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Summary

Ubiquitination regulates numerous cellular processes by generating a versatile
communication system, based on eight structurally and functionally different chains
linked through distinct residues. Except for K48 and K63, the biological relevance of
different linkages is largely unclear. Here we show that RNF168 ubiquitin ligase
promotes non-canonical K27-linked ubiquitination both in vivo and in vitro. We
demonstrate that residue K27 of ubiquitin (UbK27) is required for RNF168-dependent
chromatin ubiquitination, by targeting histones H2A/H2A.X, and that it is the major
ubiquitin-based modification marking chromatin upon DNA damage. Indeed, UbK27 is
strictly required for the proper activation of the DNA damage response (DDR) and is
directly recognized by crucial DDR mediators, namely 53BP1, Rap80, RNF168 and
RNF169. Mutation of UbK27 has dramatic consequences on DDR activation, preventing
the recruitment of 53BP1 and BRCA1 to DDR foci. Similarly to the DDR, atypical
ubiquitin chains could play unanticipated roles in other crucial ubiquitin-mediated

biological processes.



Introduction

Ubiquitination is a post-translational modification widely used to regulate protein function
in a dynamic and reversible manner. It is a multi-step process involving a ubiquitin
activating enzyme (E1) that activates the C-terminus of free ubiquitin which, in turn, is
passed to an E2 conjugating enzyme and finally, with the help of an E3 ubiquitin ligase,
targets a Lys residue of the substrate. After the first ubiquitin monomer, additional
ubiquitin molecules can be attached to the target protein through any of the eight amine
groups in the first molecule - the N-terminus (M1), K6, K11, K27, K29, K33, K48, and
K63 - to form polyubiquitin chains. These different linkages increase the complexity of
the ubiquitin system, giving rise to ubiquitin chains with distinct topology, providing
structural flexibility that results in a multitude of functional outcomes.

The functional roles of K48- and K63-linked ubiquitin chains have been widely
investigated; K48 polyubiquitination is extensively utilized to target proteins for 26S
proteasomal degradation, while K63-linked ubiquitination mediates protein-protein
interaction in different processes (Chen and Sun, 2009; Jackson and Durocher, 2013;
Woelk et al., 2007). Although the relevance of K11- and M1-linkages has been described
in cell cycle regulation and NF-kB activation, respectively (Iwai and Tokunaga, 2009;
Wickliffe et al., 2009), little is known about the writers (ubiquitin ligases), the readers
(ubiquitin receptors) and the functional consequences of the other "non-canonical"
ubiquitin chains.

Recently, different groups reported the essential role of ubiquitination in the DDR and in
several DNA repair mechanisms. A paradigmatic example of DDR coordination via
ubiquitination is represented by the signaling pathway triggered by DNA double strand
breaks (DSBs). Activation of ATM induced by DSBs elicits a cascade of phosphorylation
and ubiquitination events that promote the formation of supramolecular complexes,
namely the DDR foci, which function in integrating and amplifying the signal to
downstream effectors. These ubiquitination events are initiated by two ubiquitin ligases,
RNF8 and RNF168, which modify chromatin ubiquitinating histones H2A and H2A.X in
the proximity of the damage. The K63-specific E2 conjugating enzyme Ubc13 has also
been consistently implicated in these processes (Doil et al., 2009; Huen et al., 2007;
Kolas et al., 2007; Pinato et al., 2009; Stewart et al., 2009; Wang and Elledge, 2007).
Interestingly, it has been recently reported that the ubiquitin tag generated on chromatin

by RNF168 upon genotoxic stress targets histone H2As on the unprecedented bidentate



K13/K15 site at its N-terminal tail (Gatti et al., 2012; Mattiroli et al., 2012). This intricate
ubiquitin-based network drives the formation of signaling platforms to facilitate the
recruitment to DDR foci of fundamental components of the pathway, such as 53BP1 and
BRCA1, required for the activation of downstream effectors (Huen et al., 2007; Kolas et
al., 2007; Mailand et al., 2007).

To ensure the fine-tuning of this ubiquitin-based communication system, a number of
different mechanisms have evolved to constrain the activity of RNF8 and RNF168.
These include the inhibitory effect of different de-ubiquitinating enzymes. Specifically,
USP3 and USP16 counteract H2A ubiquitination (Weake and Workman, 2008); BRCC36
displays selectivity for K6 and K63 modulating the signals generated by apical ubiquitin
ligases (Sobhian et al., 2007); and OTUB1 suppresses RNF168-mediated ubiquitination
independently of its catalytic activity, by inhibiting UBC13 (Nakada et al., 2010). An
additional case of negative regulation of DDR signaling is provided by the two HECT-
type ubiquitin ligases TRIP12 and UBRS5, which control the accumulation of RNF168 to
DDR foci, thereby preventing excessive histone ubiquitination (Gudjonsson et al., 2012).
Finally, an alternative example of negative regulator of DDR is offered by RNF169, a
ubiquitin ligase related to RNF168 which functions at the DDR foci by competing with
53BP1 and RAP80/BRCA1 for the binding to RNF168-modified chromatin, thus limiting
their recruitment to DSBs (Chen et al., 2012; Poulsen et al., 2012).

The involvement of the ubiquitination system in the DDR has been mainly linked to the
role played by K63 ubiquitination. This is partly due to the pivotal role of Ubc13 in many
aspects of the DDR and to the consequent development of specific investigation
reagents (K63 ubiquitin chains, linkage-specific antibodies etc). However, a detailed
study of the role played by different ubiquitin chain linkages in the regulation of DDR and
DNA repair is still missing.

