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CHAPTER 5

Characterization of the exonuclease ERI1 in

replication fork stability and R-loop formation

Jenny Kaur Singh, Wouter W. Wiegant, Magdalena B. Rother, Jolanthe Lingeman, Kees Vreeken,
Anton J.L. de Groot, Romdn Gonzdlez-Prieto, Alfred C.O. Vertegaal, and Haico van Attikum.

..........................................................................................................................................................................



Chapter 5

ABSTRACT

The DNA in our cells is particularly vulnerable in S-phase, as many types of endogenous
and exogenous sources can cause lesions that block replication fork progression and
impact cell division. It is therefore essential for cells to activate replication stress pathways
that stabilize and rescue stalled replication forks, allowing the completion of faithful
DNA replication. Here, we describe the RNA processing factor ERI1 to play a role in the
replication stress response. ERI1 depletion causes an increase in the levels of DNA-RNA
hybrids (R-loops), which may enhance replication fork stalling and collapse. Indeed,
ERI1 knockdown cells display increased phospho-RPA (S4/S8) levels after hydroxyurea
(HU), which is indicative of replication fork instability. Accordingly, we found that ERI1
loss renders cells hypersensitive to HU-induced replication fork damage. Finally, we
found that ERI1 is recruited to (stalled) replication forks, suggesting that ERI1 plays a
direct role in the replication stress response. Future research will investigate how ERI1
functions at stalled replication forks and whether its function at these structures relies on

its role in RNA-processing.

Keywords: Replication stress (RS), R-loops, ERI1, RNA processing
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INTRODUCTION

DNA replication is a tightly regulated process in which the replisome rapidly copies
billions of DNA bases during each cell division. This process is, however, constantly
challenged by replication stress (RS) [1], which is defined as the slowing or stalling of
replication fork progression and/or DNA synthesis, and can be caused by a multitude
of impediments including limiting nucleotides, ribonucleotide incorporation, repetitive
DNA elements, transcription-replication conflicts, DNA secondary structures, fragile
sites, and oncogene-induced stress [2]. Fortunately, cells have evolved sophisticated
S-phase and mitotic checkpoint pathways that help DNA replication to complete |
upon RS. Defects in these checkpoint pathways can lead to the stalling or collapse of '
replication forks, which in turn can cause mutations, chromosome rearrangements or
the missegregation of chromosomes, thereby contributing to the development of diseases

such as cancer [1].

ATR is the major kinase involved in dealing with RS. It is is recruited to RPA-coated
single-stranded DNA (ssDNA) generated by uncoupling of the replicative MCM
helicase from DNA polymerases at stalled replication forks, or for instance at replication-
dependent DSBs induced by the topoisomerase I inhibitor camptothecin (CPT) [3, 4].
This is followed by its activation via two parallel pathways mediated by either ETAAI
or TOPBP1. ETAAI1 stimulates ATR signaling by binding RPA on ssDNA, whereas
TOPBP1 does so via its interaction with the RAD17 and 9-1-1 complexes at single-
strand/double-strand DNA junctions [5, 6]. Once activated, ATR phosphorylates a
wide variety of substrates, including CHK1 [7]. ATR-CHKI1 then promote the restart of
stalled replication forks, while enabling the slowdown or arrest of cell cycle progression
until replication is completed [2], and controlling the firing of new origins to preserve the
RPA pool [3]. Another failsafe mechanism that ensures fork integrity is replication fork
reversal. During this process, annealing of newly synthesized and parental DNA occurs to
form a fourth regressed arm, which becomes actively converted into a Holliday junction
(H])-like structure [8]. Several key players are involved in fork reversal such as the SW1/
SNF chromatin remodelers SMARCAL1 and ZRANB3, the helicase HLTF, as well as
PARP1. PARP1 stabilizes reversed forks by inhibiting the activity of ATP-dependent
DNA helicase Q1 (RECQ1), which can otherwise restart the fork [9]. Reversed forks
are substrates for degradation by the nuclease MRE11 and must be properly protected
by BRCA1, BRCA2 and Fanconi anemia (FA) proteins FANCA, FANCD?2 and FANC]

to prevent fork collapse and ensure fork restart [10]. Alternatively, replication forks
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that stall at DNA lesions can restart downstream of the lesion by PrimPol-dependent
re-priming on the leading strand, leaving unreplicated ssDNA gaps to be filled post-
replicatively by translesion synthesis (TLS) polymerases such as POL n and REV1, or by
template switching (TS), during which an undamaged homologous template on the sister

chromatid is used to bypass DNA lesions [11].

Since DNA replication and transcription both utilize DNA, it is unavoidable that the two
processes will interfere with each other, giving rise to transcription-replication conflicts
(TRCs) [2]. TRCs can occur in a head-on (HO) or co-directional orientation (CD),
depending on the orientation of the genes relative to the replication fork directionality.
In mammalian cells the majority of replication forks progress through genes in a CD
orientation to avoid the more deleterious HO collisions [12]. However, TRCs that occur
in an HO orientation are frequently associated with the formation and persistence of
R-loops. These are structures in which RNA is annealed to genomic DNA to create an
RNA:DNA hybrid surrounded by a loop of non-templated single-stranded DNA which is
protected by RPA [13, 14]. While R-Loops have several regulatory and topological roles
in genome regulation, their persistence and association with TRCs can cause replication-

stress associated genome instability [15].

RNA binding proteins have emerged as important players in preventing R-loops and
genome stability [16]. RnaseH1 and RNaseH2 are evolutionary conserved enzymes
that specifically degrade the RNA in R-loops. In addition, RNaseH2 removes single
ribonucleotides mis-incorporated during DNA replication [17]. Interestingly, studies
have implicated several other RNA processing factors in R-loop associated genome
instability. For instance, the THO/TREX complex functions in transcription elongation
and mRNP biogenesis to prevent the accumulation of R-loops [18], whereas SRSF1,
a protein involved in RNA metabolism, is recruited to nascent transcripts by RNA
polymerase II and prevents the formation of mutagenic R-loops [19]. However, despite
several studies linking RNA binding proteins to R-loops and genome instability, the

function of many RNA binding proteins in R-loop processing remains uncharacterized.

Here, we describe an important regulatory role of the exonuclease ERI1 in preventing
R-loop formation following replication stress. ERI1 was found to be enriched at (stalled)
replication forks and protects cells against replication stress. Our results suggest that ERI1

may resolve R-loop induced TRC:s that lead to replication fork stalling and/or collapse.
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RESULTS

ERI1 was among the candidate genes found whose loss causes sensitivity to Hydroxyurea
(HU) treatment, which induced RS by dNTP depletion (Fig. 1A and [20]. To validate
this finding, we performed clonogenic cell survival assays in the presence and absence of
HU. We found that ERI1 loss rendered cells sensitive to HU, an effect that was similar to
that observed after depletion of RPA-interacting protein ETAA1 (Fig. 1B and Fig. S1A
[5]. To better understand how the absence of ERI1 sensitizes cells to replication stress
(RS), we examined whether ERI1 is involved in ATR signaling following HU-induced
helicase-polymerase uncoupling. ATR is the major kinase, which preserves the nuclear

RPA pool by restraining the firing of new origins in order to prevent replication for

instability. Inhibition of ATR in HU-treated cells leads to excessive double-strand break
(DSB) formation and RPA hyperphosphorylation [3]. We found that ERI1-depleted
cells showed increased levels of RPA2 phosphorylation at Serine 4 and 8 (p-RPA (54/8)
and Fig. 1C-D), as well as a mild increase in YH2AX levels (Fig. 1E). Interestingly, we
also observed an increase in p-RPA (S4/8) levels upon camptothecin (CPT) treatment,
which induces replication-dependent DSBs (Fig. S1B). Importantly, RPA levels remained
unchanged in HU-treated ERI1-depleted cells (Fig. S1IC-D). Finally, we employed the
Flp-In/T-Rex system to establish U20S cells stably expressing inducible and siRNA-
resistant GFP-tagged ERI1 (Fig. 1F). Confirming our previous data (Fig. 1D), we found
that ERI1 knockdown resulted in an increase of p-RPA (S4/8). Importantly, expression of
siRNA-resistant GFP-ERI1 almost fully rescued the increase in p-RPA (S4/S8) observed
after ERI1 knockdown (Fig. 1G-H), ruling out off-target effects of the siRNA against
ERII. Taken together, these results suggested that ERI1 protects cells against HU-induced
RS likely by promoting replication fork stability.
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» Figure 1. ERI1 promotes cell survival and ATR signaling upon replication stress. (A)
CRISPR dropout screen results for RPE cells exposed to 2 mM HU. HU was added for 16 h every
3 days for a period of 12-14 days. (B) Relative survival efficiency in HCT116 cells transfected with
the indicated siRNAs and treated with 0.5, 1 and 2 mM HU. The mean +SEM of 3 independent
experiments is shown. Data were normalized to un-irradiated conditions and set to 100%.
Statistical significance was calculated using Student’s # test. (C) Phosphorylated RPA at Ser4/8 and
YH2AX foci formation in U20S cells transfected with the indicated siRNAs. Cells were exposed to
2 mM of HU and foci intensity was measured after 4 hours. (D) Quantification of RPA (S4/8) foci
intensity in cells from C. Mean foci intensity was quantified in immuno-stained p-RPA (S4/8) cells.
The mean of 3 independent experiments is shown. (E) As in D, except that YH2AX foci intensity
was measured. (F) Expression levels of endogenous ERI1 and dox-inducible siRNA-resistant GFP-
ERI1 in U20S Flp-In/TRex cells. Tubulin is a loading control. (G) Effect of inducible expression of
siRNA resistant GFP-tagged ERI1 on phosphorylated RPA at Ser4/8 and YH2AX foci formation
in U20S cells transfected with the indicated siRNAs. Cells were exposed to 2 mM of HU and foci
intensity was measured after 4 hours. (H) Quantification of RPA (S4/8) and YH2AX foci intensity
in cells from G. Mean foci intensity was quantified in immuno-stained p-RPA (S4/8) and YH2AX
cells. The mean of 3 independent experiments is shown. P-values were derived from Kruskal-Wallis

ANOVA Dunn’s post test.

