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Genome-wide screening identifies novel genes and
biological processes implicated in cisplatin resistance
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ABSTRACT:Cisplatin-basedchemotherapeutic regimensare frequentlyused for treatmentsof solid tumors.However,
tumor cells may have inherent or acquired cisplatin resistance, and the underlying mechanisms are largely un-
known. We performed genome-wide screening of genes implicated in cisplatin resistance in A375 human mela-
noma cells. A substantial fraction of genes whose disruptions cause cisplatin sensitivity or resistance overlap with
thosewhose disruptions lead to increased or decreased cell growth, respectively. Protein translation,mitochondrial
respiratory chain complex assembly, signal recognition particle–dependent cotranslational protein targeting to
membrane, and mRNA catabolic processes are the top biologic processes responsible for cisplatin sensitivity. In
contrast, proteasome-mediated ubiquitin-dependent protein catabolic process, negative regulations of cellular
catabolic process, and regulation of cellular protein localization are the top biologic processes responsible for
cisplatin resistance. ZNRF3, a ubiquitin ligase known to be a target and negative feedback regulator of Wnt–b-
catenin signaling, enhances cisplatin resistance innormal andmelanomacells independentlyofb-catenin.Ariadne-
1 homolog (ARIH1), another ubiquitin ligase, also enhances cisplatin resistance in normal andmelanoma cells. By
regulatingARIH1, neurofibromin 2, a tumor suppressor, enhances cisplatin resistance inmelanomabut not normal
cells. Our results shed new lights on cisplatin resistance mechanisms and may be useful for development of
cisplatin-related treatment strategies.—Ko, T., Li, S. Genome-wide screening identifies novel genes and biological
processes implicated in cisplatin resistance. FASEB J. 33, 7143–7154 (2019). www.fasebj.org
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Cisplatin-based chemotherapeutic regimens are the most
frequently used adjuvant or neoadjuvant treatments for
themajority of solid tumors. After its cis-chloro groups are
replaced by water molecules, cisplatin forms covalent
bonds with methionine and a large panel of cysteine-
containing peptides and polypeptides and reacts with
DNA to produce intra- and interstrand crosslinks (1).
Cisplatin treatment is highly efficient against testicular

germ cell cancer, leading to a durable complete remission
in .80% of patients (2). However, clinical responses eli-
cited by cisplatin-based therapeutic regimens in patients
affectedbyother solid tumorsare temporaryandvanishas
malignant cells become chemoresistant.

Cisplatin resistance is complex andmaybe caused by
different mechanisms, including 1) decreased drug in-
take or increased drug extrusion by plasma membrane
transporters, 2) increased nuclear and mitochondrial
DNA repair and preservation or turnover of cytoplas-
mic components, 3) altered checkpoints and safeguard
mechanisms, and 4) molecular circuitries that deliver
compensatory survival signals even though they are
not directly activated by cisplatin (1, 3). However, de-
spites decades of intensive effort, the genes and biologic
processes implicated in cisplatin resistance are still
largely unknown.

Melanoma is the most aggressive skin cancer and no-
toriously resistant to chemotherapeutic agents, including
cisplatin (4). Marked improvements in melanoma treat-
ments, especially those with small-molecule targeted
drugs and immunotherapies, have been achieved over the
past decade. However, because of its high heterogeneity
and high genetic mutation rate, metastatic melanoma is
still one of the toughest cancers to treat. Insights into the
mechanisms of cisplatin resistance will be useful for
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development of novel treatment strategies for melanoma
as well as other types of cancers.

Here,we report the identifications of genes andbiologic
processes implicated in cisplatin resistance by utilizing a
genome-wide clustered regularly interspaced short pal-
indromic repeat (CRISPR)–CRISPR-associated protein 9
(Cas9) gene knockout system. Interestingly, a large frac-
tion of these genes and biologic processes have not been
previously recognized as the leading causes of cisplatin
resistance.

MATERIALS AND METHODS

Cell lines

A375 humanmelanoma cells were fromAmerican Type Culture
Collection (Manassas, VA, USA; ATCC CRL-1619) and cultured
in Roswell Park Memorial Institute (RPMI) 1640–GlutaMax
mediumsupplementedwith10%ofnewborncalf serum.Human
Hermes 4C melanocytes, which were immortalized by vectors
expressing human telomerase (TERT) and human papillomavi-
rus type 16, protein E7 (5, 6),were obtained fromWellcomeTrust
Functional Genomics Cell Bank (St. George’s, University of
London, London, United Kingdom) and cultured in RPMI
1640–GlutaMax medium supplemented with 10% newborn calf
serum, human stem cell factor (10 ng/ml), phorbal-12-myristate-
13-acetate (200 nM), chlorotoxin (200 pM), and endothelin
(10 nM). TERT immortalized human fibroblast (P1F/TERT) was
obtained from the Rheinwald Laboratory (Harvard Skin Disease
Research Center, Harvard Medical School, Boston, MA, USA)
and cultured in DMEM-F12 medium supplemented with 15%
newborn calf serum and 10 ng/ml of epidermal growth factor.

Genome-scale CRISPR knockout library preparation
and lentivirus production

Genome-scaleCRISPRKnock-Out (GeCKO) libraries (1000000048;
Addgene, Watertown, MA, USA) were transformed into
Endura electrocompetent Escherichia coli cells (60242; Lucigen,
Middleton, WI, USA). To ensure adequate coverage of the
single-guide RNAs (sgRNAs) contained in the libraries, .108

independent E. coli transformants were obtained. After over-
night culturing in lysogeny broth medium, plasmids were
purified by using a Plasmid Maxi Kit (Qiagen, Germantown,
MD, USA). To prepare lentiviral particles expressing Cas9 and
the GeCKO library sgRNAs, the plasmids were cotransfected
with plasmids pCMV-VSV-G (8454; Addgene) and psPAX2
(12260; Addgene) into human embryonic kidney 293T cells
(632180; Clontech Laboratories, Mountain View, CA, USA) (7).
Lentiviral particles were harvested 48 h after the transfection,
concentrated byultracentrifugation at 24,000 rpm for 2 h at 4°C,
and resuspended in RPMI 1640 medium containing 10% fetus
bovine serum by incubation at 4°C overnight.

