Data suggests that ZC3H14 acts above both of these E3 ubiquitin ligases. The RNF8 recruitment
at sites of damage is dependent on the phosphorylation of MDC1 (Kolas et al, 2007). MDC1 is
phosphorylated by ATM and interacts with RNF8, which is then recruited at DSBs (Kolas et al.,

2007).
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3.5.8 Expression levels of DDR factors are not affected upon ZC3H14 depletion

To ensure that the defect we observed for RIF1, 53BP1, BRCAL, RNF168 and RNF8 upon
ZC3H14 depletion was not due to a defect on their level of expression we analysed their
expression in western analyses (Figure 3.14). We could not detect any difference in terms of
total levels of expression for RIF1, 53BP1, BRCAL, RNF168 and RNF, nor for ATM, between
control cells and cells knocked down for ZC3H14 before or after damage. This suggested that
the defective recruitment of these factors functioning downstream of ATM upon ZC3H14
depletion is not due to a reduction in their levels of protein expression. There is also no evidence
for subcellular re-organisation of DDR factors before and after damage. Thus, ZC3H14 appear
to be a novel factor required for the focal recruitment of their DDR factors at sites of DNA

damage.
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Figure 3.14: DDR factors level of expression. U20S cells were transfected with SiRNA against
ZC3H14 (sieGFP was used as a control). 48 hours after transfection the cells were radiate at 3Gy and
harvested 1 hour later. They were lysed on ice for 40minutes with 1X lysis buffer. 30ug of lysate was
loaded on a SDS-page gel and analysed by western blot.
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3.5.9 MDC1 focal recruitment is not affected upon ZC3H14 depletion

MDC1 is an important player in the DNA damage response. Its recruitment to sites of damage
IS necessary for the subsequent recruitment of RNF8 into IRIF. This RNF8 recruitment to DSBs
occurs directly through RNF8 interaction, via its FHA domain, with TQXF phosphorylated sites
localised at the N-terminus of MDC1 (Kolas et al., 2007). Since the depletion of ZC3H14 led to
defective RNF8 focal recruitment we next looked at the MDC1 IRIFs upon ZC3H14 knock down
(Figure 3.15 A). In absence of damage MDCL is diffused within the nucleus while, upon gamma
radiation, accumulates into foci, which co-localise with the YH2AX IRIFs. When we knocked
down ZC3H14 we could not detect any defect for MDCL1 IRIFs (Figure 3.15 A-B) indicating
that this zinc finger protein must act in the DNA damage response pathway between the focal

recruitment of MDC1 and RNFS8.
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3.5.10 Perturbation of MDC1 isoforms upon ZC3H14 depletion

RNF8 interaction with MDC1 is mediated through the fork head domain of RNF8 and the
phosphorylation of MDC1 on TQXF sites (Kolas et al., 2007). As observed defective RNF8
IRIFs, but not MDC1 IRIFs upon ZC3H14 depletion suggests that ZC3H14 might regulate the

MDC1-RNFS8 interaction.

MDC1 presents many TQXF sites which can be phosphorylated by ATM, ATR and DNA-PK
upon damage (Stewart et al., 2003). MDC1 is also sumoylated and ubiquitinated upon damage
(Luo et al., 2012). MDC1 Lys48-linkage ubiquitination, mediated by a SUMO-targeted E3
ubiquitin ligase StUbl termed RNF4, leads to degradation of MDC1 (Luo et al., 2012).

Surprisingly, this MDC1 degradation does not affect its recruitment to DSBs (Luo et al., 2012).

We examined MDCL protein levels upon ZC3H14 depletion and knock out (Figure 3.16 B-C).
This ZC3H14 knock out U20S cell line was generated in the laboratory by CRISPR-Cas9
approach (Isabelle McDonald, Master thesis, 2018). The type of mutations generated in this
ZC3H14 knock out U20S cells by the CRISPR-Cas9 approach are reported in the table 5 of the
appendix. In control cells, MDC1 shows up as two strong bands, with similar intensity, which
migrate between the 250 and 148 kDa marker proteins. A middle band can also be detected
between the two main MDC1 bands upon long exposure. Upon DNA damage, at 15 minutes
after IR, the two main MDC1 bands migrate more slowly due to phosphorylation (Stewart et al.,
2003). Lou and colleagues have also reported sumoylation and ubiquitination of MDC1 after IR
that leads to its degradation (Lou et al., 2012). In control siRNA treated cells 15 minutes after
damage there is no evidence for degradation, in fact the faster migrating lower band becomes

more abundant, while at later time points the abundance of the upper and lower MDC1 bands
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clearly diminishes, being barely detectable in the 3 hrs timepoint. For some reason, both the
upper and lower forms of MDC1 are slightly, but reproducibly increased in abundance at 1 hour
relative to the 30° sample (Figure 3.16 B compare lane 4 with lane 3). Upon ZC3H14 depletion
(siZC3H14), in undamaged cells, the level of both MDCL1 isoforms is significantly increased
relative to control cells with the lower, more quickly migrating form, being relatively more
abundant than the upper form (Figure 3.16 B compare lane 6 with lane 1). Upon damage the
level of both MDCL1 isoforms is significantly increased relative to control cells (Figure 3.16 B
compare lane 7 with lane 2). Furthermore, the proportion of signal in the lower form appear
significant increased relative to the upper form. In ZC3H14 depleted cells after DNA damage
degradation is again detected at all timepoints examined, with the more abundant lower isoform
persisting for longer than the less abundant upper isoform. To ensure that this MDC1 phenotype
was not due to off-target effects of the ZC3H14 siRNA we looked at the MDCL1 protein pattern
in the U20S ZC3H14 KO cells (Figure 3.16 C and Figure 3.17). In these ZC3H14 KO cells we
could detect a more abundant MDC1 lower band compare to the upper MDC1 band, before and
after damage, compared to control cells. MDC1 degradation upon damage was also detected in

U20S ZC3H14 KO cells.
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Figure 3.16: MDC1 is degraded upon damage. A) Schematic of RNF8 and MDC1. The region of each
protein require for their interaction is indicated by the red arrow. B) U20S cells were transfected with
siRNAs against ZC3H14 24 hours after seeding. 48 hours after transfection they were radiated at 5Gy
and harvested at different timepoints. They were lysed and 30ug of total cell extracts were loaded on a
6% SDS-page gel (37:1 cross-linking ratio) they were then analysed by western blot analysis. The blots
shown are representative of 4 repeated experiments. C) U20S cells WT and ZC3H14 KO were radiated
at 5Gy and harvested at different timepoints. They were lysed and the lysates were run on a 6,5% 80:1
cross-linking ratio gel and analysed by western blot. The blots shown are representative of 4 repeated
experiments.
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Figure 3.17: MDC1 total protein levels is increased upon ZC3H14 depletion. U20S cells were
transfected with siRNAs against ZC3H14 24 hours after seeding. 48 hours after transfection they were
radiated at 5Gy and harvested at different timepoints. They were lysed and 30ug of total cell extracts
were loaded on a 6% SDS-page gel (37:1 cross-linking ratio) they were then analysed by western blot

using the Ly-Cor system. The blots shown are representative of 4 repeated experiments.

We also looked at the MDC1 protein levels in h-TERT RPEL cells (Figure 3.18). Once again,
we could detect two strong MDC1 bands in control cells, while in the ZC3H14 depleted cells the
lower band is relatively more abundant than the upper one. MDC1 degradation upon damage
was also detectable in the h-TERT RPEL cells, suggesting that ZC3H14 is not required for post-
IR degradation of MDC1, albeit the kinetic of MDC1 degradation were faster in RPE1 cells than
in U20S cells. Nevertheless, and despite some differences in the kinetic of degradation, MDC1
is clearly degraded after IR in both cell types indicating that ZC3H14 is not required for post-IR
dependent degradation of MDC1. Moreover, depletion of ZC3H14 results in relatively greater
levels of the fastest migrating isoform of MDC1 indicating that ZC3H14 is required for the

normal abundance of the fastest migrating form.

Little is known about the nature of the isoforms of MDCL1 detected by SDS-page. Both forms
are phosphorylated after DNA damage (Stewart et al., 2003; Kolas et al., 2007) (Figure 3.16 B-

C and Figure 3.17 A). However, the major effect of ZC3H14 depletion is the relative abundance
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of the upper to lower which are roughly equally abundant in control cells but upon loss of

ZC3H14 the lower, faster migrating, form is more abundant than the upper form.

MDC1 has also been reported to be both SUMOylated and ubiquitinated and subjected to
degradation after DNA damage (Lou et al., 2012) and post-IR dependent degradation does not
require ZC3H14. However, the SUMOylated/ubiquitinated forms are not detected by SDS-page,
presumably because of their rapid degradation. Interestingly, MDC1 recruitment into IRIF
remains stable until repair is complete (Lou et al., 2012 and see Figure 3.15 A) suggesting that
it is the nucleoplasmic pool of MDC1, rather than the MDCL1 recruited to chromatin flanking

DSBs, that is subjected to degradation.

Little is known about the MDC1 pattern and what those bands are. They are likely to be MDC1
splicing isoforms. The possibility that the upper band could be a modified form of MDC1 is less

likely given the apparent size difference detected in SDS-page.
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Figure 3.18: MDC1 pattern in h-TERT RPEL cells. Cells were transfected with siRNAs against
ZC3H14 (scramble RNA was used as a control) 24 hours after seeding. 48 hours later they were radiated
at 5Gy and harvested at different timepoints. The cells were lysed and the lysates were run on a 6,5%
80:1 cross-linking gel. They were then analysed by western blot. The blots shown are representative of 3

repeated experiments.
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3.5.11 ZC3H14 interacts with MDC1 but it is not required for the MDC1-RNF8 interaction

Since we observed a defect on RNF8, but not on MDCL1 IRIFs upon ZC3H14 depletion we
wondered if ZC3H14 might affect the interaction between MDC1 and RNF8. We first
investigated whether ZC3H14 might interact with MDC1. We pulled down MDC1, in presence
and absence of damage, and looked for the interaction with GFP-ZC3H14 (Figure 3.19). We
could detect a constitutive interaction between MDC1 and GFP-ZC3H14 before and after
damage. It is important to notice that when we use a 3Gy dose of y radiations and harvest the
cells one hour later, the MDC1 phospho-shift is not as great as when we use a 5Gy dose (see
Figure 3.16 B) and there is also less MDC1 degradation. In fact, by testing different IR doses
(Figure 3.20) we could asses that the MDC1 phospho-shift and degradation is dependent on the
IR dose. The higher the IR dose the greater is the MDC1 phospho-shift and the faster is the

degradation.
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Figure 3.19: MDCL1 interacts with ZC3H14. HEK 293T cells were plated and transfected with GFP-

ZC3H14 construct (GFP empty vector was used as a control) 24 hours after. 48 hours after transfection

they were radiated at 3Gy and harvested 1hr later. The cells were lysed and 5mg of total cell extract was

used to pull down MDCI1. Total cell extracts and IP samples were loaded on an SDS-page gel and

analysed by western blot.
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Figure 3.20: MDC1 phospho-shift and degradation are dose dependent. U20S cells were seeded for

24 hours and then radiated with different IR doses and harvested at different timepoints. Cells were lysed

and 30pg of crude cell extract were loaded on a 6% SDS-page gel and analysed by western blot.
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The fact we could detect an interaction between ZC3H14 and MDC1 might suggest that ZC3H14
regulates the MDC1-RNF8 interaction previously reported (Mailand et al., 2007). To test such
hypothesis, we pulled down MDCL1 in U20S WT and ZC3H14 KO cells and looked for the
interaction with RNF8 (Figure 3.21). Although, it has previously been shown a constitutive
interaction between MDC1 and RNF8 (Mailand et al., 2007), here we detected RNF8 to interact
with MDC1 only upon damage (Figure 3.21 compare lane 3 with lane 2). This interaction was
also visible in ZC3H14 KO cells upon damage but not in absence of damage (Figure 3.21
compare lane 5 with lane 4). Although the MDC1 protein level is affected upon ZC3H14
depletion compare to control cells, with the lower MDC1 band being more abundant than the
upper MDC1 band compare to control cells (Figure 3.17), this does not impact on the MDC1-
RNF8 interaction. This data suggests that the upper band of MDCL1 is not required for its

interaction with RNF8 whether this is a MDC1 isoform or a modified form of MDCL1.
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Figure 3.21: MDC1-RNFS8 interaction is not affected in U20S ZC3H14 KO cells. U20S WT and
ZC3H14 KO cells were plated in 10 cm dishes. When 90% confluent they were radiated at 5Gy and
harvested 15 min after. The cells were lysed and 3mg of total cell extract was used to pull down MDCL.