In this study we adopted biochemical and mass spectrometry approaches, together with
siRNA-based ubiquitin knockdown, to survey the functional relevance of different types
of ubiquitination in DDR. Our results reveal that the atypical K27-linked ubiquitination is
surprisingly the major ubiquitin mark targeting chromatin after DSB induction. This
modification is promoted by RNF168 and addresses histone H2A and H2A.X on
chromatin. Importantly, in addition to K63, K27 ubiquitination is strictly required for the
proper activation of the DDR. Ubiquitin mutants lacking this residue are largely defective
in the recruitment of 53BP1 and BRCA1 to the DDR foci, while ubiquitin forms carrying
only K27 and K63 residues are able to restore 53BP1 localization to DDR foci. Finally,



we found that the DDR proteins accumulating on damaged chromatin in RNF168-
dependent manner - i.e. Rap80, 53BP1, RNF169 and RNF 168 itself - are able to interact
both with synthetic K27-diUb and with K27-ubiquitinated nucleosomes purified from cells.
Overall, our data identify a crucial function for non-canonical K27 ubiquitination in the
DDR, determine the ubiquitin ligase that specifically builds K27 ubiquitin chains and

define key targets and readers of this modification.

Results

RNF168 remodels chromatin by promoting K27-dependent ubiquitination

It has been previously shown that expression of the histone ubiquitin ligase RNF168
induces extensive chromatin ubiquitination. However, the use of K63-specific antibodies
revealed that these ubiquitin signals are only partially explained by the formation of K63
ubiquitin chains on histone H2As (Doil et al., 2009; Pinato et al., 2009; Stewart et al.,
2009), suggesting that additional non-K63-linked ubiquitination events are induced by
RNF168 to remodel chromatin structure.

To further characterize RNF168-dependent chromatin ubiquitination, we first adopted a
biochemical approach, by using a panel of ubiquitin mutants carrying a single K/R
mutation on each of the seven lysines in the ubiquitin sequence, potentially involved in
the formation of polyubiquitin chains. These FLAG-tagged constructs were expressed in
cells together with RNF168, in order to determine the Lys residue/s critical for RNF168-
induced chromatin ubiquitination. Analysis of chromatin after acidic extraction revealed
that the expression of K63R mutant marginally altered the amount of ubiquitinated
proteins in the extracts (see Figure 1A), suggesting that K63 is largely dispensable for
RNF168-induced nucleosome ubiquitination. While similar results were obtained with
most other lysines, a significant reduction of chromatin ubiquitination is instead observed
by using an ubiquitin mutant lacking K27 (K27R; Figure 1A).

To further investigate the possible role of K27 linkage, we then asked whether the K27
residue of ubiquitin is by itself sufficient to sustain chromatin ubiquitination. We used a
reciprocal series of mutants, where all the seven lysines of ubiquitin were converted to
arginine, except one (K-only mutants). By using this approach we observed that the
ubiquitin construct depleted of all the lysines (KO mutant) strongly impaired the formation

of ubiquitin signal on chromatin, although it partially retained the ability to generate multi-



monoubiquitination, by conjugating to target proteins via the C-terminal Gly76 (Ub1, Ub2
Figure 1B). Remarkably, we found that the presence of the single K27 was sufficient to
rescue the ubiquitination signal on chromatin at comparable levels to the wild-type
protein, clearly indicating that RNF168 uses primarily this atypical ubiquitin linkage to
target chromatin (Figure 1B).

In these experiments we observed variability in the incorporation of different ubiquitin
mutants, which is intrinsic to the system since mutants affecting distinct Lys residues
could be differently conjugated into proteins (Figure S1A, S1B). To exclude that the
differences in ubiquitination signal were due to uneven expression/conjugation of the
mutants, we normalized the samples in respect to the mono-ubiquitinated form of
histones (Figure S2A, S2B). Also in this case, the relevance of UbK27 is evident, both
using the K/R and the K-only mutants of ubiquitin.

To exclude that the K27R mutant might prevent per se ubiquitin conjugation, thereby
resulting in an indirect reduction of the ubiquitination signal, we carried out two different
experiments. First, we performed in vitro ubiquitination assays using different
combinations of enzymes that specifically generate either K63- (Ubc13/Mms2,
UbcH5c/Nedd4, Figure S3A, S3B) or K48-linked chains (Ube2R1/Nedd4, Figure
S3C)(Maspero et al., 2011), in the presence of ubiquitin wild-type, KO, K27R, K63R or
K48R mutants. In all cases, K27R mutant was able to generate ubiquitin conjugates at
level comparable to wild-type protein. Then, to further support the functionality of K27R
we expressed either FLAG-tagged K48-only or K63-only mutants, in the presence of HA-
tagged wild-type, K27R, K63R or K48R mutants in the context of ubiquitin depletion
(Figure S4A, S6A). We observed that both K48 and K63 conjugates are formed in the
presence of the K27R mutant construct (Figure S4B). Overall, these results indicate that
UbK27 is largely responsible for RNF168-mediated chromatin ubiquitination, and that the
low incorporation observed when expressing the K27R mutant is not due to its intrinsic

deficiency in ubiquitin conjugation.

RNF168/UbcH5¢c complex specifically forms K27-linked ubiquitin chains in vitro

Although these results unambiguously support the relevance of the UbK27 for RNF168-
dependent chromatin ubiquitination, they do not prove direct ability of RNF168 to
promote K27-linked ubiquitination. To address this point, we performed in vitro
ubiquitination assays with purified recombinant proteins, using bacterially expressed

RNF168 as E3 ubiquitin ligase, in the presence of wild-type ubiquitin or different mutants,



i.e. KO, K63-only and K27-only. As E2 conjugating enzyme, we opted for the use of
UbcH5c, due to its low selectivity towards E3s and to its broad linkage specificity. Using
this system, we ascertained that RNF168 is able to induce extensive auto-ubiquitination
in the presence of wild-type ubiquitin (Figure 1C). In contrast, the KO mutant highly
impaired the formation of polyubiquitin chains, generating a modest signal likely due to
monoubiquitination on different sites of RNF168 itself. Notably, when the sole K27 was
present, RNF168 ubiquitination was completely recovered and comparable to wild-type
levels (Figure 1C). The K63-only mutant retained the capacity to induce ubiquitination,
but at significantly lower levels than wild-type or K27-only ubiquitin. Overall, these results
indicate that UbK27 is the favorite Lys residue utilized by RNF168 to induce non-

canonical ubiquitination both in vivo and in vitro.

