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ABSTRACT

We carried out an siRNA screen to identify targetscutaneous squamous cell carcinoma
(cSCC) therapy in the ubiquitin/ubiquitin-like (UBLsystem. We provide evidence for
selective anti-cSCC activity of knockdown of the @3quitin ligase MARCH4, the ATPase
p97/VCP, the deubiquitinating enzyme USP8, theird®ING ligase (CRL) 4 substrate
receptor CDT2/DTL and components of the anaphasem@ing complex/cyclosome
(APC/C). Specifically attenuating CRt2" by CDT2 knockdown can be more potent in
killing cSCC cells than targeting CRLs or CRL4sgeneral by RBX1 or DDB1 depletion.
Suppression of APC/Gr forced APC/C activation by targeting its repmsEMIL1 are both
potential therapeutic approaches. We observedc®@C cells can be selectively killed by
small-molecule inhibitors of USP8 (DUBs-IN-3/compaou 22c) and the NEDD8 E1
activating enzyme/CRLs (MLN4924/pevonedistat). udbstantial proportion of cSCC cell
lines are very highly MLN4924-sensitive. Pathwdlyat respond to defects in proteostasis
are involved in the anti-cSCC activity of p97 sugg®ion. Targeting USP8 can reduce the
expression of growth factor receptors that parditgpgn cSCC development. EMI1 and CDT2

depletion can selectively cause DNA re-replicatod DNA damage in cSCC cells.



INTRODUCTION

There is need for improved treatment for cSCC imghhisk recessive dystrophic
epidermolysis bullosa (RDEB) and immunocompromigetients, including transplant
recipients and in the general population (Harwobdlg 2016, Mellerio et al., 2016). This
includes better systemically and locally-delivetedrapy. The cumulative risk of death from
cSCC in RDEB patients is 80% by the age of 55 amtadl cSCC causes 25% of skin cancer-
related deaths. cSCC, including multiple primamnours in high-risk individuals, also
results in considerable morbidity.

The ubiquitin/UBL system plays a widespread roledgulating cellular pathways and
processes. It contains multiple classes of prstémtluding: E1 activating enzymes, E2
conjugating enzymes, E3 ligases, ubiquitin/UBL-lrgdproteins, ATPases and proteases.
Considerable work has been carried out to targesistem for cancer therapy and there are a
growing number of small-molecule modulators.

We have shown that proteasome and ubiquitin Edbitdns have therapeutic potential
for cSCC (McHugh et al.,, 2018). In this study wereened using an siRNA library
complementary to over 1000 genes to identify addél components of the ubiquitin/UBL
system that could be targeted for cSCC therapy. aggessed the cSCC selectivity compared
to normal skin cells of knockdown and small-molecurdhibition of targets identified in the

screen. We also initiated studies to investigatehmanisms of anti-cSCC activity.



RESULTSAND DISCUSSION

SIRNA Screening for Potential Therapeutic Targets

A cell line derived from a primary RDEB cSCC (SCCEB®) was transfected with
pools of 4 siRNA targeting 1,186 ubiquitin/UBL paidwy-linked genes (MacKay et al., 2014).
Cell viability was reduced by >65% by siRNA pooklrdeting 66 genes (Supplementary
Figure S1). Of these 6 encoded for ubiquitin systelated components of the spliceosome
which we have investigated in detail (Hepburn et2018). To identify genuine targets we
determined the effects on viability/death in SCCHidEcells of 4 individual siRNAs.
Variations in the responses to siRNAs could arrsenfdifferences in their effectiveness in
knocking down the target and its splice variantsvalt as false negative or false positive off-
target effects. At least 2 siRNAs reduced celbility (live cell number) by >60% for 34
genes and increased cell death to >30% for 22 dé&ingsre 1). Some of these genes encoded
for proteins that are subunits of the same compgl@etieers for proteins that participate in the
same cellular processes. For the majority of @meaining targets only a single siRNA had a

robust effect on cell viability/death (Supplemewgtiigure S2).

