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SUMMARY

We show that central components of the Fanconi
anemia (FA) DNA repair pathway, the tumor sup-
pressor proteins FANCI and FANCD2 (the ID com-
plex), are SUMOylated in response to replication
fork stalling. The ID complex is SUMOylated in a
manner that depends on the ATR kinase, the FA
ubiquitin ligase core complex, and the SUMO E3
ligases PIAS1/PIAS4 and is antagonized by the
SUMO protease SENP6. SUMOylation of the ID com-
plex drives substrate selectivity by triggering its
polyubiquitylation by the SUMO-targeted ubiquitin
ligase RNF4 to promote its removal from sites of
DNA damage via the DVC1-p97 ubiquitin segregase
complex. Deregulation of ID complex SUMOylation
compromises cell survival following replication
stress. Our results uncover a regulatory role for SU-
MOylation in the FA pathway, and we propose that
ubiquitin-SUMO signaling circuitry is a mechanism
that contributes to the balance of activated ID com-
plex dosage at sites of DNA damage.

INTRODUCTION

Cellular genomes are under incessant attack from genotoxic in-
sults, which elicit a protective cellular mechanism termed the
DNA damage response (DDR) (Jackson and Bartek, 2009). The
DDR includes a diverse set of signal transduction pathways
that act to sense different types of DNA lesions and effectively
repair the damage to minimize genomic instability that might
be propagated to daughter cells (Ciccia and Elledge, 2010).
Posttranslational modifications (PTMs) of proteins are one major
mechanism to regulate the DDR. Both ubiquitin- and SUMO-
dependent signaling play key roles in various genome mainte-
nance pathways, modulating individual protein function to
facilitate the numerous activities and protein interactions

150 Molecular Cell 57, 150-164, January 8, 2015 ©2015 Elsevier Inc.

required in DNA repair (Jackson and Durocher, 2013; Mailand
et al., 2013). The ubiquitylation and SUMOylation status of target
substrates is fine-tuned by the presence of deubiquitylating en-
zymes (DUBs) or SUMO proteases, respectively, which may
reverse and/or edit the modifications to create a dynamic
signaling mechanism (Hickey et al., 2012; Komander et al.,
2009).

Crosstalk between ubiquitin and SUMO exists at multiple
levels and functions to integrate various signaling cues (Jackson
and Durocher, 2013). For instance, polySUMO2 chains may be
recognized by a class of E3 ubiquitin ligases termed SUMO-tar-
geted ubiquitin ligases (STUbLs), which interact noncovalently
with SUMO-modified target proteins through SUMO-interacting
motifs (SIMs) to facilitate the formation of ubiquitin chains of
various linkages on these substrates (Poulsen et al., 2013;
Tatham et al., 2008). Thus, in this manner, SUMOylation can
drive ubiquitylation of target proteins. Depending on the ubiquitin
chain type, STUbL activity may serve to recruit proteins with
ubiquitin-binding domains or may promote protein degradation.
As an example of the latter, the STUbL RNF4 ubiquitylates
SUMOylated MDC1 and RPA in the response to DNA double-
strand breaks (DSBs), regulating their proteasome-dependent
turnover at DNA lesions (Galanty et al., 2012; Vyas et al., 2013;
Yin et al., 2012). However, despite its importance, the full extent
of this ubiquitin-SUMO crosstalk in genome maintenance path-
ways is not known.

Fanconi anemia (FA) is a rare disorder resulting from bialleic
mutations in at least 16 different gene products (FANCA-FANCQ)
(Kottemann and Smogorzewska, 2013). The clinical manifesta-
tion of inactivating mutations in these genes includes congenital
abnormalities, failure of the bone marrow, and cancer pre-
disposition (Crossan and Patel, 2012). FA patient cells exhibit
increased chromosomal aberrations and a striking sensitivity
to agents that cause DNA interstrand crosslinks (ICLs) (Kee and
D’Andrea, 2012). ICLs are one of the most cytotoxic lesions
that threaten genome integrity, posing a physical obstruction to
ongoing DNA replication and transcription machineries (Kim
and D’Andrea, 2012; Kottemann and Smogorzewska, 2013).
The repair of ICLs is a hazardous cellular endeavor because the
decision to activate the FA pathway leads to the programmed
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formation of a DSB, which, if repaired erroneously, can lead to a
loss of genetic material and/or genomic rearrangements (Adamo
etal.,2010; Paceetal.,2010). The FA pathway is therefore subject
to strict regulation by PTMs, and the FANCI/FANCD2 complex
(ID complex) is the epitome of such regulation. FANCI is phos-
phorylated by ATR/ATM, which has been proposed to stabilize
the interaction between FANCD2 and FANCI (Ishiai et al., 2008;
Joo et al., 2011). FANCI phosphorylation is a requisite step for
the subsequent site-specific monoubiquitylation on FANCD2 at
K561 and FANCI on K523, carried out by the FA core complex,
a large multisubunit ubiquitin ligase (Kim and D’Andrea, 2012).
These monoubiquitylations function to license the ID complex,
facilitating recruitment of nucleases such as XPF/ERCC1, which
are responsible for mediating incisions proximal to the ICL, un-
hooking the crosslink with the concomitant formation of a DSB
(Hodskinson et al., 2014; Klein Douwel et al., 2014; Knipscheer
et al., 2009). The FA pathway uses translesion synthesis, homol-
ogous recombination, and nucleotide excision repair to complete
the repair process (Knipscheer et al., 2009; Zhang and Walter,
2014) (Figure S1A available online). ID complex monoubiquityla-
tion is antagonized by the USP1-UAF1 DUB complex (Cohn
et al., 2007). Deletion of USP1 in chicken DT40 cells or in mouse
models leads to enhanced chromatin loading of the ID complexin
the absence of exogenous DNA damage, although the levels of
chromatin loaded monoubiquitylated FANCD2 are similar after
mitomycin C (MMC) treatment (Kim et al., 2009; Oestergaard
etal., 2007; Rajendra et al., 2014). This suggests that there might
be other mechanisms of regulating the levels of chromatin loaded
ID complex at DNA lesions.

Relatively few targets of DNA damage-dependent SUMOyla-
tion have been reported in human cells. Here, we found that
FANCI and FANCD?2 are dynamically regulated by SUMOylation
in response to genotoxic stress. ID complex SUMOylation
potentiates polyubiquitylation by RNF4, which in turn promotes
ID complex chromatin extraction via the DVC1-p97 ubiquitin
segregase complex. We propose that this ubiquitin-SUMO
signaling functions to control the balance of activated ID com-
plex dosage at sites of DNA damage.

RESULTS

FANCI and FANCD2 Are SUMOylated in Response to
DNA Damage

In a proteomic screen for SUMOylation targets in response to
DNA damage, we identified FANCI as exhibiting increased
SUMOylation after ionizing radiation (IR) and ultraviolet light
(UV) (data not shown). While independent studies have identified
FANCI peptides in proteomic screens for SUMO targets (Gole-
biowski et al., 2009; Tatham et al., 2011; Yin et al., 2012), there
has been no previously reported functional role for SUMOylation
of factors in the FA pathway and we therefore decided to inves-
tigate this further. For these analyses, we used inducible HelLa/
His-FLAG-SUMO1 or SUMO2 cell lines in which overexpression
of the SUMO transgenes was limited to less than 2-fold the level
of endogenous SUMO (Figures S1B and S1C) (Danielsen et al.,
2012). We confirmed that both FANCI as well as its binding
partner in the ID complex, FANCD2, are targeted for DNA dam-
age-induced modification by wild-type (WT) but not conjugation-
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deficient (AGG) SUMO1 and SUMO?2 in response to a range
of genotoxic stresses, most prominently after treatment with
agents that cause replication fork stalling, including MMC, hy-
droxyurea (HU), and aphidicolin (APH) (Figure 1A; Figures S1D
and S1E). We validated the physiological relevance of these
findings by showing that both endogenous FANCI and FANCD2
are modified by endogenous SUMO2/3 in a DNA damage-induc-
ible manner (Figures 1B and 1C). In time courses, the extent of ID
complex SUMOylation correlated with its monoubiquitylation
level in response to both MMC and HU, suggesting that these
modifications are linked (Figures 1D and S1F). Similar to mono-
ubiquitylation, ID complex SUMOylation was strictly dependent
on the presence of either protein and occurred exclusively on
chromatin (Figures 1E, 1F, and S1G-S1l). We conclude that
the ID complex, a key component of the FA pathway, becomes
SUMOylated in response to replication fork stalling.

