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Ribonuclease H2 plays an essential role for genome stability as it removes ribonucleotides misincorporated into
genomic DNA by replicative polymerases and resolves RNA/DNA hybrids. Biallelic mutations in the genes
encoding the three RNase H2 subunits cause Aicardi—Goutiéres syndrome (AGS), an early-onset inflammatory
encephalopathy that phenotypically overlaps with the autoimmune disorder systemic lupus erythematosus.
Here we studied the intracellular dynamics of RNase H2 in living cells during DNA replication and in response
to DNA damage using confocal time-lapse imaging and fluorescence cross-correlation spectroscopy. We dem-
onstrate that the RNase H2 complex is assembled in the cytosol and imported into the nucleus in an RNase H2B-
dependent manner. RNase H2 is not only recruited to DNA replication foci, but also to sites of PCNA-dependent
DNA repair. By fluorescence recovery after photobleaching, we demonstrate a high mobility and fast exchange
of RNase H2 at sites of DNA repair and replication. We provide evidence that recruitment of RNase H2 is not only
PCNA-dependent, mediated by an interaction of the B subunit with PCNA, but also PCNA-independent mediated
via the catalytic domain of the A subunit. We found that AGS-associated mutations alter complex formation,
recruitment efficiency and exchange kinetics at sites of DNA replication and repair suggesting that impaired
ribonucleotide removal contributes to AGS pathogenesis.

INTRODUCTION

Ribonuclease H2 (RNase H2) belongs to the RNase H family of
endoribonucleases which cleave the RNA moiety in RNA/DNA
hybrids. Unlike RNase H1, RNase H2 can also hydrolyze the
5’-phosphodiester bond of a single ribonucleotide embedded in
a DNA duplex (1). Previous studies in yeast and mice have
shown that RNase H2 plays an essential role in the maintenance
of genome integrity (2—4). It facilitates the removal of ribonu-
cleotides misincorporated into genomic DNA by replicative
polymerases by a ribonucleotide excision repair (RER) mechan-
ism (5—7). Indeed, ribonucleotides were shown to represent the
most frequent DNA base lesion (one per 7000 base pairs) in

replicating mammalian cells (3). If left unrepaired, misincorpo-
rated ribonucleotides render the DNA backbone susceptible
to strand cleavage leading to genome instability (3,8—11). In
mice with complete RNase H2 deficiency, accumulation of
ribonucleotides in genomic DNA causes embryonic lethality
duetoap53-dependent DNA damage response (3,4). In addition,
RNase H2 has also been implicated in the resolution of R-loops,
deleterious RNA:DNA hybrid structures that can form during
transcription (6,12—14).

The human RNase H2 forms a heterotrimeric complex consist-
ing of the catalytic RNase H2A subunit, which is characterized
by a metal binding DEDD motif (D24, E35, D141, D169), and
two auxiliary subunits RNase H2B and RNase H2C (1,15-17).
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Analysis of the crystal structure of RNase H2 complex demon-
strated that the three subunits are arranged in one line with the
C subunit located in the center (Fig. 1A). The auxiliary B and
C subunits adopt an interwoven triple B-barrel folded together
with the C-terminal extension of the A subunit located on the
C-terminal half of RNase H2C (15,17,18). In eukaryotic cells,
all three subunits are required for enzymatic activity (19).
Although the exact functions of the B and C subunits are not
fully understood, it is likely that both subunits are involved
in interactions with other proteins. The B subunit was shown
to possess a PIP-box motif at its C-terminus, which mediates
interaction with the DNA polymerase processivity factor prolif-
erating cell nuclear antigen (PCNA) consistent with a role
for RNase H2 in DNA replication and repair (20,21). Biallelic
mutations in the genes encoding the three RNase H2 subunits
(RNASEH2A,RNASEH2B, RNASEH2C) cause Aicardi—Goutiéres
syndrome (AGS2, AGS3, AGS4; OMIM 610181, 610329,
610333), an autosomal recessive inflammatory encephalopathy
characterized by basal ganglia calcification, myelin defects and
brain atrophy (22). The phenotype of AGS mimics in utero
acquired viral infection and overlaps with the autoimmune dis-
order systemic lupus erythematosus (SLE). Features common
to both disorders include activation of the antiviral cytokine
interferon (IFN)-a, cutaneous chilblain lesions, arthritis, anti-
nuclear antibodies, reduced complement and hematological
abnormalities (23).