ERI1 interacts with PARP1

To gain insight into ERI1’s potential role in maintaining fork stability, we aimed to identify
possible interaction partners of ERII. To this end, we generated U20S Flp-In/T-Rex cells
stably expressing inducible GFP-tagged ERI1 or GFP-NLS, and performed GFP-trap-based
pulldowns followed by label-free mass spectrometry (MS) (Fig. 2A). Our analysis revealed that
ERI1 interacts with 173 proteins that were at least 2-fold enriched in GFP-ERI1 pulldowns
when compared to those of GFP-NLS (Fig. 2A and Table S1). Although the majority of the
interactors were ribosomal proteins, we also found additional interaction partners including
RNA binding proteins (RNPS1 and PNN), RNA helicases (DHX15), chromatin remodelers
(SMARCAS5 and CHDA4), histone proteins (HP1BP3, H1F0 and H2AFY) and RNA splicing
factors (THRAP3). Interestingly, we found that ERI1 interacts with PARP1, a protein that is
implicated in replication fork reversal [21], and TOP2A, a DNA topoisomerase involved in
DNA replication [22]. Since ERI1 maintains fork integrity upon RS, we also performed the
interaction analysis of GFP-ERI1 in the presence of HU and compared it to that of untreated
cells (Fig. 2C and Table S1). In this analysis we found that ERI1 interacts with DHX9,
a protein that recruits BRCAL to RNA to promote DNA end-resection and homologous
recombination (HR) repair [23]. Moreover, GNL3, a protein involved in the RS response,
was also found to interact with ERI1 under these conditions [24]. Since PARP1 has several
roles in the stabilization of stalled replication forks including fork reversal and the regulation
of replication fork speed [25], we sought to validate this interaction. GFP pulldowns coupled
to western blot analysis confirmed that GFP-tagged ERI1 interacts with endogenous PARP1

(Fig. 2B), manifesting a possible role of this interaction in RS.
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Figure 2. ERI1 interacts with PARP1. (A) Volcano plot depicting the statistical differences of
the MS analysis on GFP-KANSL3 versus GFP-NLS pulldowns. The enrichment is plotted on the
x-axis and the significance (t-test -log2 p-value) is plotted on the y-axis (see also Supplementary
Table 1). (B) As in A, except that cells were treated with 2 mM HU for 4 hours before pulldowns.
(C) Pull-down of the indicated GFP fusion proteins in the presence and absence of HU in U20S
Flp-In/T-Rex cells. Blots were probed for GFP and PARP1.

ERI]1 is recruited to sites of DNA damage in a manner
dependent on PARP activity

Next, we addressed whether ERI1 acts at sites of DNA damage induced by multi-photon
laser micro-irradiation (Fig. 3A). Under these conditions, ectopically expressed GFP-
tagged ERI1 co-expressed with the DNA damage sensor mCherry-NBS1 in U20S cells,
was rapidly recruited (within 30 s) to DNA damage tracks (Fig. 3B-C). Because of ERI1’s
interaction with PARP1, we analyzed whether it is recruited to sites of DNA damage via
the activity of PARP. To this end, we treated cells with the PARP1 and PARP2 inhibitor
(PARPi) Olaparib. This treatment almost completely abrogated the recruitment of GFP-
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ERI1 (Fig. 2D-E). Thus, ERI1 is rapidly, but transiently recruited to sites of DNA damage

in a manner dependent on the activity of PARP.
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Figure 3. ERI1 is recruited to DNA damage sites via PAR/PARP. (A) Schematic representation
of the laser micro-irradiation approach to study protein accumulation at sites of DNA damage. An
800 nm multiphoton (MP) laser was used. (B) Recruitment of GFP-ERI1 to 800 nm multiphoton
tracks in U20S Flp-In/T-Rex cells. mCherry-NBS1 was used as a DNA damage marker. White
triangles indicate irradiated regions. (C) Quantification of B. The data are plotted on a timescale
as relative abundance in tracks. Peak values were set to 1. The graph represents the mean +SD of
2 independent experiments. (D) GFP-ERI1 recruitment to 800 nm multiphoton tracks in stable
U20S Flp-In/T-Rex cells treated with PARP inhibitor (PARPi) for 1 h before micro-irradiation. (E)
Quantification of D. The data is presented as the mean + SD.

ERI1 is enriched at (stalled) replication forks

Since multiphoton laser micro-irradiation may induce a variety of lesions other than
damaged replication forks, we next investigated the presence of ERI1 on damaged forks
[26]. We carried out the isolation of proteins on nascent DNA (iPOND) in unperturbed
and replication stress conditions (Fig. 4A). Consistent with previous reports we observed
an increase in replication stress proteins, including MRE11 and RPA phosphorylated at
Serine 33 (Fig. 4B and [27]. Strikingly, we also found ERI1 enriched at unperturbed forks
and increased at HU-induced stalled replication forks (Fig. 4B). This suggests that ERI1

associates with stalled replication forks to maintain their stability.
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Figure 4. ERI1 is recruited to (stalled) replication forks. (A) Schematic representation of isolation
of proteins on nascent DNA (iPOND) procedure. B) iPOND analysis of ERI1 in HEK293T cells
after replication stress induced by 2mM HU for the indicated time points. Blots were probed for

ERI1, MRE11 and p-RPA (S4/S8).

ERI1-depleted cells suffer from aberrant RNA-DNA hybrid

formation

Given the role of ERII in several RNA-processing pathways [28], we hypothesized that
ERI1 may be involved in the regulation of RNA-DNA hybrid structures (R-loops).
R-loops are often associated with transcription-replication conflicts (TRCs), and might
be responsible for the observed RS in ERI1-depleted cells. We therefore tested the impact
of ERI1 on R-loop formation using the $9.6 antibody for immunofluorescence, which
mostly recognizes R-loops, but also has low affinity for dsRNA structures [29]. In order
to validate our §9.6 immunofluorescence staining, we depleted a well-known R-loop
processing factor AQR and found, as expected, that this led to an increase in R-loop levels
(Fig. S2A-B and [30]. In addition, we employed the Flp-In/T-Rex system to establish
U20S cells stably expressing inducible GFP-tagged RNaseH1 (Fig. S2C). Expression
of GFP-RNaseH1 almost fully abolished R-loop formation, confirming the specificity
of our §9.6 staining (Fig. S2D-E). Next, we measured the accumulation of R-loops in
ERI1-depleted cells in both undamaged and CPT-treated cells. We found that loss of
ERII increased the accumulation of R-loops most clearly following CPT treatment (Fig.
5A-C). Together, these results suggest that ERI1 suppresses R-loop formation, most

prominently under RS conditions.
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Figure 5. ERI1 suppresses the formation of R-loops. (A) S9.6 nuclear intensity was measured
in U20S cells transfected with the indicated siRNAs. Cells were exposed to 1 uM of CPT and
foci intensity was measured after 2 hours. The S9.6 signal intensity per nucleus was determined by
subtracting the $9.6 staining with that from nucleoli in each nucleus. (B) Quantification of §9.6
intensity in cells from A. Mean intensity was quantified in immuno-stained S$9.6 cells. P-values
were derived from Kruskal-Wallis ANOVA Dunn’s post test. (C) Western blot analysis of ERI1
expression in cells from Figure 5A. Tubulin is a loading control.

The exonuclease domain of ERI1 is critical to suppress
replication stress

Since ERII is a 3’exonuclease that possesses SAP and exonuclease domains required
for binding and processing of RNA, respectively (Fig. 6A and [31, 32]. We next asked
whether the decrease in fork stability as measured by phosphorylated RPA at Serine 4/8
relates to ERIT’s role in RNA processing (Fig. 1D). Re-expression of siRNA-resistant
GFP-tagged wildtype (Fig. 1G), but not exonuclease-dead (D130G and E132G) ERI1
largely suppressed p-RPA (S4/8) intensity in these cells (Fig. 6B-D and [33]. These data
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suggest that replication fork stability is strictly dependent on the catalytic activity of
ERI1. We speculate that ERI1 prevents the formation of TRCs by the resolution of
R-loops and the subsequent stalling/collapse of replication forks (Fig. 6E).
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Figure 6. The catalytic activity of ERI1 is critical to suppress replication stress. (A) Schematic
representation of full-length ERI1 protein with its indicated domains (SAP and nuclease
domain). (B) Expression levels of endogenous ERI1 and dox-inducible siRNA-resistant GFP-
ERI1 (exonuclease dead D130G and E132G) in U20S Flp-In/TRex cells. Tubulin is a loading
control. (G) Effect of inducible expression of siRNA resistant GFP-tagged ERI1 exonuclease dead
on phosphorylated RPA at Ser4/8 and YH2AX foci formation in U20S cells transfected with
the indicated siRNAs. Cells were exposed to 2 mM of HU and foci intensity was measured after
4 hours. (H) Quantification of RPA (S4/8) and YH2AX foci intensity in cells from G. Mean
foci intensity was quantified in immuno-stained p-RPA (S4/8) and YH2AX cells. The mean of 3
independent experiments is shown. P-values were derived from Kruskal-Wallis ANOVA Dunn’s
post test.

DISCUSSION

In this study, we uncover an important role of the exonuclease ERI1 in the RS response.
First, we demonstrate that ERI1 protects cells from HU-induced RS and maintains fork

stability under these conditions. Second, we show that ERI1 interacts with PARP1 and
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is recruited to sites of DNA damage in a manner dependent on PARP activity. Third,
iPOND analysis revealed that ERI1 associates with stalled replication forks. Finally, ERI1
suppresses the formation of R-loops and maintains fork stability through its activity in
RNA-processing. Thus, ERI1 may ensure fork stability by preventing TRC collisions that

are causally linked to R-loop formation and induce replication fork collapse (Fig. 6F).

ERI1 protects cells from HU-induced replication stress and
maintains fork stability

In agreement with previous results we confirmed that ERI1-depleted cells are sensitive

to HU-induced RS [20]. In response to HU-induced helicase-polymerase uncoupling,

ATR kinase is recruited to and activated via its direct interaction with ssDNA at stalled
replication forks [34]. This is followed by the ATR-dependent phosphorylation of RPA (at
Serine 33), which prevents fork breakage by the suppression of new origin firing, thereby
preserving the nuclear pool of RPA [3]. Consequently, inhibition of ATR leads to excessive
amounts of ssDNA and limits the available amount RPA molecules by a process referred
to as 'RPA exhaustion’. This phenomenon in turn leads to replication fork catastrophies
and the formation of DSBs [5, 34]. RPA levels, however, remained unaffected in ERI1-
depleted cells, ruling out RPA exhaustion. Instead, we found increased p-RPA (54/58)
and YH2AX levels upon RS in ERI1-depleted cells. This suggests that ERI1 loss results in
the conversion of stalled replication forks into collapsed forks, which may ultimately be
converted into DSBs. To investigate this further, DNA fiber analysis may provide insights

into whether ERI1 loss affects fork stability/recovery following replication stress.