GeCKO library transduction and cisplatin treatment
of A375 human melanoma cells

Theprotocol isoutlined inFig. 1A.Onehundredmillionmelanoma
A375 cells were transduced with lentiviral GeCKO libraries by
using Spinfection (8), giving rise to a transduction efficiency of
;70–80%. Puromycin was added to the culture to a final concen-
tration of 1 mg/ml 2 d after the transduction to eliminate untrans-
duced cells. On d 7, cells were pooled, and one-third of the total
population was harvested as early transduction (for estimation of

distribution of transduced sgRNAs). The remaining cells were
seeded back and cultured. On d 12, one-half of the cultured cells
were treatedwith 8mMcisplatin for 16h,whichkilled;50–60%of
the cells, and the other half of the cells were left untreated. The
cisplatin-treated anduntreated cellswere passaged synchronously
to ensure they underwent similar numbers of cell divisions before
harvesting. To maintain the coverage of the GeCKO libraries, the
cellswerepooled, and.53107 cellswere seeded for eachpassage.
Cisplatin-treated and untreated cells were harvested on d 25.

Next-generation sequencing of GeCKO sgRNAs

The genomicDNAwaspurified from the early transduction, and
cisplatin-treated and untreated cells by using Blood and Cell
Culture DNAMidi Kit (13343; Qiagen). sgRNA sequences were
amplified by 18 cycles of PCR using 130 mg of the genomic DNA
as templates (10 mg genomic DNA per PCR reaction), Lenti-F1
and Lenti-R1 primers (Supplemental Table S1), and Herculase II
FusionDNApolymerase (AgilentTechnologies,SantaClara,CA,
USA). All PCR products of 400–600 bp in the same treatment
group were combined and gel purified. Sequencing adapters
(Illumina, San Diego, CA, USA) were attached to the purified
DNA fragments by 24 cycles of PCR using GECKO1 and
GECKO2-2 primers (Supplemental Table S1). Finally, barcode
sequences were attached to the fragments by 12 cycles of PCR
using Tru-U as forward and Tru-B1/2/3 as reverse primers
(Supplemental Table S1). Sequencing was carried out on an
Illumina Hi-Seq 2000 platform, and the data were analyzed by
using model-based analysis of genome-wide CRISPR-Cas9
knockout (MAGeCK) and visualization of CRISPR screens
(VISPR) (9), which allow for enrichment analyses and visuali-
zation of genes and gene ontology (GO). Only those sequences
that could be perfectly mapped to sgRNAs of the GeCKO li-
braries were accounted for in statistical calculations of the dif-
ferences between samples.

Small hairpin RNA knockdown

Small hairpin RNA (shRNA) sequences were chosen based on
their score ranking in the RNA Interference Consortium (TRC)
shRNA library (https://www.broadinstitute.org/rnai-consortium/
rnai-consortium-shrna-library). Several shRNAs targeting the
same genewere tested (Supplemental Table S2). For knocking
down genes in A375 melanoma and P1F/TERT cells, the
shRNAswere expressed by using the lentiviral transfer vector
TRC2-pLKO-Puro (MilliporeSigma, Burlington, MA, USA).
For knocking down genes in Hermes 4C cells, the shRNAs
were expressed by using the lentiviral transfer vector TRC2-
pLKO-Hyg or TRC2-pLKO-Bst, which is identical to TRC2-
pLKO-Puro except that the puromycin genewas replaced by a
hygromycin or blasticidin gene, respectively. Lentivirus par-
ticles were packaged as described above. Cells transduced
with the viruses were selected with puromycin, hygromycin,
and blasticidin at 1, 100, and 10 mg/ml, respectively.

Assay for cisplatin-induced apoptosis

Cells were seeded in 12-well plates (;30% confluence for A375
and;60% confluence forHermes 4C andP1F/TERT cells). After
24 h of incubation, the cells were treated with different doses of
cisplatin for 24 (A375 cells and derivatives) or 48 h (Hermes 4C
and P1F/TERT as well as their derivatives). Attached and float-
ing cells from the same samplewere harvested and pooled.After
washing with PBS, the cells were stained with Alexa Fluor 488–
conjugated annexin V (Thermo Fisher Scientific, Waltham, MA,
USA) and analyzed by using flow-cytometry. SE and P values
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(unpaired Student’s t test) were calculated from data generated
from at least 3 independent experiments.

Clonogenic assay

To determine plating efficiencies, 200 A375 melanoma cells with
or without specific gene knockdowns were seeded in triplicates
in Petri dishes (10 cm in diameter). To determine cisplatin sen-
sitivity, 6000–20,000 cells were seeded in triplicates in the Petri
dish. Six hours later (when the cells were attached to the bottom
of the container), cisplatin was added to the culture to a final
concentration of 1 mM. It appeared that the cells were very sen-
sitive to cisplatin when they were seeded to low densities in the
clonogenic assay. After 20 h of treatment, the cells were washed
once with complete medium and once with PBS, then replen-
ished with fresh medium. After 9–14 d of incubation, colonies
formed were stained with 1% methylene blue (in 50% ethanol)
and counted. The survival fractions were calculated by dividing
theplating efficiencies of the cisplatin-treated samples by those of
the respective untreated samples.