ATR, FA Core Complex, and PIAS1/PIAS4-Dependent ID
Complex SUMOylation
Having established the spatio-temporal dynamics of ID complex
SUMOylation, we then characterized the underlying enzymatic
machinery. Knockdown of the SUMO E2 enzyme UBC9 impaired
SUMOylation of the ID complex, as expected (data not shown).
Next, we performed a small-scale siRNA screen against known
SUMO E3s and found that PIAS1 and PIAS4 are required for ID
complex SUMO1 and SUMO2 modification, respectively, but
not for FA pathway activation in response to replication stress
(Figures 2A, 2B, and S2A-S2D). We also observed the ID complex
in immunoprecipitates of PIAS1 and PIAS4 (Figures 2C and S2E).
We then sought to reconstitute the entire SUMOylation reaction
in vitro, using full-length recombinant His-tagged FANCI (Rajen-
dra et al., 2014). SUMO2 modification of FANCI was enhanced
in the presence of PIAS1, consistent with our in vivo data (Fig-
ure 2D). We further visualized PIAS1-dependent, MMC-stimu-
lated ID complex SUMOylation under endogenous conditions
by the in situ proximity ligation assay, using a combination of
FANCI or FANCD2 antibodies together with a SUMO2/3 antibody
(Figures 2E and S2F). Together, these results indicate that two
SUMO ES3 ligases, PIAS1 and PIAS4, promote DNA damage-
dependent SUMOylation of the chromatin loaded ID complex.
Because ID complex SUMOQylation occurs exclusively on chro-
matin, we reasoned that the phosphorylation and monoubiquity-
lation events required for loading the complex onto chromatin
might be required for its SUMQylation. Indeed, we found that
depletion of ATR suppressed the DNA damage-dependent
SUMOylation of the ID complex (Figure S2G). Likewise, individual
depletion of the FA core complex components FANCM, FANCA,
or FANCL severely reduced ID complex SUMOylation (Figures
2F, S2H, and S2I). Finally, using FANCD2—/— cells (PD20) and
derivative lines reconstituted with FANCD2 WT or a monoubiqui-
tylation-deficient K561R mutant (Garcia-Higuera et al., 2001), we
established directly that SUMOylation of FANCI is strongly
dependent on FANCD2 monoubiquitylation (Figure 2G).

SENP6 Antagonizes PIAS-Mediated FANCD2 and FANCI
SUMOylation

We next investigated whether SUMOylation of the ID complex
would be antagonized by one or more SUMO proteases
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Figure 1. The FANCI/FANCD2 (ID) Complex Is SUMOylated after DNA Damage

(A) Stable HeLa/FLAG-SUMO2 cells were treated with doxycycline (DOX) for 24 hr to induce FLAG-SUMO?2 expression. Cells were then lysed under denaturing
conditions, subjected to FLAG immunoprecipitation (IP), and analyzed by immunoblotting using the indicated antibodies. WCE, whole-cell extract; CIS, cisplatin.

MCM6 is used as a loading control.

(B) HelLa cells were treated with HU for 24 hr and lysed under denaturing conditions, before IP with anti-FANCI antibody or preimmune serum (IgG).

Immunopurified material was analyzed by immunoblotting with the indicated antibodies.
(C) Same as (B) except FANCD2 antibody was used for the IP.
(D) HeLa/FLAG-SUMO1 cells were induced with DOX and then subjected to MMC for various durations and processed as in (A).

(E) HeLa/FLAG-SUMO2 cells treated with FANCI or FANCD2 siRNA and induced with DOX were subjected to MMC or HU for a further 24 hr and processed
as in (A).

(F) HeLa/FLAG-SUMO2 cells were biochemically fractionated, diluted in denaturing buffer, and processed as in (A).
See also Figure S1.
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Figure 2. ID complex SUMOylation Requires ATR, the FA Core Complex, and the SUMO E3 Ligases PIAS1 and PIAS4

(A) HeLa/FLAG-SUMO1 cells induced with DOX were transfected with siRNA against the SUMO ES3 ligase PIAS4 and then subjected to MMC, HU, or APH for a
further 24 hr. Cells were then lysed under denaturing conditions, subjected to FLAG IP, and analyzed by immunoblotting using the indicated antibodies.

(B) Same as (A), using HeLa/FLAG-SUMO2 cells and PIAS1 siRNA.

(C) U20S cells transfected with Strep-HA-PIAS4 or empty vector (—) were subjected to replication stress using indicated agents for 24 hr. Strep-HA-PIAS4
complexes were purified with Strep-Tactin Sepharose and analyzed by immunoblotting.

(legend continued on next page)
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(SENPs). To this end, we individually depleted cells of known
SENPs and determined ID complex chromatin loading after
MMC treatment by means of quantitative image-based cytome-
try (QIBC) (Toledo et al., 2013) (Figure 3A). By combining ID com-
plex immunostaining with a number of DNA damage markers
(e.g., RPA and yH2AX), QIBC allows for the discrimination of S
phase cells, which in turn facilitates quantitative spatio-temporal
analysis of ID complex loading in response to replication stress in
nonsynchronized populations (Figures S3A-S3E). Using QIBC,
we found that depletion of SENP6 caused decreased ID complex
chromatin retention after MMC treatment, when most cells are in
S/G2 phase (Figures 3A-3E and S3F). Based on this finding, we
reasoned that SENP6 might localize to sites of DNA damage. We
did not observe stable accumulation of SENP6 at sites of laser
microirradiation (Figure S3G); however, when coexpressed
with FANCI, a catalytically inactive SENP6 mutant (SENP6")
became resistant to pre-extraction and fully colocalized with
GFP-FANCI in foci after MMC (Figure 3F). This finding was sup-
ported biochemically by coimmunoprecipitation of the two pro-
teins (Figure 3G). In addition, depletion of SENP6 led to the
appearance of more prominent polySUMO2 chains on the ID
complex (Figure 3H), further suggesting that SENP6 is a func-
tional regulator of the ID complex.

We reasoned that in the absence of SENP6, the increased pol-
ySUMO2 chains on the ID complex might activate a STUbL,
which in turn would promote their subsequent polyubiquitylation
and removal, accounting for the decreased chromatin retention
of the ID complex in response to DNA damage. To test this, we
codepleted either of the two known human STUbLs, RNF4 and
RNF111, both of which have been implicated in genome mainte-
nance pathways (Galanty et al., 2012; Poulsen et al., 2013; Yin
et al.,, 2012), together with SENP6 and assessed ID complex
retention after MMC by QIBC. Depletion of SENP6 together
with RNF4, but not RNF111, rescued chromatin-bound ID com-
plex levels (Figures 3l and 3J), suggesting that in the absence of
SENP6, RNF4 corrupts the FA pathway. SUMOylation might thus
be a mechanism to regulate activated ID complex at sites of DNA
damage and we therefore sought to investigate the role of RNF4
in the FA pathway.

RNF4 Regulates the FA Pathway by Limiting Activated ID
Complex Dosage at DNA Lesions

We established a cellular model system to deplete endogenous
RNF4 and complement cells with mCherry-tagged siRNA-resis-
tant alleles of WT RNF4 or mutant forms containing inactivating
point mutations in either its SIM or RING domain (denoted
*SIM and *RING, respectively) (Figures S4A-S4D) (Tatham
et al., 2008). Assessment of cellular fitness using the multicolor

competition assay revealed that RNF4 depletion sensitized cells
to MMC and that RNF4 WT, but neither the *SIM nor the *RING
mutant was able to complement RNF4 depletion (Figures 4A
and S4E). Notably, the *RING mutant of RNF4 colocalized with
FANCD?2 at sites of stalled forks, which we could not detect for
RNF4 WT and *SIM, suggesting that RNF4 WT only interacts
transiently with stalled forks and the *RING mutant acts as a sub-
strate trap (Figure S4F). Supporting this, RNF4 *RING efficiently
immunoprecipitated the ID complex (Figure S4G). A feature of FA
patient cells is enhanced G2/M arrest after ICL-inducing clasto-
gens, indicative of a failure to adequately repair damage incurred
during the prior S phase (Akkari et al., 2001). We found that both
FANCD2 and RNF4 depletion gave rise to such a phenotype after
low dose MMC treatment (Figure 4B). Based on the known role
for RNF4 in targeting proteins for removal from DSB sites, we
surmised that ID complex SUMOylation might potentiate a
similar mechanism. Indeed, both FANCI and FANCD2 accumu-
lated to supraphysiological levels at sites of DNA damage in
RNF4 depleted cells (Figures 4C and 4D). Using QIBC, we found
that ID complex levels were increased 2-fold at DNA lesions (Fig-
ures 4E-4G), suggesting that RNF4 negatively regulates ID com-
plex retention at sites of DNA damage.

