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ABSTRACT

Multiple pathways counteract DNA replication stress
to prevent genomic instability and tumorigene-
sis. The recently identified human SDE2 is a
genome surveillance protein regulated by PCNA,
a DNA clamp and processivity factor at replica-
tion forks. Here, we show that SDE2 cleavage af-
ter its ubiquitin-like domain generates Lys-SDE2%,
the C-terminal SDE2 fragment bearing an N-terminal
Lys residue. Lys-SDE2®! constitutes a short-lived
physiological substrate of the Arg/N-end rule pro-
teolytic pathway, in which UBR1 and UBR2 ubig-
uitin ligases mediate the degradation. The Arg/N-
end rule and VCP/p97YFPINPL4 segregase cooperate
to promote phosphorylation-dependent, chromatin-
associated Lys-SDE2¢! degradation upon UVC dam-
age. Conversely, cells expressing the degradation-
refractory K78V mutant, Val-SDE2%, fail to induce
RPA phosphorylation and single-stranded DNA for-
mation, leading to defects in PCNA-dependent DNA
damage bypass and stalled fork recovery. Together,
our study elucidates a previously unappreciated
axis connecting the Arg/N-end rule and the p97-
mediated proteolysis with the replication stress re-
sponse, working together to preserve replication fork
integrity.

INTRODUCTION

Achieving accurate genome duplication is a challenging
task for the DNA replication machinery. Failure to over-
come various replication-blocking obstacles causes pertur-

bations of DNA synthesis, collectively referred to as repli-
cation stress (1). Increased formation of aberrant replica-
tion fork structures due to the loss of replication stress
response pathways leads to deleterious mutational events
that are highly associated with genome instability and tu-
morigenesis (2). Proliferating cell nuclear antigen (PCNA)
is a processivity factor that plays a critical role in co-
ordinating DNA replication by guiding replicative DNA
polymerases at replication forks (3). Persistent replication
stress, for instance, due to ultraviolet C (UVC)-induced
replication-blocking lesions, results in the uncoupling of
PCNA-associated polymerase and helicase activities that
leads to an accumulation of single-stranded DNA (ssDNA)
near replication forks (4). In turn, RPA-coated ssDNA acti-
vates the ATR-CHK1 pathway to resolve replication stress
and preserve replication fork integrity (5). An extensive
RPA-ssDNA platform recruits the RAD6/RAD18 ubiqui-
tin (Ub) E2/E3 ligase complex to monoubiquitinate PCNA
(PCNA-UD) at stalled forks and further engages special-
ized polymerases that enable the bypass of DNA lesions
via translesion DNA synthesis (TLS), a form of DNA dam-
age tolerance mechanism regulated by the posttranslational
modi cation of PCNA (6). In conjunction with the remod-
eling of stalled forks, such as replication fork reversal, these
aforementioned pathways collectively facilitate stalled fork
recovery and ensure ef cient S phase progression against
replication stress (7).

Regulated protein degradation mediated by the
ubiquitin-proteasome system (UPS) keeps protein home-
ostasis in check and thus regulates multiple cellular
processes. The N-end rule operates in the UPS through
the recognition of proteins containing N-terminal (Nt)
degradation signals, called N-degrons, by N-recognins.
N-recognins are specialized ubiquitin E3 ligases that
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polyubiquitinate and degrade substrates with N-degrons
via the proteasome (8). Thus, this de nes the half-life
of the N-end rule substrates, which is dependent upon
the identity of a unique Nt residue. The Arg/N-end rule
branch targets speci ¢ unacetylated and preferably posi-
tively charged Nt residues, such as Lys and Arg, that are
exposed after proteolytic cleavage or generated through
successive enzymatic modi cations like deamination and
arginylation (9) (Supplementary Figure S1A). Although
the current understanding of the N-end rule has expanded
over the past three decades and revealed its role in a broad
range of cellular processes, only a few substrates have been
identi ed in higher eukaryotes, including human. Hence,
the identity of regulatory signaling pathways of the N-end
rule-mediated proteolysis remains poorly understood,
especially in the context of the DNA damage response
(DDR).