The cell extracts and the IP samples were loaded on an SDS-page gel and analysed by western blot.
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3.5.12 U20S are sensitive to IR and ICRF193, but not to Olaparib, upon ZC3H14 depletion

Our data supports a role for ZC3H14 in efficient DNA DSB repair. To support this hypothesis
we examined the viability of U20S and RPE1 upon ZC3H14 depletion after treatment with
different DNA damage agents.

We first looked at cell viability using different IR doses. We ran clonogenic survival assays in
U20S and RPE1 cells depleted for ZC3H14 and also in cells treated with ATM inhibitor
(positive control). In both the transformed U20S and immortalised h-TERT RPE1 cells ATMi
resulted in fewer cell colonies. Also, in both cell types depletion of ZC3H14 resulted in identical
clonogenic survival phenotypes to ATMi (Figure 3.22 A-B). This data, together with the
persistence of yYH2AX foci upon ZC3H14 depletion, strongly suggests a role for this zinc finger
protein in the repair of DNA double strand breaks. Interestingly, ZC3H14 depletion results in
highly similar survival defects to inhibition of ATM, the central regulator of the cellular

responses to DSBs, indicating an important role for ZC3H14 in survival upon ionising radiation.
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Figure 3.22: Cells are sensitive to IR upon ZC3H14 depletion. A) U20S cells were transfected with
SiIRNA against ZC3H14. 48 hours after transfection 100 cells were plated in duplicate per each IR dose
and, only for the ATMi treated, they were treated with 10uM of ATM Kkinase inhibitor (KU-55933) for 1
hour before radiation. The cells were left at 37°C for 10 days when colonies were stained and counted.
The number of colonies was normalised to the control (non-radiated cells) within the same population.
Error bars indicate the standard deviation (n=3). B) RPEL1 cells were transfected with siRNA against
ZC3H14 (scramble RNA was used as a control). 48 hours after transfection 100 cells were plated in
duplicate per each IR dose and, only for the ATMi treated, they were treated with 10uM of ATM kinase
inhibitor (KU-55933) for 1 hour before radiation. The cells were left at 37°C for 10 days when colonies
were stained and counted. The number of colonies was normalised to the control (nhon-radiated cells)

within the same population. Error bars indicate the standard deviation (n=3).
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We then tested the cellular viability upon treatment with two further DNA damage agents,
Olaparib and ICRF193. Olaparib is an inhibitor of the poly (ADP-ribose) polymerase. PARP is
recruited to ssSDNA (Caldecott, 2014) and PARP inhibition leads to an accumulation of sSDNA
breaks, which if not repaired efficiently during replication, are converted to single-ended DNA
double strand breaks that are efficiently repaired by a HR-dependent mechanism (Helleday,
2011). The ICRF193, on the other hand, has been linked to the NHEJ repair pathway. ICRF193
is a drug that inhibits the topoisomerase I1. Studies show that MEF Lig4” and Ku70™ cells are
sensitive to ICRF-193 while MEF Rad54” cells show no sensitivity to ICRF-193 treatment
(Adachi et al., 2003). Since Lig4 and Ku70, but not Rad54, are involved in the NHEJ repair
pathway ICRF-193 has been linked to this repair pathway.

Consistent with the role for BRCAL in HR (Hartlerode & Scully, 2009) its depletion results in
sensitivity to Olaparib relative to control cells (Figure 3.23 A). However, when ZC3H14 is
depleted these behave similarly to control cells, suggesting that ZC3H14 is not important in the
HR repair pathway.

DNA-PK is important for NHEJ (Hartlerode & Scully, 2009) and is sensitive to ICRF193 relative
to control cells (Figure 3.23 B). Upon depletion of DNA-PK U20S cells are sensitive to
ICRF193 compare to control cells. ZC3H14 depletion, on the other hand, displayed decreased
viability when cells were treated with ICRF193 compare to control cells suggesting a role in
NHEJ. Interestingly, the sensitivity of ZC3H14 depleted cells to ICRF193, relative to DNA-PK

depleted cells, was similar. This suggests an important role for ZC3H14 in NHEJ.
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Figure 3.23: Cells are sensitive to ICRF193, but not to Olaparib, upon ZC3H14 depletion. A) U20S
cells were transfected with siRNA against ZC3H14 and BRCAL (positive control). 48 hours after
transfection 100 cells were plated in duplicate per each Olaparib dose. The cells were left at 37°C for 10
days when colonies were stained and counted. The number of colonies was normalised to the control
(untreated) within the same population. Error bars indicate the standard deviation (n=3). B) U20S cells
were transfected with SIRNA against ZC3H14 and DNA-PK (positive control). 48 hours after transfection
100 cells were plated in duplicate per each ICRF193 dose. The cells were left at 37°C for 10 days when
colonies were stained and counted. The number of colonies was normalised to the control (untreated)

within the same population. Error bars indicate the standard deviation (n=3).
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3.5.13 ZC3H14 in involved in the NHEJ but not in the HR repair pathway

When DNA double strand breaks occur the cells have two main options for their repair:
homologous recombination (HR) or non-homologous end joining recombination (NHEJ). In case
of HR resection is critically required for the formation of a free 3’ single-stranded DNA end and
subsequent DNA strand invasion and repair. In case of NHEJ, DNA resection is not needed since
no template is required in order to repair the break. In fact, resection inhibits NHEJ. Thus,
inhibition of resection is required for NHEJ and is achieved largely by 53BP1-dependent
recruitment of the SHEILDIN complex (Ghezraoui et al., 2018; Noordermeer et al., 2018;
Harveer Dev et al., 2018). the two non-resected ends are substrates for NHEJ-dependent ligation

by DNA ligase 4 (Grawunder U. et al., 1998).

Since we observed a defect for both 53BP1 and RIF1 IRIF upon ZC3H14 depletion (Figure 3.6
and figure 3.8) we hypothesised a possible role for this protein in the NHEJ repair pathway. To
test such hypothesis we generated two polyclonal HEK 293-T cell lines stably transfected with
plasmids suitable for assaying HR or NHEJ (Dr. Murilo T.D. Bueno). One polyclonal cell line
was generated by stably transfecting cells with the DR-GFP plasmid (Vriend et al., 2014). The
other polyclonal cell line was generated by stably transfecting cells with the TK-GFP plasmid
(Dr. Janna Luessing) in order to look at the NHEJ repair pathway. In both cell lines DSBs are
induced by the I-Scel restriction enzyme and the repair is measured as GFP expression (Figure
3.24 Ai-Bi). In case of the TK-GFP construct two I-Scel cut sites are beside the Tyrosine Kinase
(TK) gene. The eGFP gene is downstream the TK domain. If both sites are simultaneously cut
and the interfering TK gene fragment is lost the CMV promoter can be ligated close to the eGFP
resulting in green cells. Any resection at either 1-Scel site would prevent ligation of CMV to
GFP and would not allow eGFP expression. For the DR-GFP construct there is a Sce-GFP gene

containing mutations that inactivate the GFP. This mutated GFP is also engineered to contain an
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IScel cut site compare to the iGFP (wild type GFP gene) downstream, which contains a Begl
site. Upon an I-Scel-induced DSB the iGFP gene downstream can function as a template for
gene conversion, converting the Sce-GFP mutation and allow expression of full-length WT GFP.
Both polyclonal stable cell lines were depleted for ZC3H14 and GFP positive cells counted by
FACS analysis upon transfection of these cells with a plasmid expressing the I-Scel restriction
enzyme. We observed that ZC3H14 is involved in the NHEJ but not in the HR repair pathway
(Figure 3.24 Aii-Bii). In terms of NHEJ efficiency when ZC3H14 is knocked down we get a
20% GFP expression compared to control cells. A similar percentage is detected in cells depleted
of DNA ligase 4, which is a protein involved in the NHEJ pathway. In terms of HR efficiency
when ZC3H14 is knocked down we get a 100% efficiency similar to control cells, while in case
of BRCA1 knock down the HR efficiency drops to 50% since BRCAL has important function in
HR.

Interestingly, we have observed that ZC3H14 depletion does not affect HR-dependent DSB
repair even though a slightly sensitivity to Olaparib is visible at higher dose when ZC3H14 is
depleted (Figure 3.23 A), yet both 53BP1 (Figure 3.6) and BRCAL (Figure 3.9) recruitment to
DSBs is defective. When ZC3H14 is depleted we observe defective BRCAL IRIFs in PCNA
negative cells only while BRCAL foci are not affected in PCNA positive cells (Figure 3.9) This
might explain the reason why we cannot detect any defect in the HR repair pathway (Figure 3.24
Bii). Cells in S-phase might still be able to efficiently repair the DSBs by HR when ZC3H14 is
depleted. Also, upon depletion of BRCA1, BRCA1-dependent HR is rescued by co-depletion of
53BP1 (Bunting et al., 2010; Ochs et al., 2016). In absence of BRCA1 and 53BP1, DSBs is
repaired by SSA (Bunting et al., 2010). Based on what is known in the literature, our data could
suggest a role for ZC3H14 in SSA. ZC3H14 depletion might cause hyper-resection which is then
repaired by SSA repair pathway. Further analysis might be required to assess the levels of

resection upon ZC3H14 depletion and its role in SSA.
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Figure 3.24: ZC3H14 is involved in the NHEJ, but not in the HR, repair pathway. Ai) The TK-GFP
construct contains a CMV promoter followed by the TK domain, the eGFP domain, the IRES and a Puro
cassette for the selection. Two IScel cut sites are localised at the sides of the TK domain. Aii) HEK 293-
T TK-GFP polyclonal cells were transfected with siRNAs against DNA ligase 4, BRCA1 and ZC3H14.
24 hours later they were transfected with a plasmid expressing the IScel restriction enzyme in order to
induce the cut and they were left for 48hours at 37°C when they were trypsinised and analysed by FACS.
The level of GFP expression was normalised to the control cells (siCTL) Bi) The DR-GFP presents a
mutated GFP (SceGFP) which contains an IScel cut site and a wild type GFP (iGFP) which contains a
Bcgl cut site. The two GFP domains are separated by a puro cassette for the selection. Bii) HEK 293-T
DR-GFP polyclonal cells were transfected with siRNAs against DNA ligase 4, BRCA1 and ZC3H14. 24
hours later they were transfected with a plasmid expressing the 1Scel restriction enzyme in order to induce
the cut and they were left for 48hours at 37°C when they were trypsinised and analysed by FACS. The

level of GFP expression was normalised to the control cells (SiCTL).
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3.6 Discussion

Human cells have developed different mechanisms to act against different threats. DNA
damage is one of the most dangerous threats our cells can go through because, if it is not
properly repaired, it can lead to cancer. This is the reason why our cells have a complex
pathway through which they recognise the presence of DNA damage and coordinate a
complex series of cellular responses to maintain genome stability. One of the most important
player in this pathway is ATM, a member of the PIKKSs family, which once is recruited at
sites of damage, phosphorylates many downstream proteins required for cell signalling, repair
and apoptosis (Matsuoka et al., 2007). Because of its central role our laboratory performed a
quantitative proteomic screen for ATM partners. We identified many potential ATM-
interacting proteins including the C3H-type zinc finger protein, ZC3H14, as a novel ATM

interactor (Pessina et al., 2014).