Prompted by these findings, we tested whether ID complex
SUMOylation might trigger its RNF4-dependent ubiquitylation,
using multiple approaches. Endogenous FANCI/FANCD2 could
be polyubiquitylated in an RNF4-dependent manner (Fig-
ure S4H). RNF4 can catalyze the formation of both K48- and
K63-linked ubiquitin chains in vitro (Tatham et al., 2008). Consis-
tently, using ubiquitin mutant expression constructs, we found
that endogenous FANCD2 and FANCI could be modified by
both K48- and K63-linked ubiquitin chains after replication stress
(Figures S4l and S4J). Depletion of RNF4 also reduced the
SUMO-ubiquitin conjugates covalently attached to the ID com-
plex (Figure S4K). Based on these findings, we investigated if
RNF4 regulates ID complex stability using a cycloheximide
chase approach. Depletion of RNF4 compromised ID complex
degradation, suggesting that at least one function of RNF4-
dependent polyubiquitylation is to target the ID complex for
proteasomal destruction (Figure 4H). To directly assess whether
SUMOylated FANCI is a target for RNF4-dependent ubiquityla-
tion, recombinant His-FANCI was subjected to an in vitro STUbL
assay, using WT or mutant forms of recombinant RNF4 (Fig-
ure S4L). This revealed that while WT RNF4 effectively ubiquity-
lated SUMOQylated but not unmodified FANCI, the *SIM and
*RING mutants showed no such activity (Figure 41). Collectively,
these data strongly suggest that RNF4 polyubiquitylates the
SUMOylated ID complex to limit its DNA damage-induced chro-
matin loading.

(D) Recombinant His-FANCI was SUMOylated in vitro and analyzed by immunoblotting with anti-His and anti-FANCI antibodies. *, denotes unmodified His-FANCI

band after reblotting.

(E) U20S cells transfected with control (CTRL) or PIAS1 siRNA were treated with MMC, pre-extracted, and then subjected to in situ proximity ligation assay using

the indicated combination of antibodies. Scale bar represents 10 um.

(F) HeLa/FLAG-SUMO1/2 cells induced with DOX were transfected with FANCM siRNA and subjected to MMC for 24 hr. Cells were then processed as in (A).
(G) FANCD2-deficient human fibroblasts (PD20) complemented with empty vector (EV), FANCD2 WT, or K561R mutant were treated with HU for 24 hr before lysis
under denaturing conditions. FANCD2 was immunopurified using anti-FANCD2 antibody. Bound material was analyzed by immunoblotting with indicated

antibodies.
See also Figure S2.
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Figure 3. SENP6 Antagonizes ID Complex SUMOylation

(A) Schematic of QIBC methodology used to analyze ID complex chromatin loading.

(B) U20S cells were transfected with the indicated siRNAs against known SUMO proteases, treated with MMC (0.3 uM) for 24 hr, and then pre-extracted in situ to
isolate chromatin bound proteins. Immunostained cells were processed for QIBC as outlined in (A).

(C) Examples from (B) of FANCD2 chromatin-bound levels using QIBC. Scale bar represents 10 um.

(D) Quantification of mean FANCI chromatin-bound intensity using the same approach as (B). Data represent mean + SEM from two independent experiments.
*p < 0.05.

(legend continued on next page)
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The DVC1-p97 Ubiquitin-Selective Segregase Complex
Promotes Extraction of the ID Complex from Damaged
Chromatin

We hypothesized that the RNF4-mediated polyubiquitylation of
the SUMOylated ID complex might trigger its active removal
from chromatin, potentially mediated by the DVC1-p97 com-
plex, which we have previously shown promotes ubiquitin-
dependent extraction of proteins from stalled replication forks
(Davis et al., 2012; Mosbech et al., 2012). Indeed, co-overex-
pression of DVC1 with WT, but not ATPase-dead (EQ), p97
led to the removal or significant reduction of FANCD2 and
FANCI from MMC- and HU-induced stalled forks (Figures 5A
and S5A). The ability of DVC1 to promote extraction of the
ID complex from stalled forks depends on both the interaction
with p97 and with ubiquitylated target proteins via its SHP-box
and UBZ domains, respectively (Figure S5B). Depletion of
FANCA or FANCD2 had no effect on DVC1 accumulation at
MMC- and HU-induced stalled forks, suggesting that ID com-
plex monoubiquitylation is not required for DVC1 recruitment
to stalled forks (Figure S5C). All of the above observations
were specific to DVC1 because no other p97 adaptor we
tested could elicit the same phenotype (Figure S5D). Using
QIBC, we found that depletion of endogenous DVC1 led to
increased chromatin loading of the ID complex after HU
or MMC treatments, suggesting that like RNF4, DVC1 tem-
pers ID complex chromatin loading in response to replication
stress (Figures 5B-5D; data not shown). Consistently, knock-
down of RNF4 or DVC1 sensitized cells to MMC to the same
extent, and codepletion of RNF4 and FANCD2 or DVC1 and
FANCD2 led to a similar MMC sensitivity as knockdown of
FANCD?2 alone (Figures 5E and S5E), suggesting an epistatic
relationship between these proteins and the FA pathway.
Thus, whereas DVC1 and RNF4 both have functions outside
ICL repair, depletion of these regulators does not give rise to
enhanced MMC sensitivity in the absence of FANCD2 because
their roles in this context are likely dependent on ID complex-
mediated activities to provide a substrate for their function.
Collectively, these results suggest that the DVC1-p97 ubiquitin
segregase complex functions to limit activated ID complex
dosage on chromatin in a SUMO- and ubiquitin-dependent
manner.

FANCI SUMOylation Regulates Activated ID Complex
Dosage at Sites of DNA Damage

To characterize the specific effects of FANCI and FANCD2
SUMOylation, we next sought to produce a SUMO-deficient
mutant of one or both proteins. Mass spectrometry analysis of

in vitro SUMOylated FANCI (Figure 2D) revealed a single modi-
fied lysine site, K715, which is one of six potential SUMO sites
identified by in silico analysis (Figures 6A and S6A; data not
shown). However, single mutation of this lysine had no impact
on FANCI SUMO2 modification and it required progressive
loss of all six consensus SUMO sites to completely abrogate
FANCI SUMOylation (Figures 6B, S6B, and S6C). Importantly,
this FANCI *SUMO mutant was fully functional, because it
was monoubiquitylated as efficiently as FANCI WT (Figure 6B).
Mutation of the acidic amino acids in the SUMO modification
consensus sequences (6xD/E-A) also strongly reduced FANCI
SUMOylation (Figures 6A and 6B), similarly to what has been
reported for other SUMOylated proteins (Hendriks et al., 2014).
The six FANCI SUMO sites are clustered in three regions
in FANCI (Figures S6A and S6D) and, with the possible
exception of K646, all SUMO sites are surface accessible once
viewed within the context of the ID complex crystal structure
(Figure S6D).

Having produced a SUMOylation-deficient FANCI mutant,
we analyzed its impact on key determinants of FA pathway
efficacy. Cell lines were created expressing either WT or
SUMOylation-deficient (*SUMO) HA-tagged FANCI alleles
and endogenous FANCI was depleted using siRNA targeting
the 3’-UTR (Figure 6C). Interestingly, using these cell lines,
we found that SUMOylation of endogenous FANCD2 was
strongly suppressed in cells expressing the FANCI *SUMO
mutant (Figure S6E), indicating that abrogation of FANCI
SUMOylation suppresses overall ID complex SUMOylation.
While FANCI WT could complement the sensitivity to MMC
resulting from depletion of endogenous FANCI, the *SUMO
mutant failed to promote such rescue (Figure 6D), despite
FANCD2 monoubiquitylation, and thus FA pathway activation,
was not compromised in these cells (Figure 6C). We reasoned
that cellular sensitivity might result if the *SUMO mutant phe-
nocopied RNF4 depletion by dysregulating levels of activated
ID complex at DNA lesions, thus potentially interfering with
the timely recruitment of downstream repair factors. Indeed,
the FANCI *SUMO mutant exhibited enhanced accumulation
at DNA damage sites, also promoting enhanced FANCD2
accumulation at the lesions (Figures 6E-6H). In line with
this, expression of FANCI *SUMO increased the endogenous
burden of DNA damage (data not shown), possibly contributing
to the inability of this mutant to rescue the MMC sensitivity of
cells lacking endogenous FANCI (Figure 6D). Together, our
data suggest that FANCI SUMOylation is important to regulate
the dosage of activated ID complex on chromatin, and an
abrogation of this regulation promotes genome instability.