AGS is also caused by biallelic mutations in the 3’ repair exo-
nuclease 1 (TREXT) (24), the ANTP-degrading triphosphohydro-
lase SAMHDI (25), the RNA-editing enzyme ADARI (26) and
IFIHI (27). Furthermore, heterozygous mutations in TREX]
and SAMHDI] cause familial chilblain lupus or SLE (28—31).
It is thought that defects in RNase H2, TREX1, SAMHDI,
ADARI and IFIHI result in the intracellular accrual of nucleic
acid species or an enhanced sensing of nucleic acids which trig-
gers a type [-IFN-dependent innate immune response leading
to inflammation and autoimmunity (32,33). The association of
RNase H2 with autoimmunity points to an important role of
the nucleic acid metabolism in the prevention of inadequate
immune responses and implicate defects in DNA replication
and repair in the pathogenesis of autoimmunity. In this study,
we analyzed the assembly and recruitment of the RNase H2
complex to sites of DNA replication and repair in order to gain
more insight into the spatio-temporal dynamics of RNase H2
in living cells.

RESULTS AND DISCUSSION

Intracellular distribution and assembly of the RNase H2
complex

In contrast to prokaryotic RNase HII, which acts as a monomeric
enzyme, eukaryotic RNase H2 functions as a complex composed
of three distinct subunits, all of which are required for full
catalytic activity (19,20). In agreement with previous reports
showing that RNase H2 is a nuclear protein, all three wild-type
RNase H2 subunits N-terminally labeled with different fluoro-
phores were localized in the nucleus (Fig. 1B). In the absence
of either the A or C subunit, respectively, the B subunit remained
nuclear, while the corresponding third subunit was also found in
the cytosol. In contrast, both the A and C subunits were diffusely
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distributed throughout the entire cell when expressed in the
absence of the B subunit indicating that the B subunit is required
fornuclear targeting ofthe RNase H2 complex. Expression of the
RNASEH2C mutant D115fs (C_D115fs) which is translated into
a C-terminally truncated protein along with the wild-type A and
B subunits also led to a diffuse distribution of the A and the
mutant C subunit suggesting that formation of stable complexes
requires an intact C subunit. Co-expression of the mutants
A_G37S, B_APIP, B_A177T, C_R69W and C_D39Y with the
corresponding wild-type subunits did not alter the subcellular
distribution of the RNase H2 complex demonstrating that
these mutations do not impair formation and nuclear targeting
of the heterotrimers (data not shown).

For further quantification, we determined the absolute number
of fluorescent particles of the wild-type RNase H2 complex
within a confocal volume both in the cytoplasm and the
nucleus by fluorescence correlation spectroscopy (Fig. 1C). In
the absence of the B subunit (WTAB), the nuclear/cytoplasmatic
ratio of RNase H2A and RNase H2C strongly decreased from
114+ 8.1 to 1.9 + 0.8 and from 15.4 + 12.5 to 1.8 + 0.8,
respectively, suggesting passive diffusion of these subunits
across the nuclear membrane. A lack of either the A (WTAA)
or the C (WTAC) subunit also led to a significant decrease of
the nuclear/cytoplasmatic ratio of the corresponding other subu-
nits, although the B subunit remained mainly nuclear in both
conditions. In the presence of the deletion mutant C_D115fs,
the nuclear/cytoplasmatic ratio of both the A and the truncated
C subunit decreased nearly to the level of free diffusion, which
is consistent with the loss of heterotrimer formation. These find-
ings suggest that the RNase H2 heterotrimer assembles within
the cytosol and that the import and/or retention of the RNase
H2 complex into the nucleus is mediated by the B subunit.