ERI1 interacts with PARP1 and is enriched at (stalled)
replication forks

Our mass spectrometry experiments revealed that the majority of ERI1 interactors are
ribosomal proteins. However, we also found several additional interactors such as RNA
binding proteins (RNPS1 and PNN), RNA helicases (DHX15), chromatin remodelers
(SMARCAS and CHD4), histone proteins (HP1BP3, H1F0 and H2AFY), RNA
splicing factors (THRAP3) and the DNA repair protein PARP1 (Table S1). Moreover,
we validated PARP1 as an ERII interactor by GFP-pulldowns coupled to western blot
analysis, although this needs to be confirmed endogenously and reciprocally. Given that
PARP1 is implicated in normal DNA replication and the stabilization of stalled replication

forks, it may be possible that ERI1’s role in these processes involves its interaction with
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PARP1 [35]. Indeed, our findings reveal that ERI1 is recruited to sites of DNA damage
via the activity of PARDP. However, whether this involves the binding of ERI1 to PAR
chains or to PARP1 itself needs to be further investigated [28]. Moreover, our iPOND
analysis revealed that ERI1 is enriched at unperturbed forks and increased at HU-
induced stalled replication forks. Similarly, PARP1 is activated and binds to HU-induced
stalled replication forks [36]. Thus, it seems logical to next assess by iPOND whether
ERII’s recruitment to stalled forks is dependent on PAR/PARP1. However, since ERI1
has affinity to bind RNA via its SAP domain, its recruitment to stalled forks may also rely
on its interaction with RNA or its exonuclease activity (e.g. to process RNA in R-loops).
Further work, including domain mapping analysis, should identify the PARP1 and RNA
binding regions in ERI1 to resolve the functional relevance of interplay between ERI1

and PARP1 or RNA in response to replication fork stalling.

ERI1 depletion results in increased R-Loop formation

Our data reveal that ERI1 depletion leads to increased R-loop levels mostly following
RS. We used the §9.6 antibody for immunofluorescence (IF) to measure R-loop levels.
As expected, we found AQR depletion to increase the formation of R-loops, and
overexpression of RnaseH1 to decrease the formation of R-loops, which validates our
S9.6 IF [37]. However, because the $9.6 antibody also recognizes double-strand RNA
[30, 38], it is of utmost importance to further validate our §9.6 IF experiments using
Rnaselll treatment, as well as treatment with recombinant wildtype and catalytic inactive
version of human RNaseH1 to further validate the specificity of our $9.6 IF [38]. Since
ERI1 is involved in the processing of multiple RNA species [28], and our data reveal that
the exonuclease domain of ERI1 is critical to suppress RS as measured by p-RPA (§4/8),
it may be interesting to investigate whether the exonuclease domain of ERI1 has affinity
to process the RNA in R-loops. Future in vitro R-loop formation assays using purified
ERI1 wildtype and exonuclease dead will determine whether ERI1 processes R-loops and

if this is dependent on its exonuclease domain [39].

The unscheduled formation of R-loops has been linked to TRCs and RS [40]. This
raises the question whether the aberrant R-loops observed in ERI1-depleted cells, are a
potential mechanism driving RS. Future endeavors including RNaseH1 overexpression
rescue experiments in ERI1-depleted cells will give insight into whether the increase in
fork stalling measured by p-RPA (54/8) and DNA breaks measured by YH2AX levels,
as well as the HU-sensitivity observed in ERI1-depleted cells is caused by R-loops.
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Furthermore, R-loops may pose an obstacle for replication fork progression and thereby
cause defects in replication fork instability upon HU-induced RS in ERI1-depleted cells
[41]. To investigate this possibility, proximity ligation assay (PLA) between PCNA, as a
marker for replication, and RNAPII may evaluate the occurrence of TRCs in absence of

ERI1 [42].

A proper balance of histones and DNA during DNA replication is crucial, as dysregulation
of the amount of histone levels is associated with chromosomal loss and genome instability
[43]. ERI1 is required for the degradation of replication-dependent histone mRNAs [44,
45]. This raises the question whether this function of ERI1 is linked to R-loops and is

associated replication stress. It would be important to decipher the genomic location

in which R-loops are enriched in ERI1 depleted cells, and whether this correlates with
changes in histone incorporation levels at these loci during replication. In depth analysis
of R-loop distribution by DRIP-sequencing in both control and ERI1-depleted cells,
as well as ChIP-sequencing, including e.g. chromatin occupancy after replication-seq
(ChOR-seq) [46], to determine changes in histone levels at these sites will be required in

the future to address these questions.

MATERIAL AND METHODS

Cell lines
U20S and HCTT116 cells were cultured in 5% CO, at 37°C in DMEM (Dulbecco’s

modified Eagle’s medium) supplemented with 10% fetal calf serum and antibiotics.
U20S Flp-In/T-Rex cells, which were generated using the Flp-In/T-REx system (Thermo
Fisher Scientific), were a gift of Geert Kops (University Medical Center Utrecht, the
Netherlands) and Stephen Taylor (University of Manchester, UK). These cells were used
to stably express inducible versions of GFP-NLS, as well as GFP-ERI1 by co-transfection
of pCDNAS5/FRT/TO-Puro plasmid encoding GFP or GFP-tagged ERI1 (5 pg),
together with pOG44 plasmid encoding the Flp recombinase (1 pg). After selection on
1 Pg/mL puromycin, single clones were isolated and expanded. U20S Flp-In/T-Rex
were incubated with 2 pig/mL doxycycline for 24h to induce expression of cDNAs. All
cells were authenticated by STR profiling and tested negative in routinely performed

mycoplasma tests.
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Chemicals

Cells were treated with 2mM Hydroxyurea (Sigma) at the indicated timepoints and
collected for further analysis. The PARP inhibitor olaparib (Selleck Chemicals) was used
at a final concentration of 10 UM. Camptothecin (Sigma-Aldrich) was used at a final

concentration of 1 UM.

Transfections, siRNAs and plasmids
Cells were transfected with siRNAs using RNAIMAX (Invitrogen) according to the

manufacturer’s instructions. Cells were transfected twice with siRNAs at 0 and 24 h at
a concentration of 40 nM and were analyzed 48 h after the second transfection unless
otherwise indicated. siRNA sequences are listed in Table 1. Cells were transfected with
plasmid DNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions and analyzed 24-48 hours after transfection. The expression vector for full
length human ERI1 (ORFeome collection), was amplified and cloned into pCDNAS5/
FRT/TO-Puro as a BspEl/Acc65] fragment (Table 2). Mutant constructs were generated
by site-directed mutagenesis PCR (Table 2). siERI1-resistant cDNA was generated by
introducing the underlined mutations GTTATCGATTGGATGAAGTTA by overlap
PCR and cloned as BspEl/Acc65] fragment into pCDNAS/FRT/TO-Puro-ERI1-WT

(Table 2). All ERI1 expression constructs were verified using Sanger sequencing.

Multiphoton laser micro-irradiation

Cells grown were grown on 18 mm coverslips. For micro-irradiation, cells were placed
in a Chamlide CMB magnetic chamber and the growth medium was replaced by CO,-
independent Leibovitz's L15 medium supplemented with 10% FCS and antibiotics. Laser
micro-irradiation was performed on a Leica SP5 confocal microscope equipped with an
environmental chamber set to 37°C. DNA damage-containing tracks (1.5 um width)
were generated with a Mira mode locked titanium-sapphire (Ti:Sapphire) laser (I = 800
nm, pulse length = 200 fs, repetition rate = 76 MHz, output power = 80 mW) using a
UV-transmitting 63x 1.4 NA oil immersion objective (HCX PL APO; Leica). Confocal
images were recorded before and after laser irradiation at 5 seconds time interval over a
period of 3-5 minutes. Images after multi-photon micro-irradiation of living cells were
recorded using LAS-AF software (Leica) and analyzed with Image J as described previously
[47]. The average pixel intensity of laser tracks was measured within the locally irradiated

area (Idamage), in the nucleoplasm outside the locally irradiated area (Inucleoplasm)
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and in a region not containing cells in the same field of view (Ibackground). The level of
protein accumulation relative to the protein level in the nucleoplasm was calculated as

follows: ((Idamage — Ibackground)/(Inucleoplasm — Ibackground) — 1).

Immunofluorescence analysis

Cells were either directly fixed with 2% formaldehyde in PBS for 20 minutes at room
temperature (RT), or pre-extracted with 0.5% Triton-X100 (Serva) in PBS on ice for
2-5 minutes prior to fixation. Alternatively, cells were fixed, post-extracted with 0.25%
Triton-X100 (Serva) in PBS and treated with 100 mM glycine in PBS for 20 minutes to
block unreacted aldehyde groups. Cells were then rinsed with PBS and equilibrated in wash

buffer (PBS containing 0.5% BSA). Antibody incubation steps and washes were in wash
buffer. Primary antibodies were incubated for 1-2 hours at room temperature. Detection
was done using goat anti-mouse or goat anti-rabbit Ig coupled to Alexa 488, 555 or 647
(1:1500; Invitrogen Molecular probes). All antibodies are listed in Table 3. Samples were
incubated with 0.1 pg/mL 4°,6-Diamidino-2-Phenylindole Dihydrochloride (DAPI) and

mounted in Polymount.

Sample preparation and mass spectrometry
For mass spectrometry, U20S Flp-In/T-Rex cells expressing GFP-NLS and GFP-ERI1Y"

were treated with 2 mM Hydroxyurea for 4 hours or left untreated. Cell pellets were lysed
in EBC-1 buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40, 2 mM MgCl,,
protease inhibitor cockrail tablets) with 500 units benzonase. Samples were incubated
for 1 hour at 4°C under constant mixing followed by high speed centrifugation for 10
minutes at 4°C. Protein concentration was measured by Qubit in the cleared lysates,
equalized and transferred to tubes containing GFP-Trap beads (Chromotek). After 90
minutes of incubation at 4°C under rotating condition, the beads were washed 4 times
with EBC-2 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, and protease
inhibitor cocktail tablets) and 3 times with 50 mM ammonium bicarbonate followed by
overnight digestion using 2.5 [g trypsin at 37°C under constant shaking. Digestion was
terminated with 1% trifluoroacetic acid and centrifuged for 5 minutes at high speed to
precipitate insoluble fractions. Consequently, C18 cartridges were prepared by washing 2
times with acetonitrile followed by 2 times with 0,1% Acetic acid. Peptides were loaded
on the cartridge, while bound peptides were washed 2 times with 0.1% acetic acid and

eluted with 1 mL 80% acetonitrile / 0.1% acetic acid and lyophilized.
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Mass spectrometry was performed essentially as previously described [48]. Samples were
nalysed on a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific, Germany)
coupled to an EASY-nanoLC 1000 system (Proxeon, Odense, Denmark). Digested
peptides were separated using a 15 cm fused silica capillary (ID: 75 pym, OD: 375 pm,
Polymicro Technologies,California, US) in-house packed with 1.9 pm C18-AQ beads
(Reprospher-DE, Pur, Dr. Maisch, Ammerburch-Entringen, Germany). Peptides were
separated by liquid chromatography using a gradient from 2% to 95% acetonitrile with
0.1% formic acid at a flow rate of 200 nl/minute for 65 minutes. The mass spectrometer
was operated in positive-ion mode at 2.8 kV with the capillary heated to 250°C, and
in a Data-Dependent Acquisition (DDA) mode with a top 7 method. Full scan MS
spectra were obtained with a resolution of 70,000, a target value of 3x10° and a scan
range from 400 to 2,000 m/z. Maximum Injection Time (IT) was set to 50 ms. Higher-
Collisional Dissociation (HCD) tandem mass spectra (MS/MS) were recorded with a
resolution of 35,000, a maximum IT of 20 ms, a target value of 1x10° and a normalized
collision energy of 25%. The precursor ion masses selected for MS/MS analysis were
subsequently dynamically excluded from MS/MS analysis for 60 seconds. Precursor ions
with a charge state of 1 and greater than 6 were excluded from triggering MS/MS events.