(E) Same as (D), but using FANCD2 antibody.

(F) U20S cells cotransfected with GFP-FANCI and HA-SENP6°' were treated with MMC (0.3 uM), fixed 4 hr later, and immunostained with HA antibody. Scale bar

represents 10 um.

(G) Same as (F) except cells were subjected to GFP IP followed by immunoblotting with indicated antibodies.
(H) HeLa/FLAG-SUMO2 cells induced with DOX were treated with SENP6 siRNA and subjected to MMC or HU for 24 hr. Cell lysates were subjected to FLAG IP

under denaturing conditions before immunoblotting with indicated antibodies.

(I) U20S cells transfected with indicated siRNAs were treated with MMC and processed for QIBC. Cells were stained with FANCI antibody and chromatin-bound
FANCI was quantified. Data represent mean + SEM from two independent experiments.

(J) Same as (l) but using FANCD2 antibody.
See also Figure S3.
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SUMOylation-Deficient FANCI Is Refractory to
Regulation by RNF4, SENP6, and DVC1

The SUMOylation-deficient FANCI mutant allowed us to revisit
all of our prior conclusions and test whether the observed pheno-
types could be attributed to the SUMOylated lysine residues.
First, to assess if the FANCI SUMOylation sites were important
for DVC1-p97-dependent extraction, we co-overexpressed
DVC1 and p97 in FANCI WT and *SUMO cells depleted of
endogenous FANCI. We found that the FANCI *SUMO mutant
was largely refractory to DVC1-p97-mediated removal, whereas
FANCI WT could be effectively extracted at DNA lesions
(Figure 7A). Extending these findings, we predicted that the chro-
matin loading of the FANCI *SUMO mutant would also be refrac-
tory to modulation by SENP6 and RNF4. Indeed, while depletion
of FANCD?2 inhibited loading of both FANCI WT and *SUMO as
expected, depletion of SENP6, RNF4 and DVC1 only impacted
on the chromatin loading of FANCI WT but not the *SUMO
mutant, implying that these lysine residues in FANCI channel
the SUMO-dependent regulation of the ID complex on chromatin
(Figures 7B-7D and S7). At least some of the FANCI SUMO sites
have been found to be also modified by ubiquitin (Kim et al.,
2011; Wagner et al., 2011). While we cannot rule out that an
inability to ubiquitylate these residues may affect FANCI
*SUMO mutant phenotypes, our collective data strongly suggest
that SUMOylation of these sites is the main determinant for ID
complex removal from damaged chromatin.

DISCUSSION

The ID complex is regulated by the sequential actions of phos-
phorylation and monoubiquitylation, which serves as a central
activating step within the FA pathway to promote ubiquitin-
dependent recruitment of downstream nucleases. However,
beyond these PTMs it is not clear if the ID complex is subject
to additional levels of regulation. Here, we provide substantial
evidence that SUMOylation of the ID complex integrates various
posttranslational signaling cues to modulate its effective dosage
at DNA lesions. Mechanistically, this occurs through a series of
exquisitely regulated steps (Figure 7E). The concerted actions
of phosphorylation and monoubiquitylation function to license

the ID complex for nuclease recruitment and promote its chro-
matin loading. PIAS1/4-mediated SUMOylation of the chromatin
loaded ID complex potentiates recognition and subsequent pol-
yubiquitylation by RNF4. The SUMO-dependent polyubiquitin
chains on the ID complex then provide a substrate for the
DVC1-p97 ubiquitin segregase complex to promote extraction
of the ID complex from chromatin. Thus, multiple PTMs act to
fine-tune the balance of activated ID complex at DNA lesions.

An obvious question arising from our study is: why should
there be such an elaborate mechanism to control ID complex
dosage? The simplest explanation is that it helps limit
nuclease-mediated incisions in the DNA. Another likely possibil-
ity is that it facilitates differential responses of the ID complex
during the dynamic process of DNA repair. As has been noted
for many other SUMO-modified proteins, the SUMOylated
form of the ID complex represents only a small fraction of the to-
tal cellular pool. Therefore, only this small fraction will be subject
to the regulation described here, and each step in this circuitry
provides further channeling of selectivity. Moreover, within the
model that we propose, each PTM on the ID complex can be
removed or dynamically modified by further modes of regulation,
some of which are presently unknown (Figure 7E). In this regard,
because RNF4 is activated by SUMO2 chains (Rojas-Fernandez
et al., 2014), the antagonistic actions of PIAS1 and SENP6 may
be key determinants of ID complex chromatin loading and
SUMO2 chain length of the ID complex might be a rate-limiting
step in promoting its extraction via RNF4-DVC1-p97.

ID complex SUMOylation was most strongly enhanced upon
stresses that cause replication fork stalling, for example, HU,
MMC, and APH. The common undercurrent to these stresses
is the production of single-stranded DNA, which was previously
shown to be a potent signaling cue for protein SUMOylation
(Psakhye and Jentsch, 2012). This study also proposed the
concept of “protein group synergy,” which posits that multiple
proteins within signaling pathways are SUMOylated, and the
overall efficacy of the specific DNA repair pathway is only
affected by the concomitant loss of many of these SUMO-driven
events (Psakhye and Jentsch, 2012). While SUMO-dependent
regulation of the FA pathway might, in principle, also be an
example of such “protein group synergy,” the results presented

Figure 4. RNF4 Is a Regulator of the FA Pathway and Polyubiquitylates the SUMOylated ID Complex

(A) Cellular fitness of U20S cells transfected with control (CTRL), ATR, or RNF4 siRNA was assessed using the multicolor competition assay (MCA)
(Smogorzewska et al., 2007). Stable U20S/mCherry-RNF4 siRNA-resistant (si) cell lines were used for RNF4 allele complementation analysis. Data represent
mean + SEM from three independent experiments

(B) HelLa cells were transfected with the indicated siRNAs, exposed to a pulse of MMC (50 ng/ml) for 2 hr, and then allowed to recover for 24 hr before fixation and
analysis by flow cytometry. The proportion of cells in G2/M phase is indicated.

(C) U20S cells transfected with control (CTRL) or RNF4 siRNA were subjected to laser microirradiation, pre-extracted and fixed 2 hr later, and immunostained
with FANCDI and yH2AX antibodies. Scale bar represents 10 pm.

(D) Same as (C) except with FANCD2 antibody.

(E) QIBC strategy to analyze data generated from laser microirradiation experiments in an automated unbiased manner.

(F) Quantification of normalized mean FANCI intensities at sites of laser microirradiation. Each data point represents the quantification of 75-150 cells from three
independent experiments.

(G) Same as (F) but for FANCD2.

(H) HeLa cells transfected with control (CTRL) or RNF4 siRNA were treated with cycloheximide (CHX) and HU for the indicated times. Protein extracts were
analyzed by immunoblotting with indicated antibodies. *, denotes cross-reactive bands.

(1) His-FANCI was SUMOylated in vitro as in Figure 2D, purified on Ni?* agarose and then subjected to in vitro ubiquitylation by RNF4. The Ni?* beads were then
washed extensively and analyzed by immunoblotting with indicated antibodies.

See also Figure S4.
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Figure 5. The DVC1-p97 Complex Promotes Extraction of the ID Complex from Sites of DNA Damage
(A) U20S cells cotransfected with FLAG-DVC1 and p97-Myc WT or ATPase-dead (EQ) were treated with MMC (0.3 uM) for 24 hr and then pre-extracted, fixed,

and immunostained with indicated antibodies. Scale bar represents 10 um.

(B) U20S cells were transfected with control (CTRL) or DVC1 siRNA, treated with HU for 24 hr, pre-extracted, fixed, immunostained, and analyzed by QIBC. A

representative image is shown for chromatin-bound FANCI.
(C) Representative plot from QIBC analysis from (B).

(D) Quantification of data from (B). Data represent mean + SEM from two biologically independent experiments.
(E) Colony formation assay using HelLa cells transfected with indicated siRNAs and subjected to various doses of MMC for 24 hr. Data represent mean + SEM from

two independent experiments using technical triplicates per datapoint.
See also Figure S5.

here suggest that site-specific SUMOylation of the ID complex is
important to limit activated ID complex dosage, rather than the
concerted actions of multiple SUMO-modified proteins.