Targeted mass spectrometric analysis reveals that RNF168 promotes the formation of
K27-ubiquitinated conjugates info chromatin

We next took a mass spectrometry-based approach to test whether K27 non-canonical
ubiquitination normally occurs in RNF168 expressing cells. Therefore, we set up an
analysis based on liquid chromatography coupled to selected reaction monitoring mass
spectrometry (LC-SRM) (Maiolica et al., 2012) to unambiguously identify and quantify
the tryptic di-Gly signature peptide indicative for K27-linked ubiquitination
(TITLEVEPSDTIENVKI[GIyGlyAK]; Figure 2A). To build the required specific and
sensitive SRM assay for the K27-linked ubiquitin peptide, we digested synthetic K27-
ramified di-ubiquitin with trypsin and analyzed the resulting peptides. SRM identifies the
targeted molecular entity based on a peak group formed by multiple co-eluting signal
traces that are generated from fragment ions derived from the target molecule
(transitions), in this case the UbK27 di-Gly peptide (Figure 2A). The integrated peak area
of all transition signals determines the quantity of the targeted peptide. To determine if
RNF168 induces K27-linked ubiquitination, we expressed either wild-type FLAG-tagged
ubiquitin alone or together with RNF168 in HEK293T cells, we extracted chromatin
fraction and we enriched the FLAG-tagged ubiquitinated proteins (Figure 2B, 2C). The
resulting protein samples were treated with trypsin and analyzed by SRM as described
above. Remarkably, we found that the UbK27 di-Gly peptide is highly represented in
samples where RNF168 is expressed, but barely detectable when only the wild-type
FLAG-ubiquitin is present (Figure 2D, 2E).

This result clearly indicates that K27 ubiquitination is induced in cells by RNF168.



Histones are substrates of RNF168-induced K27 ubiquitination

It has been shown that histones belonging to the H2A family are ubiquitinated by
RNF168 (Doil et al., 2009; Gatti et al., 2012; Mattiroli et al., 2012; Pinato et al., 2009;
Stewart et al., 2009). Since we now observed that RNF168 remodels chromatin via
UbK27, we asked whether histones are also targets of this modification. We transfected
HEK293T cells with FLAG-tagged K27-only ubiquitin mutant, together with RNF168 or
the vector alone (Figure S5A), and we applied the experimental protocol used in Figure
2B. This allowed us to highly enrich the sample with K27-linked ubiquitin conjugates, as
indicated by the amount of K27 di-Gly peptides detected (Figure S5B, S5C). Then, we
analyzed these samples by shotgun mass spectrometry, in order to identify, among all
the proteins pulled-down with K27-conjugates, those that are subjected to ubiquitination,
as indicated by the presence of the di-Gly signature within their sequence (see Table 1).
As expected, we obtained a significant number of peptides, conjugated to di-Gly mark
and corresponding to different histones, including H2As, together with other putative
targets of K27 ubiquitination. Due to their fundamental role in the activation of DDR, we
focused on histone H2A and H2A.X for further analysis.

More specifically, we aimed to verify if H2As are substrates of K27 ubiquitination and to
assess the specificity for UbK27 in respect to other chain linkages. We expressed a
panel of K-only mutants of ubiquitin in HEK293T cells, together with RNF168, and
performed biochemical analysis. Ubiquitinated proteins derived from chromatin extracts
were immunopurified by using FLAG resin, and subjected to immunoblotting using
antibodies directed to histones H2A and H2A.X (Figure 3A). Notably, we found that in
the presence of wild-type and K27-only ubiquitin, both histones H2A and H2A.X are
markedly ubiquitinated. Conversely, the expression of the mutants KO, K63-only and
K33-only did not assist RNF168-mediated ubiquitination of H2As. Overall, these results
indicate that UbK27 is required to ubiquitinate histone H2As in vivo.

We next asked whether inactivation of the K13/K15 site - specifically targeted by
RNF168 - prevents UbK27-mediated histone ubiquitination. We tested different mutants
of H2A.X targeting either the N-terminal (K13/15Q) or the C-terminal (K118/119Q)
ubiquitination site (Figure 3B). Extending previous reports (Gatti et al., 2012; Mattiroli et
al., 2012), we found that inactivation of K13/K15 site abolished K27-dependent

ubiquitination induced by RNF168, which is instead recovered by the mutant affecting



the C-terminal site. This result indicates that RNF168-dependent K27 ubiquitination is
required for histone ubiquitination at K13/K15 site.

However, since histone H2As has at least four different Lys that can be theoretically
simultaneously targeted by ubiquitin, the detected ubiquitin conjugates could result from
multi-monoubiquitination on different sites, polyubiquitination, or a combination of the
two. To elucidate this aspect, we generated mutants of H2A.X where a single Lys of the
K13/K15 site is present (see Figure 3C) and we expressed them together with wild-type
and the K27-only ubiquitin. Then, chromatin fractions were subjected to FLAG
immunoprecipitation in order to enrich the samples with ubiquitinated nucleosomes. The
multi-monoubiquitination hypothesis would predict that these mutants (#2, #3, Figure 3D)
undergo only mono-ubiquitination (Ub1). Instead, we also clearly observed the di-
ubiquitinated form (#3, Ub2-H2A.X, Figure 3D). Although in principle it is possible that
alternative Lys residues are ubiquitinated by RNF168, in addition to K13/K15/K118/K119
this is improbable since the ubiquitination signal is almost abolished when the all sites
are substituted (#4, Figure 3D). Similarly, we can exclude that the signal observed
derives from ubiquitination of another histone - i.e. H2B - or other tightly bound proteins,
since we performed FLAG-ubiquitin immunoprecipitation followed by HA-H2A.X
immunoblot. This result likely indicates that histone H2As are targets of K27

ubiquitination in vivo.