Three replicates were included per condition with two technical repeats each.

Mass Spectrometry data analysis

Raw mass spectrometry files were analysed with MaxQuant software (v1.5.3.30) as
described [49] with the following modifications from default settings: the maximum
number of mis-cleavages by trypsin/p was set to 3, Label Free Quantification (LFQ) was
enabled disabling the Fast LFQ feature. Match-between-runs feature was enabled with
a match time window of 0.7 minutes and an alignment time window of 20 minutes.
We performed the search against an in silico digested UniProt reference proteome for
Homo sapiens (8" June 2020). Analysis output from MaxQuant was further processed
in the Perseus (v 1.5.5.3) computational platform [49]. Proteins identified as common
contaminants, only identified by site and reverse peptide, were filtered out, and then all
the LFQ intensities were log2 transformed. Different biological repeats of each condition
were grouped and only protein groups identified in all three biological replicates in at
least one condition were included for further analysis. Missing values were imputed
using Perseus software by normally distributed values with a 1.8 downshift (log2) and

a randomized 0.3 width (log2) considering total matrix values. Volcano plots were
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generated, and Students T-tests were performed to compare the different conditions.
Spreadsheets from the statistical analysis output from Perseus were further processed in

Microsoft Excel for comprehensive visualization and analysis of the data (Table S1).

Western blot analysis

Cells were lysed in 2x Laemmli buffer and proteins were separated by Sodium Dodecyl Sulfate
PolyAcrylamide Gel Electrophoresis (SDS-PAGE) using 4-12% pre-cast polyacrylamide
gels (BioRad or Invitrogen) and MOPS running buffer (Invitrogen). Next, proteins were
transferred onto nitrocellulose membranes (Millipore). Protein expression was analyzed by :
immunoblotting with the indicated primary antibodies (Table 3) and secondary CF680 |
goat anti-rabbit or CF770 goat anti-mouse Ig antibodies (1:5000, Biotium). Membranes

were scanned and analyzed using a Licor Odyssey scanner (LI-COR Biosciences).

Isolation of proteins on nascent DNA (iPOND)

iPOND was performed as described by [27] with minor modifications. Briefly, 80-
100*10° HEK293T cells were pulse labelled with 10 UM 5-ethynyl-2’-deoxyuridine (EdU;
Invitrogen) for 20 min. Next, cells were treated with 2 mM HU for 5 hr to induce stalled
forks. After treatment, cells were cross-linked with 1% formaldehyde without methanol in
PBS for 15 min at room temperature, quenched with 0.125 M glycine and collected by
scraping. Fixed cells were spun down for 5 min at 4 °C and 900 g, washed two times with
PBS. Next, cells were permeabilized with 0.25% Triton X-100 in PBS for 30 min at room
temperature, followed by incubation with click-iT reaction buffer (10 UM biotin azide (life
technologies), 10 mM sodium-L-ascorbate, and 2 mM CuSO,) or control buffer for 3 hr
at room temperature. The cells were then washed with 0.5% BSA/PBS, and resuspended
in lysis buffer (0.5% SDS, 50 mM Tris-HCI pH 8.0, protease inhibitors (Roche)). Samples
were then sonicated using a Branson 250 SONIFIER with microtip for 1 s pulse for 10
cycles, repeated 3 times, with 90 s pause between repetition. For input samples, an aliquot
of the lysate was taken. The rest of the samples were incubated with pre-washed streptavidin
coated beads (Life Technologies) for 1 hr at room temperature. Beads were washed twice
with high salt buffer (1% Triton X-100, 20 mM Tiis [pH 8.0], 2 mM EDTA, 500 mM
NaCl) and twice with lithium chloride salt wash buffer (100 mM Tris [pH 8.0], 500 mM
LiCl and 1% Igepal [NP-40]), followed by elution of the captured proteins by boiling the

beads in 2X Laemmli for 25 min at 95°C. Proteins were separated on a 4-12% Criterion™
XT Bis-Tris gel (Bio-Rad) and detected by western blot.
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Cell survival assays

HCT116 cells were transfected with siRNAs, trypsinized, seeded at low density and
exposed to HU for 24 hours. For HCT116 Flp-In/T-Rex, cDNAs were expressed by
adding Dox for 24 hours after siRNA transfection. After 12 days, the cells were washed
with 0.9% NaCl and stained with methylene blue (2.5 g/L in 5% ethanol, Sigma-

Aldrich). Colonies of more than 20 cells were scored.
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Table 1. List of siRNAs

Target Sequence (5’-3’)

ERI1-1 ACGAAUGGCUGUAUUAAUA
ERI1-2 GUAAUUGACUGGAUGAAAU
XRCC4 AUAUGUUGGUGAACUGAGA
ETAA1 GAGCAAAACAAGAGGAAUUUU
Luciferase CGUACGCGGAAUACUUCGA
AQR SMART pool (siGENOME)

Table 2. List of primers

Name Sequence (5’-3’)
HindIIT FW TAAAAAGCTTATATGGAAGAATCTCACTTCAATTCTAAC
Kpnl RV TAATAATGGTACCCTAAGAGCTGGCCAGGTGC

ERI1_siRNAres_ HindII Rv
ERI1_siRNAres_Kpnl FW
M13 FW

M13 RV
ER1_Catalytic_dead_Fw

ERI1_Catalytic_dead_Rv

ACTCTCGGCATGGACGAGCTG
GTTAAACCCGCTGATCAGCCTCGA
GTAAAACGACGGCCAGT
CAGGAAACAGCTATGAC

GTTATTATGACTACATTTGTATTATTGGCTTTGGAG
CCACTTGTGAAGAAGG
CCTTCTTCACAAGTGGCTCCAAAGCCAATAATACAA
ATGTAGTCATAATAAC

Table 3. List of primary antibodies

Protein Host Company IF WB
GFP Mouse  Roche (11814460001) 1:1000
o-Tubulin Mouse  Sigma (cloneDM1A, T6199) 1:5000
MRE11 Rabbit  Kind gift of Roland Kanaar 1:3000
ERI1 Rabbit  Cell signaling (405SS) 1:2000
p-RPA (S4/S8)  Rabbit  Bethyl Laboratories (A300-245A) 1:1000 1:1000
ETAA1 Rabbit  Kind gift of Niels Mailand 1:400
RPA Mouse  Abcam (ab2175) 1:1000 1:1000
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Supplementary Figure. 1 — related to Figure. 1. ERI1 protects cells against HU-induced RS.
(A) Western blot analysis of ERI1 expression in cells from Figure 1B. Blots are probed for ERI1,
ETAA1 and Tubulin. Tubulin is a loading control. (B) Western blot analysis of phosphorylated
RPA32 (S4/S8) and RPA32 expression in cells transfected with the indicated siRNAs. Cells were
examined after the indicated timepoint upon 1uM CPT treatment. Tubulin is a loading control
(upper panel). Quantification of phosphorylated RPA32 (S4/S8) expression Tubulin is a loading
control, which was used for normalization of phosphorylated RPA32 (S4/S8) expression. Data were
normalized to siLuc UT, which was set to 1 (lower panel). (C) RPA foci formation in U20S cells
transfected with the indicated siRNAs. Cells were exposed to 2 mM of HU and foci intensity was
measured after 4 hours. (D) Quantification of RPA intensity in cells from B. Mean foci intensity
was quantified in immuno-stained RPA cells. The mean of 3 independent experiments is shown.




1504

+  Dox

100 . ! GFP-RnaseH1

=== === |endo-RnaseH1

. ; | TubN
]

$9.6 intensity (a.u.)

GFP-RnaseH1

E 1504

100+

o

=3
I
o2

$9.6 intensity (a.u.)

GFP-RnaseH1

Supplementary Figure. 2 — related to Figure. 5. Validation of §9.6 staining. (A) $9.6 nuclear
intensity was measured in U20S cells transfected with the indicated siRNAs. The $9.6 signal
intensity per nucleus was determined by subtracting the §9.6 staining with that from nucleoli in
each nucleus. (B) Quantification of $9.6 intensity in cells from A. Mean intensity was quantified
in immuno-stained $9.6 cells. P-values were derived from Kruskal-Wallis ANOVA Dunn’s post
test. (C) Expression levels of endogenous RnaseH1 and dox-inducible GFP-RnaseH1 in U20S
Flp-In/TRex cells. Tubulin is a loading control. (D) Effect of inducible expression of GFP-tagged
RnaseH1 on S9.6 nuclear intensity U20S Flp-In/TRex cells. The S9.6 signal intensity per nucleus
was determined by subtracting the S9.6 staining with that from nucleoli in each nucleus. (E)
Quantification of $9.6 intensity in cells from D. Mean intensity was quantified in immuno-stained
S9.6 cells. P-values were derived from Kruskal-Wallis ANOVA Dunn’s post test.




Characterization of the exonuclease ERI1 in replication fork stability and R-loop formation

: Supplementary Table 1

: Lo prvalye and 2q2) are ated. from the analysis of identified proteins & alsa inoluded.