The monoubiquitylation licensing of the ID complex is antago-
nized by the DUB complex USP1/UAF1; however, it is currently
unknown how PTMs regulate USP1/UAF1 after DNA damage.
Unregulated activity of USP1 during ICL repair thus risks inhibit-
ing the efficacy of the FA pathway, and as such does not provide
selectivity to ID complex chromatin loading. We note that
chromatin loading of the ID complex is not an effective marker

Molecular Cell 57, 150-164, January 8, 2015 ©2015 Elsevier Inc.

for efficient ICL repair, supported by genetic evidence showing
that concomitant loss of USP1/FANCC in chicken DT40 cells
does not rescue cellular sensitivity to MMC even though FANCD2
monoubiquitylation is restored (Rajendra et al., 2014). In contrast,
our data suggest that SUMOylation-driven polyubiquitylation of
the ID complex provides a very selective means by which to regu-
late a minor fraction of chromatin loaded ID complex that does
not risk affecting the bulk of the activated complex.

Budding yeast p97 (known as Cdc48) has been recently
shown to be able to recognize and extract proteins from
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chromatin via cooperative binding to SUMO and ubiquitin (Ber-
gink et al., 2013; Nie et al., 2012). The data reported here provide
a link between DVC1-p97 and SUMO-dependent RNF4-medi-
ated polyubiquitin chain formation in human cells, suggesting a
clear and rational link between SUMO- and ubiquitin-dependent
signaling in the negative regulation of protein complexes at DNA
lesions. To what extent this RNF4-DVC1-p97 cooperativity is a
general mechanism remains to be determined. Although we
show that at least one function of the SUMO-dependent polyu-
biquitylation targets the ID complex for proteasomal degrada-
tion, we note, as others have (Howlett et al., 2009), that the ID
complex has a long half-life after cycloheximide addition and
not all p97 substrates are destined for degradation (Dantuma
and Hoppe, 2012; Ndoja et al., 2014), which leads to the possi-
bility that the ID complex could be recycled by the concerted ac-
tions of SUMO proteases and DUBs.

In summary, we define a ubiquitin- and SUMO-dependent
signaling circuitry that acts to selectively limit ID complex dosage
at DNA lesions. Furthermore, we propose that RNF4-DVC1-p97
signaling might be a general mechanism of integrating ubiquitin-
and SUMO-dependent signaling to negatively regulate protein
complexes at replication-associated DNA lesions to promote
genome stability.

EXPERIMENTAL PROCEDURES

Cell Culture

Human U20S, HEK293T, and HelLa cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum. HeLa cell lines expressing
Hise-FLAG-SUMO, U20S/GFP-DVC1 cells, and U20S/Strep-HA-ubiquitin
cells were described previously (Danielsen et al., 2011, 2012; Mosbech
etal., 2012). To generate stable U20S/mCherry-RNF4 siRNA-resistant clones,
U20S cells were cotransfected with mCherry-RNF4SF constructs together
with pBabe-Puro and selected with puromycin, as described (Mosbech
etal., 2012). Stable U20S/HA-FANCI WT/*SUMO cells were selected in puro-
mycin after transfection with pIRESpuro3-HA-FANCI (a kind gift from Dr Tony
Huang). FANCD2-deficient human fibroblasts (PD20), and derivative lines re-
constituted with FANCD2 WT or FANCD2 K561R (Garcia-Higuera et al.,
2001) were kind gifts from Alan D’Andrea (Dana Farber Cancer Institute).

Immunochemical Methods

Isolation of SUMO and ubiquitin conjugates under denaturing conditions was
performed as described (Damgaard et al., 2012; Danielsen et al., 2012). Puri-
fication of Hise-FLAG-SUMO conjugates using Ni?* agarose (QIAGEN) was

performed exactly as described (Tatham et al., 2009). Purification of endoge-
nous FANCI or FANCD2 for SUMO2/3 analysis was carried out essentially as
described (Barysch et al., 2014). Chromatin fractionation and coimmunopreci-
pitation of protein complexes followed by immunoblotting analysis was per-
formed as described previously (Mosbech et al., 2012).

Multicolor Competition Assay, Colony Formation Assay, and Flow
Cytometry

Cellular sensitivity to MMC was performed as described (Smogorzewska et al.,
2007), using U20S stable cell lines expressing either empty pAcGFP-C1 or
pmCherry-C1 (both Clontech), which were generated previously (Gudjonsson
et al., 2012) and kindly provided by Jiri Lukas (University of Copenhagen,
Denmark), or in the case of rescue experiments, with the U20S/mCherry-
RNF4°® cell lines. Cells were analyzed after 7 days using a flow cytometer
(FACSCalibur, BD Biosciences). For colony formation assay, cells were treated
with siRNA, plated at low densities, then treated with the indicated doses of
MMC for 24 hr. Cells were then washed free of MMC and subsequently fixed
and stained with crystal violet after 10-12 days. The surviving fraction at each
dose was calculated after normalization to the plating efficiency of untreated
samples. Cell cycle analysis was performed as described previously (Mosbech
et al,, 2012).

Immunofluorescence, Laser Microirradiation, Microscopy, and

QiBC

In nearly all instances, cells were pre-extracted with 0.2% Triton X-100/PBS
for 3 min on ice, before fixation with 4% formaldehyde for 15 min. Cells were
then subjected to another permeablilization step with 0.2% Triton X-100/
PBS for 5 min and incubated with primary and secondary antibodies for 1-
2 hr each. In situ proximity ligation assay was performed according to the man-
ufacturer’s guidelines (Duolink). Confocal microscopy and laser microirradia-
tion were performed exactly as described (Mosbech et al., 2012). Images
were acquired under nonsaturating conditions for the sample exhibiting the
highest signal intensity and the settings subsequently applied to all other sam-
ples. Fiji was used to create intensity profiles of acquired images. QIBC was
performed exactly as described (Toledo et al., 2013).

In Vitro SUMOylation STUbL Assays and Recombinant Protein
Production

His-tagged chicken FANCI and FANCD2 were purified exactly as described
previously (Rajendra et al., 2014). Recombinant His-Strep-HA-RNF4 was pro-
duced by the CPR Protein Production Unit, and the His-Strep-HA tag was
removed by AcTEV protease (Invitrogen) according to the manufacturer’s in-
structions. For in vitro SUMOylation assays, components (SAE1/2, UBC9,
PIAS1, SUMO2, FANCI, or FANCD2) were added to a total reaction volume
of 30 pl in SUMOylation buffer (50 mM Tris [pH 7.5], 5 mM MgCl,, 0.6 mM di-
thiothreitol, 2 mM NaF) and incubated at 30°C for 2 hr. For STUbL assays,
in vitro SUMOylation reactions scaled up 3-fold were diluted in 500 pl binding

Figure 6. FANCI SUMOylation Regulates Activated ID Complex Dosage at Sites of DNA Damage

(A) Location and conservation of potential SUMOylation sites in FANCI. Modified lysine residues in consensus SUMOylation motifs are shown in blue with the
acidic residue in red.

(B) HeLa cells transfected with HA-FANCI wild-type (WT) or HA-FANCI SUMO-site mutants (6xK-R or 6xD/E-A) together with His-FLAG-SUMO?2 were subjected
to HU treatment for 24 hr. SUMO conjugates were purified under denaturing conditions using Ni2* agarose and analyzed by immunoblotting with HA antibody.
(C) Indicated cell lines transfected with control or FANCI (3'UTR) siRNA were treated with MMC for 24 hr and whole-cell extracts were analyzed by immunoblotting
with indicated antibodies.

(D) Clonogenic survival of indicated U20S cell lines depleted of endogenous FANCI using the 3’-UTR siRNA where indicated and treated with various doses of
MMC. Data represent mean + SEM from three independent experiments using technical triplicates per datapoint.

(E) U20S/HA-FANCI WT or *SUMO cells transfected with FANCI (5’-UTR) siRNA were subjected to laser microirradiation, pre-extracted, and fixed after 2 hr and
then immunostained with HA and FANCD2 antibodies. Scale bar represents 10 pm.

(F) QIBC analysis of normalized mean HA-FANCI and FANCD2 intensities from (E). Data represent mean + SEM from two independent experiments.

(G) U20S/HA-FANCI WT or *SUMO cells transfected with FANCI (5'-UTR) siRNA were treated with MMC (0.3 M) for 24 hr and immunostained as in (E). Scale bar
represents 10 um.