RNase H2 complex stability in living cells

Except for the G37S mutation in the A subunit, which is catalyt-
ically inactive when tested on a single ribonucleotide-containing
oligonucleotide, all other AGS-associated mutations studied
so far were shown to be capable of hydrolyzing a DNA/DNA
duplex containing one ribonucleotide in vitro (15,17,18,20,34,35)
indicating that additional parameters underlie the impairment
of RNase H2 function in AGS. Indeed, previous studies have
demonstrated an effect of AGS-associated RNase H2 mutations
on complex stability based on thermal stability assays using
recombinant proteins (15,18). We therefore analyzed complex
stability by assessing the interaction of individual RNase H2 sub-
units using fluorescence cross-correlation spectroscopy (FCCS)
at the single-molecule level in living cells. Measureable cross-
correlation within the nucleus of cells co-expressing either mono-
meric EGFP and mCherry (negative control) or a mCherry-EGFP
tandem construct (positive control) ranged from 0.3 + 1.3% for
monomeric EGFP and mCherry to an average maximum of
36.6 + 2.5% for the mCherry-EGFP tandem construct (Fig. 1D).
We next co-transfected all three fluorescently tagged RNase H2
subunits and determined cross-correlation between each EGFP-
and mCherry-tagged subunit combination (AB, AC, BC). The cor-
responding third subunit was ECFP-labeled for visual control. We
observed high cross-correlation values in the range of the
mCherry-EGFP tandem construct between 34.5 + 7.9% for AB,
363 +7.9% for AC and 37.8 + 5.9% for BC, respectively,
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Figure 1. Subcellular localization and complex stability of the RNase H2 complex. (A) Position of AGS-associated mutations analyzed in this study within the human
RNase H2 structure (PBD 3P56). G37S is located in the active center of the catalytic subunit A (purple). The common A177T is located in subunit B (blue) containing a
PIP-box motif. D39Y,R69W and D115fs are positioned in the RNase H2C subunit (green). (B) Nuclear localization of the RNase H2 heterotrimer is dependent on the B
subunit. Fluorescently tagged RNase H2 subunits target to the nucleus in HeLa cells. In the absence of the B subunit, the other subunits are diffusely distributed
throughout the cell. Co-expression of fluorescently tagged C_D115fs along with the corresponding wild-type subunits leads to a diffuse distribution of all three sub-
units both within the nucleus and cytosol indicating impaired complex formation. The fluorescence of individual subunits was color-coded as follows: A (red), B (blue),
C (green). Scale bar: 20 pwm. (C) Nuclear/cytoplasmatic ratio of EGFP- and mCherry-tagged RNase H2 subunits measured by FCS. N: number of molecules. Wil-
coxon—Mann—Whitney test, *P < 0.05, **P < 0.01, ***P < 0.001. Shown are the means + standard error of the mean of at least 10 cells measured in at least
two independent experiments. (D) RNase H2 complex stability analyzed by FCCS for each EGFP- and mCherry-labeled subunit combination (AB, AC, BC).
Shown are the in cross-correlation (%CC) for each subunit combination compared with the wild-type RNase H2 complex. Mutations A_G37S, B_A177T,
B_APIP and C_R69W exhibited a reduction of cross-correlation for at least one subunit combination. Mutant C_D115fs shows a strongly decreased cross-correlation
for each subunit combination. Wilcoxon—Mann—Whitney test, *P < 0.05,**P < 0.01,***P < 0.001. Shown are the means + standard error ofthe mean of at least 10
cells measured in at least two independent experiments.
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indicating that all subunits were interacting with each other
forming the heterotrimeric complex. Thus, within the nucleus,
RNase H2 is exclusively found as a fully assembled complex.
We next examined the effect of the AGS-associated mutations
as well as the artificial B_APIP mutant on cross-correlation
between individual subunits. As shown in Figure 1D, the mutants
A_G37S, B_A177T, C_R69W and B_APIP significantly reduced
the cross-correlation for at least one out of three subunit combina-
tions indicating an effect on complex stability despite the pre-
served ability of these mutants to form a heterotrimer. While
C_D39Y had no measurable effect on complex stability in living
cells, the truncated subunit C_D115fs showed a complete loss of
interaction for all three RNase H2 subunit combinations consistent
with a lack of complex formation (Fig. 1D).

Recruitment of RNase H2 to sites of DNA damage

To investigate the recruitment of RNase H2 to sites of DNA
damage, we co-transfected HeLa cells stably expressing
mCherry-tagged PCNA with each of the three EGFP-tagged
RNase H2 subunits along with the respective un-tagged subunits
and microirradiated the cells with a 405 nm laser to inflict loca-
lized DNA damage (36). The ring-shaped homotrimeric PCNA
encircles and slides along DNA at replication forks acting as a
‘sliding clamp’ that guides coordinated assembly of factors
involved in DNA replication and repair (36). Within 4 s post-
irradiation, PCNA accumulated at sites of DNA damage indicat-
ing activation of PCNA-dependent DNA repair pathways. This
was accompanied by fast recruitment of the RNase H2
complex to sites of DNA damage within the same time frame,
as shown by confocal time-lapse microscopy (Fig. 2A and B).
Quantification of accumulation revealed a similar kinetic behav-
ior of all three wild-type subunits (Fig. 2B). Although RNase H2
complexes containing the catalytically inactive A_G37S mutant
accumulated at DNA repair foci, the kinetic behavior showed a
significantly reduced plateau compared with wild-type RNase
H2 suggesting inefficient recruitment or retention at DNA repair
sites. Accumulation of complexes containing the mutants
B_A177T, C_D39Y or C_R69W was similar to that of the wild-
type complex (Fig. 2C and D). Recruitment of RNase H2 to
DNA replication foci has been shown to be mediated by an inter-
action of the PIP-box motif in the B subunit with PCNA (20,21).
Consistent with this, the B_APIP mutant showed no appreciable
accumulation at DNA damage sites (Fig. 2D and F). Likewise,
the C_D115fs did not accumulate at repair foci suggesting that
complex integrity is important for binding to sites of DNA
repair (Fig. 2E and F).