' GENE Eril Vs GFP Eril-HU Vs Eril Miscellaneus alues

: et '::: i‘:} 5“.;’:; “““: e s :m n;v‘v::; Peptides  unique. :L::‘;; coversge sequence ’:_::: weght  Qrwsle  Scare Intensity tz?? 'T:” praled ERI-1 BRI BRI ERILHU-L ERILHU-2 ERILHUAY GFR1  GFRZ  GFRJ
' e T T T T T e e e T e T e T e T T
' ICBHET Calmadulin CALMI 143 =] 052 228 13 13 13 a1 a1 9 15892 0 233 Mvmom0 65 CONZTL QNZTL 233 01 2573 2429 2431 877 2659 2836 2649
' |55 Ips2031 5 civosa kesT . 27 223 - 375 205 El El El a9 a9 a8 242 0 W3 230000000 a8 maoates peated 299 %54 2700 906 2333 2974 2426 247 =49
' [ o cue s o I D vl =l I 1 a0 mms Daan  cwmisemnd ma  wia na s s e e s on
' Jrs0LE Smal md SNRPN:SNRPB 077 205 057 142 3 3 3 178 178 178 17546 0 18379 309030000 23 BOLESP JSOLESP| 2448 2490 2140 2523 2475 0 g WEE 13
' 5 191307 905 rivoso RPLISA - 2w a7 . 130 13 kl kl kl 64 64 64 1253 0 @25 A1sa00000 a4 Mag7ce piwTrcd w23 DES 680 WA 73 834 2340 £ Er
] ieivetieggll I v Dl | | m m o m S e e wap o man msewa scssecmesd vk mim wp wn me e mm o on aa
' 040 126 043 120 2 2 2 7 7 7 1268 0 15295 23970000 7 w0172 pooteR-2| WA 4 424 WA 43 usr w7 anz s
] B R ol I (vl v S &6 a osa osa wms o ue mowom  omowearsewar] wss s mi e v o o aa aw
] S e [ s G| B B WD WL WL s 0 wew owewmm s 50 @ mm s am oe s an o
' 050 058 096 103 a a a 93 93 93 785 0 ss81 108030000 mod 2267 2a7 e w22 3. 2158 2214 258 2165
' P 7 ol R (e v 505 me wms ows w0 we i macad Bp dsa wu e wm wm o up  oam an
' 051 115 041 034 El El El 5022 0 a0 37e0N00 11 %65 QuI0eS 245 0 2154 2439 2473 2440 2429 2509

' B B s P v S A S - i v B il Ry v v R e
' - 333 232 033 089 a a a 17 17 137 e 0 es128 600120000 13 soscanc assocand 2231 204 2243 2153 2305 2433 2526 =40 250
] B B W em | 4 4 M B BD Wm0 Gy ummm  onocusemmd] mn sm o mm nm BM an me ws am
' 5o 1p33: Gaectin-1 LGALSL 059 182 025 079 a a a 3L 3L ETER i) 0 pass B6R0M00 24 Fa3: 634 254 612 5 2586 2563 2665 2650 2672
] : o | on Ga | om | s s @ Tw TN W W o mew owoan  swovnsowd] S5 me me wa i pa o un %k X
' -5 101333, pistapnilic prpt . 151 13 028 055 1 1 1 23 23 23 A 0 1655 2106500000 95 couaxs2) 533 w24 2641 2483 2640 730 2744 696 %77
: 1130 o a8 057 085 a a a 22 22 22 WA 0 m297  eesu0000 16 amaptnarsae] 270 W28 2503 2444 2555 2596 2525 a3 s

209

v




Chapter 5

: o 570 i i s | an o | oas | om o mr omr w2 omen o ma somem  msswanse] s on b we awe
' Copec minemiesia |+ | o | oin | o 5055 Ei mi momm 0w meewe  wmmewsesan] s me mn o ma na
' oo ponsosion 2 | G | e oo | om [ w0 m w3 s e mae 0w s wiew mem | p5 s mam ma ma
: oot sonrssmss |5 | 2 | i s | om [ s s s o w omus 0 ma s wcwencownsd ms o we me o
' N P o | o 505 5 D B Wa o s swewe  amemewen | we am o ;a na o
' e o ks | oo o | 0w S 0w w23 anu o wan nmme 0 oswaeswed wn wo o un e
' 1r1MORID 605 ibasa RPLIGA B 40 ast 03 033 B B B 355 385 385 6714 0 %72 246500000 27 waoe 08 a0 A WA o
' =0 19521 3 arginine-1 RaRS. 0 a1 037 033 2 2 2 3 3 3 man 0 1481 17730000 & esanersesaase] As1 wez 2 a9 2345
' - stz sine s | o o | o s s 3 o2 paomao o Dan e nm 2 ma wn e wm
: s Ko 01 oss | o o | oa s a4 G o wrn i 2 wm m o na oo
: o coves comamccocss | o | T | s e | 0w :: i w3 w0 mew awew ol we wm ww aw oum
: et s s oz | am o | o2 S5 w w wa omas o man owwe  wnomsonons] we o e nm o us
' o v sriic] o | 2 | L e e B I L 1wy [ sy
' Nesngnden ey [N Il o | o ¢ % 1 ms o oms oms om0 ooe o Giamacwnd ma no o a6 na s
] s e freg ) o | on | @ @ o5 e e s 5w o m e i amesems| o s wm o ws
' = 1925251 el + 240 0ss 05 o a a K 3 k) 3 namw I3 625 149140000 2 msaty pesty A48 28t W 0
' ?coetn et 2ot el I ot | o3 D033 a4 wmam o aie smwe  scemacwn | Sa wm ns s s
] it o oo [ o o | om Sa 3w w o oamm o ommo 1o wapr e wor] 478 e ws s
: o T N e e oie |03 [ wm oms ;e ome w0 mo s o cowno s ms mm  om am
: s copos sk ok | o aia | oan S5 S TE T TR o e e iGmnsawme] wa oan o oe ne o
' e | | o | om [ ww w ;s ;e ome waw o mnomewen  essencnen | ms mi ma me ne
: it o apr s i | om o | o FE om0 wwm amowe  wemscmeea] ws e bm un nm
: e o | T | aw om | 0w [ om0 w6 % % ous ame 0 un o emwewzer D aa wm de a0
' 1400057 i e s Yo | o e LI T R R S e ] Sw e s um o wm
' st IR I om | om [ s 3 w6 @s g mem 0w swwww  sodemsneai| s 5 mw wm oo
' i i P oo | om o055 WG 8 s o mw nmew  osecese] oeo onmo e ns
' ezt zeoure [+ | 3aa | 3 o | 0w S5 3 & @ aa om0 wwn mwe  oomecomwe] wmo owm e um o aw
' e s | o | in | 2 o | 0w Somiomt om0 e omme  ummechasid ma xa um o wu o wn
' o i 050 oo | ot o | o S &4 e e s mm o o cowse  nmeowemor] smo mn e me s
' S s | e ow | os | m o ow m mr ome im0 wsu mceew  soanoeud o8 am oa ws 4
: i s scrusacrie | opt | om o | oz S % i e 2 mim o maw vume  wommocmme am W s
' oo s 2 | osn ca | o DT s ma o owa wam o wen iewes  Srmmeuend ns  aa sm an ns
: . 52 i 5 o | ow osi | om S 4 ma ome ma oman o pas emwe  sumecnsed ou ne ne ne as
] rtvingerisiw IR el Rt o | o S S E T W o e mew wawswieew] owo onn e b ne
' vkt tmieniic |+ | s | aa o5 | om 5o e N TS Wm0 wa e womesommo] mn o onm o um ns uno
' e e i | [ i | o oo | o Sos 3w owm oneomm o mm omew  xcmccomiad o e wm o ma
' s g |2 | w | o o | o 5 &4 aia mn o oma ma o nau mewe  aomessasas] 5w s ne um
' oo o momwesioned < | 2a | s G o [ ow w8 we s ome mes 0w 0 o aeseuend sn o Bia mo i we
' . o i S e | s G | o [ om o om s o own wms 0w oomme o eswssemsand] S5 S s e
' . oot oo B e o | o [ nw w0 @i oar om: omes o mor s wiswsaosnd ma mas mn nw o me
] ot e AR o | am o | o S50 i i owa ma 0 am swwe  womesasen] we o we o m ma wa
: s s mom izs |+ | T | 5 o | o 5053w o mo mim 0 @aw awme e omowomma] ww aa 0w o oo
' - cata v I I oas | o Pr 3w o an mms o wim mee  mcawn omes | ma wa um o wp un
' icosns smitsseme |+ | G | s o | o S5 3w e ns mme o s owome  acdacwad we Um o um o na
' carece e e+ [ e | 3 o | i S% i mrom a1 5w o o swese ;o ame | se mm o mn ma
' L otos ray s sawrs |+ | a3 | din | o S e 4w oam o om0 nie s woemesons | xm wm ;e o
' iions ey covsinc| o [ 255 | 2w o | ost Sa 4w w an w0 o swwe  uoowapcesa wae ows one un oug
' L coass. covmmen 561 e | o | on [ om0 ow w3 mae o mos mewes comsz| me  wn as wa ie
: inioc dmonen 2 o | an ot | onn G % s ms oms om0 oo omwe o dwocd wps am vm um nw
] ok | o | o [ om0 1 wa 4 4z men o sim s ssemscowan pu 5m me vs na
' oo s on i o | o o | om © 6 ah oma o s samee o e | ¥e1  ma m e mm
' ot snarumsicts os | 12 0 | om Srroms s a2 s o wm oo domosemod oe no e b um
] i, racimes oo o | om oas | o Ss o ome e s o wim e wrwmou] e e s s em
' = (P00 dnnesin & aHxAL 109 | as o o 9 9 9 kX a3 u3 W 010425 1115300000 47 WA POAAIC 159 M92 258 W36 647
' Y S e e oas | o Pr 3 We amn wa sme o mem s wcomscimse] s 3z uw am o oo
' s povmn oo || 2 | am oir | oar e R R plsrpperierst Jpeen Sy
: 11005 s e o | o oas | oas S S R G s o] wea w2 nm umo wm
: s v |+ | e | om | oar [ s s ms o wn e o ;s nommee @ essromsee ms 5s sa o wu e
' vt cmincimt [+ | s | s o | s G h ma w omromaw 0 s seme  pemsoood wy o owe me na o oue
: e wicmeones |+ | 23 | o | oas S5 3 uda e wa men o sam sawes  vommcommd wm S e ma
] oo rszs o v | 2 | 3 | am o | oaa s s 3 ae ms me om0 e weem 4 omezomwd] 2 wa wn o
] [ oo oo car o | am o | om § 6 & i e oma om0 Do s o wnn | wn o wm owm we nm
' R [COS34, FACT cami SSRE1. B 187 a3 ane 7 7 7 e e 1na  aom 0 M58 760570000 as Goma: 9 503 2588 648 2609
' e s seom| < | 2o | e oo | oa Pr i @ @ e sm o s mew  smsewcmssod o ms nsm o oun ns
' o oo v |2 [ 136 | o o | oan S a4 s ms om0 s peeew nmcwend wn o e e e up
' 11401557 ot e inioos o | am om | om [ m o ow s s oy aie mas 0 e oo awwesnd am o on an om
: S T el om |om [ m : 3 Wa 54 4 man o mew e ncwscowied bm nis nw nm o ne
' - o L | e om | om S5 3 e me wa tm o maw e up ws an wp  um
: e D I o | am [ 555 s ma wa w0 mam e mawn own | ma owm o uw oum s
' sz as oo |2 | s | o oo | we [ 555w o uronse o mew nwe  wewseren| om we om o nm o
' v smatmaasrme o | a0a | s o | ao [ 4 & 4 ;s ;i w3 omm o mes eome  semeowsed s 5e e wn s
' e i 11 n | o om | Gm [ 6 & &t s mow o men cmwes  wsemmeoi] Ba ae s m ne
' |0 1P7a % Calnenin Canx o o o L3 3 3 3 27 127 127 @567 0 41025 851020000 43 povmap emear] %53 2550 w71 uA3
' Coonss s | o | 20 | e oo | am [ & a4 oma @i w3 om0 wn s ey e
' o sor ] < | i | ae om | ae | 533 MR M w2 im0 miw sewes  mageeene ms 5 e an
: o ovst et cmsvrmion |+ | 2 | s e I e e e
: - oo i | ak | em o | am Dot i S a3 o o men o swowasmse| na o ome o an oam o no
' 110105 11 o o | dw |7 7 a4 we ma  mm 0 o aomen  aa wol xp um wm sm me
] - ciom e s oss | o o | am G o dcumcommd ma  n np uw nm
' e I I I mo|aw [ 7 7 7 @ m w om0 wmu s umwevewed o as aa oan o
' s snencn Y | o o | am [ 333 & a3 Tam o aim e 3 eoweve Se ha ne oa
' o weasmnn |+ | 0 | 3 co | Ge [ a4 a ;3 gz omen 0w s o wome| xn i m wn s
' =0 1P 136 % Clangation £ER2 B 148 ax ans 205 1 it it 1 171 171 w3 0 1343 992500000 1o pas mxw | oan nwo ome was o
] EEr e o5 | aw o | am Hi o ma Dm0 o s bemsosomer] we wm o de om
' [ s——— o | 1 o | am ::3oms ons ons e 0 mm o omw o mwosows| ms o ows o ue ows
: B e o |G [ n o on o on o ons ons ons e o o o camsiwomer | wa wm m we wm
: o s 4 2 | o G| Ge [ W w m R H w0 s aowe  nsedsseess| oo si e s e
: L oara paensosioonse |+ | s | am o | as [ 2 a3 m m @ om0 wsn e x cosics | wat s b wa na
' o T e oo | am [ @& 3w mr ous mhe o saam tewe  oeosesese na nis a ns no
' - s ot o5 | o ow | am [ a0 &3 o wmroaaw 0 man wwew  Geomasss| B w% o um im WA
' s oo |+ | 0 | Gim o | am [ s s 5 o@s @ ows om0 @ ewwe  wemmimed pp om o oa wn um
' UK Hotane Wi HETIHZE]  + 295 o [2¢) m a a d ad and 0 331 7309000000 17 usakroLkaked RS1 O R4 3w nM w7
] Newliiegeigy IDEN Ivell I i | am [ om @ m W me m wan 0 nicowmo e sews o o6 B wm o mw
s o | an cn | am [ 35 e e ode wam o miw wmwee  wmasmheml| o wa e mn e