Zinc finger motifs are abundant proteins with the C2H2 type being the biggest family. With
its five zinc finger domains, which contain three cysteines and one histidine, ZC3H14 belongs
to the C3H1 family. A part from this difference in the zinc finger domain structure, zinc finger
motifs are well known for binding DNA, RNA and proteins. The majority of them are found
in transcription factors. ZC3H14 has been reported to be a polyadenosine binding protein,
first identified in yeast (Kelly et al., 2014). A role for ZC3H14 in the DNA damage response
(DDR) has not been reported. Here we identify a new biological function for ZC3H14. We
provide evidence of a role for ZC3H14 in the DDR, in particular we show a function for
ZC3H14 in the recruitment of DDR proteins that function downstream of MDC1 to sites of

DNA damage.
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Although we could confirm the interaction between ATM and ZC3H14 and assess a role for
the relevance of this interaction in the DDR we could not detect ZC3H14 at ionising radiation
induced foci (IRIF). This last data could lead to different hypothesis. ZC3H14 was found to
localise to Nuclear Speckles which are interchromatin granules. In intact cells it is possible
that only a small fraction of the abundant ZC3H14 protein associates with chromatin which
prevents its visualisation to site of DNA damage upon ionising radiation, while the majority
of ZC3H14 localises to nuclear speckles. This could also explain our failure to detect ZC3H14
at sites of DNA DSBs using the more sensitive U20S-DSB reporter cell line system
(Shanbhag et al., 2010; Tang et al., 2013). Although Nuclear Speckles are interchromatin
granules, they might get disrupted during chromatin fractionation explaining the reason why
we see ZC3H14 precipitating with the chromatin fraction. The importance of ZC3H14 in the
DDR was confirmed by looking at two important markers in the DNA damage response such
as H2AX-S139p, termed yH2AX, and ATM-S1981p. Interestingly, cells depleted for
ZC3H14 displayed persistent YH2AX and ATM-S1981p foci compared to control cells
suggesting that this zinc finger containing protein is required for efficient DNA repair. We
also showed that cells are more sensitive to IR in absence of ZC3H14, as its depletion in both
U20S and RPEL cells resulted in comparable sensitivity to ionising radiation as observed for
inhibition of ATM kinase activity. This suggests an important role for this zinc finger protein

in the DNA damage response pathway.

ZC3H14 depletion in U20S cells also resulted in sensitivity to ICRF-193, but little if any
sensitivity to the doses of Olaparib used. It is been previously shown that ICRF-193 inhibits
topoisomerase |1 resulting in hypersensitivity of cells defective in the nonhomologous DNA-
end joining machinery (Adachi et al., 2003), whereas Olaparib inhibits the poly (ADP-ribose)
polymerase (Caldecott, 2014). The inhibition of the poly (ADP-ribose) polymerase leads to
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an accumulation of single-strand DNA breaks (SSB) which are converted into DSB during
DNA replication, which in turns are repaired by HR-dependent mechanism (Helleday, 2011).
Our data is consistent with ZC3H14 being required for the NHEJ repair pathway. Further,
support for this hypothesis was obtained using GFP reporter assays specific to either NHEJ
or HR in polyclonal HEK-293T (Bindra et al., 2010; Vriend et al., 2014). Using these reporter
assays we could detect a significant defect in the NHEJ, but not in the HR repair, pathway

when ZC3H14 was depleted.

Upon establishing a role for ZC3H14 in the DDR we started dissecting this pathway to see
where this protein might function. We first examined recruitment of 53BP1 into IRIF upon
ZC3H14 depletion. Defective recruitment of 53BP1 into these sites of DNA damage was
observed upon ZC3H14 depletion compared to control cells. Similar results were obtained
with RIF1, consistent with its role downstream of 53BP1. Next, we examined BRCALl
recruitment to IRIFs. BRCAL is required for resection and is also recruited into focal
structures during S phase. To distinguish BRCA1 IRIF from these S phase foci we co-stained
cells for PCNA and only scored PCNA-negative cells. We observed that PCNA negative cells
were defective for BRCAL focal recruitment when ZC3H14 was depleted. Since we could not
detect a defect in repair by gene conversion upon ZC3H14 depletion, the defective BRCA1
IRIF in PCNA negative cells, together with a slightly accumulation of RPA2 S4p/S8p foci
when ZC3H14 is depleted might suggest a much more important role for this zinc finger
protein in single strand annealing (SSA) than gene conversion (GC); for instance depletion of
ZC3H14 might promote error prone HR due to excessive resection. It would be interesting to
see whether RAD52 focal recruitment is affected when ZC3H14 is knocked down since
RAD52 plays a major role in SSA (Ma et al., 2017). All together the data above strongly
suggests a role for ZC3H14 in upstream DNA repair pathway choice, that is upstream the
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53BP1 and BRCAL1 focal recruitment. All additional markers of DSBs we examined FK2,
RNF168 and RNF8 were defective upon depletion of ZC3H14, whereas the upstream markers
YyH2AX, ATM-S1981p and MDC1 were not. Our data suggests a potential role for ZC3H14
between MDC1 focal recruitment and the RNF8 focal recruitment upon damage. RNF8
recruitment to sites of damage is triggered by the presence of phosphorylated MDCL1 at the
DSBs (Kolas et al., 2007). It is known that RNF8 specifically binds to MDC1-Thr719p and
MDC1-Thr752p via its forkhead-associated (FHA) domain (Kolas et al., 2007). MDC1 is
mainly phosphorylated by ATM (Stewart et al., 2003; Kolas et al., 2007), while MDC1 is
recruited to DSB via its interaction with NBS1 (Melander et al., 2008). Specifically,
phosphorylation of the so called SDTD region of MDC1 by Casein kinase 2 (CK2) is required
for the MDC1-NBS1 interaction (Spycher et al., 2008). MDC1 recruitment to sites of damage
triggers its sumoylation and ubiquitination (Luo et al., 2012), which in turn leads to MDC1
degradation. These important MDC1 modifications upon damage do not seem to affect its
recruitment to DSBs. MDC1 migrates on SDS-PAGE gels as two strong bands of similar
intensity, one upper and one lower, with a middle band that is much less intense (Goldberg et
al., 2003; Stewart et al., 2003). These bands migrate at an apparent molecular weight of
between 250 kDa and 148 kDa, and all three bands shift upon DNA damage due to
phosphorylation. When we examined the MDCL1 pattern upon ZC3H14 depletion in the
absence of exogenous DNA damaging agents, in U20S and RPE1 h-TERT cells, we could
detect the three MDC1 isoforms, upper, middle and lower, but the bottom one was much
stronger than the top one compared to control cells. Even at time points after IR when less
MDCL1 can be detected in control cells and ZC3H14 depleted cells, the MDCL1 lower band
was always more abundant than the upper band in ZC3H14 depleted cells compared to control
cells. Nothing is known about these three MDC1 isoforms. They could be different isoforms

which are generated by alternative splicing. As a poly(A) binding protein, ZC3H14 might
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regulate the length of the poly(A) tail of transcripts allowing a longer 3’ extended transcripts
with extra exons. Since MDCL is subject to different modifications, the three MDC1 bands
detectable by western blot, could be modified forms of MDC1 with the lower band of MDC1
being the actual protein and the upper band being a modified form of MDCL. It has been
reported that both upper and lower MDC1 bands are phosphorylated on Thr719 upon damage
and that only the phospho-form, which resulted to be the upper band, disappears upon ATMi
treatment (Kolas et al., 2007). Interestingly, we detected an interaction between MDC1 and
ZC3H14. Because ZC3H14 is also found to interact with ATM and MDCL is an actual ATM
substrate, this last data might suggest that ZC3H14 could act as bridge between MDC1 and
ATM and be required for the MDC1 ATM-dependent phosphorylation. Based on the fact that
ZC3H14 is required for RNF8, but not MDC1, recruitment to DSBs we tested whether
ZC3H14 is important for the MDC1-RNF8 interaction in U20S WT and ZC3H14 KO cells.

However, the MDC1-RNFS8 interaction was not affected in ZC3H14 KO cells.

It is known that RNF8 binds phosphorylated MDC1 and its recruitment to DSBs is ATM-
dependent (Kolas et al., 2007). When we saw defective RNF8 recruitment to sites of DNA
damage, but not MDC1, upon ZC3H14 depletion we hypothesised that this C3H1-type zinc
finger protein might be involved in the regulation of the MDC1-RNF8 interaction. However,
this was not the case. RNF8 binds MDC1 on pThr719 and pThr752 and its recruitment to
DSBs is dependent on ATM (Kolas et al., 2007). The ATM-dependent focal recruitment of
RNF8 is likely explained by the fact that ATM is required for the MDC1 phosphorylation on
the Thr719 and Thr752, although there is no currently evidence of a direct defect of RNF8
focal recruitment when those MDC1 residues are mutated. This does not exclude a few
additional hypotheses. RNF8 might bind other MDC1 phosphorylated sites, which might be
phosphorylated by ATM, or other PIKKs upon damage in order to be recruited to DSBs
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(Goldberg et al., 2003). In fact, MDC1 presents many TQXF consensus sites that can be
phosphorylated upon damage (Kolas et al., 2007) and might be necessary for the MDC1-
RNF8 interaction. In this case, the mutation of Thr719 or Thr752 of MDC1 might not affect
the RNF8 recruitment to sites of damage, although a direct relationship between the RNF8
recruitment to DSBs and these phospho-MDCL1 sites has never been shown. RNF8 could be
itself an ATM substrate, this would mean that the RNF8 recruitment to sites of damage is not
exclusively MDC1-dependent and explain the reason why its recruitment to DSBs is affected

upon ATM kinase activity inhibition. (Kolas et al., 2007).