Additional Target Validation

To further investigate the therapeutic potentialsoppression of genes for which multiple
individual siRNAs had a phenotype we determined #féects of the SiRNAs on
viability/death in normal skin cells (NHF and NHEind cell lines derived from metastasis in
an RDEB (SCCRDEBMet) and a transplant patient (SK€fJ. A cytotoxic SiRNA was
used in each experiment as a control for transfeatificiency. In addition, we determined

the extent of target protein knockdown in normatl @mSCC cells. The effects of small-



molecule inhibitors on viability/death in normaliskcells and cSCC cell lines were also

evaluated.

MARCH4

MARCHA4 is a little-studied transmembrane E3 ubiquiigase that is localised to the Golgi
apparatus (Bartee et al., 2004, Bauer et al., 28&mji et al., 2014). Ectopically expressed
MARCH4 increases lysosomal degradation of sevematepms that promote immune
responses and its knockdown increases cell surfacels of the scaffolding protein
tetraspanin CD81 (Bartee et al., 2010). HoweVeste are likely to be additional MARCH4
substrates (Nathan and Lehner, 2009).

MARCH4 siRNAs had little effect on death in nornsMin cells while 2 MARCH4
siRNAs caused a reduction in viability and increbdeath in cSCC cell lines (Figure 2a).
We were unable to detect MARCH4 protein with avadgaantibodies (data not shown).
However, we confirmed that MARCH4 mRNA levels weegluced in NHK by MARCH4
siRNAs and that in SCCRDEB4 cells the siRNAs mastept in killing cSCC cells caused

the largest reduction in MARCH4 mRNA levels (Fig@is).

p97/VCP

p97 is an ATPaswhich unfolds ubiquitinated proteins and extrattsnt from membranes,
cellular structures and complexes (van den BoomMeykr, 2018, Ye et al., 2017). Through
this p97 can facilitate substrate degradation kg pinoteasome and it can also regulate
substrate activity, complex assembly and membrasieri. p97 participates in a wide range
of cellular processes. It maintains protein hortes (proteostasis) by promoting the
proteasomal degradation of misfolded proteins aatat with the endoplasmic reticulum,

ribosomes and mitochondria. It also regulatesdgstes and autophagosome maturation.



Other roles of p97 include the control of key pmageinvolved in signal transduction, DNA
replication and DNA repair. Distinct p97 complexae involved in particular cellular
processes: p97 associates with numerous adaptorsofactors which recruit substrates and
participate in substrate processing (Stach andoet 2017, Ye et al., 2017).

p97 siRNAs killed cSCC lines but not normal skitise/hile p97 was depleted in both
NHK and SCCRDEB4 cells (Figure 2c and d). We itigased whether p97 knockdown-
induced death was dependent on pathways that siefisets in proteostasis. Death due to
depletion of p97 was attenuated by suppressionrateims involved in responses to the
accumulation of unfolded proteins in the endoplasmeticulum (ATF6, IREla/JNK,
PKR/eiF21) and to amino acid depletion (GCN2/eth2(Figure 2e) (McConkey, 2017,
Parzych et al., 2015). cSCCs have frequent gepg namber changes and UV-induced
cSCCs in particular have extremely high gene nuatates (Cho et al., 2018, Inman et al.,
2018, South et al., 2014). These alterations oaifiec greater dependency on mechanisms of
proteostasis by causing imbalanced protein prodnetihich can generate free components of
complexes that cannot fold appropriately and thhotlge generation of proteins that are
misfolded due to mutations (Deshaies, 2014, Vekatial., 2016). Consistent with greater
basal proteotoxic stress there is an increase aneitpression of proteasome subunits and
Ser51 phosphorylated ei&c2h cSCC cell lines compared to normal skin céMgilugh et al.,
2018).

Numerous small-molecule p97 inhibitors have beereldped (Chapman et al., 2015,
Vekaria et al., 2016, Ye et al., 2017). The whkmcterised p97 inhibitors DBeQ and NMS-
873 were at best modestly selective for effectwiahility/death in cSCC lines compared to
normal skin cells and the sensitivity of the masponsive cSCC lines was around average
for tumour-derived cells (Supplementary Figure 88agnaghi et al., 2013, Parzych et al.,