: oo ponanvacict |+ | i | e o | am sr i o e e omas o wes mem  on wanoown o am wn wm
: fiteregraaral BN e I G| am [ 335l e o WE DR Gmosecmnd s e
' R — s | om an | s s s om0 mm sswme  naecsme] wn o ws mp o us ns
: ipton itz o | o om | am | 6 s & s s ot 0 waw swme s oowsoos] ow nme wn nm o
: S R I o | an DTl el o s aamwe o omea | mm o 5 e e s
' s camncocst |+ | aas | s o |am [ 2 a3 s s s mas o psa i s o | 25 a0 b
' i 117Ev Hotane e warasia| o 243 anz 013 a1z B B 2 359 a5 08 03M 0 %364 1954300000 a3 ke ol 97 R0 317 319 31se
' - o s s el I o | an Poor a0 n S N wm o nam twes semeseeed| o mae o aw ne ow
' o o bl e e B v s L an s
: obise wownnms| o | o | o | am [ om0 w0 wr @ me i 0w inmen  wnwws was | 25 wa um o e s
: o s e ko | ow o | am |55 5 M 0 o man wwer 0 amessmes | wn aa an um o e
' isoc: cmemcris | o | 2 | am G | am [ 555w ar ar man o mom owe ko] mS o wa e s
] - 525 s o e o | o o | an [ a2 3 mr omr ms mer o men s wommacse | s om o na o wn o
' HeTAgre—— o | e o = T B 7 e R e
' s ot 0 w | om oo | am [ 3 a3 4w an sas 0 ume v ussmesssd oo owm o nn aw un
' - s v atins o | o oo | an O Goeim 0w owme s i e me e na o
' b s o | G | am [ 335D dn a1 S o mew omwmee e e i b e
] - oo o 3 s | oas ots | am [ s s 5 oms oms owms msa o s aweweo D comwoman | m  ma e s
' o oo romn |+ | 36 | e i | am [ 3 33 ms onn ons a0 D@ e o cmesowsd M wa um um um
: e 2 v x| o L I Y R i L R
: Mt B e et i | am [ @& a5 oams o ams w0 new omewe  Sewmsesesd e 50 e wm e
' 615 2nc s s w | o | as [ 6 & 6 s 3 8 maw 0 men s nouscomso ss o oxs ma ma mm
' 1o e v I o | am [ 335 e e e mes o w iosew o aes s mi am ap oo
: o once renesisewarad  + | 11 | o cw | am [ 555 e ona e a0 e awee o cmesemsd| ma o xm a wm o ne
' Eep— | | L I Y sowm i me o mwo ona e
' 507 i Ve ol I o |G [ om0 w o w S i a om0 min s uremosmn | 2o 5 s an wn
' ponitinmaizns | o | | am wo | an | non o om me mi ome mw o muwmomen s emmmend Bn sw un o wo 6
' e art | oas or | an [ a4 4 ms ma wa mae o ;e s o sowssoad oo wn wp nm
: ifmes rase ot | | o | ow oo | am [ 4 & & s s 1 mas 0 mew mew  anmmacmeme o ws @ aw G
: - v cyocvon ek o | o o | am D :r o omi om0 mes omew  u a0 g
' 022 oS b i | am [ 6 & 6 mr ;2 omam o mas sewee s cmssomnd| w % m  wm o
: s o B e Gu | am [ 3 a5 ms oma oma w0 ave omme  wsameoanmd] ma o ma s e ma
' 2 Uiy At s | an wn | 355 an o owr mea o e emer  Domucawmd ue o am um o wn
' B o on | am @2 1o om oue om0 am o o | o wn usm
] il i 150 o5 | o s aw [ 8 4 8 W @i oma Mam 0 men dmeme  wAencsend mo o %t s s me
' e | e | ca [am [ 5 a 4 WS WS W5 ma o e oame  ncommecwnd ms wa me un
' s e | o oo | am [ s s s ome ;e ows aam o mes nose ooy Wi wnm ws
' s o el L I e e R s T R
: bthes < | | ae i | am [ 2 7 5 mr omr o omromm o wa oo ansen] i wm 1 wu
: [ oo B e e o I Y S sy omo | w1 o4 nm o um o we
' oot o | am o | am dr 1w a1 mme 0 s v swseoewsd amo wz na ows oam
: e B I e o | am [ 3 & 6w wa oas wam o sme mowew s 55 s un
] s b G | am [ 2 35 3G e aromwae o aes v Gsuecsmand ws we s ws un
' e ) G fan | & & & as e es w0 s s o oaonod s mn s wm
' = 023 Dol 105 a5z 03s a2 1 1 1 wr a7 77 s 0 11334 1903500000 109 masnzprroamaxe] B0 D05 2641 636 689
' . 25 e v | o s | am [ w0 w0 m s o w3 man o se momes  wmmnmn | w2 um o wn e
' s i o | o oo | az s : W an da mas o man cowew  sesmseamsse| e 2o un o oae oo
' - s o B g on | Gm [ @ amwoms w2 a1 @40 0 Bou eomeo o rowes macl| o s me oM s
- ator v oss | on | am [ a4 3w ma s wm o wm s ey w um o ma o um

[ e s o | | o | am [ 4 &3 a0 W wn mme 0w omee s ewecsmmed mn o wa s ns uw

i B e e G | am [ 6 & & m ;om0 mea ammn n cuesonse W e e um

Nevs o | ap i | am [ 4 & 5w a an mwp 0 il 6 aimsbooms | am Ba o onm o nm

- v con o | | an om | am | m w4 ms oms e sow 0 msomomoo as wemcowieo] D e s s s

o proll ch | an [ 5 5 5 WD W i sas o man somme s eemosend on v

oo s | an | an | om w s ma ma ma om0 e aomeme o comesioms wo mm o wn ma

- aar e | | o |am [ 2 a1 s s mam o men somes s am;aons S e wm o um

. i i e s frel e G | am [ s w6 a0 s map o mew avwee s owmsowio| B8 aa e o e

6w Fermpi ccT2 oz | am om | am [ s s 5 ome ond e mas o s sesom e e w6 i s we e

. o wo | s | Sa [ am | e[S [ 23] @ 4 i w3 ms ma omes o mowmmmes s mewsewmsd wa ns o me  on e

s oo |5 | 1 | 03 oo | aw RS T v R R T ™ owomomamd an o on  am am

Homisition gl N vl v o | am [ mu o om ;s ons s gem o o ;e eaww o csmeomm o ma

773 it e o | am [ s s 5 ms ;e oas mesw o mew amme  sepmowond me we s wn ma

it g vziz | o | | 2 G| am [ 333 s s s me o mem mmee  meoesowes| na mas an nu oa

wicoelomigrerigll IR Il B G | am [ 555 e ;i ua man o mm ameee  noumewomes | ma mm um o wn o s

ot Dk 120000 os | am on | as [ s s s ;s ;i o1 ame 0 ;s s woosewonwsi| sa o 50 ue ms us

[ hovcs i o3 5 | o o lax | 4 f W0 mew e wwaosmce] B3 me am am me

v




Characterization of the exonuclease ERI1 in replication fork stability and R-loop formation