Ariadne-1 homolog and eukaryotic translation
initiation factor 4E 2 overexpression

Human ariadne-1 homolog (ARIH1;MHS6278-202802257) and
eukaryotic translation initiation factor 4E 2 (EIF4E2;MSH6278-
202826512) sequence-verified cDNA plasmids were purchased
fromDharmacon (Lafayette, CO, USA). To overexpress ARIH1,
the Cas9 gene in the lentiviral vector lentiCRISPR v.2 (10)
were replaced with the ARIH1 cDNA. To overexpress EIF4E2,
the Cas9 and puromycin genes in lentiCRISPR v.2 were
replaced with the EIF4E2 cDNA and the hygromycin gene,
respectively. Lentivirus particles expressing the cDNAs were
packaged as described above. Cells transduced with the viral
particles were selected with 1 mg/ml puromycin or 100 mg/ml
hygromycin.

Verteporfin and CA3 treatments

Verteporfin and CA3 were purchased from R&D Systems
(Minneapolis, MN, USA) (5305) and Selleckchem (Houston, TX,

Figure 1. Genome-wide screening of genes implicated in cisplatin resistance or sensitivity in A375 human melanoma cells. A)
Flow chart of the screening process, showing early transduction cells (Etr), cells treated with cisplatin (Cis), and untreated
control cells (Ctrl). B) Distribution of sequencing read qualities (Phred score). C) sgRNA reads perfectly mapped and unmapped
to the GeCKO libraries. D) Log10 count of missed sgRNAs. E) Gini index of sgRNAs, which inversely correlates with sgRNA
diversity. F) Log10 count of sgRNAs. G, H) Cumulative distribution of the 2log10 P values of genes whose disruptions were
positively (G) or negatively (H) selected by cisplatin. The positions of the top 10 disrupted genes positively and negatively
selected by cisplatin are indicated in the respective graphs.
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USA) (S8661), respectively, and dissolved in DMSO. Cells at
;80% confluence were treated with different concentrations of
verteporfin and CA3. After 24–48 h of treatment, the cells were
washed with PBS twice, and whole cell proteins extracts were
prepared.

Western blot

Approximately 0.8 3 106 cells in a well of a 6-well plate were
washed with PBS, scraped off, and pelleted. The cells were then
lysedbyvortexing in 100ml ofphenol, 5ml ofb-mercaptoethanol,
and 100 ml of PBS for 15 min. Proteins in the lysate were pre-
cipitated by mixing with 1.2 ml methanol containing 0.1 M am-
monium acetate followed by centrifugation at 4°C for 30 min.
Proteins were separated on SDS-PAGE gels, transferred onto
PVDF membranes, and probed with antibodies against b-actin
(sc-47778; Santa Cruz Biotechnology, Dallas, TX, USA), ARIH1
(sc-514551; Santa Cruz Biotechnology), catenin b-1 (CTNNB1;
51067-2-AP;Proteintech, Rosemont, IL,USA), EIF4E2 (sc-100731;
Santa Cruz Biotechnology), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; sc-47724; Santa Cruz Biotechnology),
histone H4 (04-858; MilliporeSigma), neurofibromin 2 (NF2;
A13626; ABclonal, Woburn, MA, USA), p53 (sc-126; Santa Cruz
Biotechnology), phosphorylated p53 (9284S; Cell Signaling
Technology, Danvers, MA, USA), ring finger protein 7 (RNF7;
11905-1-AP; Proteintech), ubiquitin-conjugating enzyme E2 F
(UBE2F; sc-398668; Santa Cruz Biotechnology), yes-associated
protein (YAP; sc-376830; Santa Cruz Biotechnology), and zinc
and ring finger 3 (ZNRF3) (R2407-1; Abiocode, Agoura Hills,
CA, USA).

Quantitative RT-PCR

Total RNA was extracted from the cells using Quick-RNA
Miniprep Plus Kit (R1057T; Zymo Research, Irvine, CA, USA).
The mRNAs of b-actin (internal control), ARIH1, and EIF4E2
were hybridized to appropriatedprimers (Supplemental Table
S3) and reverse transcribed by using the ProtoScript II First
Strand cDNA Synthesis Kit (New England Biolabs, Ipswich,
MA, USA). The RNAs in the reverse transcribed samples were
digested by using RNase If (New England Biolabs), and the
cDNAs were purified by using DNA Clean and Concentrator
(D4004; Zymo Research). Real-time quantitative PCR of the
cDNAs was performed by using the Sybr Select Master Mix
(4472908; Thermo Fisher Scientific) and appropriate primers
(Supplemental Table S3). The standard curves were generated
by using plasmids bearing cDNAs of b-actin (MHS6278-
202755711), EIF4E2 (MHS6278-202826512), and ARIH1
(MHS6278-202802257) (Dharmacon).

RESULTS

Genome-wide CRISPR-Cas9 knockout
screening of genes and biologic processes
implicated in cisplatin resistance