From the literature and our data we could hypothesise that ZC3H14 might be required for
MDC1 phosphorylation on specific residues that are required for the MDC1 activation and
subsequent transduction of the signal to the downstream DDR factors. This suggests that

ZC3H14 is functioning upon DNA repair pathway choice. In conclusion, here we report that:

e ZC3H14, which is found at Nuclear Speckles, interacts with ATM and is required for
genome integrity. ZC3H14 depletion results in sensitivity to ionising radiation in U20S
and RPEI cells. U20S cells also show persistent YH2AX and ATM-S1981p upon
ZC3H14 depletion.

e U20S cells are sensitive to ICRF-193, but not to Olaparib, upon ZC3H14 depletion
suggesting a role for this zinc finger protein in the NHEJ repair pathway, but not in the
HR repair pathway.

e RIF1, 53BP1, BRCA1, FK2, RNF168, RNF8 IRIFs but not MDC1 IRIFs are affected
upon ZC3H14 depletion.

e ZC3H14 depletion results in more abundant MDC1 lower band compare to control cells.

e ZC3H14 interacts with MDC1 but it does not affect the MDC1-RNFS8 interaction.
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3.7 Future work

Although we narrowed down where in the DDR pathway ZC3H14 acts there are many questions

to be answered.

Firstly, does ZC3H14 play a role in resection and SSA? We could look at the recruitment of
DDR factors required for efficient SSA when ZC3H14 is depleted. We could examine a GFP

reporter assay specific for SSA upon ZC3H14 depletion.

Secondly, is ZC3H14 an ATM substrate? We could test this hypothesis by looking at the
phosphorylation of ZC3H14 in presence or absence of ATM Kkinase activity inhibitor by
immunoprecipitating tagged ZC3H14. It would be nice then to mutate the sites identified and

investigate whether ZC3H14 activity is increased or reduced in some of these mutants.

Thirdly, does ZC3H14 localise to site of DNA damage? A more sensitive technique might be
needed to see ZC3H14 localisation at breaks, such as the laser-striping methodology. If ZC3H14
is found at laser stripes then it would be extremely interesting to see if this hypothetical

localisation is dependent on all or some of the zinc finger domains.

Fourthly, Are the MDC1 bands isoforms or different MDC1 modifications? It would be
interesting to mass spec these two MDC1 bands to clearly understand what they are. Once this
is clear, based on our data, we could investigate the role that ZC3H14 has on regulating MDC1

stabilisation.

Fifthly, is ZC3H14 required for the phosphorylation of MDCL1 on the Thr719 and Thr752? We
could test whether these MDC1 phosphorylation events are responsible for the RNF8 recruitment
to DSBs. RNF8 might also be phosphorylated upon damage and perhaps, ZC3H14 might be

responsible for such phosphorylation.
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Sixthly, does ZC3H14 act as a bridge between ATM and MDC1? Since MDCL1 is phosphorylated
by ATM (Stewart et al., 2003; Kolas et al., 2007) and ZC3H14 interacts with both ATM and
MDC1, ZC3H14 might work as a bridge between ATM and MDC1 and allow the MDC1
activation by ATM. In this case it would be interesting to map the region of ZC3H14 that

interacts with ATM and MDC1.

Considering the published literature and taking all the above data together is clear that ZC3H14
plays more than one role in the human cells. We report here, for the first time, a role for ZC3H14
in the DDR. ZC3H14 acts upstream of DNA double strand break repair pathway choice between
the MDC1 and RNF8 proteins. It is still unclear precisely how this C3H1-type zinc finger protein

modulates the DNA damage repair.
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Appendix 1

Primer name

Primer Sequence (5’-3%)

Xhol ZC3H14 Fw

CTCGAGAAATGGAGATCGGCACCGAG

Hindlll ZC3H14 Rv

AAGCTTGAGCTATTCGCTGGTTTGAGGTCG

Fusion PCR Fw

ZC3H14 G2040A- CACCTTCCAGTAGTCAACTCTGCCGCTACTTCCCTGCTTGTAAG
T2049C Fw

ZC3H14 G2040A- CTTACAAGCAGGGAAGTAGCGGCAGAGTTGACTACTGGAAGGTG
T2049C Rv

ZC3H14 A2184G- CACGACATGCCTTGAAGTGGATTCGACCACAAACCAGCGAATAG
T2196A Fw

ZC3H14 A2184G- GTGCTGTACGGAACTTCACCTAAGCTGGTGTTTGGTCGCTTATC
T2196A Rv

ZC3H14 APiwi CCCTCTGAAGATGTGCCTACAGTGACACTTACATATGGTTCTTCTCGCC

ZC3H14 APiwi

Fusion PCR Rv

AAGTGTCACTGTAGGCACATCTTCAGAGGGTGCTGGCTCC

ZC3H14 AZF Fw

CTCGAGAAATGGAGATCGGCACCGAG

ZC3H14 AZF Rv

AAGCTTCTATGGTTTCTGTGCCACACTCAG

Table 1: Primers sequences
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Antibody Dilution Blocking Secondary Manufacturer Cat. Num.
B-Tubulin 1:10000 5% Milk Mouse Abcam Ab6046
Actin 1:2000 5% Milk Rabbit Sigma A2066
H3 1:10000 5% Milk Rabbit Abcam Ab1791
ZC3H11A 1:1000 5% Milk Rabbit Bethyl A301-525A
ZC3H14 1:1000 5% Milk Rabbit Sigma HPA049798
ZC3H8 1:1000 5% Milk Rabbit Bethyl A303-090A
pRPA32 1:1000 5% BSA Rabbit Bethyl A300-245A-T
(S4/S8)

Total RPA32 | 1:5000 5% Milk Rabbit Bethyl A300-244A-T

GFP 1:2000 5% Milk Mouse Roche 11814460001

Total ATM 1:2500 5% Milk Rabbit Abcam Ab91l

RNF8 (B2) 1:500 5% Milk Mouse Santa Cruz Sc-271462

RNF168 1:1000 5% Milk Rabbit Millipore ABE367

53BP1 1:1000 5% Milk Rabbit Novus NB100-304
Biologicals

RIF1 1:1000 5% Milk Rabbit Bethyl A300-569A

MDC1 1:1000 5% Milk Rabbit Bethyl A300-051A

Ubiquitin 1:1000 5% Milk Rabbit Bethyl A300-317A

Table 2: Antibodies conditions used for Western Blot
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Antibody Dilution Blocking Secondary Manufacturer Cat. Num.
ZC3H11A 1:1000 1% BSA Rabbit Bethyl A301-525A
ZC3H11A 1:200 1% BSA Mouse Sigma SAB1400368
ZC3H14 1:200 1% BSA Rabbit Sigma HPA049798
ZC3H8 1:200 1% BSA Rabbit Bethyl A303-090A
Coilin 1:200 1% BSA Mouse Abcam ADb11822
PML 1:500 1% BSA Mouse Abcam ADb96051
SC35 1:500 1% BSA Mouse Abcam ADb11826
FLAG (M2) 1:500 1% BSA Mouse Sigma A2220
pRPA32 1:200 1% BSA Rabbit Bethyl A300-245A-T
(S4/S8)

BrduU 1:50 1% BSA Mouse Becton 347580

Dickinson

DNA-RNA 1:200 1% BSA Mouse Kerafast ENHO001

hybrids (S9.6)

yH2AX (S139) | 1:500 1% BSA Mouse Millipore 05-636

YH2AX (S139) | 1:200 1% BSA Rabbit Abcam ADb2893

pATM 1:500 1% BSA Rabbit Millipore MAB3806

(51981)

RNF8 (B-2) 1:50 10% FBS in | Mouse Santa Cruz Sc-271462
PBST ON 4°C

RNF168 1:50 10% FBS in | Rabbit Millipore ABE367
PBST ON 4°C

RIF1 1:200 1% BSA Rabbit Bethyl A300-569A

53BP1 1:200 1% BSA Rabbit Novus NB100-304

Biologicals

BRCA1 (D9) | 1:500 1% BSA Mouse Santa Cruz Sc-6954

PCNA 1:1000 1% BSA Rabbit Abcam Ab18197

anti- 1:200 1% BSA Mouse Millipore 04-263

ubiquitinylated

proteins (FK2)

MDC1 1:1000 5% Milk Rabbit Bethyl A300-051A

Table 3: Antibodies conditions used for immunofluorescence
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SiIRNA Sequence
ZC3H14 seql GUAGUCAGCUCUGCCGUUA(dTAT)
ZC3H14 seq2 GAAAUGGAUUCGACCUCAA(ITAT)
ZC3H14 seq3 GGAAAGGCUUGAAACACGA(TAT)
ZC3H14 seq4 UGCAAAGGCUCACGUUUAA(ATIT)
ZC3H11A seql GAAGCCACUUCUGAUCUAA(ATAT)

ZC3H11A seq 2

GGAAAAAUCUAAGAAGCAA(TAT)

eGFP GCCACAACGUCUAUAUCAU(TAT)

BRCA1 AGAUAGUUCUACCAGUAAA(TAT)

DNA-PK GAUCGCACCUUACUCUGUU(TAT)
DNA ligase 4 AAGCCAGACAAAAGAGGUGAA(TAT)

Table 4: siRNA sequences

gRNA gRNA sequence (5°-3°) ZC3H14 | Mutation and position in the
Exon ZC3H14 cDNA

ZC3H14 TGATTACATTATGGTGATGGTGG 2 deletion (C) p116, insertion (A)
pl110, C—A pl16, T—A pl13,

gRNA1 insertion (C and A) p110 and
111

ZC3H14 AAGTCAGGACCAAATGACAGAGG 2 Deletion of 2 G p149, insertion
(A) p143

gRNA2

ZC3H14 TGAGATGAGTGAACTGAGTGTGG 13 T—-G pl769, G—A pl766

gRNA3

ZC3H14 CTGGCCTGCTTGTAAAAATGGGG 13 Deletion (A) p1826

gRNA4

Table 5: gRNAs sequences and mutations. The PAM sequence is outlined in yellow.
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6,5% Gel Stacking Gel 5%
(80:1 cross-linking ratio) (36:1 cross-linking ratio)
H20 1720 pl 1690 pl
40% Acrylamide 642 nl 320 pl
2% Bis-solution 160 pl 175 wl
1M Tris-HCI pH 8.7 1480 pl -
1M Tris-HCI pH 6.8 - 313 ul
10% SDS - 12,5 ul
10% Ammonium Persulfate 20 ul 12,5 ul
TEMED 5ul 6,5 ul

Table 6: 6,5% Gel (80:1 cross-linking ratio) recipe.

159




CHAPTER 4

Publication arises during the PhD

Recruitment of lysine demethylase 2a to DNA double strand

breaks and its interaction with 53BP1 ensures genome stability
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4.1 Personal contribution to the paper

| worked on this project together with Dr. Murilo T.D. Bueno, who held a Post-Doc position
when I started working in Prof Noel F. Lowndes’ lab. Dr. Bueno started this project during his
PhD in Canada, he brought it over and at the time he left the project was almost ready for a

publication so | took it over and completed it.

My contribution to this paper is listed below.