Given the necessity of genome surveillance factors to
function in close contact with DNA, ne-tuning their cellu-
lar levels and activity by proteolysis requires an additional
regulatory element to extract substrates from the chromatin
or macromolecular complexes. A growing body of evidence
suggests that valosin-containing protein (VCP)/p97 segre-
gase contributes to such process by utilizing ATP to ex-
tract and unfold chromatin-bound ubiquitinated substrates,
thereby coordinating regulated turnover of DNA replica-
tion and repair factors by the proteasome (10). Impor-
tantly, disruption of the p97-driven chromatin-associated
degradation (CAD) and persistent accumulation of its sub-
strates lead to the so-called protein-induced chromatin
stress (PICHROS) and impair genomic integrity, thus high-
lighting the importance of CAD in exerting spatiotempo-
ral regulation of protein turnover and cellular function for
genome maintenance (11).

We recently identi ed a new genome surveillance protein
in human, SDEZ2, that regulates replication stress response
via CAD at replication forks (12). The activity of SDE2 is
regulated by the PCNA-dependent endolytic cleavage of its
Nt Ub-like domain (UBL), which generates a C-terminal
(Ct) SDE2 polypeptide, SDE2C, required for counteracting
replication stress. We have demonstrated that timely degra-
dation of SDE2Ct at chromatin is necessary for preserving
replication fork integrity, thereby ensuring S phase progres-
sion and cellular survival. However, it remains unclear how
dynamics of SDE2 proteolysis contributes to its function in
modulating replication stress response and fork integrity. In
this study, we identify the Arg/N-end rule-p97 proteolytic
axis as a new regulator of SDE2 degradation and function.
We demonstrate that timely degradation of SDE2! at repli-
cation forks is necessary for generating the RPA-ssDNA
platform required for PCNA-dependent DNA damage by-
pass against UVC-induced replication stress, thereby pro-
moting stalled fork recovery and S phase progression. e
show that ATR-dependent SDE2Ct phosphorylation en-
hances its interaction with UFD1, the adaptor of the p97
complex, promoting SDE2C! extraction from chromatin.
Our study establishes a previously unappreciated connec-
tion between replication stress signaling and the Arg/N-end
rule, whose coupling controls the CAD of genome surveil-
lance factors to protect stalled forks and alleviate replica-
tion stress. We propose that regulated SDE2 degradation
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could be a key determinant for the dynamics of the repli-
some and for the remodeling of DDR factors at replication
forks in order to optimize responses to replication stress.

MATERIALS AND METHODS
Cell culture and plasmid constructions

HelLa, U20S, and 293T cell lines were acquired from the
American Tissue Culture Collection (ATCC). UBR1™/~
and UBR2™/~ mouse embryonic cells were a kind gift
from Alexander Varshavsky (Caltech). U20S Flp-In
T-REx cells were a kind gift from Daniel Durocher
(The Lunenfeld-Tanenbaum Research Institute). Cells
were cultured in Dulbecco’s modi ed Eagle’s medium
supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin, following standard culture
conditions and procedures. Human SDE2 cDNA was
acquired from Open Biosystems/Dharmacon (MHS1010-
97228092), while full-length or deleted cDNA were
PCR-ampli ed and subcloned into modi ed pcDNA3-
Flag, pcDNA3-HA (Invitrogen), or pEGFP-C1 vectors
(Clontech). Point mutations were introduced using the
QuikChange Il XL Site-Directed Mutagenesis kit (Agilent
Technologies) and con rmed by DNA sequencing. siRNA
resistant SDE2 cDNA was generated by mutating four
nucleotides of the target sequence for SDE2-1 siRNA
oligo (acgCcaGtggccGacCaaa). Stable cell lines were gen-
erated by retroviral transduction of pMSCV-SDE2-Flag
constructs using 8 g/ml polybrene (Sigma-Aldrich), fol-
lowed by selection with 2 g/ml puromycin. Viruses were
generated from 293T cells that were co-transfected with
pMSCV-SDE2-Flag, pCMV-Gag/Pol and pCMV-VSV-G.
Human UBR1 full-length cDNA was constructed by gene
synthesis and cloned into pcDNA3-GFP Kpnl-BamHI
(Genscript). To stabilize the insert, plasmids were propa-
gated and maintained at low copy in CopyCutter EP1400
strain (Lucigen), and plasmid replication was induced be-
fore DNA preparation. Human UFD1 cDNA was acquired
from Open Biosystems (MHS6278-202828389) and cloned
into pcDNA3-HA.