Chromatin ubiquitination induced by DSBs is dependent on UbK27

As RNF168, together with RNF8, has been clearly implicated in DDR activation via
chromatin ubiquitination, our findings suggested RNF168-dependent K27-ubiquitination
of histones H2A and H2A.X as key molecular events in response to DNA damage. To
investigate directly if K27 ubiquitination forms on chromatin upon genotoxic stress, we
expressed the different ubiquitin mutants in HEK293T cells. We then induced the
formation of DSBs and analyzed the level of chromatin ubiquitination. As expected, cells
exposed to etoposide (an inhibitor of Topoisomerase Il) markedly increased the ubiquitin
signal on chromatin (Figure 4A). This effect is dependent on ubiquitin integrity, since the
KO mutant showed a very low level of ubiquitination, which is not altered by etoposide
treatment. Although differences in ubiquitin incorporation are detected using different
mutants, we observed a clear induction of chromatin ubiquitination with K27-only
ubiquitin, slightly lower than with wild-type ubiquitin (Figure 4A). Conversely, the

presence of the sole K63 failed to complement chromatin ubiquitination, suggesting that



this type of modification by itself is not sufficient to induce nucleosome ubiquitination
upon DNA damage. We further observed that the ubiquitin mutant carrying both K27 and
K63 residues was able to fully recover chromatin ubiquitination (Figure 4A), thereby
suggesting a synergistic effect between K27 and K63 in regulating ubiquitination events
on chromatin upon DSBs. Similar conclusions can be drawn from the analysis of the K/R
mutants (Figure 4B). Mutants lacking K27 (K27R and K27,63R) were unable to sustain
DNA damage-induced chromatin ubiquitination, whereas mutation of the other Lys
residues (K63R, K33R) did not exert any significant effect. Overall this set of data clearly
shows that chromatin is mainly remodeled upon DNA damage by K27-dependent
ubiquitination.

Next, to assess whether etoposide-induced K27 ubiquitination depends on the well-
characterized ATM/RNF168 signaling pathway, we tested the ubiquitination status of
damaged chromatin upon RNF168 depletion and ATM inhibition. Importantly, depletion
of RNF168 obtained by siRNA transfection (Figure 4D) remarkably impaired the UbK27
signal on chromatin, as shown in Figure 4C. Similar abrogation of ubiquitin signals was
obtained in cells pre-treated with the ATMi inhibitor (KU55933; Figure 4E), although the
signal corresponding to phosphorylated form of H2A.X (y-H2A.X) is still high, due to the
presence of other kinases of the family (DNA-PK and ATR), not inhibited by KU55933,
and to the high dose of etoposide we used (30 uM).

Ubiquitin knockdown impairs the recruitment of 53BP1 and BRCA1 to DDR foci
Chromatin ubiquitination is required for proper formation of DDR foci and the activation
of the signaling cascade. Since we found that UbK27 is essential for both RNF168- and
DNA damage-induced ubiquitination, we reckoned that it could be required to effectively
trigger this process. To assess the role of the different Lys residues of ubiquitin in the
formation of DDR foci, we set up experimental conditions to markedly reduce ubiquitin
expression levels in U20S cells while retaining cell viability. By using a combination of
two different siRNAs, targeting the ubiquitin precursors UBA52 and RPS27A (Adam et
al.,, 2013), we achieved a significant reduction in the formation of ubiquitin conjugates
(Figure S6A, S6B) and tested how the ubiquitin knockdown impacts the formation of
DDR foci.

Upon etoposide treatment, we obtained comparable levels of H2A.X phosphorylation
and Mdc1 accumulation at DDR foci in cells transfected with the siRNAs targeting
ubiquitin and with control siRNAs (Figure S6C, S6D, S6G). Conversely, 53BP1 and
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BRCA1 recruitment to DDR foci - which are reportedly dependent on chromatin
ubiquitination - were dramatically reduced (Figure S6E, S6F, S6G). To corroborate these
results, we reintroduced a siRNA-resistant form of ubiquitin (WT"®%) and largely restored
proper localization of 53BP1 and BRCA1 to DDR foci (Figure S5E-G). Albeit predictable
from the literature, this represents the first direct demonstration that siRNA-based
ubiquitin depletion selectively impairs the recruitment of DDR factors downstream of the

ubiquitin-dependent step, without affecting upstream, phosphorylation-dependent events.

UbK27 is strictly required for the proper formation of DDR foci

Next, we employed the ubiquitin knockdown system to explore the functional relevance
of the different Lys residues of ubiquitin in the activation of the DDR pathway, by using
the siRNA-resistant form of the K/R ubiquitin mutants. In keeping with the reported
involvement of the K63-specific ubiquitin conjugating enzyme Ubc13 (Huen et al., 2007;
Kolas et al., 2007; Stewart et al.,, 2009; Wang and Elledge, 2007), expression of the
K63R mutant failed to restore 53BP1 and BRCA1 recruitment to the sites of lesions
(Figure 5A, 5B). However, the single substitution K27R - which does not affect K63
ubiquitination - showed an equally marked defect in restoring these DDR events, and
the double substitution displayed only marginal further defects (Figure 5A, 5B). This
effect is highly specific since the other mutants tested (K48R and K33R) performed as
wild-type ubiquitin, indicating that they are not directly involved in the accumulation of
DDR proteins at the sites of damage.