To gain further insight into the dynamics of RNase H2
recruited to repair sites, we studied the binding behavior of
RNase H2 at sites of irradiation-induced DNA damage by fluor-
escence recovery after photobleaching (FRAP). During the
FRAP experiments, the fluorescent tags of the fusion proteins
were irreversibly bleached in a defined nuclear area and the
exchange of bleached proteins with the surrounding unbleached
ones was measured by monitoring the signal recovery. To this
end, we allowed the proteins to accumulate for 200 s following
microirradiation with a 405 nm laser prior to photobleaching
with 488 and 561 nm. At this time point, the maximal accumula-
tion had been reached (Fig. 3) and hence the signal recovery
reflected the steady-state exchange rate. Fluorescence recovery
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was then measured every 200 ms (Fig. 3A). To assess the mobil-
ity of non-accumulated nucleoplasmic RNase H2 complexes,
control FRAP experiments were performed in non-irradiated
nuclei of non-S phase cells using the same conditions (Fig. 3B
and C). Consistent with a tight binding to DNA, PCNA exhibited
a very slow recovery at sites of DNA damage (37). In contrast,
RNase H2 showed full recovery within 3 s after bleaching
(Fig. 3A—C). To quantify protein exchange, half-times of full re-
covery for all mutant subunits were calculated. Indeed, exchange
rates for all RNase H2 subunits at repair sites did not differ from
those in non-irradiated areas (Fig. 3C) indicating a very short re-
tention and an immediate release of the enzyme at repair sites.
This dynamic behavior is consistent with previous studies
showing that PCNA remains stably bound over a long time
period at DNA damage sites, whereas PCNA interacting proteins
such as DNA ligase I show a high turnover (38). These findings
also demonstrate a role of RNase H2 in pathways of PCNA-
dependent DNA repair and suggest that it might be involved in
the removal of ribonucleotides misincorporated during gap-
filling DNA synthesis.

Association of RNase H2 with the DNA replication
machinery

The far vast majority of DNA synthesis occurs during DNA rep-
lication in S phase. During this process, ribonucleotides were
shown to be incorporated by the DNA polymerases 8 and &
at an estimated rate of one ribonucleotide per 7000 bases
and to be subsequently repaired by the RNase H2-dependent
RER pathway (6,7,13). In addition, RNase H2 is capable of re-
solving R-loops, harmful RNA/DNA hybrid structures which
can form during transcription (6,12—14). To further explore
the dynamics of RNase H2 recruitment to replication sites, we
analyzed the mobility and binding characteristics of individual
EGFP-tagged RNase H2 subunits co-expressed with the corre-
sponding other subunits in replicating HeLa cells stably expres-
sing mCherry-PCNA. Consistent with previous reports, all
wild-type subunits accumulated at replication foci as shown by
colocalization with PCNA (Fig. 4A). The B_APIP mutant
showed no appreciable colocalization with PCNA in S phase
confirming a role of the PIP-Box motif for PCNA binding. In
agreement with a lack of complex formation, no accumulation
of the C_D115fs mutant at replication foci was observed. All
other mutants colocalized with PCNA indicating recruitment
to replication sites (Fig. 4A). Interestingly, although the catalyt-
ically impaired mutant A_G37S accumulated at replication sites,
colocalization with PCNA appeared somewhat blurred com-
pared with wild-type RNase H2 (Fig. 4A). To analyze the colo-
calization between the RNase H2 subunits and PCNA in a
quantitative manner, we used the colocalization coefficient
Heoetr, which quantifies the spatial correlation between two fluor-
escent molecules as a function of the distance between the mole-
cules (39). If two proteins within this distance are attracted to
each other or are positively correlated Hefr is larger than 1. If
they do not interact and are randomly distributed, the Heqcy 1S
1, while values of Heefr < 1 indicate repulsion between mole-
cules (39). Determination of the Hs revealed significantly
reduced values for the mutants A_G37S, B_APIP and
C_D115fs compared with the corresponding wild-type subunits
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Figure 2. Recruitment of RNase H2 to sites of DNA damage. (A) Live-cell imaging of microirradiated HeLa cells expressing mCherry-PCNA and EGFP-RNase H2A
along with the untagged B and C subunits. Pictures were taken every 4 s. RNase H2 accumulates at sites of DNA damage shown by colocalization with PCNA. Scale
bar: 10 pm. (B—E) Accumulation kinetics of the wild-type and mutated RNase H2 complexes to sites of DNA damage. (F) Plateau level of accumulation curves.
Wilcoxon—Mann—Whitney test, *P < 0.05, **P < 0.01, ***P < 0.001. Shown are the means + standard deviation of at least five cells measured in at least two in-
dependent experiments. Color-shaded areas and error bars represent standard deviation.