Plasmids and siRNA transfection

Plasmid transfection was performed using GeneJuice (Mil-
lipore) according to the manufacturer’s protocols. sIRNA
duplexes were transfected at 25 nM using Lipofectamine
RNAIMAX (Invitrogen). siRNA sequence information can
be found on Supplementary Table S1.

Antibodies and chemicals

Antibodies used in this study are listed in Supplementary
Table S2. Chemicals used in this study are listed in Supple-
mentary Table S3.

Western blotting and fractionation

Cells were lysed in NETN300 buffer (1% NP40, 300 mM
NaCl, 0.1 mM EDTA, and 50 mM Tris [pH 7.5]) supple-
mented with protease inhibitor cocktail (Roche), and halt
phosphatase inhibitor cocktail (Thermo Fisher). Lysates
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were resolved by SDS-PAGE, transferred onto PVDF mem-
branes (Millipore), and antibodies detected by an en-
hanced chemiluminescence method. Some immunoblot im-
ages were acquired by iBright CL1000 imaging system
(Thermo Fisher). Subcellular fractionation was performed
as previously described (13). Brie vy, cells were lysed using
cytoskeleton (CSK) buffer (10 mM Tris [pH 6.8], 100 mM
NacCl, 300 mM sucrose, 3 mM MgCl,, 1 MM EGTA, 1 mM
EDTA, and 0.1% Triton X-100) for 5 min on ice. After cen-
trifugation at 1500 g for 5 min, the supernatant (S) was sepa-
rated from the pellet (P), and pellets were sequentially lysed
in PBS and 2x boiling lysis buffer (50 mM Tris—ClI [pH 6.8],
2% SDS, and 850 mM -mercaptoethanol).

Generation of U20S Flp-In™ T-REx™ cells

The host U20S osteosarcoma cell line stably expresses
the Tet-repressor (T-REX) and carries a single FRT locus
(Flp-In). The SDE2 construct was cloned using the Gate-
way™ system and co-transfected with the pOG44 plasmid
encoding the Flp recombinase (Invitrogen) to generate the
U20S Flp-In T-REX cell lines. SDE2 cDNA, rst cloned
into pPENTR™ 3C double selection vector (Invitrogen), was
previously mutated on four nucleotides to drive its resis-
tance to the SDE2-1 siRNA oligo. Site-directed mutage-
nesis was used to generate the K78V mutation. The LR
Clonase ™ 11 was then used to transfer SDE2 cDNA
into our custom destination plasmid, kindly provided by
Dr. Jiricny (University of Zurich, Switzerland), and built
upon pcDNA™ 5/FRT/TO vector (Invitrogen). SDE2 ex-
pressed from this vector has one Strep and one HA tag at
its C-terminus. Forty-eight hours after transfection using X-
tremeGENE™ 9 (Roche), hygromycin selection was started
and stably transfected cells recovered after 4 weeks. Doxy-
cycline was then used at 10 ng/ml to drive the expression of
the transgene, usually after knocking down the endogenous
SDE?2 by transfecting SDE2 siRNA oligo-1 using Lipofec-
tamine RNAIMAX, as indicated.

BrdU staining for sSDNA detection

Cells were grown on coverslips and incubated with 10 M
BrdU for 48 h before UVC irradiation. Cells were perme-
abilized with PBS/0.3% Triton X-100 for 3 min at 4 °C fol-
lowed by xation with 4% paraformaldehyde for 10 min
at RT. After blocking with 5% BSA, cells were rst incu-
bated with 1:300 anti-BrdU (BU-1) for 2 h and, after wash-
ing with PBS, incubated with 1:1000 Alexa Fluor 488 goat
anti-mouse 1gG for 45 min in 1% BSA. After washing again
with PBS, coverslips were mounted using DAPI-containing
mounting medium (Vector Lab) and analyzed with Leica
TCS SP8 X confocal microscope. Corrected total cell uo-
rescence (CTCF) intensity was quanti ed and calculated by
Fiji, and analyzed by Prism (GraphPad).