] otciin crampacis [+ | | s oss | o S s ams o oms o owa man o e wmen  soousconssd s ma wm  wn wm ms own o wm o oun
: e st |+ | 35 | o i | a% [ mow om0 msm o e mewew i mmessemes| pa s D ba e mas wa s ma
' e o | 1w on | 4w [ s om om o= m s =m0 om momevmnona] an v me we om ms o wm oom o am
' it o | a oa | aw [ o ow s 6 s s @m0 e mem  oomssowse| omo wa e e xas wm xm ww
' i o | o o | am I S SRy S s Dmenren] wa o ma e ma wn um ma an e
' it | o | am | e o | am 577 a4 s wsm o men sesew  somaroms | w5 s s ma su e oo ne ae
' o oszitid o | | s o | am D31 G s i man o mes ewew  wowiwsowd] 2o 5o wm o wn e s saae
' wainarcs |+ | i | G pecll [ S5 3 s an s ame 0 mms sown s rweceear] an  mmo wa an we e a2
: 15 om0t o | 1 o | am R R sussersusd s mo an mam o ows um s wis
: oo o wir | ot ois | am S 63 s e mse o mey e Damboammo| ma wa dem  wa o mn o un wm wr
' iyttt progl e ois | am S5 4w omi o ona om0 s swwem  meeneokns] mas o mo 0% e ms nw n@ o ma
] A Sunpeverie S e e op | am [ om0 m s ows s w0 mos s semoaaswd wm  mn 2w wm mam s xm ww
] o | o o | am © s o ms asms o wae as o wonsemsed s mu o se ms s s mE an ws
' S | e o | am [ a0 s m s ais ws Dm0 s wmes  woudsimmi] an m6 ma Da e me na a
' 115 038 03 a8 16 16 16 26 26 7.6 @ALs 0 331 1smEa a tucposserid B3 Wi 3281 3134 381 338 47 BAs 0
' azs o | am S % e aa wm o nns bmewm  ooweiomed] wn o un w0 o wa o nu o uw own o own
' o | e i | am [ om s om o s as e om0 g weme i ewmwwaew] D mw o am m nw ma b o
' B e o | an So0% G mr om0 oor omeew o o) S u we mas mm o os om w5
' o | s oss | an Drromr o omoma omas o wms e pasossswe] we wn 2w ba wm o un un w2
: PR om | an ool 1N N N EE 0 G mamem  nosecansd wm  wm o m e e mu n ma ma
: P e e o | an 7w oW man 0 e som un owas o ms us wm wp ma mm se
' oo | o | o | | e [ G & @m0 um omew  Sommoommd mm e nm um mo mu om o no
] oo | e o | an 5003 3w mi owma mes o o wmwen  wmswona] 56 Sn s @ wa e s sn 56
' B 297 255 088 a3 a a a 9z 9z a2 a2 o s 190000 19 covawzioavawed WS WA n am g a4 ma 2w
' 088 = a7z a3 10 10 10 159 159 159 32999 o e 20000 a0 550 5% 2553 2525 2555 2447 2600 x93 2545
' o5 | 2 o | A G s 0 omn wwom wmmcmaw| am w0 ws om aw on wn anm ow
' o | an S5 3w w0 ow mm o mw amew  x o mm mm e s owm o oma wn s am
: Pl Iy ca | am [ omo s s mi o o s o meas mewew o e w3 wa e n u wa wa xm o wm
: o | am o | an Tnn a0 am om0 mae miome s s | 5o xu ue wm i e wm me
: o | am o5 | an e G o wne v ommesws:] sno ma o ae na wm me nw aw o
: o | o | an Dn o r e s e mes o e wmew  sommoomel oo ma e b wa me we am o ma
] i e v o | an S5 3w ona s ame o ms wwow mosmiwi] ma mu e wm o e e wm we ue
] B e oas | an Sa a3 W S w0 mmn nmem  uomsecwsd um o ns e na ns nu nm o oan
' . 205 120 033 43 7 7 7 a8 a8 a8 w02 0 AASY A80RA000 17 alMagponas ] MEY M50 283 A7 W3 AL S M3 M
' otz | oo o | an D335 ¥ i mem o mer wswew  cmwmnmen] am o o nu o ny na o ns wwm o nm me
' Ga | an [ on w5 ma oms o we omen o s o wumowsnd] o on nw ww po e oe om bo
: e | om oas | ax o %4 me oms o ome w0 men oowem  unmesnss | w6 Se e se ss me oma o sa s
: o | s o | an S ™ 10 o N wmewe  ooweswme| oo me Gm BG Gn e wm am ne
' o | as | e we [an | m w9 s o5 miomm 0 s woww  coeecnad B s® ;e an mw ws om o on mm
] e | s o | an S ms ms omsoema o mas souem  wmssis | 5n o S ww me wa umm o wa mw o
' B v e | an | w6 s m o me me ;s mem o mar summe s mmemess] 50 ma M bo mm ma ma sm me
' o | oan | aw | w0 w w0 s ms  es ;a0 it semew o ommnensmnd s ma 50 wa wm me we am @
' P e oo | an P I S S S RS e e 3 veret [Eori s e G o ] e
' | o | s o | ax 533w o wm 0 ame wowom  soes ase | ae s we  am  own as am aw  am
] L e | e oo | an Sof i ak o omr m om0 wns wowew  sswosaw | xm S on e e e e wm o an
' e | o o | axm IR St S I o e e el we s s Ws o mm uw o
: B » ose | ax S5 s m o m o m om0 nu wewew  oaumoessd o;o ose e wx s mo me  mes
: o | aa i AR [ & wr n R ko mas sowme  smmesems] om nm e ma m i sem was mas
' Pl I Ve | am | s w3 miomi oo oow 0 e wsmew  womismemie] na  ne ga om na s s um am
] o | one o | am [ s m ;o a0 oan me moe o oo owwew oo eewesems | 33 na d wa mm me wm ne ma
] o | oae om | ax [ Gl o s o mis e bsmmemess] as a4 w8 wa wo Da o em sm ma
' a0 ax | woom o om o omn omaom mas o s mmosn o nehewvd] B we maw we ma ba uwp am o au
' DO e e B e e e S Ry =t F e W me Do me on owm ww
' | Gl | ow o R R R R GRS 0 Silanmen  maucenand am o ww e wo e nw wn e ow
' o5 | an wn | ax [ w5 3 @ a o omes o = osid we wn wu we we ns oso o oam oan
' st o5 | an on | ax s a4 s W ws wam o mes wemw  smmeasens] 5o Sk wm ne sa e e s me
: e o | am Sooa o a m Tw %m0 omer wmem  smewoeeemd aw oan o mm o owm ows om us w6 oo
: vk | o | | aa on | an i i oea ;e oum o msmn o cwanewsed ws o me s wm o M um o wm e uo
: O e Vi lan | womom o m m G s o % mwew  omwecpwmd mm o xm o 2w mm  me ma o we s mu
' | e o | am [ om0 w3 mr o osme omromes o s mowew  ssewmseensd amo na a0 om ms ae us o we
] e o | an s % M ai e pem o na semmo  nmmanmme] S wm @ wn e me e un o
' o o | am o | 2w Saa s m woam 0 zne soom  womesomed am s ma so sm oo an o ws
' 053 " 075 ey 1 1 a EH EH 144 wasz o 78 107700000 e 1,04 POSH 9 A7 2952 975 a1 907 2941 N 7
' pregl i N s a N TS S ko o wewem s non | we o ne ms un o nw me mo oam na
' G | oz o | am 577 ms me ome om0 a;e meeew  ewosiwor] wm o o5 ma wa bes me e we %0
: o | o e e S Y ot v v apvorsh e e s S < R <4
' o8 o e [am | w m » me me m omam o oo weesw  oinoweeood na o 5% b mn o bno o we om b
' N e e on | am [ s o s omr oms owr oea o wm wmom  wmmmews] se o onm mn ns ono oma ww s
: o | 022 o | am SN NN N N Eh o W T Uimlamad BR2R 3058 BF 3L Gn Ea
] || e o | an 2 : 3 st s s s o sy wwmm  pwesawms:] om o nn o wp  na o na mn wn w0
] B I e o 55 2w mr mhoam o ane oeuewm  aicmescned wn s wn  ump wn me ne na aa
' o | o Ga | an | m o wm o ma s me sm o ne e Ta o b om bm s om am o 5o
' o | aas o | am L S T P R un o wm o wm mm we me oaw o onn own
' o] oo | an Pr i en wi o ome o ow uomme  chmmnon] o3 wm e na um e ue 3 us
' S | e i | am o7 oau W wm 0 o wnon Wi mmo w5 mw o owm wn ue wn e
: progl Iy o | an S5 : s e @ o ane oowew o cmenomes | wes was m oa wa mm o om o nm o
' o o | an S5 & me oni ne mms o ;s s toommiel ¥ mm s wa we mn o e wi wn
: | e | e o | am [ s om0 i oai e man o e mememe e i R R
' F e I v e S s S o e o swme i ass m an nam o am we  na o
' o | am e [om | i s as ws ms ows omams o 0 s wwow s mmexneed s ax o op om ox as ow an
] < | o o | an FE G e man o A s f 2w e us bm nu mm o onm o
' o | o s | am Yoo xom 3 osm o om wwe naazmas:] i mar e nm e ;s nu o wm o m
' B e e o5 | an § & & w6 ms owme om0 pan wwem  acommedmmd wet maw wa ua wa mmo naw na oan
' o | oo o | am S0 ED D Bam o Mo oo s ama] Bi WA s s o am ]
' PO - Rl I el Iy D a1 ) W @ o muas uewsn  somn osmn | ms ma e mm o e s we ua am
: D e s on | am [ w w0 oma oms o ome e o mar s wweowes | 20 ne mp oo mw ma wn ma mn
' o | am G |am [ 0b 55 0 A CH W o W Saem  nmwenoune] 0w mi am m s mo ou ou o om
' || s | ] o % G s e omm o mms omeonm soocames] xe sw ma se ma mu oon o an s
: P el el DO vl v 57w s oae wes o men maem wismed wn s wm um ww mn omo wm wn
' o | i o | an DL b Gm i N1 EAD 0 B Womm  nmrcomwd] we  ma e s e men e me e
' on | an | o | i | ae S w4 om0 ws maew  Snansnsed] wa sn o wn 5k ke mn o e wm 5n
' PO I (vl I el I S5 a3 meoma o n: sgm o s swwew  omsoowDe | am s w0 mw we ma s wm o Ze
] P ot | o 53 3 wme ms o owe ama 0 am amom  uisceseesd am S5 um  wm ug nw  wu mean
' B v o | an S5 3w omi o w ean o mne meew  mamesomeo] xe wa o wn e ms ow o nm o ma
: o || oo | s | 0w 53 3 ms ;s ons ommo o mmi naem  smomicomd ue  ue Ba e ba ns ne aa o an
: B e Y | aw Soos s s T T Gl o aw wwem scmwsamsmo] we oma wn uwa wa mw um wm o
: o | o S a3 moowmamomm o am mrem  mmeinsed o sn o bm we ww mm Du nn o we
' o | e | o | aa s s 3 us ;3 wma 87 0 s ammm @ comsoosmac| wn mn wa s ws e an A o
' o | o3 o | am T T Rty S oo e s mm o dm o ma we e me o mm o
] B e o S a4 e w aa owm o mps somem  mamgsomss] xa s wm  wam wa @S ng am ae
' 02 opa B 134 08 7 7 7 226 226 wé 957 0 6237 1197300000 a9 wvaryewovarse] %42 a2 2604 547 ¢ w0 %in 2605
' 085 022 0as 085 B B B 17 17 17 @A o Wk 3585 saz] 22 82 a0 9 525 2394 806 847 MA1
' prol e G4 a ms ma oma mme o pan e s e o wp o um ba ma wm ua
: wie | o o | as Tn 3w s as om0 e 0o | s mar s e a o e
: i o | s o | aw Doon o h o a2 EE o 5 e v Sa ma e me wm e mm o aw m
' osase ihomamsss |+ | 22 | s o | as S5 s aws aw oa wps 0 am e sowmsosw] xSt s ows o s0 0w s s BE o ue
: ot o o o | o2 el [ S5 s e oma o oma eom o me mmew  amaeseess] xd w0 o wa we ma mn 3w ma
: s e e |+ [ 3 | S o | as S8 D ED D EER 0 Ems wmew s dmew | wm  um em  um en me o s owm 5
' o e oo i |+ | o | 2as 0 | as S a3 ms o oms o omsomaws o ame wwew  sconmeamud ws we e wn be nm o ny oan oan
' oo coomzcsen | o [ i | ase o | as Sa s am o o mm o s womem 2 smoa] 7 me mm o omm o omm me wm omm @
] 153001 oo 520 wlem| .| | 66 A ob A w0 o nemenm s Gmmeswd om o e W s wem wn on oa oo
' o | oo o | ap 507 7w omi w ms o s snco ] un sm wn ouwm oww owm oww oww o ow=
' s cnaisiansnss | ons | ons on | an Dn 3 e i me maw o e mmes  noweemnn] wa we 2e o wa ue wm  xm wm
' e v o | ap e R e PPV e S R R
: s omorcics [+ | 2 | o o | ap 55 3 % w o  oman o men vewem  smmscnmsd xm o sa m 5w w s me me 56
: S —— o | o on | aa | w0 ow w0 mi o me msm o o maoas  wssawesn | en o we we ma wm s wa am ae
' sl I el vl IR vl I S NN N IR 0 B e - of W W Ge o owm o wm e owe S
: e smmmoas |2 [ | s [ D[ | s S5 3 me ma o oma e o mme cmewm  seoscos] ws w6 o s se mn o one e
] icosss oot | o | 20 | s o | as | p o ;e s a0 o s eowow  wcommvoomd w4 n® 3o om mw wn s a0
' [ o rcanoms kcto: o | an o | am D0 NG R WD a0 e nemem  icbmcamwieed wm  ma w0 e e o e wa me
] st o rszs |« | an | 4 o | am S a3 me ms o ome s o mos eeew  mamwcmwnd we oa op e s mi me na oan
' arss voenrcrce: | o | | s g [am | w0 m o m ms oms owms osmaw o des mowsw  cecms oms | w6 xa e wm o mm o ma e was no
' e oo nie |+ [ 3w | 2 prcll b 505 N B B W IS 0 Ak oimwew  asmmeesmad me 03 e e mk b an e
' e s | an s fam | 0w m o ome oms we was 0 om weww  mosmeound ps om pa wu wm o wn  vn om sw
' i toiosaruesae | o |z | s o fam | w a0 ms 2 sm 0 @ mmeew  oimwsesws | Bn o oas mam o mmo mw o pE ome oom e
' oo e scamace | ins | o5 | am DT WS E Al o G Gk hwmereems]| 5H 0 Bm e nn s s aw wa e
: I o | o o |am | n o w m mr o omr om0 o e wemesmsed an mS 3 ma ms mas wa me an
' s s |+ [ 2 | 1 o | am FE Tomams o mas teow s i | o0 wm o mr i
' oo smsimsra |+ [ s | 05 e | am S G ;o % mae 0 B wwm s qwk | am os wn or oy an an on an
' Ee o | o | an Sa 3 w0 m w0 mms wmem  ssen mee | amo om0 ww me wm no e
: Jsn tp1223 somate 1sicasas 0zt a1z ags a5 10 a 3 s 164 128 32366 0 3448 96720000 1 p22s ez | %4 e 2565 ST 2543 2506 633 25A1 9.
' [ csasr e« cios e o | am S5 3 s o s maw o s wwwew  maewsamnd] mmo oa bo o wn ms on o an o
' Limsssemmoe | o [ om [ s | 2| YR | Gn [ s w om0 wn W e o me memw omomeceoewss | oa ma s ma we ma mm om o om
: i vamesvoe | < | aa | om o | an s s v m ow xe mae o mer e wou| 730w wse o wa o a
: e | o | | e [ e | a [ an S s S mm o me venem  scmescwad] we wn m e na me nm o oam oan
] e T el I o | an DT 1 s s ah man 0w omwwe o owmsiwms] e ma se na e ma o am o o
] o TG 2 | as o | as S e & ams s oama mme o wes smwew  sowmemumed se o osw ww so T 550
] o i on | s Yo | aw P R et wid wa wm an o ma ows e wa owm ma
' Jrrvee o5 | am o | an S0 3 wr B3 Wm0 whm bwwew | me sk e wm o s mem  mes s
' WIrCrni CRR2 119 051 a7 a5t B 2 2 125 25 7.5 3848 0 16471 1093900000 a1 oisaed;oisie-6] %00 899 2870 2843 552 A0 674 %31 %
' utavaLk EIF2A3 - a8 295 a7 a5 B 7 7 229 w9 ws  aan 0 63004 1058400000 30 39919131 P19 2 ;28 2648 649 620 ZeA0 W AN AN
el I o | an S5 5 me ms owme w0 mes msen  swapakard am o sn D wm xm mm on an an