To identify novel genes implicated in cisplatin resistance,
we performed genome-wide gene disruption screening in
A375 humanmelanoma cells by using the humanGeCKO
v.2 lentiviral pooled libraries, which encode ;1.2 3 105

unique sgRNAs targeting 99.4% of all human genes
(6 sgRNAsper gene andup to 4 sgRNAspermiRNA) (10).
After the sgRNA-targeted gene disruption events had
occurred, a fraction of the cells were treated with cisplatin

to kill;50–60% of the cells (Fig. 1A). The cisplatin-treated
and untreated cells were passaged synchronously to en-
sure they underwent similar numbers of cell divisions
before harvesting. Total genomic DNAwas isolated from
the early transduction and cisplatin-treated and untreated
control cells. The sgRNA-encoding sequences integrated
into the genome were sequenced and analyzed by using
MAGeCK-VISPR, a comprehensive quality control, anal-
ysis, and visualization workflow for CRISPR screens
(9, 11). Most of our sequencing reads are of high quality
(Fig. 1B).Over 110million reads fromeachof the treatment
groupswereperfectlymapped to the sgRNAscontained in
the GeCKO libraries (Fig. 1C) with excellent distribution
and coverage (Fig. 1D–F). Indeed, only 21 out of the 1.23
105 sgRNAs were missing in the early transduction cells.
Only those sgRNAs that could be perfectlymapped to the
GeCKO libraries were accounted for in statistical calcula-
tions of the differences between samples. The disrupted
genes positively and negatively selected by cisplatin were
assessed by testing whether their targeting sgRNA abun-
dance differed significantly between the cisplatin-treated
and untreated control samples. The cumulative distribu-
tions of 2log10 P values of the genes whose disruptions
werepositively (i.e.,with their targeting sgRNAsenriched)
and negatively (i.e., with their targeting sgRNAs di-
minished) selectedby cisplatin treatment are shown inFig.
1G, H, respectively. The top disrupted genes positively
and negatively selected by cisplatin are listed in Supple-
mental Tables S4 and S5, respectively.

The disrupted genes causing decreased (lethality or
slow growth) or on rare occasions increased cell fitness
(fast growth) were assessed by testing whether their tar-
geting sgRNA abundance differed significantly between
the early transduction and untreated control samples
(Fig. 2 and Supplemental Table S6). A substantial fraction
of the disrupted genes positively or negative selected by
cisplatin overlap with those causing decreased or in-
creased fitness, respectively. However, no overlap exists
betweendisruptedgenespositive selectedby cisplatin and
those causing increased fitness, or between those nega-
tively selected by cisplatin and those causing decreased
fitness (Fig. 2). These results indicate that fast and slow cell
growth may cause cisplatin sensitivity and resistance,
respectively.

To assess the biologic processes implicated in cis-
platin resistance,we performedGOenrichment analyses
by using VISPR, which activates Gene Ontology Enrich-
ment Analysis and visualization (GORILLA) and takes
the whole ranked list of genes based on the P values re-
ported by the “count” and “test” functions of MAGeCK
to perform a threshold-free enrichment analysis (11).
Protein translation, mitochondrial respiratory chain com-
plex assembly, signal recognition particle–dependent
cotranslational protein targeting to membrane, and
mRNAcatabolicprocesseswere the topdisruptedbiologic
processes positively selected by cisplatin (Supplemental
Fig. S1 and Supplemental Table S7), indicating that these
processes are responsible for cisplatin sensitivity and that
disruptionof them leads to cisplatin resistance. In contrast,
proteasome-mediated ubiquitin-dependent protein cata-
bolic process, negative regulations of cellular catabolic
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process, and regulation of cellular protein localization
were the top disrupted biologic processes negatively se-
lected by cisplatin (Supplemental Fig. S2 and Supple-
mental Table S8), indicating that these processes are
responsible for cisplatin resistance and that disruption of
them leads to cisplatin sensitivity.

Neither DNA repair pathways nor drug transport
systems were found to be among the top biologic
processes selected by cisplatin (Supplemental Tables S7
and S8). The VISPR-activated GORILLA analysis al-
lows a maximum enrichment P value of 0.001, which
would miss the biologic processes with a higher P
value. To assess if DNA repair contributes to cisplatin
resistance to a certain extent, we performed MAGeCK
pathway enrichment analyses against the current 4437
gene sets of GO biologic processes. The MAGeCK
pathway enrichment analyses also take the whole
ranked list of genes based on the P values reported by
the “test” function of MAGeCK. Among the different
DNA repair pathways, nucleotide excision repair and
postreplication repair appeared to contribute the most
to cisplatin resistance (Supplemental Table S9). This is
not unexpected, because nucleotide excision repair
factors are well known to be involved in removal
of cisplatin-induced intra- and interstrand crosslinks,
and postreplication repair is responsible for tolerance
to DNA damage (12). Other DNA repair pathways

appeared to contribute little to cisplatin resistance
(Supplemental Table S9).

Knockdown of the top negatively selected
genes also sensitizes A375 melanoma and
melanocyte cells to cisplatin

Our genome-wide knockout screening indicates that
RNF7, ZNRF3, andUBE2F are the top 3 disrupted genes
negatively selected by cisplatin (Supplemental Table
S5). ZNRF3 is an E3 ubiquitin ligase that is known to
negatively regulate the Wnt signaling pathway (13).
UBE2F is an E2 neural precursor cell expressed, de-
velopmentally down-regulated 8–conjugase involved
in neddylation of cullin 5, the core component of
multiple Skp, cullin, F-box–containing complex–like
Elongin-Cullin-SOCS E3 ubiquitin-protein ligase com-
plexes (14). RNF7 is a probable component of the Skp,
cullin, F-box–containing complex E3 ubiquitin ligase
complex that also promotes neddylation of cullin 5 via
its interaction with UBE2F (14). To determine if our
screening results were valid, we knocked down the top
3 negatively selected genes in A375 cells by using
lentivirus-based shRNAs (Fig. 3A–C). Indeed, knock-
down any of these genes caused significant increase of
cell apoptosis (Fig. 3D, E) and decrease of cell survival
(Fig. 3F) upon cisplatin treatment.

Figure 2. Disrupted genes positively and negative selected by cisplatin overlap with those causing decreased and increased cell
growth (fitness), respectively, for A375 cells. A) Disrupted genes with an FDR ,0.1. B) Disrupted genes with an FDR ,0.25.
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To determine if the implications of ZNRF3, RNF7, and
UBE2F in cisplatin resistance are limited to the melanoma
cells, we knocked down these genes in the Hermes 4C
human immortalized melanocytes (5, 6) (Fig. 4A–C).
ZNRF3 or UBE2F knockdown significantly sensitized the
melanocytes to cisplatin. However, RNF7 knockdown
slightly (statistically insignificant) sensitized the melano-
cytes to cisplatin (Fig. 4D).