Then we asked whether the use of the K27R and K63R ubiquitin mutants per se altered
the ability of cells to respond to genotoxic agents, impacting also upstream events
induced by DSBs. In our experimental conditions, we found that both Mdc1 recruitment
and H2A.X phosphorylation were similar in all K/R mutants and comparable to control
cells, confirming that the phosphorylation-dependent events induced by DNA damage
upstream of RNF168-induced ubiquitination were not affected by the expression of
mutant forms of ubiquitin (Figure S7A, S7B).

Similar conclusions were reached by an independent set of results. We transfected the
FLAG-tagged ubiquitin constructs in HEK293T cells in order to obtain an elevated
expression of the proteins, aiming to compete with the endogenous form. Using this
system, we confirmed that overexpression of the ubiquitin mutants carrying either K27R
or K63R substitutions impaired the accumulation of 53BP1 and BRCA1 at DDR foci
(Figure S8A-C).
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K27,63-only mutant partially rescues the localization of 53BP1 to DDR foci

The above results indicate that K27 and K63 linkages are required for the generation of
ubiquitin-dependent signals upon DSB formation. Hence, we asked whether they are
sufficient to support the formation of DDR foci. To this purpose, we expressed K27-only,
K63-only and K27,63-only mutants in the context of ubiquitin depletion, and we
assessed the recruitment of 53BP1 and BRCAT1 to the sites of damage. Remarkably, the
simultaneous presence of K27 and K63 of ubiquitin was sufficient to significantly restore
etoposide-induced 53BP1-positive foci induced, while the sole presence of K27 or K63
had incomplete effects (Figure 5C). However, none of these constructs was able to
restore BRCA1-positive foci (data not shown), suggesting the contribution of additional
ubiquitin linkages, besides K27 and K63, in its recruitment.

In keeping with the data in Figure 4E, we found that the K27,63-dependent formation of
53BP1 foci upon etoposide treatment is prevented by ATM inhibition (Figure 5D).
Similarly, by using U20S cells conditionally expressing RNF168-targeting shRNA (Doil
et al., 2009), we found that depletion of RNF168 completely abolished the accumulation
of 53BP1 to DDR foci, even in the presence of K27,63-only mutant (Figure S9) and
reduced the formation of ubiquitin-conjugates within the nucleus (Figure S10) .
Collectively, our results indicate that K63 and K27 linkages are necessary, and sufficient
in combination, to recruit key players of the DDR (i.e. 53BP1) and that these ubiquitin-
mediated events are dependent on ATM and RNF168 activity.

K27 ubiquitination is recognized by DDR proteins - Rap80, 53BP1, RNF168 and
RNF169

Our experiments collectively indicate a pivotal role for K27 linkage in the ubiquitin-based
events regulating the DDR, promoting the accumulation of 53BP1 and BRCA1 to the
damage sites. We would thus expect that these proteins be recruited to DDR foci via
UbK27 signal. It has been described that BRCA1 is relocated to DNA damage by means
of Rap80, which contains two adjacent ubiquitin binding domains (UBDs) named UIM1-
UIM2 or tandem UIMs (Sato et al., 2009; Sobhian et al., 2007). We thought that,
although Rap80-UIMs show specificity for K63- over K48-chains, they might be able to
interact with additional types of chains, as previously shown (K6; Sobhian et al., 2007).
Thus, we tested the ability of the Rap80-UIMs to recognize K27 ubiquitinated proteins in

a purified system. We performed a pull-down assay using the synthetic K27-linked
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ubiquitin dimers (diUbK27), besides diUbK63 and diUbK48 as positive and negative
reference, respectively. As control of specificity, we used the defective mutant of UIMs
(Rap80-UIM**) carrying two amino acid substitutions (A88S and A113S). As shown in
Figure 6A, we found that the Rap80-UIMs interact with diUbK27, while the mutant does
not.

Next, we focused on another crucial DDR protein, namely 53BP1, whose recruitment to
DDR foci is dependent on two different histone modifications, methylation on K20 of
histone H4 (H4K20me2) and ubiquitination on K15 of histone H2A (H2AK15ub). The
binding to H2AK15ub is dependent on the UDR (Ubiquitination-Dependent Recruitment)
motif of 53BP1, which recognizes the ubiquitinated H2A on K15, but does not directly
interact with ubiquitin monomer (Fradet-Turcotte et al., 2013). By performing similar
experiments as in Figure 6A, we tested the UDR motif of 53BP1 and a mutant form
unable to localize to DDR foci (L1619A, R1627A; (Fradet-Turcotte et al., 2013) in a pull-
down assay with ubiquitin dimers (Figure 6B). Strikingly, we found that the sole UDR
motif is able to bind diUbK27 and diUbK63, but not diUbK48, while the mutant UDR**
completely failed to bind diUbK27 and reduced the interaction with diUbK63.

Finally, we tested two additional DDR proteins that are recruited/stabilized on chromatin
upon DNA damage by interacting with RNF168-dependent ubiquitin conjugates, i.e.
RNF168 itself and the closely related RING finger protein RNF169. As shown in Figure
6C, 6D, the two ubiquitin ligases can interact with the K27-linked ubiquitin dimeric
peptide. Overall, these results show that K27 ubiquitination is widely recognized by

crucial players of the DDR.

Discussion

In this study we report a key biological function for the non-canonical K27 ubiquitin
linkage. We show that UbK27 is required to promote chromatin ubiquitination following
DNA damage, and this is strictly dependent on the activity of the ubiquitin ligase RNF168.
Moreover, we find that histones belonging to the H2A family are targets of this
modification on the K13/K15 site, and that crucial players of DDR - including Rap80 and
53BP1 - directly interact with the K27-linked ubiquitin mark.