2015). It is possible that the differences in ¢S C selectivity of these inhibitors and p97



knockdown are due to divergent effects on the spectof p97-regulated pathways. For
example, the effects of p97 knockdown could beugriced by competition of binding
partners for residual p97. The potency of p97hibis can be differentially affected by p97-
interacting proteins potentially resulting in pnefietial effects of inhibitors on particular
complexes (Gui et al., 2016). It would be of iet#rto compare additional p97 inhibitors to

determine if greater cSCC selectivity can be addev

USP8
Sorting of endocytosed activated cell surface rexsgdor lysosomal degradation or recycling
to the plasma membrane is mediated by endosom@hga@omplexes required for transport
(ESCRT). Ubiquitination of receptors promotes ES@Rediated lysosomal trafficking.
USP8/UBPY-mediated deubiquitination of some ESCR3eaiated receptors can facilitate
their recycling and USP8 also regulates endocyirtirgy by stabilising ESCRT-0 proteins
HGS, STAM and STAM2 (D'Arcy et al., 2015, Niendetfal., 2007, Wright et al., 2011).

USP8 siRNAs reduced viability and increased deatSCC lines but had little effect
in normal skin cells (Figure 3a). The anti-cSCQepay of these siRNAs reflected their
ability to reduce USP8 protein levels (Figure 3IRNA USP8(A) depleted USP8 to the
greatest extent and this was associated with redagpression of growth factor receptors
MET, EGFR and ERBB2 along with HGS and STAM2. sAR&NUSP8(B) and (C) reduced
expression of MET and STAM2. This is consistenthva role of USP8 in protecting these
proteins from degradation.

Small-molecule USP8 inhibitors have been identifi@dcluding DUBs-IN-
3/compound 22c¢ (Colombo et al., 2010, D'Arcy et 2015). DUBs-IN-3 killed cSCC lines
at lower concentrations than normal skin cells (Feg3e). Reduced MET, EGFR and

STAM2 expression was consistent with attenuatiorU8P8 at DUBs-IN-3 concentrations



that selectively increased death in cSCC cellsufie@d). We observed that directly targeting
MET, EGFR or ERBB2 was sufficient to impact on cS€&ll viability (Figure 3c). MET

and EGFR/ERBB2 signalling pathways can contribotelriving cSCC development and a
subset of cSCCs respond to EGFR inhibitors (Cainist al., 2016, Harwood et al., 2016,
Mellerio et al., 2016). Suppression of USP8 coptdvide a means to simultaneously
interfere with multiple therapeutically relevaniceptors which could overcome resistance

due to receptor redundancy or cross-talk.

APC/C

The APC/C is a multisubunit E3 ligase that coortéearansitions through the cell cycle by
targeting key proteins for proteasomal degradafifieri et al., 2017, Zhou et al., 2016).
CDC20 and CDH1/FZR1 are coactivators that assowigie the core APC/C complex at
different stages of the cell cycle and recruit tygping but distinct sets of substrates for
ubiquitination. APC/EP?° drives progression through mitosis (Kapanidou let 2017).
APC/C°P? is inhibited by the spindle assembly checkpoifA@$ until chromosomes are
properly attached to spindle microtubules. Follmyransition through the SAC APC7€¢%°
promotes the degradation of securin and cyclinl®ahg chromatid segregation and mitotic
exit. In late mitosis and G1 APCYE" participates in promoting licensing of DNA for
replication by allowing the recruitment of the peplicative complex to replication origins
(Hernandez-Carralero et al., 2018, Moreno and Gamb0i15). This involves APCFE™-
mediateddegradation of geminin which is an inhibitor of tkey replication licensing factor
CDT1 and suppression of cyclin A and B CDK compewdich inhibit replication licensing.
The attenuation of cyclin/CDKs also contributesABC/C-""!-mediated blockade of cell
cycle progression. In late G1, S and G2 phase a#iC/CPH activity is inhibited in part by

E2F-dependent induction of the APC/C-binding proteMI1. This prevents further rounds



of DNA replication licensing and permits entry iriophase (Abbas and Dutta, 2017, Cappell
et al., 2016, Reimann et al., 2001). APEIE thus participates in allowing licensing to
occur only before the onset of DNA replication wheontributes to ensuring that the genome
is just duplicated once per cell cycle.