(Fig.4B). While the Hooerrfor C_D115fs wascloseto 1 suggest- with the observed diminished focality. Remarkably, the
ing random distribution, the H¢y.qr for A_G37S was only slight-  B_APIP mutant showed a significantly higher H..s than the
ly reduced compared with the wild-type A subunit consistent C_D115fs mutant (P = 0.0006) indicating some residual
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Figure 3. Dynamics of RNase H2 at repair sites. (A) Scheme of experimental setup of FRAP after microirradation of HeLa cells expressing mCherry-PCNA (PCNA)
and EGFP-RNase H2A (A_wt) along with the untagged B and C subunits. Scale bar: 10 wm. (B) FRAP recovery of each RNase H2 subunit (A_wt, B_wt, C_wt) at
microirradiated sites. Control FRAP measurements were performed in non-irradiated nucleoplasm. Shown is the FRAP recovery for the wild-type A subunit (ctr
(A_wt)). Color-shaded areas represent standard deviation. (C) Half times determined from FRAP recovery curves. Wilcoxon—Mann—Whitney test, *P < 0.05,
**P < 0.01,***P < 0.001. Indicated are the means + standard deviation of at least five cells measured in at least two independent experiments.

binding of this mutant at replication sites despite loss of the
PIP-box motif.

We next examined the dynamics of RNase H2 recruitment to
DNA during replication using FRAP at replication foci in S
phase cells. FRAP control experiments were performed in
nuclei of non-S phase cells to monitor the mobility of RNase
H2 complexes in the absence of DNA replication. As expected,
PCNA exhibited a very slow turnover at replication sites (40).
Like at sites of DNA repair, RNase H2A signal at replication
foci was fully recovered within 3 s (Fig. 5A). However, RNase
H2 complexes exhibited a slower recovery at replication sites
as shown by a reduced mobility compared with the correspond-
ing non-S phase controls with a half-time of 0.72 + 0.29s at
replication sites versus 0.35 + 0.1s in non-S phase cells

(P=0.0001) (Fig. SB—E). This increase in retention may
reflect the much higher presence of ribonucleotides in genomic
DNA after DNA replication compared with gap-filling DNA
synthesis during repair. Compared with the wild-type C
subunit, the C_D115fs mutant exhibited a faster turnover at
sites of DNA replication and showed the same mobility in repli-
cating and non-replicating cells (Fig. 5D and E). All other mutant
complexes displayed a significant delay in turnover at replica-
tion sites compared with non-replicating cells (Fig. 5B, C and
E). Notably, also the catalytically inactive A_G37S mutant
exhibited a faster turnover at sites of DNA replication compared
with the wild-type (Fig. 5B and E). Thus, the reduced accumula-
tion and retention of the A_G37S mutant suggest that a direct
interaction of the catalytic domain with DNA is important for
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Figure 4. Recruitment of RNase H2 to sites of DNA replication. (A) Live-cell imaging of S phase HeLa cells expressing mCherry-PCNA and GFP-RNase H2 subunits
along with the corresponding untagged subunits. For better visualization, gray images are also shown false color-encoded. Pixel intensity values 0—127 yellow, 128—
255 turquoise. Scale bar: 10 wm. (B) Quantification of colocalization of RNase H2 subunits and PCNA using H,frin response to pixel distance. (C) Heoefrat distance 0
pixel. Wilcoxon—Mann—Whitney test, *P < 0.05,**P < 0.01, ***P < 0.001. Indicated are the means + standard deviation of at least five cells measured in at least

two independent experiments.

binding of RNase H2 at sites of DNA repair and replication. This
is supported by structural data showing that the A_G37S muta-
tion distorts binding to the active site (17). Accordingly, the
A_G37S can still bind to a relatively wider minor groove
present in an RNA:DNA hybrid with a longer stretch of ribonu-
cleotides, but not to a more narrower minor groove expected in a
DNA:DNA duplex with only a single ribonucleotide (17). This is