(H) U20S/HA-FANCI cell lines treated as in (G) or with HU were analyzed by QIBC. Mean intensity of chromatin loaded HA-FANCI was normalized to
HA-FANCI WT.

See also Figure S6.

Molecular Cell 57, 150-164, January 8, 2015 ©2015 Elsevier Inc. 161

CellPress




Cell’ress

A U20S/HA-FANCI WT or *SUMO U20S/HA-FANCI WT or *SUMO
+ siFANCI (5’-UTR) + MMC + GFP-DVC1 + p97-Myc + MMC
S HA-FANCI GFP-DVC1  Merge
[2]
28 807
25 =
8 5 60 of | & 5
5 © Z2 k3]
- > -
o O 40 L g
=1~ — =
g% E4S %
S5 < 201 N < @) d)
— O E E pust
x9Q N o
o 0- 013 +
° ¢
D
B U20S/HA-FANCI *SUMO + siFANCI (3’-UTR) + MMC
> siCTRL siFANCD2 SISENPE siRNF4 siDVC1
£3 QIBC
£35
S5
iz
g8
%’ Mean RPA2 intensity
per nucleus (AU) log
c D 55 40
U20S/HA-FANCI *SUMO + siFANCI (3’-UTR) + MMC <zt <
w o
SICTRL  SiFANCD2 siSENP6  siRNF4  siDVCT <3 200
5 ; 2 150
]
s § 2% 100
T 5 ER
T o = 50
5 83
: - - - - é o
ol
& +
o
U20S/HA-FANCI *SUMO + siFANCI (3’-UTR)
E
1. Phosphorylation 2. Monoubiquitylation: 3. SUMOylation 4. RNF4-dependent 5. DVC1/p97-mediated
ID complex licensing polyubiquitylation extraction
©
FA core complex Ubiquitin chains
UBCY SUMO2 chains

PIAS4
&)

(legend on next page)

162 Molecular Cell 57, 150-164, January 8, 2015 ©2015 Elsevier Inc.



buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 0.05% NP-40, 1 mM imidazole) and
added to Ni?* agarose for 2 hr at 4°C. Bound proteins were washed extensively
in 50 mM Tris (pH 7.5), subjected to in vitro ubiquitylation by recombinant
RNF4 at 37°C for 90 min, washed again, and analyzed with immunoblotting.
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Figure S1 (related to Figure 1).
Endogenous ID complex is modified in response to DNA damage by the
small ubiquitin-like modifiers SUMO1 and SUMO2.

A.

B.

Current model of replication-dependent ICL repair (Knipscheer et al.,
2009; Long et al., 2011; Raschle et al., 2008; Zhang and Walter, 2014).
HeLa/FLAG-SUMO1 cells were treated with doxycycline (DOX) for 48 h
to induce the expression of FLAG-SUMO1. Cells were subjected to
mitomycin C (MMC) (1 uM) or hydroxyurea (HU) (2 mM) treatment for
24 h and protein extracts were analyzed by immunoblotting with the
indicated antibodies. WCE, whole cell extracts.

Same as (B) except with HeLa/FLAG-SUMO2 cells.

Stable HeLa cell lines expressing wild type FLAG-SUMO2 were treated
with doxycycline (DOX) for 24 h to induce FLAG-SUMO2 expression.
Cells were then lysed under denaturing conditions, subjected to FLAG
immunoprecipitation and then analysed by immunoblotting using the
indicated antibodies. WCE, whole-cell extract; IP, immunoprecipitates.
MCMBG6 is used as a loading control. Left, example of Western blot data,
showing SUMO-modified forms of FANCI in the whole cell extract and
after immmunoprecipitation of the SUMO1. Right, same data but after
cropping the important bands.

HelLa/FLAG-SUMO2 cells were exposed to various genotoxic stresses
and processed as in (D).

HelLa/FLAG-SUMO1 cells were treated with HU (2 mM) for various
durations before being processed as in (D).

. Stable HelLa cell lines expressing wild type (WT) or conjugation-

deficient (AGG) FLAG-SUMO1 were transfected or not with FANCI
siRNA and treated with doxycycline (DOX) for 24 h to induce FLAG-
SUMO2 expression. Cells were then subjected to MMC treatment for
an additional 24 h and collected. SUMOylation of FANCI and FANCD2
was analysed as in (D).

. Same as in (G), using FANCD2 siRNA.

HeLa/FLAG-SUMO1 cells were biochemically fractionated, diluted in
denaturing buffer before immunopurification and immunoblotting with
the indicated antibodies.
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Figure S2 (related to Figure 2).
PIAS1, PIAS4, ATR and the FA core complex promote ID complex
SUMOylation.

A.

oW

mo

HelLa/FLAG-SUMO1 cells were transfected with control (CTRL) or
siRNAs against known SUMO E3 ligases, induced for FLAG-SUMO1
expression by DOX addition, then treated with HU (2 mM) for 24 h,
lysed under denaturing conditions, immunopurified using FLAG beads
and analysed by immunoblotting using the indicated antibodies.

Same as (A) except for SUMO2.

Depletion efficiencies of PIAS4 siRNAs used in this study. PIAS4(#4)
was typically used in most experiments.

Depletion efficiencies of PIAS1 siRNA used in this study.

U20S cells were transfected with HA-Strep-PIAS1 or empty vector (-)
for 24 h and then subjected to MMC treatment (1 uM) for a further 24 h.
HA-Strep-PIAS1 complexes were purified with Strep-Tactin Sepharose
and analysed by immunoblotting with the indicated antibodies.
Antibody controls related to the in situ promixity ligation assay shown in
Fig. 2E, either lacking primary antibody or secondary antibody. Scale
bar, 10 um.

HelLa/FLAG-SUMOT1 cells were transfected with control or ATR siRNA,
induced for FLAG-SUMO1 expression by DOX addition, treated with
MMC (1 uM) for 24 h, then analysed as in (A).

Same as above but with FANCA siRNA transfection.

Same as above but with FANCL siRNA transfection.
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Figure S3 (related to Figure 3).
Analysis of ID complex chromatin dynamics after replication stress
using QIBC.

A.

Oomm

U20S cells were treated with HU (2 mM) for 2 h, pre-extracted in situ
with detergent, fixed and then immunostained with FANCD2 and RPA2
antibodies together with DAPI to stain nuclear DNA content. QIBC can
be used to discriminate RPA that is dynamically loaded on ssDNA
produced by HU-induced fork stalling, compare left and right (Toledo et
al., 2013).

As in (A) except the mean FANCD2 intensity is plotted against mean
RPAZ2 intensity. Previous assessment of S-phase cells in (A) allows
discrimination of S-phase chromatin loading of FANCD2 (red).

As in (B) except total FANCD?2 intensity is plotted against mean RPA2
intensity. Note that FANCD2 exists in three cellular populations after
isolation of chromatin bound proteins using in situ pre-extraction: 1. low
RPA, low FANCD2 (G1-phase); 2. low RPA, high FANCD2 (G2-phase
telomere-associated structures (Fan et al., 2009); 3. intermediate-to-
high FANCD2, high RPA (S-phase). FANCI exhibits exactly the same
dynamics (data not shown).

Examples of images obtained from the high-content microscope used
to generate data in A-C, showing predominantly G1 and S-phase cells.
As in (D), but showing mainly S and G2 cells.

Assessment of sSiISENP6°™°°! depletion efficiency by immunoblotting.

. U20S were transfected with HA-Strep-SENP6®', subjected to laser

microirradiation, pre-extracted or not, fixed and immunostained with the
indicated antibodies. Scale bar, 10 pm.
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Figure S4 (related to Figure 4).
RNF4-mediated polyubiquitylation of the ID complex.

A.

RNF4 mutants used in this study. The hydrophobic residues of the N-
terminal SIM region were mutated to alanines to give rise to the *SIM
mutant. Two cysteines in the C-terminal RING domain were mutated to
serine, to create the *RING mutant.

Immunoblot assessment of RNF4 siRNAs used in this study.

U20S cells were transfected with control (CTRL) or RNF4 siRNA then
transfected with RNF4 or RNF4 siRNA-resistant (RNF45F) expression
constructs, before whole cell extracts were assessed by
immunoblotting to determine efficiency of RNF4°" resistance to RNF4
siRNAs.

Generation of U20S stable cell lines expressing similar levels of
mCherry-RNF4°" wild type and mutant alleles, as assessed by
immunoblotting with the indicated antibodies.

Schematic showing the principle of the multicolor competition assay
(MCA) (Smogorzewska et al., 2007) used in Fig 4A.