DNA ber combing

Exponentially growing cells were rst labeled with 50 M
CldU for 20 min at 37 °C. After three washes with PBS, cells
were treated or not with 30 J/m? UV-C (UV Stratalinker
1800, Stratagene), and replenished with media contain-
ing 250 M IdU for 30 min at 37 °C. DNA bers were

then prepared using the FiberPrep DNA extraction kit and
the FiberComb Molecular Combing System (Genomic Vi-
sion, France), as recommended by the supplier. In brief,
cells were harvested by trypsinization, counted, and 400,000
cells were subsequently washed in PBS before being em-
bedded in low-melting point agarose, and cast in a plug
mold. After full solidi cation, plugs were digested overnight
with proteinase K. Over the next day, plugs were exten-
sively washed before being shortly melted and digested
with agarase overnight. The obtained DNA bers were
then combed onto a silanized coverslips (Genomic Vision,
France). Combed coverslips were dehydrated, and DNA
was denatured for 8 min using 0.5 M NaOH in 1 M NacCl.
During the subsequent staining process, all incubations
were done in humidi ed conditions at 37 °C. In short, cover-
slips were rst blocked with 1% BSA for 30 min, then both
primary antibodies were diluted together in 1% BSA (rat
monoclonal anti-BrdU for CldU, 1:25, and mouse mono-
clonal anti-BrdU for IdU, 1:5) and incubated for 1 h. Af-
ter washing the coverslips with PBS-Tween 0.05% (PBS-
T), secondary antibodies were both diluted together in 1%
BSA (Alexa Fluor 594 goat anti-rat and Alexa Fluor 488
goat anti-mouse, 1:100) and incubated for 45 min. After
washing the coverslips with PBS-T and dehydrating them,
they were mounted onto microscopic glass slides using Pro-
Long™ Gold Antifade and cured overnight. DNA bers
were then imaged using the Leica TCS SP8 X confocal mi-
croscope and analyzed using the Fiji software.

Statistical analysis

Student’s t-test was used to assess the statistical signi -
cance of our results, using Prism (GraphPad). Unpaired t-
tests were performed with a 95% con dence interval, using
two-tailed P-values, unless stated otherwise. For the DNA
combing assay, the Mann-Whitney U-test was performed,
with a 95% con dence interval, using Prism (GraphPad).

RESULTS

The natural fragment of SDE2 as a substrate of the Arg/N-
end rule pathway

Our previous work showed that the rst 77 residues of
the human SDE2 comprises a UBL with conserved Ct-
sequence of Gly’-Gly’’ that is identical to the last two
residues of Ub, and that cellular deubiquitinating enzymes
(DUBS) could cleave SDE2 immediately after Gly”" (12)
(Figure 1A). The resulting Ct-fragment of SDE2, termed
SDE2C, was metabolically unstable in a cycloheximide
(CHX)-based chase, whereas the full-length SDE2 mutant,
made uncleavable through the G76A/G77A (GA) muta-
tion, was long-lived (Figure 1B and Supplementary Figure
S1B). Thus, the cleavage of SDEZ2 is required for the degra-
dation of SDE2°!. Since the latter was Lys-SDE2, bearing
Nt-Lys, a destabilizing residue in the Arg/N-end rule path-
way, we asked whether human Lys-SDE2¢t might be a pre-
viously undescribed physiological substrate of this pathway.
Indeed, mutation of Lys’® to a small hydrophobic residue
such as Val or Ala within the C-terminally Flag-tagged full-
length SDE2 resulted in a strong stabilization of the mu-
tant, in addition to its increased level at the beginning of
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Figure 1. SDE2 cleavage exposes an N-degron required for the Arg/N-end rule. (A) Schematic of SDE2 cleavage at a diglycine motif generating SDE2¢t
with its Nt Lys’® exposed. (B) U20S cells expressing wild-type (WT) or G7T6A/G77A full-length SDE2-Flag were treated with 50 g/ml cycloheximide
(CHX) or DMSO (vehicle) for the indicated times and analyzed by Western blotting (WB). (C-E) CHX chase and WB analysis of U20S cells expressing
either (C) WT or K78V full-length SDE2-Flag, or (D) WT full-length SDE2-Flag versus HA-SDE2-Flag, or (E) WT full-length SDE2-Flag versus
Met-SDE2Ct-Flag. Representative images are shown, and quanti cation graphs can be found in Supplementary Figure S1.