in line with previous findings showing that recognition of single
ribonucleotides and not PCNA-binding is essential for RER (12).
Moreover, the residual accumulation of the B_APIP mutant at
replication sites suggests that substrate binding of the catalytic
domain of the A subunit slowed down dissociation of B_ APIP-
containing RNase H2. This is consistent with the notion that
initiation of substrate cleavage by RNase H2 during RER is
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Figure 5. Dynamics of RNase H2 atreplication sites. (A) Live-cell image of a photo-bleached S phase cell expressing mCherry-PCNA (PCNA) and EGFP-RNase H2A
(A_wt) along with the untagged B and C subunits. Scale bar: 10 um. (B—D) FRAP kinetics of the wild-type and mutated RNase H2 complexes to sites of DNA rep-
lication. Control FRAP measurements represent mobility of RNase H2 subunits (A_wt ctr, B_wt ctr, C_wt ctr) in non-S phase cells. Color-shaded areas represent
standard deviation. (E) Half times determined from FRAP recovery curves. Wilcoxon—Mann—Whitney test, *P < 0.05, **P < 0.01, ***P < 0.001. Indicated are
the means + standard deviation of at least five cells measured in at least two independent experiments.

PCNA-independent (6). Catalysis would therefore be more
important for retention at replication sites than PCNA binding.
Taken together, these findings indicate a catalysis-dependent
mechanism by which enzymatically engaged RNase H2 is
bound more tightly to replication sites, while the PIP-box is
required for consolidating recruitment of RNase H2 to replica-
tion forks by its interaction with PCNA. This would imply a
two-step mechanism where the PIP-box motif driven interaction
with PCNA results in a loose association that generated a

localized higher concentration of RNase H2, which in turn
can then bind more tightly to the substrate for catalysis. A
similar dual mode of recruitment to DNA has been described
for DNA methyltransferase (Dnmtl) which also interacts
with PCNA via a PIP-box motif. Thus, retention of Dnmt
with mutated PIP-box at replication sites was shown to be
mediated by an interaction of the targeting sequence domain
of Dnmtl with DNA (41). Likewise, recruitment of
poly(ADP-ribose) glycohydrolase (PARG) to DNA involves
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both a PCNA-dependent and a poly(ADP-ribose)-dependent
mechanism (42).

In mice, complete loss of RNase H2 is embryonic lethal due to
DNA damage caused by accumulation of ribonucleotides (3,4).
Interestingly, the loss-of-function mutation C_D115fs, pre-
dicted to be incompatible with life in the homozygous state,
has been described in a compound heterozygous AGS patient
along with the C_D39Y mutation (23) which showed no measur-
able functional alterations in our experimental settings. Although
all other AGS-associated mutations studied here, including the
common B_A177T and C_R69W, exhibited altered functional
properties they were still recruited to sites of DNA damage or
repair suggesting that they may have a residual activity and are
hypomorphic. Taken together, our findings confirm an essential
role of RNase H2 in DNA replication/repair and further suggest
that defects in DNA replication/repair due to impaired RNase
H2 function contribute to AGS pathogenesis (Fig. 6).

MATERIALS AND METHODS
Constructs, cells and transfection

Wild-type RNase H2 subunits cds (RNASEH2A NM_006397,
RNASEH2B NM_024570, RNASEH2C NM_032193) were
cloned into pEGFP-C1 (Clontech) using XAol and HindIll.
RNASEH2A, RNASEH2B and RNASEH2C mutations identified
in AGS patients (A_G37S, B_A177T, C_D39Y, C_R69W,
C_D115fs)and the artificial mutation B_APIP (21) were introduced
by site-directed mutagenesis (QuikChange Lightning, Agilent
Technologies). EGFP was replaced by mCherry or ECFP using
Agel and BsrGl. HeLa cells were grown at 37°C and 5% CO, in
DMEM supplemented with 10% FCS, 1 pm/ml gentamycin. The
medium of HeLa cells stably expressing mCherry-PCNA was sup-
plemented with blasticidin (2.5 wg/ml). Cells were grown on cover
slips and co-transfected with 100 ng of fluorescently tagged and

100 ng of corresponding un-tagged RNase H2-constructs using
polyethyleneimine as previously described (43).

Fluorescent cross-correlation spectroscopy

HeLa cells grown on 8-well Lab Tek chamber slides (Nunc) were
co-transfected with 10 ng of each EGFP-, mCherry- and ECFP-
tagged wild-type or mutant RNase H2 subunits using FuGENE
HD (Roche Diagnostics). FCCS was carried out as described
in Supplementary Material, Methods using a Zeiss LSM780-
Confocor3 microscope of the light microscopy facility BIOTEC/
CRTD. For the experiment described in Figure 1B, the follow-
ing combinations of fluorescent tags were used: for (WT),
mCherry-RNase H2A, ECFP-RNase H2B, EGFP-RNase H2C; for
(WTAA), mCherry-RNase H2B, EGFP-RNase H2C; for (WTAB),
mCherry-RNase H2A, EGFP-RNase H2C; for (WTAC), mCherry-
RNase H2A, EGFP-RNase H2B; for (C_D115fs), mCherry-RNase
H2A, ECFP-RNase H2B, EGFP-RNase H2C_D115fs.