SiRNA pools targeting 10 of the 14 core subunitshef APC/C substantially reduced
viability in our primary screen and multiple indivial APC/C core subunit siRNAs killed
SCCRDEB4 cells (Supplementary Figure S1 and Figi@e There was little effect on
viability/death of targeting core APC/C subunits mormal skin cells but effects on
SCCRDEBMet and SCCTMet cells were also generallgesb(Figure 4a). Interfering with
coactivators CDC20 and CDH1 provides a means toifsgaly suppress different APC/C
functions. Two of the CDC20 siRNAs selectivelylddl cSCC cell lines while they robustly
reduced CDC20 protein expression in both normai skils and SCCRDEB4 cells (Figure
4b). siRNA CDC20(D) was the least effective in lé8pg CDC20 and had no effect on
viability/death. Three CDH1 siRNAs depleted CDHithwut causing a high level of death
in cSCC cells (Figure 4a and c). These data stiggas CDC20 rather than CDH1 has
potential as a therapeutic target for cSCC.

CDC20 is essential for mitosis but a high levesoppression is required to block cell
cycle progression in normal cells and in many tumoells (Baumgarten et al., 2009,
Crawford et al., 2016, Jin et al., 2010, Kidokotalk, 2008, Li et al., 2014, Li et al., 2007,
Taniguchi et al., 2008, Wirth et al., 2004, Zhanhgle 2014). The robust effects of targeting
APC/C core subunits and CDC20 in SCCRDEB4 cellslyikeflects sensitivity to partial
suppression of APC/C. A need to maintain elevdéaels of CDC20 for survival may
contribute to cell death induced by CDC20 depletiorSCCRDEB4 and SCCRDEBMet
cells (Supplementary Figure S5). Small-moleculeagonists of CDC20/CDH1 (TAME)

and CDC20 (apcin) are at an early stage of devetmpifiKapanidou et al., 2017, Sackton et



al., 2014, Wang et al., 2015, Zeng et al., 201Ahti-mitotic agents including compounds
that interfere with microtubule dynamics and Auréand PLK-1 inhibitors act in part by
attenuating APC/E°“?°by activating the SAC (Olziersky and Labidi-Gal§1Z). Previous
studies indicate PLK-1 is a potential target folC€Stherapy (Watt et al., 2011). Direct
APC/CP°® suppression may be a better therapeutic appré@ch3AC activation because
directly targeting APC/E°“?° attenuates premature exit from mitosis (Huand.e2@09).

We also observed that siRNAs targeting the APCfZessor EMI1 killed cSCC lines
with no effect on death in normal skin cells (Figu4a). This included SCCRDEBMet and
SCCTMet cells which were relatively resistant tpmwession of APC/C. The anti-cSCC
potency of the siRNAs was consistent with the extérEMI1 knockdown (Figure 4d). We
investigated the role of DNA-re-replication in EMKhockdown-dependent death. EMI1
depletion caused a greater increase in DNA regatidin (greater than G2/M DNA content)
in cSCC cells than in NHF along with a tumour aalective increase in the DNA damage
marker yH2AX (Figure 4d and e and Supplementary Figure S4&urthermore, death
induced by EMI1 depletion was dependent on the Di@lication licensing factor CDT1
(Figure 4f). This is in line with previous studigsother cell types showing that reduced
viability following EMI1 suppression can be causeg APC/CP"-dependent DNA re-
replication leading to DNA damage (Machida and Bu2007, Neelsen et al., 2013, Shimizu
et al., 2013, Verschuren et al., 2007).

High expression of replication licensing factorscreases susceptibility to re-
replication (Benamar et al., 2016, Munoz et al.120Vaziri et al., 2003). Elevated
expression of replicating licensing proteins inahgdCDT1 compared to normal skin cells
consequently provides a mechanism that could dari&ito increased re-replication in cSCC
cells on targeting components of the protective himery including EMI1 (Supplementary

Figure S5). This is supported by the observati@mt tepletion of CDT1 diminished EMI1
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knockdown-induced death (Figure 4f). EMIL increase&pression of the CDT1 repressor
geminin by attenuating APCfE€™-mediated geminin degradation. In normal cells iggm
accumulates inactive CDTL1 in preparation for thextneund of replication licensing
(Ballabeni et al., 2004, Ballabeni et al., 2013EMI1 protein expression was strongly
upregulated in cSCC cell lines which could primeCES cells for re-replication by
contributing to the accumulation of CDT1 (Suppletaey Figure S5). Consistent with this
we observed that EMI1 and CDT1 protein expressiasa fiequently co-upregulated in cSCC
cell lines and EMI1 knockdown reduced both gemirand CDT1 protein levels

(Supplementary Figure S5 and Figure 4d).