CHX chase. (Figure 1C and Supplementary Figure S1C and
S1D). The K78V mutant was fully cleaved to generate Val-
SDE2C, and its cellular levels were comparable to those of
the GA mutant, indicating that degradation was impaired
upon cleavage (Supplementary Figure S1E). Moreover, the
degradation of SDE2C was inhibited by masking Lys’® of
SDE2Ct either by HA-tag or Met (Figure 1D and E and
Supplementary Figure S1F).

Similarly to other degradation signals recognized by the
Ub system, N-degrons are at least bipartite. Their sec-
ond determinant is a substrate’s Lys residue, the site of a
substrate-linked poly-Ub chain that is produced by an N-
recognin Ub ligase following its binding to a substrate’s
destabilizing Nt-residue (8,14). We found that the disrup-
tion of Lys*, present closest to the N-terminus of Lys-
SDE2C, stabilized the Lys-SDE2°!, indicating that this Lys
residue is one of the main (though not necessarily the sole)
polyubiquitination sites (Supplementary Figure S1G).

Together, these results suggest that the cleavage of SDE?2
downstream of its UBL exposes Lys, a destabilizing residue,
and that Lys-SDE2Ct (hereinafter SDE2C! in short) is a
physiological substrate of the Arg/N-end rule pathway.

UBR1 and UBR2 mediate degradation of the SDE2°! frag-
ment

UBR1 and UBR?2, the two 47% identical N-recognins, un-
derlie the bulk of degradation of Arg/N-end rule substrates
in mammalian cells (8). siRNA-mediated depletion of either

UBRL1 (using two independent siRNA oligonucleotides),
or UBR2 signi cantly stabilized SDE2Ct in U20S human
osteosarcoma cells, although UBR1 de ciency results in
a stronger effect on SDE2 degradation (Figure 2A and
B). Additionally, co-depletion of both UBR1 and UBR?2
led to a virtually complete cessation of degradation of en-
dogenous and exogenous SDE2C! (Figures 2C and Sup-
plementary Figure S2A and B). Similar results were ob-
tained using previously produced Ubrl=/~ and Ubr2=/—
mouse embryonic broblast (MEF) cell lines (15,16) (Fig-
ure 2D and Supplementary Figure S2C). To further sub-
stantiate our results, we generated UBR1 knockout U20S
cells using CRISPR/Cas9 (Supplementary Figure S2D).
Multiple clones of UBR1™/~ cells exhibited extended stabil-
ity of SDE2Ct-Flag (Figure 2E), and knockdown of UBR2
in UBR1™/~ cells prevented the degradation of both en-
dogenous and exogenous SDE2Ct almost completely (Fig-
ure 2F and Supplementary Figure S2E). Variable potency of
UBRZ1 de ciency on different experimental settings could
be due to acute knockdown versus compensation during
clonal selection of knockout cells. Together, these results
from multiple cell lines support the idea that both UBR1
and UBR?2 act as the primary ubiquitin E3 ligases required
for SDE2Ct degradation in the Arg/N-end rule pathway.