Sensitization of melanoma and melanocyte
cells to cisplatin by ZNRF3 depletion is not
due to CTNNB1 up-regulation but can be
suppressed by CTNNB1 depletion

ZNRF3 and its highly homologous ubiquitin ligase ring
finger protein 43 (RNF43) are known to be the targets
and negative feedback regulators of the Wnt signaling
pathway by mediating ubiquitination and subsequent
degradation of Frizzled and LDL receptor–related pro-
teins 5 and 6 (LRP5/6), the receptor and coreceptor
for Wnt (Fig. 5A) (15). The Wnt signaling is categorized
into b-catenin–dependent (canonical) and independent
(noncanonical) pathways (16). The canonical Wnt sig-
nalingpathway is activateduponbinding ofWnt ligands
to the Frizzled and LRP5/6, which causes translocation
of the b-catenin destruction complex to the plasma
membrane, thereby preventing phosphorylation and
degradation of b-catenin (Fig. 5A). Accumulation and
translocation of b-catenin into the nucleus stimulates
transcription of over 100 genes, including ZNRF3 and
RNF43 (15). Fundamentally, activated Wnt–b-catenin
signaling enhances cell proliferation by promoting cell
cycle progression (17).

To determine if ZNRF3 modulates cisplatin resistance
by regulatingWnt–b-catenin signaling,weknockeddown
ZNRF3 and CTNNB1 (the b-catenin gene) individually or
simultaneously (Fig. 5B, C). None of the shZNRF3s, in-
cluding shZNRF3-1, shZNRF3-3, and shZNRF3-4, that
could significantly knock down ZNRF3 (Fig. 3C) caused
significant up-regulation of CTNNB1 in the A375 and
Hermes 4C cells (Fig. 5B, C). We also found that disrup-
tion or depletion of ZNRF3 did not affect cell growth,

indicating that the Wnt–b-catenin signaling was not sig-
nificantly activated upon ZNRF3 disruption or depletion.
Our results are in line with the previous report showing
that only codepletion of ZNRF3 and RNF43 causes sig-
nificant up-regulation of CTNNB1 (18). Presumably, the
CTNNB1 level was maintained through the negative feed-
back mechanism in which the knockdown of ZNRF3 was
compensated for by up-regulation of RNF43. Interestingly,
the A375melanoma andHermes 4Cmelanocyte cells with
ZNRF3 and CTNNB1 double knockdowns were more
cisplatin resistant than those with ZNRF3 single knock-
down (Fig. 5D, E). As expected, the levels of total and
phosphorylated p53, the key factor involved in cell apo-
ptosis, were increased upon cisplatin treatment (Fig. 5F,G).
ZNRF3 knockdown caused more dramatic increase of
total and phosphorylated p53 upon cisplatin treatment
(Fig. 5F,G).However, thep53 levelwasreduced incellswith

Figure 3. Confirmation of the top 3 disrupted
genes negatively selected by cisplatin in A375
melanoma cells. A–C) Western blot showing
knockdown of the genes by shRNAs, including
RNF7-targeting shRNA (shRNF7) (A), UBE2F-
targeting shRNA (shUBE2F) (B), and ZNRF3-
targeting shRNA (shZNRF3) (C). b-Actin serves
as loading control. D, E ) Cisplatin-induced
apoptosis in cells expressing the indicated
shRNAs. F) Clonogenic assay showing survival
fraction (%) of A375 melanoma cells expressing
the indicated shRNAs after treatment with 1 mM
of cisplatin. Note that the cells were very sensitive
to cisplatin when they were seeded to low
densities in the clonogenic assay. Error bars
stand for SE. *P , 0.05; **P , 0.001; Student’s t
test, between samples of the indicated knock-
down and scramble shRNAs at the respective
cisplatin doses.

Figure 4. Knockdown of ZNRF3, RNF7, or UBE2F in Hermes
4C melanocytes also cause different degrees of cisplatin
sensitivity. A–C) Western blot showing knockdown of the
genes by shRNAs, including RNF7-targeting shRNA (shRNF7)
(A), UBE2F-targeting shRNA (shUBE2F) (B), and shZNRF3
(C). b-Actin serves as loading control. D) Cisplatin-induced
apoptosis. Error bars stand for SE. *P , 0.05; **P , 0.001;
Student’s t test, between samples of the indicated knockdown
and scramble shRNAs at the respective cisplatin doses.
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ZNRF3 and CTNNB1 double knockdown compared with
that in cells with ZNRF3 single knockdown (Fig. 5F, G).

Taken together, our results indicate that the sen-
sitization of melanoma and melanocyte cells to cis-
platin by ZNRF3 depletion is not due to up-regulation
of CTNNB1. However, the sensitization can still be
suppressed by CTNNB1 depletion, which enhances
cisplatin resistance.

Knockdown of NF2 sensitizes A375 melanoma
but not normal cells to cisplatin

We noticed that NF2 (also known as merlin) was ranked
22 among the disrupted genes negatively selected by cis-
platin in A375 melanoma cells (Supplemental Table S5).
However, 3 (A_31760, A_31761, and B_31719) out of
6 NF2-targeting sgRNAs were highly negatively selected,
whereas the other 3 sgRNAswerenot significantlypresent
in the control and cisplatin-treated cells (Fig. 6A). The

assessment of positively or negatively selected genes is
affected by the presence and cutting efficiency of different
sgRNAs present in the GeCKO libraries. If some of the
6 sgRNAs targeting a gene were absent, present at a low
level, or with low cutting efficiency, then a high P value,
false discovery rate (FDR), or both would be assigned to
the gene. We therefore tested if disruption of NF2
was truly negatively selected by cisplatin. Indeed, NF2
knockdown sensitized A375 melanoma cells to cisplatin
(Fig. 6B, E, H).