CRL4CDT2

CRLs are a very large family of multisubunit E3 auoiin ligases containing 1 of 8 cullin

scaffolds (Bulatov and Ciulli, 2015, Jang et ab18). CRL4s are composed of: cullin4(A/B),
DDB1 adaptor, RBX1 E2-binding RING finger and oné& many substrate-recruiting

receptors (Hannah and Zhou, 2015). RBX1 is a compbof multiple CRLs, cullin4 and

DDB1 are present in all CRL4s and the receptorerdehe substrate specificity and
consequently the cellular roles of CRL4 complexsikNAs targeting DDB1, RBX1 and the
CRL4 substrate receptors DCAF1/VPRBP and CDT2/D&tuced viability in cSCC cell

lines but had only a modest effect in normal sletisc(Figure 5a). This indicates targeting
CRL4s in particular CRLAF*™ or CRL4AP™ can have selective anti-cSCC activity. In
support of this, suppression of CRL4s protects regjaUV-induced skin cancer in mice
(Hannah and Zhou, 2013). CDT2 knockdown could eausre death in cSCC cells than
targeting RBX1 or DDB1 (Figure 5a and b). RBX1/DDBepletion may elicit pro-survival

responses through attenuation of CRLs in addito€RL4A ™ Like EMI1, CRL4AP™ is

involved in protecting against DNA re-replicatiodbpas and Dutta, 2011, 2017, Moreno and
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Gambus, 2015). During S-phase and DNA repair CR[“promotes the DNA replication-
coupled proteasomal degradation of PCNA-bound pret@volved in promoting replication
licensing including: CDT1, SET8 and p21 (Havens ®alter, 2011, Hernandez-Carralero et
al., 2018, Scrima et al., 2011). CDT2 was effidieknocked down in both NHF and cSCC
cells (Figure 5c). This resulted in the accumolaf the CRL4"?substrates SET8 and p21
but not CDT1. Failure to accumulate CDT1 is camesiswith previous observations in other
cell types and can result from context-dependent CEegulatory mechanisms (Benamar et
al., 2016). We observed that CDT2 depletion caeSstiC-selective DNA re-replication and
DNA damage and that CDT2 knockdown-induced deattSEC cells was SET8-dependent
(Figure 5c, d and e and Supplementary Figure S#hjs is consistent with a key role of re-
replication in the anti-tumour activity of CDT2 supssion (Benamar et al., 2016, Olivero et
al., 2014).

There are no direct small-molecule inhibitors of TD However,
MLN4924/pevonedistat an inhibitor of the NEDD8-aating enzyme attenuates CRLs by
blocking their NEDDylation (Abidi and Xirodimas, 28). DNA re-replication due at least in
part to CRLAP™ suppression can make a substantial contributicheanti-tumour activity
of this inhibitor although interference with othgathways is also involved (Abbas and Duitta,
2017, Benamar et al., 2016, Zhou et al., 2018).c3€C cells MLN4924 caused DNA re-
replication and altered expression of proteins Ive@ in promoting replication licensing
although the pattern of changes was different ftbat caused by CDT2 knockdown (Figures
6a and 5c and Supplementary Figure S4b). It alsceasedyH2AX, indicative of DNA
damage. Viability was reduced at low MLN4924 concations in SCCRDEBA4,
SCCRDEBMet, SCCT and SCCTMet cells treated contislyofor 72 hours (Figure 6b).
Comparison with the GDSC Database (Release 8.®ates these cSCC lines are in the very