Role of K27 ubiquitination in the cellular response to DNA damage
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Here we disclose the biological relevance of K27 ubiquitination, being essential for the
proper activation of the signaling cascade induced by genotoxic stress. We show that
ubiquitin mutants lacking UbK27 exhibit dramatic defects in the recruitment of DDR
proteins, which act downstream of the ubiquitination-dependent step (i.e. 53BP1 and
BRCA1).

In keeping with the literature, we confirmed an essential role for K63 linkage in the
activation of the DDR pathway. However, our studies reveal that this modification is only
moderately involved in RNF168- and DNA damage-induced ubiquitination of core
histones and thus presumably targets other important mediators of the DDR. The
essential role of K27 and K63 linkage in DDR is further corroborated by the observation
that UbK27 and UbK63 in combination are sufficient to rescue the formation of 53BP1-
positive foci. Interestingly, we did not observe the same result with BRCA1, implying
additional complexity in its mode of recruitment to chromatin, possibly involving K6
linkage (Nishikawa et al., 2004; Wu-Baer et al., 2003).

Overall, our results highlight the importance to generate specific and univocal signals on
chromatin to alert cells to genotoxic stress. Others and we recently reported that upon
DSBs RNF168 ubiquitinates a novel site on the N-terminal tail of histone H2As
(K13/K15) (Gatti et al., 2012; Mattiroli et al., 2012), which is distinct from the canonical
K118/119 site. We now provide additional mechanistic insight into the emerging theme
of ubiquitin diversity, by demonstrating that RNF168 marks chromatin histones with an
atypical ubiquitin linkage, which could act as a different language to reinforce the
peculiarity of the transmitted signal. These findings redefine a crucial step of the cellular
mechanisms maintaining genome stability, and will likely foster further molecular

investigations in this area.

Targets and readers of K27-linked ubiquitin mark on chromatin

Even though it has been reported that K27 ubiquitination can be assembled in different
cellular contexts (Ben-Saadon et al., 2006; Peng et al., 2011; Zucchelli et al., 2010), its
functional relevance in specific processes has been elusive. Similarly a direct connection
between enzymes promoting this modification and their putative targets could not be
established to date. In this respect, our finding that the DDR ubiquitin ligase RNF168
specifically induces K27 ubiquitination on chromatin histones is highly relevant,
encourages new studies in this direction and opens a number of crucial questions. First,
it is predictable that, beside H2A and H2A.X, other factors are target of RNF168-
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mediated K27 ubiquitination. One candidate to be investigated is 53BP1, since it has
been recently demonstrated to be targeted by RNF168's activity (Bohgaki et al., 2013).
Another interesting candidate is the polycomb protein Ring1b. Ciechanover and
colleagues demonstrated that Ring1b promotes auto-ubiquitination through mixed
polyubiquitin chains (K6, K27, and K48) and this is a prerequisite for Ring1B to
monoubiquitinate in vitro the histone H2A (Ben-Saadon et al., 2006). In our experiments
we observed that the substitution of K27 of ubiquitin markedly affects ubiquitin chains,
but also the formation of monoubiquitinated histone H2As. A tantalizing hypothesis is
that RNF168 could modulate the activity of Ring1b by promoting its K27-linked
ubiquitination, drawing an unprecedented direct connection between RNF168 activity
and the regulation of gene silencing.

A multitude of ubiquitin interacting motifs play an essential role in this ubiquitin-based
communication system, allowing the recruitment of DDR proteins to damaged chromatin
by binding to the products of RNF168 activity (Doil et al., 2009; Fradet-Turcotte et al.,
2013; Panier et al., 2012; Penengo et al., 2006; Pinato et al., 2011; Pinato et al., 2009;
Sato et al., 2009; Stewart et al., 2009). In this study, we provide clear evidence that
different DDR proteins - Rap80, RNF169 and RNF168 itself - directly interact with K27-
linked ubiquitin dimers. These data indicate that the histone ubiquitin code is far more
complex than previously predicted, and that a number of ubiquitin-dependent events in
the DDR can be driven directly by K27 ubiquitination.

Another relevant observation relates to 53BP1. It has been recently demonstrated that
the UDR domain of 53BP1 (Fradet-Turcotte et al., 2013) binds to ubiquitinated histone
H2A on K15 (K15ub-H2A). Now we show that the UDR is sufficient to directly interact
with K27 and K63 ubiquitin dimers. This is a remarkable finding since it reveals that
53BP1 UDR is bona fide a UBD, further supporting its crucial role as reader of chromatin

ubiquitination induced by DNA damage.

RNF168 as a writer of K27 ubiquitination

K27 linkage is used by RNF168 to induce extensive chromatin ubiquitination.
Nevertheless, this K27 ubiquitin signal does not target proteins for proteasomal
degradation (Figure S11), but rather generates the docking sites for different
downstream signaling effectors. Remarkably, our data show that RNF168 significantly
increases the level of monoubiquitinated and multi-monoubiquitinated histones,

indicating that UbK27 affects the general ubiquitination status of chromatin. In line with
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this, it has been suggested that the stable accumulation of RNF168 to DDR foci depends
on the binding of its UBDs to ubiquitin-conjugates promoted by RNF168 itself (Panier et
al, Mol Cell 2012). Thus RNF168, by promoting chromatin ubiquitination, generates the
docking sites for itself and stabilize its accumulation at DDR foci in a positive feedback
loop.

Our identification of atypical K27 ubiquitination as key mediators of a central biological
process like the DDR will likely encourage a thorough, unbiased analysis of different
ubiquitin linkages also in other crucial cellular pathways regulated by ubiquitin, where
alternative modifications may have as yet escaped systematic in vifro and in vivo

analysis.