To determine if the implication of NF2 in cisplatin
resistance is limited to the melanoma cells, we knocked
down this gene in the Hermes 4Cmelanocytes (Fig. 6C)
and P1F/TERT (Fig. 6D) cells. In contrast to the A375
melanoma cells (Fig. 6E), the Hermes 4C cells (Fig. 6F)
became slightly (statistically insignificant) more re-
sistant to cisplatin, whereas the P1F/TERT cells (Fig.
6G) became significantly more resistant to cisplatin.
The levels of total or phosphorylated p53 were not

Figure 5. Sensitization of cells to cisplatin by ZNRF3 knockdown is not due to CTNNB1 up-regulation but can be suppressed by
CTNNB1 depletion. A) Simplified schematic of Wnt–b-catenin signaling. B, C) Western blots showing CTNNB1 (b-catenin)
protein in A375 (B) and Hermes 4C (C) cells with individual and double knockdowns of ZNRF3 and CTNNB1. D, E) Cisplatin-
induced apoptosis of A375 (D) and Hermes 4C (E) cells with the indicated shRNA knockdowns. Error bars stand for SE. *P ,
0.05; **P , 0.001; Student’s t test, between samples of the ZNRF3 and CTNNB1 double knockdown and ZNRF3 single
knockdown at the respective cisplatin doses. F, G) Western blots showing total and phosphorylated p53 (P-p53) in A375 cells with
the indicated shRNA knockdowns before and after cisplatin treatment. b-Actin or histone H4 serves as loading control.
shCTNNB1, CTNNB1-targeting shRNA.
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significantly affected by NF2 knockdown (Fig. 6I), in-
dicating that the modulation of cisplatin sensitivity by
NF2 is independent of p53.

NF2 and YAP regulate the levels of ARIH1
and EIF4E2

NF2 regulates multiple signaling pathways, including the
Hippo pathway (Fig. 7A) (19, 20). YAP is a potent tran-
scription coactivator and the main downstream target of
the Hippo pathway, acting via binding to the transcrip-
tional enhancer associated domain (TEAD) transcription
factor. YAP can be phosphorylated by large tumor sup-
pressor kinases 1 and 2 and then degraded in the cyto-
plasm. In certain cell types, NF2may down-regulate YAP
by promoting its phosphorylation and degradation. We
searched for NF2-regulated factors that might be impli-
cated in cisplatin resistance. We found that EIF4E2 (also
called 4EHP), which represses global translation initiation
by competing with eukaryotic translation initiation factor
4E for binding to the mRNA cap (21), and ARIH1, an E3
ubiquitin ligase that promotes binding of EIF4E2 to the
mRNA cap by ubiquitinating EIF4E2 in response to DNA
damage (22), were barely detectable in the Hermes 4C
melanocyteandP1F/TERTfibroblast cellsbutwerehighly

expressed in A375 melanoma cells (Fig. 7B). Upon NF2
knockdown, both EIF4E2 and ARIH1 were up-regulated
in Hermes 4C and P1F/TERT cells (Fig. 7B). The up-
regulations were not due to increased transcription be-
cause the mRNA levels of ARIH1 and EIF4E2 were not
significantly changed upon NF2 knockdown (Fig. 7C). In
contrast to the normal cells, the A375 melanoma cells
showed decreased ARIH1 and unchanged EIF4E2 upon
NF2 knockdown (Fig. 7B).

The levels of YAP correlated well with those of ARIH1
andEIF4E2,beinghigh inA375cells and lowinHermes4C
and P1F/TERT cells (Fig. 7; compare B andD). However,
in contrast to thoseofARIH1andEIF4E2 (Fig. 7B), the level
of YAPwas not significantly affected by NF2 knockdown
(Fig. 7D), indicating NF2 does not regulate YAP in these
cells. To examine if ARIH1 and EIF4E2 expressions are
affected by YAP, we treated the cells with verteporfin, a
highly specific inhibitor of YAP-TEAD interaction (Fig.
7A) (23). The levels of ARIH1 and EIF4E2 were greatly
reduced in P1F/TERT (with NF2 knockdown) (Fig. 7E, F)
and A375 cells (Fig. 7G, H) upon verteporfin treatment.
Treatmentof the cellswithCA3, amorepotent and specific
inhibitor of YAP1 (24), also caused reduction of ARIH1
andEIF4E2 (Fig. 7I–L). These results indicate thatYAPup-
regulates ARIH1 and EIF4E2 in both the normal and
melanoma cells.

Figure 6. NF2 knockdown sensitizes the A375
melanoma cells but not Hermes 4C melano-
cyte and P1F/TERT fibroblast cells to cis-
platin. A) Counts of the 6 NF2-targeting
sgRNAs in the control and cisplatin-treated
A375 cells. The sequences of the 6 sgRNAs
are shown on the right. B–D) Western blots
showing NF2 knockdown in the A375 (B),
Hermes 4C (C), and P1F/TERT (D) cells.
E–G) Cisplatin-induced apoptosis of A375 (E),
Hermes 4C (F), and P1F/TERT (G) cells with
NF2 knockdown. Error bars stand for SE. *P ,
0.05; **P , 0.001 (Student’s t test), between
samples of the indicated knockdown and
scramble shRNAs at the respective cisplatin
doses. H) Clonogenic assay showing survival
fraction (%) of A375 melanoma cells after
treatment with 1 mM of cisplatin. Note that the
cells were very sensitive to cisplatin when they
were seeded to low densities in the clonogenic
assay. Error bars stand for SE. **P , 0.001
(Student’s t test), between the samples of
shNF2-2 and scramble shRNA. I) Western blots
showing total and phosphorylated p53 (P-p53)
in P1F/TERT cells with the indicated shRNA
knockdowns before and after cisplatin treat-
ment. b-Actin serves as loading control. shNF2,
NF2-targeting shRNA.
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Taken together, our results indicate that the levels of
ARIH1 and EIF4E2 are regulated by both NF2 and YAP.
However, the regulation of ARIH1 and EIF4E2 by NF2 is
not via regulating YAP. Although YAP up-regulates
ARIH1 and EIF4E2 in all the cells, NF2 regulates these
factors differently between the normal and melanoma
cells.