The U20S/mCherry-RNF45® *RING mutant was transfected with RNF4
siRNA, treated with MMC (0.3 pM) for 24 h, pre-extracted, fixed and
immunostained with FANCD2 antibody. Scale bar, 10 um.

U20S cells were transfected with GFP-RNF4°" constructs, treated with
MMC (1 pM) for 4 h, before immunoprecipitation with GFP-Trap beads
followed by immunoblotting with the indicated antibodies.
U20S/HA-Strep-ubiquitin cells were transfected with control or RNF4
siRNA, treated with HU (2 mM) for 24 h and in the last 4 h were treated
with the proteasome inhibitor MG132 (10 uM), before cells were lysed
under denaturing conditions, immunopurified using Strep-Tactin
Sepharose and analysed by immunoblotting with indicated antibodies.
U20S cells were transfected with wild type HA-Strep-ubiquitin (WT), or
two derivatives containing only one available lysine, K48 (K48°") or
K63 (K63°™), exposed to HU (2 mM) for 24 h and in the last 6 h were
treated with the proteasome inhibitor MG132 (10 uM), before cells were
lysed under denaturing conditions, immunopurified using Strep-Tactin
Sepharose and analysed by immunoblotting with the indicated
antibodies.

U20S/FANCI cells were transfected with wild type HA-Strep-ubiquitin
(WT), or two derivatives containing K48R or K63R mutations, treated
with HU (2 mM) for 24 h and in the last 4 h were treated with the
proteasome inhibitor MG132. Ubiquitin-associated FANCI was then
analysed after HA purification and immunoblotting with antibody
against endogenous FANCI.

HelLa/FLAG-SUMO2 cells were transfected with control or RNF4
siRNA, induced for SUMO expression by DOX addition, then treated
with HU (2 mM) for 24 h and in the last 6 h treated with MG 132, then
lysed under denaturing conditions, immunopurified using FLAG beads
and analysed by immunoblotting using the indicated antibodies.
Coomassie-stained gels of recombinant His-Strep-HA-RNF4 and
UBCHS5Db proteins used in this study.
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Figure S5 (related to Figure 5).
DVCi1 is the specific p97 adaptor that promotes extraction of the ID
complex in a ubiquitin-dependent manner.

A.

U20S cells were co-transfected with FLAG-DVC1 and p97-Myc wild
type (WT) or ATPase-dead E578Q (EQ), treated with HU (2 mM) for 24
h and then pre-extracted, fixed and immunostained with the indicated
antibodies. Scale bar, 10 um.

U20S cells were co-transfected with GFP-DVC1 wild type (WT), *SHP
or *UBZ together and p97-Myc, treated with MMC (0.3 uM) for 24 h
and then pre-extracted or not, fixed and immunostained with the
indicated antibodies. Note that the GFP-DVC1 ubiquitin-binding
deficient *UBZ mutant is completely solubilised followed pre-extraction,
indicating that it is not stably retained on chromatin in response to
replication stress (unextracted panel). Scale bar, 10 um.
U20S/GFP-DVC1 cells were transfected with CTRL, FANCA or
FANCD2 siRNA, treated with either HU (2 mM) or MMC (0.3 pM) for 24
h and then fixed. Scale bar, 10 pum.

U20S cells were co-transfected with FLAG-NPL4, FLAG-UFD1 or
FLAG-p47 together with p97-Myc, treated with MMC (0.3 pM) for 24 h
and then fixed and immunostained with the indicated antibodies. Note
that each of these p97 adaptor proteins was unable to promote
extraction of the ID complex after ICL formation. Furthermore, none
were resistant to an in situ pre-extraction step (data not shown),
indicating that they are not stably recruited to stalled replication forks.
High (HI) and low (LO) expressing cells were included for comparison.
Scale bar, 10 um.

Immunoblot analysis of HeLa cells used for clonogenic assays in Fig
5E.
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Figure S6 (related to Figure 6).
FANCI SUMOylation regulates ID complex chromatin retention.

A.

B.

C.

Location and protein sequence alignment of potential SUMO sites in
FANCI.

FANCI SUMO site K-to-R expression constructs used in this study. The
HA-FANCI *SUMO mutant contains all six K-to-R substitutions.

U20S cells were transfected with HA-FANCI wild type (WT) or SUMO
site mutants and where indicated His-FLAG-SUMO2, subjected to HU
treatment (2 mM) and 24 h later SUMO conjugates were purified under
denaturing conditions using Ni?* agarose. SUMO-modified FANCI was
analysed by immunoblotting with HA antibody. *, denotes unmodified
FANCI in immunoprecipitate.

FANCI SUMO sites in the context of the previously described
FANCD2/FANCI crystal structure (Joo et al., 2011) (PDB: 3S4W).
Electrostatic surface and images were created using Pymol. Notably,
the K715 residue is followed by a string of conserved negatively
charged amino acids and an SQ phosphorylation site, which further
classifies the K715 site as a negatively charged amino acid dependent
SUMOylation motif (NDSM) (Yang et al., 2006). The negatively
charged amino acids within this specialised SUMO motif promotes
interaction with a basic patch on the SUMO E2 UBC9, thus targeting
UBC9 to substrates to promote their SUMOylation (Mohideen et al.,
2009). Viewed within the context of the ID complex crystal structure,
the FANCI K4, K638, K715, K1248 and K1288 are all surface
accessible for the SUMOQylation machinery. In contrast, the K646
residue is buried within the ID complex and would require restructuring
of the complex in order to undergo SUMOQOylation.

U20S/HA-FANCI WT or *SUMO cells transfected with FANCI siRNA
against the 3-UTR were treated with HU (2 mM) for 24 h and lysed
under denaturing conditions before immunoprecipitation with anti-
FANCD2 antibody or pre-immune serum (IgG). Bound material was
analysed by immunoblotting with the indicated antibodies.
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Figure S7 (related to Figure 7).

HA-FANCI WT phenocopies endogenous FANCI.

U20S/HA-FANCI WT cells were depleted of endogenous FANCI together with
FANCD2, SENP6, RNF4 or DVC1 and processed for QIBC. Results of a
representative experiment are shown.



Supplemental Experimental Procedures

Plasmids and siRNA

Expression plasmids encoding His-FLAG-SUMO2, HA-Strep-PIAS1, HA-
Strep-PIAS4, Myc-p97, FLAG-NPL4, FLAG-p47 and FLAG-UFD1 were
described previously (Danielsen et al., 2012; Mosbech et al., 2012). A plasmid
expressing pcDNA4/TO-HA-Strep-SENP6 was generated using established
protocols. A plasmid expressing human HA-FANCI was a kind gift from Tony
Huang (NYU Medical School, USA) and was subcloned into peGFP-C1
(Clontech). pcDNA3/HA-ubiquitin WT, K48R and K63R were described
previously together with the pcDNA4/TO-HA-Strep-ubiquitin WT, K48-only and
K63-only plasmids (Damgaard et al., 2012). RNF4 WT and *SIM cDNAs were
synthesised by Eurofins MWG and both were rendered insensitive to two
independent non-overlapping siRNAs by silent mutation of the following
underlined nucleotides: siRNF4(#1) target - GAATGGACGTCTCATCGTT;
siRNF4(#2) target —- GACAGAGACGTATATGTGA. The RNF4 WT and *SIM
cDNAs were cloned into pAcGFP-C1 and pmCherry-C1 expression vectors
(both Clontech), to produce siRNA-Resistant GFP-RNF4%" and mCherry-
RNF4°® WT and *SIM constructs. GFP-RNF4°" and mCherry-RNF4°" *RING
mutant (C132S/C134S) was produced by site-directed mutagenesis. Cloning
and site-directed mutagenesis was performed with PrimeSTAR Max
Polymerase (Clontech) and KOD Hot Start Polymerase (Novagen). All
constructs were verified by sequencing. Primer sequences are available upon
request. Plasmid transfections were carried out using either GenedJuice
(Novagen) or Fugene 6 (Promega) according to the manufacturer’s
instructions. Transfection of siRNAs was performed with RNAIMAX
(Invitrogen) according to the manufacturer’s instructions. The siRNA
sequences and associated references used in this study were:

ATR (5’-CCUCCGUGAUGUUGCUUGA-3’) (Casper et al., 2004),

control (CTRL) (5’-GGGAUACCUAGACGUUCUA-3’) (Mosbech et al., 2012),
FANCA (5-GCAGGUCACGGUUGAUGUA-3’) (Liu et al., 2010),