Experimental Procedures

Cell culture and RNA interference

All culture media were supplemented with 10% fetal bovine serum and 2 mM L-
glutamine. U20S cell line expressing the RNF168-targeting short hairpin RNA (shRNA)
in a doxycycline-inducible manner, kindly provided by J. Lukas, were cultured in DMEM
supplemented with 10% fetal bovine serum tetracycline free (BioWest), 2 mM L-
glutamine, 1 pg/ml puromycin (Sigma), 5 pg/ml blasticidin S (Sigma). Depletion of
endogenous RNF168 was obtained by treating U20S cells with 0.1 pg/ml doxycycline

(Sigma) for 96 hours. RNA interference is detailed in Extended Experimental Procedures.

Targeted mass spectrometric analysis by selected reaction monitoring (SRM)
Sample preparation, development of SRM assay and the detailed protocol are included

in the Extended Experimental Procedures.

Shotgun mass spectrometric analysis

Detailed protocol for shotgun analysis is given in the Extended Experimental Procedures.

Pull-down assays with synthetic diUb

Pull-downs were performed by incubating 1 uM of recombinant proteins with 0.25 ug of
ubiquitin dimers for 1 hour, in a buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl,
1 % Triton X-100, 10% Glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, protease
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inhibitor cocktail (SIGMA), 20 uM NEM. Samples were washed four times using high-salt
buffer (500 mM NaCl), equilibrated in 150 mM NaCl, and then analyzed by SDS-PAGE
and immunoblotting. Ubiquitin immunoblotting was performed using polyvinylidene
difluoride (PVDF) membranes (Sigma), denatured in guanidinium chloride and

immunoblotted using anti-ubiquitin (P4D1, Santa Cruz).

In vitro ubiquitination assay

Recombinant proteins were expressed as described in Extended Experimental
Procedures. GST-tag was removed from ubiquitin using PreScission protease (GE
Healthcare). For the reaction, 5 ug of purified RNF168 construct was incubated with 0.1
Mg human recombinant E1 Ub-activating enzyme, 0.2 pg of purified His-Ubc5Hc (kindly
provided by E. Maspero) and 1 ug of ubiquitin in 25 mM Tris-HCI pH 7.4, 5 mM MgCls,
100 mM NaCl, 1 yM dithiothreitol (DTT), and 2 mM ATP (Sigma) at 30°C for 1 hour. ATP

regeneration system (Sigma) was used to recycle ATP.

In vivo detection of ubiquitinated chromatin and histones

HEK293T cells expressing different ubiquitin mutants 48 hours after transfection were
collected in PBS, containing protease inhibitor cocktail (Sigma), 1 mM PMSF and 20 yM
NEM. 1/10 of the samples were separately processed for protein normalization, while the
remaining was subjected to acidic extraction. Then, samples were either directly
analyzed by SDS-PAGE and Western blotting or subjected to a second step of
purification, by immunoprecipitating using the FLAG-resin, in the presence of 0.1% SDS.
Samples were then eluted by glycine and processed for mass spectrometry analysis or
by SDS-PAGE and immunoblot as indicated.

Immunofluorescence analysis

U20S and HEK293T cells subjected to different transfections (plasmids and siRNA
oligonucleotides) and drug treatments (etoposide) were processed as previously
described (Pinato et al., 2011). Images were acquired by confocal scanning laser

microscopy (Leica TCS2; Leica Lasertechnik, Heidelberg, Germany).
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Figure Legends

Figure 1. RNF168 induces non-canonical K27-linked ubiquitin chains both in vivo
and in vitro

(A) In vivo ubiquitination of chromatin was evaluated in HEK293T cells expressing
exogenous RNF168, together with FLAG-tagged ubiquitin mutants carrying a single K/R
substitution, as indicated. After acid extraction of core nucleosomes, samples were
analyzed by SDS-PAGE. Immunoblotting (IB) with anti-FLAG antibody revealed the
presence of higher molecular weight proteins compatible with mono-, di- and tri-
ubiquitinated forms of histones (Ub1, Ub2, Ub3, respectively). Protein loading was
detected by anti-H3 (on chromatin extracts) and anti-tubulin (on total cell lysates, TCL).
RNF168 expression was verified by anti-RNF168 IB.

(B) In vivo ubiquitination of chromatin was evaluated as in (A), by using the K-only set of
ubiquitin mutants; samples were analyzed as in (A).

(C) In vitro auto-ubiquitination assay was performed using purified E1, E2 (UbcH5c) and
E3 (GST-RNF168), in combination with the indicated ubiquitin mutants. IB was
performed with the indicated antibodies. Ubiquitin conjugates observed with ubiquitin
(Ub) IB correspond to ubiquitinated forms of RNF168.
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Figure 2. SRM analysis reveals the formation of K27 conjugates on chromatin in
cells expressing RNF168

(A) Development of the SRM assay for K27 ubiquitinated peptide detection. K27 di-
ubiquitin was digested with trypsin and analyzed by LC-SRM. 51 transitions were
monitored; the four most intense transitions corresponding to the ions ys, ys, Y6 and bs
were selected for label-free quantification of the chromatin samples.

(B) Schematic representation of the experimental procedure. HEK293T cells were co-
transfected with RNF168 or empty vector, together with FLAG-tagged ubiquitin wild-type;
72 hours after transfection, cells were subjected to chromatin purification followed by
FLAG immunoprecipitation (IP). After glycine elution, samples were in part analyzed by
IB as indicated in panel (C), and in part subjected to trypsin digestion and processed for
SRM analysis, as described in Extended Experimental Procedures.

(D) Representative chromatograms of ubiquitinated K27 peptide measured in digested
chromatin samples.

(E) SRM quantification of the chromatin samples. The bars in the graph indicate the sum
of the areas of each of the four transitions measured to quantify the K27 ubiquitinated

peptide in chromatin samples.