ARIH1 but not EIF4E2 is implicated in
cisplatin resistance

Todetermine if up-regulationofARIH1orEIF4E2 increase
cisplatin resistance, we overexpressed these factors in

P1F/TERT cells, which normally express very low levels
of these factors (Figs. 7B and 8A). Neither EIF4E2 nor
ARIH1 overexpression affected NF2 expression (Fig. 8A),
indicating that the regulation of EIF4E2 and ARIH1 by
NF2 is unidirectional (i.e., no feedback regulation). Over-
expression of ARIH1 but not EIF4E2 dramatically in-
creased cellular resistance to cisplatin (Fig. 8B). Similar to
NF2 knockdown, ARIH1 or EIF4E2 overexpression did
not dramatically affect the levels of total p53 or the phos-
phorylated p53 (compare Figs. 6I and 8C). Collectively,
these results indicate that the modulation of cisplatin
sensitivity by NF2 may be via regulating ARIH1 and is
largely independent of p53.

Figure 7. Regulation of ARIH1 and EIF4E2 by NF2 and YAP. A) Simplified schematic of Hippo signaling. LATS1/2, large tumor
suppressor kinases 1 and 2; MST1/2, mammalian sterile 20–like kinases 1 and 2. B) Western blots showing levels of ARIH1 and
EIF4E2 in the indicated cells with or without NF2 knockdown. C) Relative levels of the indicated mRNAs in P1F/TERT cells with
or without NF2 knockdown. The data were obtained by reverse transcription quantitative PCR. Error bars stand for SE. D)
Western blot showing YAP levels in the indicated cells with or without NF2 knockdown. E–H) Western blots showing ARIH1 and
EIF4E2 in the indicated cells following treatment with verteporfin, the inhibitor of YAP-TEAD interaction. I–L) Western blots
showing ARIH1 and EIF4E2 in the indicated cells following treatment with CA3, a potent and specific YAP1 inhibitor. b-Actin
(ACTB) or GAPDH serves as loading control. shNF2, NF2-targeting shRNA.

Figure 8. Overexpression
of ARIH1 but not EIF4E2
causes cisplatin resistance.
A) Western blots showing
ARIH1, EIF4E2, and NF2
in P1F/TERT cells normally
expressing or overexpress-
ing ARIH1 (Ox-ARIH1) or
EIF4E2 (Ox-EIF4E2). B) Cis-
platin-induced apoptosis of
P1F/TERT cells normally

expressing or overexpressing ARIH1 or EIF4E2. Error bars stand for SE. **P , 0.001 (Student’s t test), between samples of the
indicated overexpressions and normal expression at the respective cisplatin doses. C) Western blots showing total and
phosphorylated p53 (P-p53) in P1F/TERT cells with the indicated gene overexpressions before and after cisplatin treatment.
GAPDH serves as loading control.
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DISCUSSION

Biologic processes responsible for cisplatin
sensitivity and resistance

We screened for genes and biologic processes positively
and negatively selected by cisplatin when they are dis-
rupted. Among the top positively selected biologic
processes are protein translation, mitochondrial re-
spiratory chain complex assembly, signal recognition
particle–dependent cotranslational protein targeting to
membrane, and mRNA catabolic processes, indicating
that these processes are normally responsible for cis-
platin sensitivity. To the best of our knowledge, these
biologic processes have not been generally recognized as
the leading contributors of cisplatin sensitivity. Protein
synthesis consumes a lion’s share of energy and cellular
resources. When cells are under stress, protein trans-
lation is globally repressed except for certain stress
proteins (25, 26). The so-called translational reprog-
rammingmay lie at the heart of the stress response and is
required for rapid cellular adaptation under stress (26).
Therefore, disruption of genes that are not essential for
cell viability but are involved in protein translation may
allow the cell to better adapt to cisplatin-induced cellu-
lar stress. Also, slow cycling can be a common feature
of melanoma cells that are drug resistant (27). Disrup-
tions of protein translation, cotranslational targeting to
destination membrane, and mitochondrial respiratory
chain complex assembly may generally slow down cell
cycling, leading to cisplatin resistance. Indeed,we found
that a substantial fraction of the top disrupted genes that
are positively selected by cisplatin largely overlap with
those causing decreased fitness (Fig. 2). Also, mito-
chondrial dysfunction has been shown to enhance cis-
platin resistance (28, 29). Disruption of mitochondrial
respiratory chain complex assembly may impair mito-
chondrial function, leading to enhanced cisplatin re-
sistance. Furthermore, global mRNA decay has been
found in recent years to occur early in apoptosis, pre-
ceding membrane lipid scrambling, genomic DNA
fragmentation, and apoptotic changes to translation ini-
tiation factors (30). Therefore, disruption of the mRNA
catabolic process may impair the apoptosis process,
leading to cisplatin resistance.