° Fig 3A-B
e Fig 4A-B-C together with the relative text
° Fig 5C

e Materials and Methods: Immunofluorescence; Microscopy and images analysis, Analysis
of ATM Phosphorylation
e | addressed all the reviewer’s suggestions by generating so all the supplementary

materials
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'IIE:I:-'HII:I:I::EEH'! in necmanry for il inferecton with KD A, Eﬂ-ﬂndﬂlh‘umﬂ ndm[clh}-ﬂ'hh_h
wndi-HA, aned anti-R0YC, (0] S35HP] berbors mathrplaied baina raidess. Lysales SEom colls axpraming FLAG-S38F], cosipraning or mad

dimeilry| byaina mtibody (mi-Kme2).
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EDNIIA or the demetiylacs-daboiant EDBIA morest
(EDACA-TITY) were axprassad, imdicafizg dat DM
dogs oot aftect the medkplation of 338P] detected wsng
b assy:

EDMIA expression stimulates 33BPL
nhiguitinaton snd modolaces ity sability

ELN{14 has boen showm bo stimmlyie uhiqeiteation
of f-casanin a=d, ultisrotely;, regmlase the stebiliny of this
protez= [16]. Tharafors, we noxt tested whedhar KD
coold affect J78P] nhiguitisation

In cedar to estimess a potennal role of KDMIA
in shimnlting cverell protein whiguit=ation, ws co-
mﬂmﬂt}prmm hﬂ]:;.‘hﬂ-—-ﬁﬁ:u-:
mretants with HA-Ubbquite m HEESAT mils. W need
bevor Jeremll soprsssion of HA-Uhiquits in ondes 1o increass
the sepsitnity of this asszy. Immmnoblotting analysis
with 2=3-T1A ezobedy ravsaled 2 robeust incraesa in total

pooisz ohiquitnatos m se=ples co-opmeaszz H-
Uh;m.mﬂmiﬂm-ﬁ'rumqr
DD whes oompared 1o oells ofily HA:L i g
(Figars 1A, compeare Lanss 2 with 3 and 4) Howewsr,
axprassion of the Emc Snger dalation mmizet KD EA-
AXF) displayed sggaificandy less ubsguitnanon of cellolar
profeins detected = this assry (Figers 24, compars lanes
3 apd 4 with 5), seggesting thet EDRDA-mediied

antomoed nhigeismotion of mmitpls protms s depesdont
of 2o intect mnc fingar.

Kant, ws condecied Immmroprecipitrtions o s
e effect of EOMEA on 33BPL-spacific ubiguitinzsion.
Compparad to mamples axpoesing caly H-!T-hlni-
iha Ivll:ml: of ubiqmtinasad

-:rnl.nd.'hfm-qu'uﬂmaini:lt}pn
EDKIA-WT (Fuure B, compers lames | and XL
while the demsthylass-deficiest mmtene (EDMIA-
D) only mewgnally entonmed 33821 uhignitinesion
Imporianily. the zinc fingar daletion. mvetant (KD&EA-
APF) completely failed to simolxs uhigoitinetez of
3187 (Figme IE, compese lnes 2 and 4 Althoogh
the leveks of tot] uhimquitizsed proteins lock sdler i=
Figars 2B, calls shom iz Figum 24 wure tensfacted with
3-fold less plasmnd socoding for whiquitin to incrass the
sanzitivity of the assay and provent satoration of proteis

To further confirm thess results, we performed
33EF1 i

axD .
analyses condfirmed the shility of wild typs EDMIA to
stimmlzte 3071 ohiguithotion (Figuee 3C. compesw
langs 1 2nd ) Howseee, prebably dug to kigher 33871
proisz lewels because of exogenoes sxprassion of
JI5P]. wgpowsion of the EDMYA-DT moment alen

ruslied i A gigmificant incraese in S3EP] uhiguiteation
This rasult is enbkoly dus te difsresnces m the amoest

of soluble and chromate-aszociated 33EP1 since all
immmoprecipitations ware camied out with by affar
conimiing bammonzse, & ouckass that digests both DA
md EWA
Wavardslass, 2nd m suppart of the prenies resalis,
the EDAT 4-AFF mmiast was incapabie of stinnlating
wdquitsation of exegeeous S3EP] (Figee IC, compams
lznes 2 znd 3 wath 4. Thos, with mither sndogancos or
ovaraxpressed $35P], we obsarved et the zinc Sngar
mﬂfufﬂhﬂﬂnrﬂpﬂfﬂtmlm

E]]]ﬂﬂ.mn
inm.n:l:hgl.lhtinufﬁiﬂ]"l.amw'hymd
asads absereed below full dength SIRP] (Figure 20, Ly
2 s 3). Thios, we meawored The prodein stabilitny of 33EF]
opon EDACYA cxpression neing the protmin synthesic
inhibdtor, cycleboomids (Figoma 10 HEEXAT colls
axpresang HA-Uhiquitin with concomisynt saqmession of

Guantificesics of J38P] lewvuls nommlived to Tubratin
indicaiad that decreasad J3EPL sability comalaied wath
sohenced whequitimation by EDMDA (Figee 20, lowsr

EDAI?A modulstes the recroiiment of Z¥8F1 b

DSEs and ifs depletion reznlts in premammre exit

from the G2/ checkpeint induced by jomizing
fiati

mmdjmlmmﬁmm
is necemry o wneee proper DHA eparr [7]. Thes, e
wraluaed whather ETN A could influcees tha formotion
of 53EP] foci upon tonizeg madiafea (TF)L

To zoalyes the effects of down regoleom or
ovaraxpression. of EDAYA on 536P] fod Soomation,
ngﬂ:ﬁdﬂ!ﬂ&nﬁfﬂl}mmﬂl}yﬂ
W), demwilplue-defecire (KDMIA-TD) or m=nc
fizgar dalied (EDM2A-ATF) MY C-tgged KDMIA
Trapsfecton of iEMNA targeteg the 3°-UTE ragios of
EDM2A RN A remnlied m sfScient doveregulstion of
sndogemous EDA? A when compermed to calls meesfacied
with comtrol siRMA (Sopplementary Figure 1A, compems
lanes 1 and 2. W stably mraraspressad BOVC-EDBI2A-
WT, MYC-EDNZA-DD amd WYC-EDRIIA-APE
momient in thess cells a5 assessed by immmoblosting

in $38P] IRIF detected in cells 1 hour afier trerimeomnd
with 2Gy IR, (Figee 3A). Imporiendy, iz defoctss
mecrmtment of 536P] to DEHs comsad by dopletion of
sadogsnmos EDAA conld be mnarsed by comoomitamd
sxprassion of BYC-HDMIA-WT Howeosr, cells
sxprassing the demediolase-dedective (MC-EDRZA-
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merlmﬂnﬂiﬁy (A) KDM2A axpremion schance oversd levels of pootein
Totnd coll lysstex from HEK293T cells tcafected o not with | of pLPC-Parc-FLAGKDMIA-WT or KDM2A mastants,
uh“ummmwm—wummmuwwmwa
S3EP1 ublguitnstion & dependent on Ge demethylese activity snd snc Goger doonin of KDM2A. Lyssies froe oslls tremsfected with
MY Cangged KDM2A varines (2q2) snd HA-Ubiquitin (1pg) were smsmmncprecipitaled with wti-S3EF] and endogenoes ubsgpeitimated
S3EP1 waa detocted by immanctioning with sti-HA. (C) Lysvics Bom cells cotnesfected with peDNAS-FRT/T0-Flag-SIEF1 (1pg),
plumids encoding for MYC-KDM2A (1 pg) varisers snd HA-Ubiquitin (0.5ug) were immanoprecipiteed with sti-FLAO beadh el
rmmmcblctied with wti-HA, sti-FLAG and sati-MYC. (D) KDM2A expresics seguletes SSEPI protein sability Colls ramfocted
with HA-Ubiqustin (1ag) @ the presesce or slwence of exogenows FLAG-KDM2AWT () were trested with cyclobesimide (50ag/
ml) s Bywed ot the dicated time potnts. Levals of endogences SIEP] were deteciad by mmusmoblotting with sti-S3EP]. Addisomally,
rmmmcbictiing was perfrmed wilh sti-Tubulis, seti-FLAG sed ants-HA. A gragd displaying the mtio between 538P] sed tubulin
proven bevels determined with Enagel i shown ot the botioen.
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Fignre 3: KDAY4 modulaces the recraimment of S35F] to D585 and entry inte mtosis npos TR 4) FOAMTA moakeluien

S3HP] sscersidation ol DIEs gersuied by imsdiation. TR0 colll irisalecied with contral sill A (eCTL ) or sil A ey eting (ha 5-UTH
ragiom. af the KDRZA A {nilITR) and slabdy cxpromeng, Y e KOG variants wers erduded (30, fixed Uh lsier ol
nubjecied o imrmmellucrmcees adyes with DAFL anli-53HP] {green) snd asli-bYC (pedl Croshification of insmneflucremzens
mrahyen {rnght pared] sburen the sveage b of 316F] [®IF per call in ssch condifion. Exparenenia wees parcfoned = feplizaie
Single ", deshila (™ asel eple (™) arlariske ndoale ol 08, twc-tieled paired Shadent el Boror ban irshiciie slasdand devistion. (B
EDRA2A deplation impaia $IEF] recritmat 1o DA beeska gersrted by Fold exdenuclens. THOS-DEE-cemeter celb Enmfocted with
nilCTL or silKDLA, were trawted with Shicld- | and 4-0HT to Eomete expraaion of mChersy-Lacl-Fok D (Fakd biéredh Insmmefiucrmsencs
malyees weme conducind wilk sn=-53EFL (green) ad ant-KDRDA. Cusnlifostim of mauecflaracmse sy (cght paml) shoss
the pecentage of calla displaying colocalizstion betwess S38F| a=s Folkl. Astersk imlicsien pll (5, beotmiled pamed Sadeni 1eal
Eerie lara indicate standend desmte= (C) EDR2A depletion resubs in fasber progreasion e maimin weithof proper repatr of demaged
DA, TR0 ol mafectied with siCTL o eIl A, wore ot enirasted or wesdbaied {30k ) and barvasbed o the mdisied tme st
afier radintion. The peceniage of miloiio calls, an ecbeaied by H3pSarl () sisenmsg, wen deformined by Borw cylimekry. Dada sberam i
rapresciisiave of sapesimenta roplisted three time
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LT and, in partimlsr, the zinc finger delated (BOYC-
EDMIA-AFE) moytant forms of EDMIA, displayed
significandhy loss 538P1 IRIF.