highly MLN4924/pevonedistat-sensitive subset ofcemrderived cells (Yang et al., 2013).
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Death in SCCIC1, SCCT, SCCTMet and SCCT8 cellsmase sensitive than in normal skin
cells to continuous MLN4924 treatment. In addifi@CCRDEB4, SCCT and SCCTMet
cells were selectively killed by an 8 hour pulseMIiEN4924 which mimics systemically-
delivered inhibitor pharmacokinetics (Swords et aD15). Clonogenic assays confirmed
these differences in sensitivity to a pulse of MI984 (Figure 6c). At low concentrations
MLN4924 promoted growth in SCCRDEB2 and SCCICl<selEnhanced cell growth has
been observed previously but is unusual and regjadditional investigation (McMillin et al.,
2012). p21 expression was high in 3 of the cSGslimost insensitive to a pulse of
MLN4924 (SCCIC1, SCCRDEB2 and SCCRDEB3) and p21 ckdown enhanced
MLN4924-induced cell death in SCCRDEB2 cells (Seppéntary figures S5 and S6). This
is consistent with previous reports that p21 capriotective against MLN4924 (Blank et al.,
2013, Lin et al., 2010). Elevated basal p21 maysequently be a marker for resistance of
cSCC cells to MLN4924. Wild-type p53 can protegaiast MLN4924 in part through p21
induction, however p53 is mutated in all cSCC lifeim et al., 2010, Malhab et al., 2016).
Given the particular efficacy of CDT2 knockdownkilling cSCC cells, the differences in
modulation of CRL4"™® substrates observed with CDT2 depletion and MLN488d the
effects of MLN4924 on multiple pathways it would beinterest to develop CDT2-specific

inhibitors.

MATERIALSAND METHODS

Cedll culture

Cells were maintained and plated as previously (MgiHet al.,, 2018). SCCRDEBMet

(SCCRDEB70) and RDEBK cells were provided by Dr fawd P. South (Thomas Jefferson

University), Jemima E. Mellerio (King's College ldon) and Julio C. Salas-Alanis (DEBRA

13



Mexico). SCCT (previously published as MET1) andC3 Met (previously published as
MET4) and SCCIC1 and SCCIC1Met cell lines are detifrom paired primary tumours and

metastases (Hassan et al., 2019, Proby et al., 2080 et al., 2011).

SIRNA transfection

Dharmacon ON-TARGETplus modified siRNAs (Thermoheis Scientific, Waltham, MA,

USA) were used in this study to minimise off-targdfects. Reverse transfection with
synthetic siRNA duplexes (10 nM) was performed gsimvitrogen Lipofectamine

RNAIMAX (Thermo Fisher Scientific). The library ed for the primary screen containing
pools of 4 siRNA per gene was detailed previoudhadKay et al., 2014). Additional

SiRNAs are listed in Supplementary Figure S7a.

Inhibitor treatment
Inhibitors used in this work were DBeQ and NMS-§8glleckchem, Houston, TX, USA),
DUBs-IN-3/compound 22c¢ (Medchemexpress, South Bwigks Township, NJ, USA) and

MLN4924 (Boston Biochem, Cambridge, MA, USA).

Céll viability assays

For the primary screen viability was measured byPA3e assay 96 hours after siRNA
transfection (MacKay et al., 2014). Where indidative cell number and cell death were
analysed 96 hours after siRNA transfection or 72irfcafter the initiation of inhibitor
treatment using an Incucyte ZOOM real-time ima@essen BioScience Ltd, Welwyn Garden
City, UK) and the CellTox Green Cytotoxicity Asséiyromega, Southampton, UK). For

clonogenic assays MLN4924 was added for 8 hourscatld were maintained in drug-free

14



medium for up to 2 weeks. Colonies were fixed 0%l methanol, 10% acetic acid and

stained with crystal violet.

DNA re-replication
To assess re-replication (>G2/M DNA content) fix@8lP| stained samples were analysed for
DNA content using a NucleoCounter NC-3000 cell d¢deun(ChemoMetec, Allerod,

Denmark) according to the manufacturer’s instrutgio

Western blotting
Primary antibodies are listed in Supplementary FEdsi7b. Cell extracts were made by lysis
into SDS electrophoresis sample buffer. Westeptitibg was carried out as previously

(Dayal et al., 2009).