i o | ao e [am | a2 me oms oms a0 ;s mmew  waevscwand o su 3 wn bk ba o owa am @n

emncagicea | on | gl [ S0 S s W Wm0 man ewew  emsenssd wn o sa wn s e wm o mw o we =u

sz | o | 0 | e o | am S5 3 nm T owhe o e mew  coms o | 55 Se dm uwm o e e om e e

prtivmtetivll INDUN Ivegl vl N vl e 553 ar a0 mes o e veuem  scvmscawes | um  we wm  us s s ne am o an

cmmin] o+ | 1o | g |as| s s 5 mi o om w1 omse o ams vewm  soowsoman| sn mn smM mmo osw mas w0 am o wn

[ on | oo peell e 5033 Wi B mhoshm o ma ewew  semssews| Sm Se wm s s e ma o sn 5o

ool I il ) IR i) (e R L R ]

o ston || | e [ 2| e | s S a2 ms o omn omsosm o ams sewew  sonewensed xu sw o wm un o we mn o wm we an

st I el v I SF 3 W @hm o G weem  omowmseee | Sm e sn s s mm  ne ne e

somromnas |+ | i | o e | es 533w oem o am wwen  sousoonsd aa 5» s @i s as  su A an

o veiensicne | o | 15 | s o | ax S5 3 mr owr omeowm o ome wmew @ wnm o mm s ma wm ump o mam o mn =

Dl E | e || eE | s w a5 RD N G 0 L deew  sawmedwmd am ma ou De oa a0 e me a0

B A Golas | @ m o m ome ;e e om0 ;s mewsm  donw g | 80 xD 2 wm o B ma s w0 wn

Slm ] | ] e S % 4 ma oma om0 aon nmew  sammssanssa] wm o saw wa s wwm o e ow o oaw oan

Ll Vi | o= Ta 3 W W i Sem o amt wmwew  anmmnmes] 5n s wm e s mp e wm o aa

o | g o | an Dn o a e e e mes o s s mon o | e man am ma we me  nu o we am

ez wecein | o | s | e o | am S a4 ade en e wms o mern e x| wp ma o uww wm o mi ma no e

o oo |2 | s | | s | e | e Sooa am o H N s 0 wer vmem  smmeinoed am o ous o own an nm an aw oom o oas

v




v

Chapter 5

1csmta potinz 97z oa [am |+ | | am s 2 i s
oo s vty vi718 on | o i | am 2w s o
Coiase vawnacnawn | o | 25 | cam | o | ima [ em a4 . o
aseas wsrmomses [+ | aao | ase |« | um [ e 5w
oo cometosma [+ | W | T as woow ow
T o | an 056 | aa ' ' 1w
arsrn asemommses [+ | e | e |4 | um [ s 55 4 as
o et vanmomscons]  + | 23 | aa | o | dae [ ee a2 .
o fata7 Larint e o | ams [ osa s | ae a4 wm
ety N | ae a4 4w
103608 Kinotn K101 P e @ P
10 potingec iz P e o | a 5 s
AIBTE Tronsmar THEDID 0% | 02 0w | as o w
L2 7 ey e s [ s s | de | am R T
403002 S DR o (i R IV v s & s o
eico1ss s rscst o | on oar | a0 3 s e
-2 0167 usotsen novras o [ on | o | o | am 2 2 s
o passs satenomponia |+ | 170 o | as a4 o
-2 st cussioe crosa om [ am s | e 3 s wm
[irscwn <vammaacioacud | taa [ 2 | o | am | am 505 5w
oo v et b o | e [ e o s 6 s 3
-2 osans PR ooy (ool B e Y 55 s om
o asess P e s | an A e e
e 2 | om o | an s s wm
o1 PR [P0 (R I Ve e 55 s e
Lo onae o | om e s s o
e iowac o | am [ o P a4 3w
162250 100 s on | on s | am 2 2 2 s
PO el (el R B ey s s w

o 117E528 Biomycin s 1 | e 0z | am 33 s oms
oiorses vsaminsued + | 35 | as | o | ais [ em s s s
Coiseer v |+ | s | sae | 2| s [ am > s ow
7 | om | am 58 s o

w2 | ima osa | as T

PR = (oS I c e FO 1

oo [ oo e ] ds | am 2 2 [

o [ aw | o | da | am s s s

frem e o | as : : [

R ox | 0o v w

P i [Rpvoil B B I 58 s oau

s | s on | asm i 2 2w

o | aas | an a5 2 on ou w

PR e (o I g vy s e e ow

on | on o | 1w 2 2 i e

on | ou o | 1w a4 e

2 | asa s | am s e s oms

PR [ VE [Rrveil IR P vl 2 2 @ v

s | oz ogs | xes a4 . oms

PR o (v R PO v 55 s ow

PO I Y IR el vy P T B

P R i | an 55 5w

P e ey 0w | 1w w W @ s

o [ -1 o | 1z R T T

as [ 2e |4 | aw | am 8w oo

03 oz | am 2 s o

o | e | am om | 1n a4 oW

o | s | s E T

oot iz |+ | 2 | s g A s as
PO - (YN PR o v 55 s W

S oa | oss o | am s s w
2 0602, Znc i zec2H1 05 | -an o | am ' ' ioas
[cacsons 35 o wieszs | o [ aoa | em | am 2 2 i
ciosinn sermermgsisnosd + [ s [ am o | aw a4 .
16571 5 e 0 o | an [ Sas o e 2 2 o
oiosssa pempinomss | o | s | aas o | 1w a4 .
oo o vonsiman sscvese | os | as | o | vs | s 5 2 i

oon

onoas

w2
Ers
a2

&

a0y

6
mas

a5
i
P
a0
P
530
e
s

nas2
r

5

pen

was
w1

5

521

om0

€

526
Er

&

E
asa

ansa

e
st

canize comin)
rssazs s
e——
R PR
s Ko

1202 berize)
o qund

ctpave awad)




=
5]
k=]
I
£
=
<L
o
1)
2
D
[~
el
<
«
£
=
It
g
2
4
=
&
=
S
=
«
2
B
i
Z
=
—
=
~
=
L
3
=)
=3
E
=
o
%
Lo
L
=
5
e
S
=
S
k=]
<
N
=
L
E]
Q
It
£
«
=
@)