A showm in Figrew 18, while both depses®rd xeg and
pins Smger domaing of ETHI2A plany a rolo in siemixting
mimm-ﬂdﬁnnfhm
finger domain remlied = 3 mose sEvers

is consistant with 2 redection in e focal recroitmest
of J3EPL to sites of DNA dimege. In addSee we
aualeied whedber EDBMIA depletion opacted the
mﬂﬁuﬂuﬂmmnpmdumﬂqm
chains. Inmmeedorescencs anelyses an anti-FECX
ﬂﬂﬂﬂﬂ:f{q‘ﬂ.ﬁ.ﬁ‘hmm:ﬁ. revetled that
imadixied KDM? 4 deficisnt calls displyyed similar FECE
IEIF when comparsd to cells rensfecied with comral
@A (Gupplesenitery Figurs ) To foiber support
thacs obsaratices, we meed 2 previoushy described TR20E

Fokl-DT), whick is compomad of a modiSed sstradcl
recapter fused to mOhaorr, 3 lac rapoeser protee (LacTL
ibe mucleass dommin of the Fokl sedomcleass and 2
diartabilization. dommin (DD Tpon treetoant with. the
Ehigld-1 Ezand a=d $-hydreaytamonfe (4-0HT)L ER-
Lackrok]-DD is sahilized, re-localised 1o the
zmuclsus amd dirscted wia fts Lacl moisty fo bizd to 2z
iniegraied arey of 236 Lacl rapeats 2t a single genomic
locus. The Fokl endomecleass mowty then grearaies
omerous DNA double strand brezks at thess LacD
ropaats. The bocalizesiom of ER-soCEarmy-Lacl-Fokl-
0D can ba divectly vismalized wia ity mChary moisiy

(Supplemezcory Figure 1E).
As imemnoffoorescezce analvees of

retaled co-localization berason FR-meCharry-1 acT-Fokl-
DD and 536P] (Figore 38). Howwvar, upon daplesom
of wndogemous KDA2A and conrisiest with the 3388
IEIF datn (Figure 34), the recuitment of J38P1 1o DEB:
indoced withiz the Lacl aoay was lost (Figers 36
T, foo independant ravaeled thet BTN A
deplgtion impeirs the recuimeest of 33521 oo DEH:.

To further e=damtamd e role of EDMIA in the
DA damage respomrss we evelaried its role in eoiry o

arsd exit brotn the (r2h checkpoat upon IR by mastoeing
tha kvsls of & mitotc parker (phesphorylation of Fistons

H3 on Sering 10, termed H3-51i0ph) Ioportasthy, prior
fo imadiztion, contol 2nd DMLY -depleted colls shroed
similar eell oyl profiles (Supplementary Figure 3. Eniry
it e GLM checkpoint vas waSecied by depletion
of KM ac theso calls exsared the checlpoist with
sammiler kinetics to control calls (Figore 307 Howevsr,
mlztive o cootrol calls, EDBIA calls axibed
the GEM chackpoint batwesn 3 2=d 4 hours serlicr thas

of calls deplaied of EDMZA resalis in faster prograssion
inin edosis without proper repair of dameged DA
Motewortlyy, mmmechlotting performed with cell
bysatos obtrined from differset S points following
miﬁnmﬂ:.ﬂ.ndmﬂmj':hﬂm;ui:ﬂhmnm_ﬂll

1= calls daplead of EDMIA relative o

The demethylase actvity and fnc fmger domain
of KDATA mediste ity sconmunlation ar D5Bs
snd are required for the recruwitment of S3EP] to
DMA breaks

Althozgh KDMIA formm focil stuctss @
mmimmeged ol fhat e sensitive o teent with
CEK beffor, recrotment of KEDAA into IRTF was not
datuctzble (Supplementry Fagurs ¥ Wi performsd
immmofiuorssmance in the TIXDEDSEB-
yH2AX and KDM2A (Figurs 44} Indection of DEEs
in TR20E-DES-mportar calls mesulted in 53EP] and
yH2AX focel accummletion af DEGs indoced wathen
the LacO ammay (Figeme 44, top pemal) Imtersetingly,
the sizpal cormspomding to ER-moCharry-Lacdl-Fok]-
DD wras less &g than the signal obirizod for sther
AN or 536P] comsistext with &e fision sedoreciese
haing locatad diswctly at the LacO arey rathar thom tho

clromatin  [rereoffoorwcezce analyms

ming ami-EDMIA rovgeled thar KDMIA also co-
Joc alimed with. o ER.-enCherry-Lacl-Fok]-DD enclaass o
coruspandeg to AN modhied chrosetin (Figom 44,
looar pemal). Hmﬂjp-m:hmwlhqtmhhi
ffar to menove
hﬂm“m&hmi
EDNA localized at DEBs within the LacD army.

eremofinoresosecs parformed without C5E pre-
axiacton revealed 2 prn-enclear distribotion of ETHI2A
mpon Shicld-1 and 4-DHT treanant (Supplepomtany
Figmma 1C amd ales Figurs 3H).

Tant, we nsed the TI0E-CER-reporter sysam io
and mec fimger domsis of EDMIA in swdisting it
mecnzimant to DEBs. Endoganoes KDARA vas dapleted.
in TI05-DEE-rspersr <ells that ware also transfecned

{m]ﬂl—m}am:quﬂmdm.hiﬂ]
Inerennnfincseecencs was parformed with TI20S-DEE-
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reperier cells = which DEBs wars nduced by addition co-localiseton batwsan BIVC-EDAA-NT aod EE-

of Shigld-l and 4-0HT and pre-uctracted wntk CEE mibamy-Lacl-Fok[-DT (Fignm 4E). Enporiantly, wnliks
(Figers 48). Similar to endogsnous EDRIZA (Figew WT, the MYC-KDMM-TT and MYC-EDMA-AFF
44, loorer pameal), MY C-t2gged wild type EDBMZA wes mrianis failed to acoummlate 2t Di5Bs. In agreament wath
mecraited to mclerse-izdured DEE: 25 evidsnced by Tenala «f af[34], we obsarvad that Y C-tazzed wild-

5 H
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Figure 4: Recrmitnent of EDALYA and 536F] to DEB: depends on ity demethylase activity and istect mnc finger
domsin. (A ) Bralogenou KDL A, i reciebed] to DEFD. Deleciahia KDL A o2 ke Fokl-induced leesks upon 55 irestment. [[208-
DB mparter call wers aated o sof with Shiskd-1 asad 4-0HT 10 mducs axpremios of BR-aChermy-Lad-Fabd-D0 (Fokl) (red). Cella
wera arrmmeostased wilk anti-pHIAN, anti-5IEF] (grees, upper parsall and aeli-EDR2A (grees, brwer parl). Iermncilucrmzencs
wnhyeen were conhciod wing cells thal wers pre-cafmciad with OS5 Badler. (B The denctbylos sctrvity end ses foger domin of
EDRLIA s necemary for i pecruimeest bn DSFa. UT0S-DEB-reperter-cella were imama fected withniCTL oo ol TR el plaamich sscoding
Sor WY C-bggec] varmns of EDEIA,. Following trumfedes, colla ware troniid with Sleald-l s 4-08T b ihecs expranicn of BR-
- hery-Lacl-FekI-TD {Fokd) (redd). Enmussfhesemcmeon armlysen were combected with asti-hYC (prean) sl ati-pHZAN, (0] Focal
wximuliten of S3EF] o DEE & modulsed by the demsthrplass actvity and tine Beger domuin of KDAES. TROS-DEE-sepesier cella
wera Emsalecied with & 0TL o 0il TR and pleasic ercEng. Tor B C-agged visiant of EDMZA. Colla wese ranted with Shickd-| sl
4-0HT 15 indues axpremios of ER-miCRerry-Lacl-Foled D0 (Fokl) {radl Trerrencllucrszencs ssalyae wee comdusiad with snti-WYC
i me-S3EP L (green). The percentage of calb Saplyisg colecalization bebwess STEF] nd Fold nim protes wan quentiied in each
corditen (rght peeel). Bxpeinerss weors replicsted fmer i, Single ("), doubls (™) and eiple (™) anterisks indbeate pralu 08, tec-telel
paie] Studest tleel Brror bears indicate slasdand devistion

i i paying M ol oodos s
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type KDMZA appaesed to localise wdthin maclecl =

iha absance of DHA damage (Supplementary Figmm 61
Simmlazty to WT EDM2A, the densdtniace-daficiest and
zinc Snger daletion mretants of KDMYA also bocakzed
redivhion, rattor than isizg withiz mecleols, WT
ELKEEA siftar bocatised to the mcleoler pesiphary or
appeased fo bo exchoded froon maclecs. Intssatmely, the
to the mclaoli, altwit more dffaaly thes WT, while the

isnt EDNVILA hehmoead more similasty to
e WT.

As pravimily dimomnsimted = Figmw 314-380
dapletion of endopanoos KDKIMA reeelied in impaimed
mecnaiment of $38P] o DEBs. horecvar, Figure 48
shows thar KDMIA #mlf is mecroiied o D50s in 2
process thet depends om its demwtivyless and m@nc Sogar
domaim. Conseguenily, we zext evaluxied the shilisy of
ibe KDAIA ometants WYC-KDMIA-TD and BYEC-
EDKIEA-AFT to regulaie the sccumulation of 335P1 at
DA beeales. Raintrodnciion of wild types BIYC-EDREL
o 1205 -DES-reportar cells dapletsd of endogamoes
ELM2A allowed normal co-lealirzion between 33521
and the DEBs indnced within the Lacl amey (Figesw
4} Howseee, the percsniage of calls disploying co-
localiration betarean. 535P] and the famion edomicleass
wes sigmicandy rednced upom expmesmion of BYC-
EDMIA-TD or MYCEDMM-AYF In lizo wisk
iha 33HP] IRIF dxtx (Figurs 34), deletion of the zinc
finger domain of KDAMIA bad 2 more drastc effuct o
preaning S36P] recnitmeont to indooed TSR

Interestingly, within tho populatiom of calls

ing effcint RNA-medied depletion of
ELMIA, wa ohearved ot the sojonty (E774) of the cells

diufectios 536P] reomiteeet to Fok]-
D5Bs i the UI0E-DSE reportar cell Hine, whils 13%
of the EDM2A-depleied calls soll d@splaysd residual
F318P] recruitment Thiz likedy reflects different axients
of EDBZA-deplotion withiz the twesied populaSom
Cupplemeztry Figurs 7).

In mummery, our datz s consstent with the lysine
damaiEylass and mnc finger domedms of EDBIZA being
mepesnary for e peoruiiment of KDAZ A w0 DEEs wieere it
15 required for efSciest J30F] focal 2commmlation at sies
of DHA damege

The zimc finper motif of KDALTA is required
for genome stability by preventns both the
accomulston of micronwcled and 33BP] ford in
mifeiic chromosomes wpon ioninng radiston
Dufective mpair of DNA devble steed bredks s
knowmn fo genaraie acaninc chromosoenas axd cheomad
fragmeets &t in = gpee mee fo mcromacled [35]
the IR-=duced G checkpoant (Figom 307, depletion

of EDMI msohed in 2 spzificnt morgass in te
memiter of wells herhoon=g necromcli 24 brs afer
micromocle displaying S3EP] foci im DM A-deplated
calls, maggesting thee thass strochurss indesd comtzzed
Az previouslty shomn (Figew 18), EDMIA-
DD displayed meduced shdbity to stimmlate F35P]
nbdqeitimation whils KDAM24-AFF was incapeble of
Promaoting comjugetion of uhigmtn ta J38P1.
Furthermoma, calls  expressing  ED&{2A-TID
w MYTCETBIA-ATF alo
mecrmtment of 336P] fo DSBs (Figure 34 amd 407
Thos, we svaluatsd the mole of those momants wath
TaEpact i0 genome stzhility noing 2 microenclal asszy.
Exdogsnous EDIZA was depleted in U205 calls saabby
ovaraprsssing MY TC-agged EDMIA-WT, KEDACA-DD
wmmmimdumm-:ﬁd
sapressing smogeoous BIVC-EDAMA-WT or MMYC-
EDL2A-DD displayed smmlar perceztages of calls with
micrmmcle fo e parcengs obmrved mpon depletion.
of ezdogsnoos KR (compers Fipars 38 with Figume
5, right pamel) Frowsuar, axpression of MY C-ROM2A-
AFF with conromitant dapleteon of EDhizA
merzlied in a sigziSicant o se in the parcentage of cells
h:hmmgmn'mdmhuﬁmﬁnlhmmhﬂtﬂ

2 farther increase i= micromraclen

could resnlt in the pecmitment of 338F1 fo chromatin
dhering mitmgis wsing a machanism depandant wpoe ifs Fnc
finger domein. Imsrestingly, 73071 phosphooylaton Eas
e shoam o modnlam iis reomimeet o DA bresks
mmotic calls [36, 37]. emigeingly, depletion of endngemous
EDRAZA, alone was wot sufficient io produce tes phenotype.