Live-cell microscopy, microirradiation and
photobleaching experiments

Live-cell imaging, microirradiation and photobleaching experi-
ments were performed using an UltraVIEW VoX spinning disc
confocal system (PerkinElmer) in a closed live-cell microscopy
chamber (ACU, Perkin Elmer) at 37°C with 5% CO, and 60%
humidity, mounted on a Nikon TI microscope (Nikon). Images
were taken with a CFI Apochromat 60x/1.49 NA oil immersion
objective. EGFP and mCherry were imaged with 488 and
561 nm laser excitation and 527 + 55 and 612 + 70 nm (full
width at half maximum) emission filters, respectively. For
microirradiation, a preselected spot within the nucleus was
microirradiated for 1.2 s with a 405 nm laser set to 100% corre-
sponding to 1 mJ. Before and after microirradiation, confocal

B
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RNase H2 complex repair replication
subunit stability binding  mobility | binding mobility
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Figure 6. Functional properties of RNase H2 during DNA repair and replication. (A) Table summarizing complex stability, binding and mobility characteristics of

intermediate

low

low

low

low

low

low

wild-type and mutant RNase H2 subunits. Arrows indicate direction of altered behavior compared with wild-type. High: indicates mobility as fast as unbound protein;
low/intermediate: indicates a strong/intermediate delay in turnover. (B) Model depicting recruitment of RNase H2 to DNA. The catalytic site is important for direct
ribonucleotide substrate binding (R), whereas the PIP-box motif mediates binding to PCNA.
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image series of one mid-nuclear section were recorded at 4 s
intervals. For evaluation of the accumulation kinetics, the
mean intensity of the irradiated region was divided by the
mean intensity of the whole nucleus (both corrected for back-
ground) using ImagelJ. Single exponential functions were used
to calculate the plateau. For FRAP analysis, spots of previously
microirradiated sites were photo-bleached using a circular ROI
(~1.5 pm diameter) at 600 ms with 488 and 561 nm laser set
to 100%. Identical bleach regions were selected at sites of
DNA replication or repair and in the nucleoplasm (control).
Before and after bleaching, confocal image series were recorded
at 200 ms time intervals (5 s pre- and 30 s post-bleach). Double
normalization was performed in ImageJ as previously described
(44,45) and half-times were calculated from these curves using
single exponential functions. For colocalization analysis, one
confocal plane of living cells was imaged using constant settings
(488: 30% laser power, 500 ms exposure time; 561: 30% laser
power, 400 ms exposure time). Spatially resolved colocalization
was calculated using the H.r as previously described (39) and
is described in Supplementary Material, Methods.

Statistical analysis

Data were analyzed with Wilcoxon—Mann—Whitney test using
GraphPad Prism, P-values of <0.05 were considered significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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SUPPLEMENTARY METHODS
FCCS data acquisition

Fluorescence cross-correlation spectroscopy (FCCS) and laser scanning microscopy were carried out
on a commercial confocal microscope Zeiss LSM780 with an attached Confocor 3 at the light
microscopy facility BIOTEC/CRTD. The 488 nm Ar-laser-line was used to excite EGFP and the 561
nm line was used to excite mCherry. Both laser lines were attenuated by an acousto-optical tunable
filter to intensities in the focal plane of 1.6 kW/cm? (GFP) and 2.6 kW/cm? (mCherry), respectively.
Both excitation laser lines were directed by a 488 / 561 dichroic mirror (MBS) onto the back aperture
of a Zeiss C-Apochromat 40x, N.A. = 1.2, water immersion objective. The fluorescence light was
collected by the same objective, separated from the excitation light by the MBS, passing a confocal
pinhole (35 um in diameter) and split into two spectral channels by a second dichroic (NFT, LP565).
After removing residual laser light by a 495-555 nm bandpass and 580 nm longpass emission filter,
respectively, the fluorescence light was recorded by avalanche photodiode detectors (APDs). Before
each experiment the setup was adjusted using a dye mixture of Alexa488 and CF568 and a 198 bp
long Alexa488 / Atto565 double labelled DNA, yielding cross-correlation amplitudes of 80 % (+ 5 %).
The discrepancy to 100 % is due to imperfect overlap of the detection volumes and/ or imperfect
labelling of the DNA (1;2;3;4). Therefore, even in presence of a perfect interaction, cross-correlation

values would not reach 100 %.