FANCD2 (5’-CAACAUACCUCGACUCAUU-3’) (Liu et al., 2010),

FANCI (5-GCAGAAAGAAAUAGCGUCU-3’) (Liu et al., 2010),

FANCI (5-UTR) (5-GGAAGUUUGUGGCGGAGUU-3’) (this study), FANCI
(3-UTR) (5-GCGCUUCACCUGAAAGAUA-3’) (this study), FANCL (5°-
GACAAGAGCUGUAUGCACU-3’) (Meetei et al., 2003)

FANCM (5-AGACAUCGCUGAAUUUAAA -3’) (Xue et al., 2008),

MMS21 (5-CUCUGGUAUGGACACACAGCU-3’) (Galanty et al., 2009),
Pc2(#1) (5>-CGUGGGAACCGGAGGAGAA-3),

Pc2(#2) (5’-GUUUGUACGUGGUGUUAUU-3),

PIAS1 (5’-CGAAUGAACUUGGCAGAAA-3’) (Galanty et al., 2009),

PIAS2 (5’-CUUGAAUAUUACAUCUUUA-3’) (Galanty et al., 2009),

PIAS3 (5’-CCCUGAUGUCACCAUGAAA-3’) (Galanty et al., 2009),

PIAS4(#1) (5-GGAGUAAGAGUGGACUGAA-3’) (Galanty et al., 2009),
PIAS4(#2) (5-AGGCACUGGUCAAGGAGAA-3’) (Galanty et al., 2009),
PIAS4(#3) (5-AGCUGCCGUUCUUUAAUAU-3’) (this study),

PIAS4 (#4) (5-CAAGACAGGUGGAGUUGAU-3’) (this study),



RNF4(#1) (5-GAAUGGACGUCUCAUCGUU-3’) (Galanty et al., 2012; Yin et
al., 2012),

RNF4(#2) (5-GACAGAGACGUAUAUCUGA-3’) (Galanty et al., 2012; Yin et
al., 2012),

RNF111 (5-GGAUAUUAAUGCAGAGGAA-3’) (Poulsen et al., 2013),
RanBP2 (5-GGACAGUGGGAUUGUAGUG-3’) (Joseph et al., 2004),
SENP1 (siGENOME Smartpool # M-006357-00), SENP2 (siGENOME
Smartpool #M-006033-01), SENP3 (siGENOME Smartpool #M-006034-01),
SENP5 (siGENOME Smartpool #M-005946-01), SENP6 (sSiGENOME
Smartpool #M-006044-01), SENP7 (siGENOME Smartpool #M-006035-01),
SENP6 (5-GAAAGUGAAGGAGAUACAG-3),

TOPORS (5-CAAGGAGCCUGUCUAGUAA-3).

Cell culture

Unless otherwise indicated, the following doses of genotoxic agents were
used: Mitomycin C (MMC, 1 uM), Hydroxyurea (HU, 2 mM), Aphidicolin (APH,
4 uM), IR (10 Gy), Cisplatin (5 uM) and UV (20 J/m?).

Purification and detection of endogenously SUMOylated proteins
Purification of endogenous FANCI or FANCD2 for SUMO2/3 analysis was
carried out essentially as described (Barysch et al., 2014). Briefly, cells were
lysed in the presence of 1% SDS, sonicated, boiled at 95°C for 10 minutes
and then diluted 1:10 in RIPA dilution buffer. Lysates were passed through a
0.45um filter and incubated with 2 pg of FANCI or FANCD2 antibody or
control IgG overnight at 4°C. Protein A sepharose was then added for 4 h and
bound material was subsequently washed with RIPA buffer containing 0.1%
wt/vol SDS. Bound proteins were eluted with sample buffer.

Antibodies

Antibodies used in this study included: mouse monoclonals to SUMO2/3
(Abcam), mCherry, 6xHis (Clontech), RPA2* (clone 9H8, Diagnostic
Biosystems), yH2AX* (Millipore), GFP, HA*, (Santa Cruz), FLAG, vinculin
(Sigma); rabbit monoclonals/polyclonals to yYH2AX*, FANCD2*, PIAS1, RPA1*
(clone EPR3472), RPA2* (clone EPR2877Y), SUMO2/3 (Abcam), FANCA,
FANCI*, SENP6 (Bethyl Laboratories), Chk1(pS317), Histone H2AX, NF-kB,
PIAS4 (Cell Signaling), FANCD2* (Novus Biologicals), RNF4 (a kind gift from
J. Palvimo, University of Eastern Finland, Kuopio, Finland), FANCL (a kind gift
from Weidong Wang, National Institute of Aging, USA); goat polyclonals to
ATR, DVC1 and MCM6 (Santa Cruz); rat monoclonal to HA* (Sigma). *,
denotes that the antibody was used for QIBC.

In vitro SUMOylation and STUbL assays

For in vitro SUMQylation assays, components were added to a total reaction
volume of 30 pl in SUMOylation buffer (50 mM Tris, pH 7.5; 5 mM MgCl,; 0.6
mM DTT; 2 mM NaF) as follows: E1 - SAE1/2 (Boston Biochem) - 30 uM, E2 -
UBC9 (Boston Biochem) — 167 uM, E3 - PIAS1 (Enzo Life Sciences) or PIAS4
(this study) — 120 uM, 15 mM SUMO1 or SUMO2 (both Boston Biochem) —
667 nM FANCI or FANCD2. Reactions were incubated at 30°C for 2 h and



stopped by the addition of 4x SDS-PAGE loading buffer. For STUbL assays,
reactions were scaled up 3-fold. After the in vitro SUMOylation assay, extracts
were diluted in 500 ul binding buffer (20mM Tris, pH 7.5; 150 mM NacCl,
0.05% NP-40; 1 mM imidazole) and added to 15 ul (packed volume) Ni?*
agarose for 2 h at 4°C. Bound proteins were washed extensively in 50 mM
Tris pH 7.5 and subjected to an in vitro ubiquitylation assay, using the
following components: E1 (Boston Biochem) — 28 uM, E2 — UBCH5c¢ (Boston
Biochem) — 400 uM , E3 - RNF4 (this study) — 400 uM, Myc-ubiquitin (Boston
Biochem) — 18 mM. Beads were incubated at 37°C for 90 mins with shaking
and then washed extensively before the addition of SDS-PAGE loading buffer
containing 250 mM imidazole. Reaction products were analysed by
immunoblotting.

QiBC

Quantitative image-based cytometry (QIBC) was performed exactly as
described (Toledo et al., 2013). Briefly, cells were pre-extracted, fixed and
stained as described above before nuclear DNA was stained with DAPI
(Molecular Probes) for 4 min in 0.01% Tween-20/PBS. Cells were mounted in
Mowiol 488 medium (EMD Millipore). Images were acquired with an Olympus
IX-81 wide-field microscope equipped with an MT20 lllumination system and a
digital monochrome Mahatsu C9100 CCD camera. Olympus UPLSAPO
10x/0.4 NA, 20x/0.75 NA and 40x/0.95 NA objectives were used. Automated
and unbiased image analysis was carried out with the ScanR acquisition
software. In experiments using the 10x objective, 4,000-10,000 cells were
analysed per datapoint. Data was exported and processed in Spotfire (Tibco)
software.

Mass spectrometry-based analysis of FANCI/FANCD2 SUMO sites

To determine FANCD2 and FANCI SUMO2 sites by mass spectrometry, in
vitro SUMOylation assays were carried out as described above except with
recombinant human SUMO2 (Q87R), a kind gift from Dr Alfred Vertegaal
(Leiden University Medical Center, the Netherlands). In vitro SUMOQylation
reactions were performed for 2 h at 37°C, stopped by boiling in SDS-PAGE
loading buffer and were separated by SDS-PAGE using a 4-12% NuPAGE gel
(Life Technologies). Peptides were recovered from the SDS-PAGE gel using a
standard in-gel digestion protocol (Lundby and Olsen, 2011). Peptide fractions
were analyzed by online nanoflow LC-MS/MS using a Proxeon easy nLC
1000 system connected to an Q-Exactive mass spectrometer (Thermo
Scientific), as described (Kelstrup et al., 2012). Raw data was computationally
processed using MaxQuant (developer version 1.4.0.3) and searched against
the UniProt database (April 2012 release) using the integrated Andromeda
search engine (http://www.maxquant.org) (Cox and Mann, 2008; Cox et al.,
2011). The SUMO remnant peptide (QQTGG) derived from tryptic cleavage of
Q87R mutant SUMO was included as a variable modification on lysine
residues using the default settings in MaxQuant.
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