DISCUSSION

T far, Lywizm of both histoz
[24] 2zd eon-bisiome prodeins [3E] s besn acmigned as
the mizmary foection of EDBZA Howewrar, EDNIA
a5 also besz shown o play additionzl hinlogical rolss
its ubiguitization [1§]. Smplacty, EDMIE, the closes:
bomolog of EDMYA bas also been dimossiresed io
wridszces indicats thet EDMIA axecates some of i
funrSioes via meckanisms beyond 5 ywing dematindase
that KD&EA ploys ez Enpertz=t rols in the mecharsoms
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Cote with meicromeciel

Figure 5: KDMZA modulates pemome stabality wpom IR, (A-#) KDM2A kncckdown serustizes cells 1o IR leading to micromsclei
Soomation. U20S colls tremdoctiod with aiCTLL or siKDM2A were wsediated (20y) and Bxed 24 luew boter Colls were stened with DAF
md micvoaaclei chwerved by Bucreacence micrmcopy. The pescentage of colls harbocing micsorraciei before and after IR wea questified
s ench conditics (right panell Bxpeinerts ware performed o iplicetes. Anterisk indicates p<a0.05, two-tsled paived Studerst 1-teat
Ezror bans indhicwte standurd deviation. (A-4) SSEP) fonma foci in microsace found in KDM2A knockdown cell. Cells surafocted with
sKDM2A were sxuckatod (23y) sad, 24 hre later, subgected %o & with ars-S38F1(green) snd DAPT (blue). (B) The
e feger doran of KDMIA & crucal for the maed of ge sbility. Endoge KDMZA war dowrpeguinted in U208 cells
stably exposaing wild type MY C-tagged KDM2ZA-WT, -DD or -AZF ix by trerndoction with siUTR. Cells weve mradinted (20y) or
loft untrented and the percentage of cells showing micromocie wat determined 24 Bry afler IR trestrmet. Single (%) saad donhie (™) asterinks
ndicale po005, two-tsiled prired Suadest t-lewt. Boror bues mdicste standard devisticn. Experiments weee perfoemed i tnplictes. (C)
S38P1 localization & mitotic cells upos TR, U20S colls txmafiectod with s2CTL o 2iUTR mnd stably eopressing or mot, wild type MYC-
EDMZA (WT), DD or AZF vt were irndisied (20y) snd fxed 24 bex lnter. Colls weze muljected to mmusaodhacrescence with srts-
S3EP| (gree=), anti-Tubukn (red) sd DAP] (biue)
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mvolved = DNA damege epelr a=d mesmisozsces of
ganozod stability. Crr data demozseotes dat KDAIA
m with 53821 viz 2 process predominessihy
medizted by the Fnc fizger dosoin of ET2A, which s
reammitcest of the raported association betwasn BADIE
and 53EPL [14] This fisding meggests that associations
batwesn 536F] and its moleculer perinars are Seguesthy
that ameime: acid residess sanning positons 1052-13{2
of 53HP] are necessry for ifs femcson with KDAMY A
Hotebly, theso reridoes hevo alsady bosn shomm to play
a role i= the mecitmest of S35P to DA braaks [24].
Dur data indicats, for the first tima, that KDMMEAL
stimmlates uhiquitination ezd regdates the stebdity of
J38P]1. While demstirylam-daSciant KDAA shoaed
redured abdity fo prooete S3EFL ubuguitination, deletion.
of the zine finger domasn of DM A& sboogated | capaoity
%o stimmilzte conjogation of Uhiqeisn to 73821 Mothly,
we provids date demoastratizg thet both eedngenoms: amd
axopanoosh-axpeased KDMIA are recroited to DESs.
Frother anatyses of EDMEA nontants seealed that its zinc
finger doven and demethylise sty ane bodh necsinary
for the accunmlztion of EDMZA st DMA dovbls sremd
bovaks. [=wrastingly, other lysine depschndases b
besn shoom to accunmlzie af DHA damege wies [35—47]
comdsant with enrynees imeohsad = lysing

denerniartion
playing activs and importams role in the process of DA

In addition, we demonstrate that the asecciasioz
batwaem KDAA and 1380] is necassary for the propar
recnztment of S3HPL o sites of DA dooble stramd
bevaks gansraed gither by dozizing adistes or by the
sndozucleass activity of Fokl As axpected Saplecion

mmrtamts revealed 2 migni
of 536P1 to DNA dovhls s=amd breaks. Mevardaless,
cells exprassing the EDADA-ATF putnt displaved 2
mors severe defect in S3EP] monimeeet fo DEHs. G,
thot thic nmrtest & also unable to stzmalyis whiquitinatios
of 538P1, cur fedegs soggest that lack of KDMTA-
driven ubiquitzation of $3EP] preveats it accezmilatio
at DiEBs parhaps by affecting the dyneemics of procasse
imvolved in the recnptment of 335F] 1o DHA bosaks
Enipummmﬁlimm“manfm
mwadizsad ry FRF16E wiich has besn shoum to
mednlaie the focal acoenmlation of 535P] at DEE: [44]
Alhermatively, defsctne demathndation or ubiqoitmotion of
another KDMMIA taget. rathes than $38P], cold comrt
an izdirect egative affect on the reomuitnant of 33621
fo [I5Hs.

Ths recruitment of J3BP1 o DEEs is knoom o
ba 2 repid process. BNF168-medaied nhiquoitination of
338P1 hes besn showm o promots the mitial recmitneget

io DMA double srand bewaks [44]. Of oot 3383P1
dagradation cheerved upon ETBIZ A axpeemion was nrild
and exhibised slow kinstics. Thos, sisndarty to ERF158,
wu propose that KDMMXA-stimmlzied ubiguitination. of
J3EP] ocould be pecessery for the inmital recouitmecr
of J3BPL to breaks and, evezeaally, a sxoll portios of

stimmlzsss the attzchmes of uhiqeitin chains oo $35F1
e g. K3 hakges) fhat 4 nod necssaardy resuli in prodstn
dagradation.

Croarampression of KDMYA wes linked to rednoed
.|.|:c|:|:|::n:|1-|:- of MEE]]L at DNA besaks lendizg do 2

was oot ebmied in this sody [H0, 43] Cwr dam
demonsirates thet depletion of KDM2A, in comtrest fo
its ousrsEprassion, prevants the recramment of 33521 4o
358s. Ia sepport of o fiadings, S3EP1 feoul recrtmment
1o DNA doobla strzd bevales e boan reporied by at least
tone other stedios 1o oooer i of MEE1] [46,
47). In faréer nmparnt of our data, EDMLA dapleten nas
:hamhmﬁnmtuﬂy-nﬂ:ﬂc-:tul:h
DA damage [33].

A premions study tny Frescas e af [1] repored thed
EDN2A depleton redoces mitotc fidelity and geeons
stabeliny dug in augmentsd HIEIGme? bevels at percentic
agielluie nepegis. Inoonieast, Besgmana of af. showed more
meceatly that ckarated lvals of HIK 3ol ot centromsmic
chromatis ars actmlly eecessany for chromneome sabality
[48]. Tims, the bnk betwsez EDRIA depletiom and
medeced penoms stabikity proposed by Froscas e af [3] i
me=likaly to be 2 et of alerations in FIK M2 lewls
2t puricsniric sxwllite repeets To node thet Frescas e af
[3] did not pecform conplamentation expesinents 1sing
EDkIZA-daplated cells axprassing wild fype or EDRIZA
mminis 25 3 sEiegy i ssizblish 2 cewr comection

Izdeed, oer data confirm that depletion of EDRIZA
leads to geeome instabdity [3 6] Mevertbeless, w
obearved that this decreased genommic sability &g
1o EDAA deplsion & directdy relaed o mpamed
TRCruitmest nfSSBI"l w0 [i5Es mﬂ.mqu:.l:ndtgm

that arics from defects in the MHET pathoay are kzowm
to be a significazt source of mmicomacled il'ﬂ:l.n:n.
Mmm-ﬂ@.mﬂ.ul:.ﬁium
wpee IR, is dus to defective S3EP] recruitmest to DEE:
and not a mesnlt of levated lenwls of HIE3Gmel a2
cezirmanic &5 proposed b Fresces «f of [3].
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Specific phosphoryiation of 33821 was shoam fo
powvent ity recnaitmsat to DEEs duning mitosts [38, 37)
Ewprassion of J3EP] that cennot be phesphoryisted
om resbdues threoming 1609 and secne 1618 (TIG0RAS
16084) mewalis in 536P] recouitmomt io DNA breaks
Oribrovein et @il [37] showad thet, durng siogis, 33EP1-
TGS ASI61EA can promeote TS ropair that wismaichy
reralis iz felomsare fosions. Irsrsst=gly, our fmdmgs
shooy thet calls comcomvitandy depleted of endoganoes
EDM2A and expeeasmng KDMIA-AZF displayed 535871
fncal accmmalation oo chromoosmmes obearied
in celk wndepoing motoss 2Mbrs affer mediation. It
rezming unknown whether thess J381] foci corrarpond
to DA bresks or to anothar sinactora. OF nmie thase
regiozs of J3HP] focal acoummilaton e mot chearmed
in mitobc cells wxpressing wild ope or deenatirylass-
daficisnt ETIZA

Thiz obsarvation suggests that sxprassion of the
zinr Erger delces zwoont XDAIA mey afec the

stabas of J3EP] oo residucs threoning
160% and semze 1§16 = mitctc cells. Themafore, the
incidezcs of emicromaclet obeenved = cells wxpressmg
EDN2A-AFF may ba dirscty relaied fo the cocurmmcs
of talomam fn.l:lm:t: In fact, the high m:l.l:i.:-l- of

Alsoguther, we report severs] powel Smdmg
EDRIA associaas with S3BPL and modalras s
. BDBIZA lads to defective
mecuitneget of J3EP] to DEHs; EDAMIA itself i meonited
#o DA deuble strand brezks throogh 2 mochasdon thar
mmnﬂrt-:ﬁp'd:mmnﬂ.mm
actty; daletion of the KDAMIA zinc
h@umwmmmﬂmjmﬂ
whick leads 1o inzessed ganommic metebility and resulrs
in J3BP1 focal accumulation = mibstic cells following