Real-Time PCR
RNA was extracted using RNeasy columns and rea-B@R were performed as previously
(Dayal et al., 2009) using MARCH4 probe/primer $&00863129 ml1 (Thermo Fisher

Scientific). TBP was used for normalisation.
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FIGURE LEGENDS

Figurel. Targetsin the ubiquitin/lUBL system for which at least 2 SRNAs substantially
reduced viability. SCCRDEB4 cells were mock transfected (-) or tiested with non-
targeting siRNA (Control), cytotoxic siRNA (Tox) e individual siRNAs for each target.
Cell viability (percentage of control live cell niver) and the percentage of dead cells were
determined by real-time imaging 96 hours aftergfaction. Values are the mean -/+ range of
2 experiments or -/+ the SD of at least 3 experisienThe cellular roles of targets are

indicated.

Figure 2. MARCH4 and p97 knockdown selectively kills cSCC cells. Normal skin cells
(NHF, NHK) and cSCC lines (SCCRDEB4, SCCRDEBMet #&@CTMet) were mock
transfected (-) or transfected with siRNAs as iatkd. Cell viability and the percentage of
dead cells were determined by real-time imagindovahg transfection with 4 siRNAs
targeting & MARCH4 or €) p97: mean -/+ SD of at least 3 experiments (NNKF and
SCCRDEBA4 cells) or -/+ the range of 2 experime@ECRDEBMet and SCCTMet cells).
(b) MARCH4 mRNA knockdown: mean -/+ range of 2 expents. () p97 protein
knockdown. ¢€) Co-transfection of control or p97(D) siRNAs wiRNASs targeting genes
involved in responding to defects in proteostagisiRNAs per target): mean percentage of

cell death in p97(D) and control siRNA transfectetls -/+ SD of 4 experiments.

Figure 3. Suppression of USP8 has selective anti-cSCC activity. (a) Cell viability and the
percentage of dead cells were determined by need-timaging 96 hours after transfection
with USP8 siRNAs: mean -/+ SD of at least 3 expenia (NHK, NHF and SCCRDEB4
cells) or -/+ the range of 2 experiments (SCCRDEBEBIed SCCTMet cells). b} Protein

expression was analysed by western blotting 48shafier transfection with USP8 siRNAs.
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(c) Cell viability and the percentage of dead celish@urs after transfection with 2 siRNAs
targeting growth factor receptors: mean -/+ SD ekperimentsd) Western blot analysis of
SCCRDEBA4 cells treated with the USP8 inhibitor DURIS3 for 24 hours. €) Cell viability

and the percentage of dead cells 72 hours afteation of DUBs-IN-3 treatment: mean -/+

range of 2 experiments.

Figure 4. APC/C suppression and derepression have potential for cSCC therapy. (@)
Cells were transfected with 4 siRNAs per targetll @iability and the percentage of dead
cells were assessed 96 hours after transfectiorditime imaging: mean -/+ SD of at least 3
experiments (CDC20, CDH1, and EMI1 in NHK, NHF é#@CRDEB4 cells) or -/+ range of

2 experiments. Protein expression analysed 48 shaifter transfection with siRNAs
targeting: ) CDC20, €) CDH1 and ¢) EMI1. Geminin (upper band) and CDT1

expression was reduced by EMI1 knockdowe). The percentage of cells in which DNA was
re-replicated 72 hours after siRNA transfection:ame/+ range of 2 experimentsf) Cell
death 72 hours after sSiRNA co-transfection: meacgeage of that in EMI1(C) and control

siRNA transfected cells: mean -/+ SD of 3 experiteen

Figure5. CRL4°P™?isapotential therapeutic target for cSCC. (a) Cells were transfected
with 4 siRNAs targeting the CRL4 adaptor DDB1 anbstrate receptors DCAF1 and CDT2
and the CRL/CRL4 RING finger protein RBX1. Viabjliand the percentage of dead cells
were assessed by real-time imaging after 96 hooesn -/+ range of 2 experiments. Protein
expression was analysed after 48 hours with 4 siRbwgeting: i§) DDB1, RBX1, DCAF1
and CDT2 in SCCRDEB4 cells and) (CDT2 in NHF and SCCRDEB4 cells.d)(The
percentage of cells in which DNA was re-replicaf@dhours after siRNA transfection: mean

-/+ range of 2 experimentse)(Viability/death were assessed by real-time img@6 hours
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after sSiRNA co-transfection: mean percentage of d@efth in CDT2(B) and control siRNA

transfected cells: mean -/+ SD of 3 experiments.