It is well established that the UBR family of N-recognins
is characterized by an atypical zinc- nger domain named
the UBR box at its N-terminus, which constitutes a nega-
tively charged pocket that recognizes the positively charged
N-degron of a substrate (17,18) (Figure 2G). We performed

610z Aey L0 uo Jasn ABojouyoa] 1o eymnsu| elulolie) Aq /L £70ES/9665/8/. F10B11sqe-8]0ile/1eu/wod dno-olwapeoe//:sdiy Wwol) papeojumo(]



4000 Nucleic Acids Research, 2019, Vol. 47, No. 8

A CTL UBR1 UBR2  siRNA B CTL UBR1-1 UBR1-2 siRNA
kb0 2 4 0 2 4 0 2 4 CHX() kDo 1 2 0 1 2 0 1 2 CHX()
150- ~<UBR1 ~< UBR1
150-
~<UBR2
150- (_SDEZC‘
50- N
Flag
50- < SDE2°-Flag 37.
37- -
~<pPCNA PCNA
100 22 9 100 82 51 100 53 24 (%) remaining 100 25 21 100 96 64 100 65 13 (%) remaining
C D
CTL UBR1&2 siRNA
kD O 4 7 0 4 7 CHX() WT Ubrl* Ubr2*-  Ubrl™ Ubr2 MEFs
150- -« UBR1 kD 0 2 4 0 2 4 0 2 4 0 2 4 CHX()
CH
50 < SDE2®
150- -« UBR2 -Flag
37-
50- << SDEXS ~<PCNA
37-
- PCNA
E F -
UBR1" ___UBR1"
wr > s " L WT sSiCTL siUBR2
“ €2 ¢ ¢ kD O 3 6 0 3 6 0 3 6 CHX
kb - + - + - + - + - + CHX
150 <UBR1 150. - - -« UBR1
150 — — - - UBR2
50- ~< SDE2°-Flag -
50- g e v SED - s D W WS - SDE2C
-
25- PCNA L, ——— v v -2,
. -
100 20 100 67 100 59 100 74 100 56 (%) remaining 100 54 30 100 69 38 100 79 69 (%) remaining
G
1k x* 1749 *
huBrR1 —_UBR {RING D118F/D150A/D153A
UBR box
Human
Chimp
Mouse
Chicken
Frog
Zebrafish
* * *
D118 D150 D153
|
- 78| 81
The UBR box : . KGGF Input a-Flag IP
I 1 ) 1
£33 R
£k 933 £k 933
[aNala) 0 0 0 HA-UBRI box
1.895 kD - + + -+ o+ SDE2-Flag
50- ~& SDE2°"-Flag
| |14 20- -« HA-UBR box

Figure 2. UBR1 and UBR2 function as an N-recognin for SDE2Ct degradation (A, B) U20S cells sequentially transfected with the indicated siRNA oligos
(versus control: CTL) and with full-length SDE2-Flag were treated with 50 g/ml CHX for the indicated times and SDE2C!-Flag levels were analyzed
by WB. SDE2C |evels were normalized by loading control and quantitated by ImageJ (0 h set as 100%). (C) U20S cells were transfected with indicated
siRNA oligos and treated with 100 g/ml CHX for the indicated times and endogenous SDE2C! levels were analyzed WB. Representative images are
shown, and quanti cation graphs can be found in Supplementary Figure S2B. (D) Indicated MEFs overexpressing SDE2-Flag were subjected to CHX
chase to analyze SDE2-Flag degradation. (E) SDE2-Flag was transfected into independent U20S UBR1 CRISPR knockout clones, and SDE2Ct-Flag
levels were analyzed by WB after 4 h CHX. WT indicates an empty vector-transfected clone. (F) U20S UBR1~/" clone 6 was transfected with UBR2
siRNA oligo (versus control in WT or UBR1~/" background), and the decay of endogenous SDE2C levels was monitored. (G) A schematic of human
UBRL1 structure, depicting the UBR box and the RING domain. Mutations introduced in this study are marked as asterisks. The sequence alignment
was generated by ESPript 3. (H) (Left) Electrostatic potential surface representation of the UBR box adapted from the PDB structure 3N'Y'3, showing a
negatively charged pocket (red) with the SDE2Ct N-degron peptide, ®KGGF®L. (Right) UBR-box recognition elements forming hydrogen bonds to the
N-degron Lys’®. (1) Anti-Flag co-IP of 293T cells co-expressing SDE2-Flag and HA-tagged UBR box (residue 1-176) from hUBR1 WT or mutant.
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