MATERIALS AND METHODS

Plasmids and safNA

Tee plasmid plPC-Poo-FLAGEDR2AWT aes
constnected by clozizg PCR-ameplified FLAGtaggoed
EDNIA from peDNASFLAGEDMIA (2 mft from
Dr Yi Zhemg Hamward badical School) mio pLPC-
Poro. A MYC-fagged EDMIA vechor was cowaiud
by PCR. mplification of KDAMIA fom plPC-Pan-
FLAGEDMXAWT and cloning into pLPC-Pure-hIVC.
A demedlndise -deficient KDM2A moterd, plPC-
Poro-MYC-EDMIADD, s cosaled by sie-dmecied
ersagenmsis of pLPC-Puro-B{YC-EDMIANT. This
oretant comzizs the histding and sspartic acad residnes
at position 212 a=d 114 smtzted fo alming A plessmd

encndag for the MY Cstagged KIAZA mmant lacking de
mnr fingar dosain (ELPC-Pune-MECRDMI AATTF) was
aibaaingd ry daletiom of the semime acid residnes spenning
positions 584610 of pLAC-Paro-MYTEDMANT. Tha
|:I.|._:I pEES-HA-UThiqutin-WT wes o mift from Ted
[I.um.l:lﬁl?-ﬁ{tll}[ﬂ] ndpn]]:ﬂj

I'E["'I‘I]'-I'lag—ﬂﬂ'l wes 2 gt from Damsal

(Addzens plammid £ FX30T) [50]. Plasmids m:uﬂmg fiar
HA-tagged 535F] wild type (pCAEIGEI3EPIWT) and
s (PUNHEER SIEFT 1S A, pURHEE SIBFT] 1061,

pCHHEETIBPLIAL-105], pCMEISE S IBPIALOS2-1302,
Tudor and

pCMHSE FIBPIABRCT
wara 3 giff froos Dir. Michea] Hoen (The Tnivemssy of
KT Andomon Cancor Canter) This plasmids bae heom
peeicushy dascobsd [26].

Amnitibodies

Tha following primary azthodies were wmd
this study: a=t-33AP] Novos Biclogicals (NB100-504),
anti-Tobmkm (B512 clone) Sigme, aph-RC SE10 cloza,
anti-HA 12CAS cloos, anti-FLAG M2 Sigam (F3163),
anti-HipSarld Millipors (16-370). anphi-pan mewiingd
hysing Abcam (2b7315), anti-THDM] A/BDAEA
(ASD1-475A), anfi-phespho HIAN Serl30 HHIAX
Abcam (2b2883), ant-MY T Bathnd (ALI90-1054), anti-
whiquitimyiaied promins FEY Miltipora ([H-263) and
anti-phosplo- AT Serl¥E1 H..LDEFE-:E (AF1E5T).
Flunrescamt-lahelad secondsry amsibodias
to FITC or TRITC ware cbtrmed fom Jacksom
InpamoRassarch

Cell culture smd stakble cell Bpes

Hewom oefgocercoma  (UTP0S5) and  Bewesn
id:}m:hhy{fﬂ]ﬂfljﬂ]lhﬂmpmhl;ﬂd
from LEC Standeeds, UK T20E-DER repartar call ling
was a @ift fom Dr Foger 4 Gresoherg (Univaraty of
Peengylvensy, Philadalphia) Thase calls were coftured
in Crofbacco’s modifed high glucos medimm

urh 1P Sl bovine ssrom

with Pureasyein {2pg'ml) for 15 days. Conired cell lines
W m-ﬂ'hy'hmuﬁdlu nipLFE—Pcrn-—]ﬂ"G. .H.l

UDDE siable call lines swpressing or oot MYC-
teggmed EDRI2A constracts wers ramsSectad with 40 nkd
of sFMNA targeting GFF (5iCTL) or siEDMIA-UTRE
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trgating e 3-UTE rgicn of the KDMIA mENA
This @RNA was used to doweregulxs
of endogenoss KDAIZA bat oot exogenosly sxpressed
MY C-tagged KDMIA weniamts. Forty-sight bours aftar
tramfoction, calls wers g -irediied (IR with 2Gy
and harvasted 1k amd b brse Colls wens than fixed for
L) e i poim iemperainre (BT tn 4% Paraformaldehvde
(FFA), parzmshilized fior 2 min at KT with 0,125 Tron
X-100 dinted i=m salizg (PBE) and
latar blecked for Ih at BT in 1P FESPES. Calls wees
than weskod 3 degs with Ix PBE and inmchated witk 5%
FB% ditoied in PES containing prmmary anibody for 1k
at FT. Latuz, cells vame nashed 3 times with 1x PBE amd
mncubated with Shnerwscent-lataled secondary antibody
dikated in e FESPBE for Ih ot BT, Callular macled wes
Tkx SRIEOIE of a2CTL W
GOCACAACHICTAUALCALT and «EDR2A-UTR

For the amalyis of wzdogemous KEDMIA
acoamlation &t DE8s, 1.5x1F U20S-DSE-reporisr colls
were plated on 33mm dishes and, 240es Later, tnearsd of not
for ek Shoald-1 (1) and 40HT {lubd). Cells nace

EDB2A weas condncted by plating 1. 5x10#
TRCE-D5E mporter calls om 1imm dshos aed, 24hrs
later, rensfectizg them vtk 5k of siCTL or dEDRI2A
(DECTIGITAUCTUGCAATEACA)  Fortywight hours
aftar ramefection, calls were fraated or ot Sor 5h wask
Sligld-1 (1=} e=d 40HT (1oMf) and inmmmostainged
with the indicased antibodiss.

The recuitment of A C-tageed wild type ETRIA
and mmiz=fs o D5Bs wes evalmied by pletng 2107
TRO0E-D55-reporar calls oo 37mm dishes and, 24hrs
Laxiet, Them wefih S0 of siCTL of stdTHRAZ A=
UTH. Cwm the next dry, calls wers transieny samdfechsd
witk ¥ ug of an oty vector (pLPC-Pure] or pLPC-
Poro-MYC-EDMINT, pLPC-Puro-bVC-EDAD ADD
cacs with 1x PBS and frech media s addsd 6 brs aftar
plasmid T4 tmnsforton. Om the next dey, cells wers
trutted or mot for Jh with Shhald-1 (1=M) amd $0HT
(1o} a=d imemnnetaised with tho indicated snabodics
Tihers mentioned, cells were pre-ociacied Sor 10mmm
at moom. teeaparhire with CSE beedfar (100mb] MaCl
3t Socrosn, 10mM Pipss pHET, Jed Mgl 0.2%
Tritom X-100) befoon Sxation.

Microscopy and image asalyss

Insapes wome scquired with an CHymepus INT3

mgm'ﬂm.uz-ﬂﬂ:{l}ﬁpmlh-:hmljwhl:h
ware then decomvolved with the Hirygens sofmare
{E-untﬁ:lﬂmm Creamtification of 338P]1
foci wes

om the postive conirel (GCTLAIR) and kept constams
throughont the eotive analysis. Ineapes of D6-hit wers
coovaried o 8-bit and split into thres chamsls crsating
thmes mdridual images. Tha DAPL channol was used do
adjust s threshold in erdar to highlight the macled. Tea
FITC channal, g i JIEF] staining, weas vead
o Bighlight the 53521 foci as single points (ack dots o
2 white background). Equal moise tolaramcs was than kapd
mﬂ'ﬂn‘m@ﬂhmﬂlm&uﬂ.mmﬂu
mhﬂyhyﬁnm.——ﬁwh for auch

G checkpoint assay

UMDE cells were temafected with 40 oM
of ECTL o ; walidered wEDM2A
(UECTRGE H [16] After 24
bew, cell wore split and me-plited o= 7 pew 3z
culirs dithes and izcobated for mothar 24 kours. Thds
procadors was followed fo eoeeme that the effciency of
points callecied. Colls v than fradiated or oot with
23y and karvested at specific iz points. Staining wath
ant-FpSarl0 and propidinm iedideBMAse S
followed try Sow cyfomsetry amalysis was condocted ac
previoushy dascoibad [31]

I blottine and i N

HEKXAT calls wern hrsed in bysis buSer (0.5%
Tritom-% 100, 150 mM MaCl, 50 oM Trs-HO pH §.0 2nd
20Fe (lyramel ) comtaining proteass (Leupeptin, Popstatin,
PAIST) a=d phosphass (Ne, V0, NaF) inhibitors and

14,0010 rpez Sor 10 min at 4"C. Sopomatant was szued
Progsing wers than rasohoed by SDE-polyacrylazsdae gel
is, Samsdfarmad to a mitncaltnlose membrasag,

of total call sxtracts obaained with bysis boffer wmwre
mad for sach seeple. Eximcs wane mcobaied o= icw
with primary antibody for 2 hre. Protein & Sepdaross
Taads (GE baaldhcare) wars thom added o hystes which
wure farther inmshafed for H min 2t $°C undar rottion.
Beads wars washed 3 tooas witk bysis boffar and protains
bound 1o beads wese abmed in Jx Laserel sammpls trethar.
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Amalysiz of ATA phesphorylation
Lousls of ATM phosplorylafion oz Secine 19E]
were avaluaied by mensfecting $heM of GGFP or
eRDMIA into 1x10 TR0E cells plated in 3 S dishes
ight Rours Jatar, calls weee Dradied with 26y
and barvestod at @ indicaied timapoints. Scbeugoantly.
cedls were Iysed for 1 hour on fce with 1X bysis beffar
n:m:lh.q proteass and phosphatess imhibitors amd
banmonese. Suparzatests weee recovaned 2fer spinming
hhn]hatlﬂ}ﬂmflllhm.aﬂ-'ﬂﬁm
ComcenTanon wes detami=ed by Bradfood protee= azsay
A sotal of 40pz of crado cells extract was mwsokved by

anti-phoeplo ATM Sarl%6]. as-ATM wnd anti-EDAIA
Followizg incubaSiom with HEP-conjugated secondary
antiboady, The seembrane was washed and exposed o Koy
filoes:

iCell cycle smalysi:

U205 malls were plated 14 hous poor sRMA
tamafoction of GFP and EDMMA Forty-gight hoors
aftar tezsfection, celk wers imedaid with 20y mmd
barrosted 21 the indicrisd oenepoints. Calls wore washod
o in 1X FES and thom foeed owumight ot 470 =
Tt ioe-oold sttemol  Subsegumily, calls wre weshed
czcs iz 1X FES a=d meerspondad in 1X PEE contamng
40pg'ml of Propidiens Indide and 23 0pgp'ml of RN Ase
A and incshased for 30 mimmies i the derk prior to fow
Cyloenatry amahysis.

Anther comtribuboms

MTDE, MB, 53R ad NFL. desizned

tha mﬂl MTIDE a ME porformed the
amd amalbysed the data; MTDE woots the
with B H. and KFI. ']hfmﬂ;mqnmdhy
SR and MEFL All puthors were imonhoed i discussion of
reslis and critice] reading of the manuscript.
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Recruitment of lysine demethylase 2A to DNA double strand
breaks and its interaction with 53BP1 ensures genome stability
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