For intracellular FCCS, a confocal image was acquired and the FCCS focus was positioned inside the
nucleus approximately 3 pm above the cover slip. For each measurement, 24 runs, each 10 seconds
long were collected. Cells were kept in air-buffer (150 mM NaCl, 20 mM HEPES pH 7.4, 15 mM
glucose, 150 pg/ml BSA, 20 mM trehalose, 5.4 mM KCl, 0.85 mM MgSO4, 0.6 mM CaCl,) at room
temperature during measurement (5). Confocal imaging was performed using the 32 channel GaAsP

detector of the Zeiss LSM780 in photon counting mode.

FCCS data analysis

The fluorescence signals of each run were software correlated by the Zeiss ZEN Software following

the definition of auto- and cross-correlation (1;2;3)

(oF, (1) 8F 1+ 7))
G, (1) = :
(F0)F,®)

Runs showing diffusion of remaining cellular compartments were discarded from the data evaluation.



A model including two diffusing species and a term accounting for the photophysics was fitted to the
two auto-correlation and the cross-correlation curves, using a weighted Marquardt non-linear least
square fitting algorithm. The cross-correlation curve was the average of the two cross-correlation

curves (red vs. green and green vs. red channel).

GAT%:GU®)[1+_I;J,JfQ), F . p
. . : : :
I N I+— | [1+

( TIJ SZ'TI ( TZ) 52'72

T represents the fraction of molecules in the dark state, [t the lifetime of the dark state, [, and [, are

the diffusion times of the two species, F is the fraction of the two species and S is the form factor,
which is the ratio of axial ([1,) over the radial radius ([,y). During the fit the triplet fraction T of the

cross-correlation curve was fixed to zero.

The amplitudes G;;(0) were corrected for spurious autofluorescent background of the cells, using the

following algorithm:

~ F, F.
Gij (0) = Gljj (0) .

F, =B, Fj_Bj

Here, F is the measured count rate and B the measured background count rate, which was measured in
Hel a cells transfected with an empty vector. The background in the green channel was below 1% of
the measured fluorescent signal and for the red channel between 1 and 2%. In addition, background

corrected amplitudes, (N;I_/_ (0), were corrected for spectral crosstalk. Spectral crosstalk was only

encountered from the green into the red channel, with an amount of = 9.8 %. Subsequently, the green
amplitude is unaffected, while the red and the cross-correlation amplitude need to be corrected for

spectral crosstalk:

G,(0)=G,(0)

G (0= F’G,(0)+ B°F}G,(0)-2BF,.F,G.(0)
’ (F, - pr,}

G, (0)= FFiGec (0)-F;G,(0)
cc (Fg F, _,BFg )2

From the corrected amplitudes, the number of fluorescent particles in the detection volume was

calculated, which is given by the following set of formulas:



6,0)0=—1 6,0 ;ém(o):( N

N,+N,, N,+N,, N,+N,JN,+N,)

Here, N, is the number of only green labelled particles, N, the number of only red labelled particles
and N, the number of particles, which carry both labels. For analysis of FCCS data only

measurements with molecule numbers N < 150 within the confocal volume were included.

The amount of cross-correlation was calculated by dividing the number of double labelled particles by

all particles carrying a green label:

N r
cC=—=—
N,+N,,

H...;r data analysis

The H,..r shows the spatial correlation between two fluorescent molecules as a function of the

distance between the molecules described by the following relation:

N.
Np 2,27 Trcpijer+ald))
N.
E 2D (EP 19 Crenij<rial)

Hcoeff(r) =

Where Ir; and Ig; is the intensity of the channels r and g in the pixel i and N, is the total number of
pixels (accessible to the molecules, in our case the nucleus), A is the thickness of the interval evaluated
at a distance r and 4;; is the distance between the pixel i and pixel j. The divisor is used to normalize
the equation by the number of pixels counted in the g channel for each distance r. H.s at pixel O
means direct colocalization at the given pixel, whereas increasing pixel distance reflects colocalization
with the surrounding pixels. This coefficient (or rather its logarithm) was specifically designed to
parametrize the strength of molecular interactions extracted from fluorescent signals in a
thermodynamics sense (6). If the proteins repel each other, or are anticorrelated, Heperr <1 (LOg(Heoerr)
< 0), if they do not interact, or are randomly correlated, Heoerr = 1 (Log(Heoerr)=0) and if the proteins

attract each other, or are correlated, Heoerr >1 (Log(Heoerr) > 0).
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Supplementary Figure S1. Recruitment of RNase H2 to sites of DNA replication. Live-cell imaging
of S phase HeLa cells expressing mCherry-PCNA and GFP-RNase H2 subunits along with the
untagged A and C subunits.
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