Figure 3. Histones H2A and H2A.X are targets of RNF168-induced UbK27

(A) Chromatin fractions derived from HEK293T cells expressing exogenous RNF168
together with the indicated K-only ubiquitin mutants were immunoprecipitated with the
FLAG resin. FLAG, H2A and H2A.X immunoblot revealed the presence of higher
molecular weight proteins compatible with mono-, di- and tri-ubiquitinated forms (Ub1,
Ub2, Ub3) of histones. Empty and full circles represent the incorporation of endogenous
and exogenous (FLAG-tagged) ubiquitin, respectively. Protein loading was verified by
FLAG, tubulin and RNF168 immunoblot on TCL.

(B) In vivo ubiquitination assay of histone H2A.X was evaluated in HEK293T cells
expressing exogenous RNF168 and indicated FLAG-tagged ubiquitin constructs,
together with HA-H2A.X wild-type and its N- and C-terminal mutants (K13,15Q and
K118,119Q, respectively). 48 hours post-transfection samples were subjected to acid
extraction and analyzed by SDS-PAGE. Anti-HA IB shows the ubiquitination status of the
histone forms. Protein loading was normalized by anti-H3 IB on chromatin extracts

(upper panels) and by anti-tubulin on TCL.
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(C) Schematic representation of the H2A.X mutants used in (D) and their possible
ubiquitination pattern.

(D) HEK293T cells were co-transfected with either wild-type or K27-only mutant of
ubiquitin, together with the mutated forms of H2A.X, in the presence of RNF168. After 48
hours cells were subjected to chromatin extraction followed by FLAG IP in the presence

of SDS. Samples were subjected to IB with the indicated antibodies.

Figure 4. K27 ubiquitination is induced on chromatin upon formation of DSBs

(A) (B) HEK293T cells expressing FLAG-tagged ubiquitin K/R or K-only mutants were
treated with etoposide (30 uM) for 1 hour. After 3 hours, chromatin was extracted from
cells and analyzed by IB as indicated. Equal loading and H2A.X phosphorylation (g-
H2A.X) were verified on chromatin extracts using antibodies directed to histone H3 and
to the phosphorylated form of H2A.X (phospho-Ser139), respectively (upper panels).
Expression of ubiquitin mutants was detected by FLAG IB on TCL (lower panels).

(C) HEK293T cells were transfected with siRNA targeting RNF168 and control siRNA
together with FLAG-tagged ubiquitin K27-only. 96 hours after siRNA transfection cells
were treated with etoposide (30 uM) for 1 hour. After 3 hours cells were subjected to
chromatin extraction. IB was performed as indicated.

(D) Expression of RNF168 mRNA detected by real-time PCR. Total RNA was extracted
from HEK293T cells processed as in (C) and subjected to quantitative real-time PCR.
The amount of RNF168 RNA relative to 18s rRNA is shown. Results were expressed
relative to the siRNA control in absence of etoposide (siCTR-) that were arbitrarily
assigned a value of 1.0. Error bars represent SD.

(E) HEK293T cells expressing FLAG-tagged K27-only were pre-treated with ATMi
(KU55933, 10 pM) for 30 minutes. Cells were then treated and processed as in (C).
Asterisk (*) indicates the di-ubiquitinated form of H2A.X, abrogated by ATMi.

Figure 5. UbK27 is essential for the assembly of DDR foci

(A) (B) U20S cells were transfected with siRNA-resistant forms of wild-type ubiquitin and
a panel of K/R mutants, as indicated. Ubiquitin knockdown was obtained by transfecting
cells with two siRNAs targeting ubiquitin in a 1:1 combination (see Extended
Experimental Procedure). 18 hours later cells were treated with etoposide (5 uM) before

fixing. Immunostaining was performed with the indicated antibodies.
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(C) U20S cells were transfected with siRNA-resistant FLAG-tagged ubiquitin WT and K-
only mutants and then transfected with ubiquitin siRNAs, as in (A) and (B). Cells were
treated with etoposide (5 uM) for 1 hour before fixing. Immunostaining was performed
with FLAG and 53BP1 antibody.

(D) U20S cells expressing siRNA-resistant FLAG-tagged K27,63-only ubiquitin were
transfected with two siRNAs targeting ubiquitin for 18 hours and then treated or not with
etoposide as in (A-C) (upper and middle panels) and in the presence of ATM inhibitor
(KU55933, 10 uM, lower panels) before fixing. Immunostaining was performed as in (C).
(A-D) Quantification of the FLAG-positive cells with more than 5 foci labeled with the
indicated antibodies. At least 50 cells per condition were counted. The graphs are a
summary of three independent experiments; each value represents the mean + SD of

three separated experiments. *P<0.05, **P<0.01.

Figure 6. 53BP1, Rap80, RNF169 and RNF168 directly interact with K27-linked
ubiquitin dimers

(A-D) Pull-down assays performed using different recombinant proteins; in A, GST-
tagged Rap80-UIMs and Rap80-UIMs** (A88S and A113S); in B, GST-tagged UDR wild-
type or GST-UDR** mutant (L1619A, R1627A); in C and D, GST-tagged RNF168 and
MBP-tagged RNF169 as full-length proteins. Pull-down assays were performed using
the indicated recombinant proteins incubated with synthetic K27, K48, K63-linked
ubiquitin dimers (diUb). Proteins were solved by SDS-PAGE and IB was performed with
anti-ubiquitin antibody (P4D1).

Table 1. Identification of ubiquitinated proteins derived from K27-ubiquitin
enriched chromatin extracts

A selected list of di-Gly marked peptides, identified by mass spectrometry analysis (see
Experimental Procedures for details), reveals the presence of a high number of peptides

corresponding to histone proteins.
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Figure 3
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Figure 4
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Figure 5
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Figure 5
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