Figure 6. A subset of cSCC lines are more sensitive than normal skin cells to death
induced by MLN4924. (a) SCCRDEB4 cells were incubated with the NEDD8 Elvating
enzyme/CRL inhibitor MLN4924 for 8 and 24 hoursrotein expression was analysed by
western blotting. k) Normal skin cells (NHF, NHK, RDEBK) or cSCC linesere
continuously incubated with MLN4924 for 72 hoursofinuous) or treated with MLN4924
for 8 hours and then maintained in drug-free medfama further 64 hours (Pulse). Cell
viability and death were assessed by real-time ingagnean -/+ SD of 3 experimentsc) (
Cells were incubated with the indicted concentratmf MLN4924 (M) for 8 hours
(comparable to the pulse) and then maintained ung-thee medium to allow colony

formation.
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Supplementary Figure S1. Sixty-six SRNA pools in the ubiquitin/UBL library
reduced viability by more than 65%. SCCRDEB4 cells were transfected with a
pool of 4 non-targeting SSRNAs (Control) or pools of 4 SRNAs complementary to
1,186 ubiquitin/lUBL system-related genes. Cell viability was determined 96 hours
after transfection by ATPase assay. The average Z-prime for the screen was 0.82.
Values are the mean percentage of control -/+ SD of 3 determinations. The effects of
4 individual ssSRNAs are indicated (Pool deconvolution).

Supplementary Figure S2. Targets from the primary screen for which multiple
siRNAs did not cause a substantial reduction in viability. SCCRDEB4 cells were
transfected with 4 individual SRNASs per target gene and cell viability (percentage of
control live cell number) and the percentage of dead cells were assayed by real-time
imaging. Values are the mean -/+ range of 2 determinations. For many of these
targets one SSIRNA had a substantial effect on viability. While it remains possible this
is due to greater efficacy of target knockdown by the SSRNA with the strongest
phenotype it could also result from off-target effects.

Supplementary Figure S3. The p97 inhibitors DBeQ and NMS-873 do not
display a high level of selectivity for cSCC cells. Normal skin cells (NHF and
NHK) and cSCC cell lines derived from RDEB (SCCRDEB), immunocompetent
(SCCIC) and immunocompromised transplant (SCCT) patients were treated for 72
hours with p97 inhibitors. Cell viability (percentage of control live cell number) and
the percentage of dead cells were assayed by real-time imaging.

Supplementary Figure S4a. EMI1 and CDT2 knockdown cause DNA re-
replication in cSCC cells. The DNA content of NHF and SCCRDEB4 cells was
analysed 72 hours after transfection with the indicated SSRNA. The percentage of
cells that underwent re-replication (>G2/M DNA content) is shown.

Supplementary Figure S4b. MLN4924 promotes DNA re-replication in ¢cSCC
cells. The DNA content of NHF and SCCRDEB4 cells was analysed 48 hours after
treatment with carrier (0) or 1uM MLN4924. The percentage of cells with >G2/M
DNA content is indicated.

Supplementary Figure S5. The APC/C coactivators CDH1 and CDC20, the
APC/C repressor EMI1 and proteinsthat promote DNA replication licensing are
frequently upregulated in cSCC lines. Protein expression was anaysed by western
blotting in normal skin cells (NHF, NHK, RDEBK) and a panel of lines derived from
primary and metastatic cSCCs in RDEB (SCCRDEB), immunocompetent (SCCIC)
and transplant patients (SCCT). NHF1 and 2 and NHK1 and 2 were from different
donors.

Supplementary Figure S6. p2l1 knockdown partially overcomes resistance to
MLN4924. SCCRDEB2 cells that are relatively insensitive to MLN4924 were
transfected with p21 siRNAs. (a) p2l protein knockdown assessed by western
blotting 48 hours after transfection. (b) 48 hours after transfection SCCRDEB2 cells
were exposed to an 8 hour pulse of MLN4924. Cell death was determined by real-
time imaging 72 hours after initiating treatment with the inhibitor. p21 knockdown
increased the level of cell death caused by an 8 hour pulse of MLN4924.



Supplementary Figure S7. Materials used in this study. (a) SRNAs. (b) Primary
antibodies.
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