We found that the top disrupted biologic processes
negatively selected by cisplatin are proteasome-mediated
ubiquitin-dependent protein catabolic process, negative
regulations of cellular catabolic process and regulation of
cellular protein localization, indicating that these pro-
cesses are normally responsible for cisplatin resistance.
Our findings are in line with the notion that inhibitors of
apoptosis proteins are E3 ubiquitin ligases regulating
caspase activity that is required for apoptosis (31–33).
Also, in contrast to disruption of protein translation and
cotranslational targeting to membrane, disruption of the
ubiquitin-dependent protein catabolic process and im-
pairment of the negative regulations of cellular catabolic
process may impair cellular adaptation to stress and en-
hance cell proliferation, leading to increased sensitivity to
cisplatin.

Alteration of DNA repair pathways have been well
known to be implicated in cisplatin resistance (1, 3).
However, none of these DNA repair pathways is near the
top of biologic processes negatively selected by cisplatin,
although disruption of nucleotide excision repair and
postreplication repair might mildly sensitize the cells to
cisplatin (Supplemental Table S9). One explanation is that
only ;1% of intracellular cisplatin forms covalent bonds
with nuclearDNA, and themajority of thedrugmolecules
exert their cytotoxicity in the cytoplasm (1). In addition to
targeting DNA, cisplatin also causes damage to RNAs,
proteins, phospholipids, and carbohydrates (34). There-
fore, compared with other biologic processes, the DNA
repair pathways may only contribute a small fraction to
the cisplatin resistance. It should also be noted that our
screening might have missed certain genes. The CRISPR-
Cas9 screening relies on disruption of genes, which will
miss the genes that are essential for cell viability. Some
genes may not be identified if some or all of its targeting
sgRNAs are absent or present at low levels in the GeCKO
libraries, or with low cutting efficiency. Furthermore, the
CRISPR-Ca9 may have off-targets, which may mask or
offset the effects of certain genes on cisplatin resistance or
sensitivity.

Implications of ZNRF3, CTNNB1, and p53 in
cisplatin resistance

We found that the sensitization of cells to cisplatin by
ZNRF3 depletion is not due to CTNNB1 up-regulation.
Still, the sensitization can be suppressed by depletion of
CTNNB1. Inviewofour finding that slowcell growthmay
increase cisplatin resistance and the fact that Wnt–b-cat-
enin signaling fundamentally promotes cell growth (17),
the suppression of cisplatin sensitivity by depletion of
CTNNB1 might be simply due to decreased cell growth.
Besides targeting Frizzled and LRP5/6 for degradation,
ZNRF3 may have an as-yet unidentified target that is im-
plicated in cisplatin sensitivity. Because ZNRF3 disruption
or depletion does not significantly affect cell growth, the
unidentifiedZNRF3 target is unlikely a factor downstream
of CTNNB1 in the Wnt–b-catenin signaling cascade.

p53 is best known for its ability to promote cell cycle
arrest and apoptosis (35). We found that ZNRF3 knock-
down caused more dramatic increase of total and phos-
phorylated p53 upon cisplatin treatment. However, the
p53 level was reduced in cells with ZNRF3 and CTNNB1
double knockdown compared with that in cells with
ZNRF3 single knockdown. These results support the no-
tion that the sensitization of the cells to cisplatin byZNRF3
knockdownmight be in part due to increased activation of
p53.However, the roles of p53aremultifaceted, andunder
certain circumstancesp53may inhibit apoptosis. Indeed, it
has been shown that depletion of intracellular NO, which
inhibits cisplatin-inducedp53accumulation, or expression
of a dominant-negative p53, enhances cisplatin-induced
apoptosis in A375 cells (36). Therefore, the underlying
mechanism of ZNRF3 in regulating cisplatin sensitivity
may be complex, and the contribution of p53 activation to
the process remains to be understood.
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Implications of NF2, YAP, and ARIH1 in
cisplatin resistance

NF2 is implicated in many signaling pathways, includ-
ing Hippo, epidermal growth factor receptor, Ras, Rac,
mechanistic target of rapamycin, focal adhesion kinase–
steroid receptor coactivator, PI3K, and lin-28 homolog B
(19, 20). Mutations of NF2 are associated with nervous
system tumors as well as several other malignant cancers,
includingmelanomas. To thebest of ourknowledge, if and
how NF2 modulates cisplatin sensitivity has not been
documented. NF2 is required for proliferation arrest and
apoptosis in developing imaginal discs (37). Loss of NF2
has been shown to protect cardiac myocytes from apo-
ptosis stimulated by b adrenergic receptor (38) and pan-
creaticb cells fromapoptosis associatedwithdiabetes (39).
Therefore, NF2 appears to be a proapoptotic factor in
normal (noncancer) cells, in line with its role as a tumor
suppressor. However, we found that NF2 disruption
sensitized A375 melanoma cells but not normal cells to
cisplatin (Fig. 6), indicating that NF2 becomes an anti-
apoptotic factor in cancer cells. Whether the antiapoptotic
functionofNF2 is common to cancers or limited to a subset
of cancers remains to be determined. A better under-
standing of this issue may be very important for de-
velopment of treatments that specifically kill cancer
cells while minimizing toxicity to normal cells.

Up-regulation of YAP, the downstream effector of the
Hippo signaling, has been known to cause resistance of
multiple types of cancer cells to cisplatin (40–43). Also,
down-regulation of mammalian sterile 20–like kinases 1
and 2, the core components of the Hippo pathway that
inhibits YAP, has been shown to cause resistance of
prostate cancer cells to cisplatin (44). Interestingly, we
found that the YAP level is not significantly regulated by
NF2 in the melanocyte, fibroblast, andmelanoma cells we
tested. The regulation of the Hippo signaling can be tissue
specific (19). It is possible that NF2 does not significantly
regulate the Hippo signaling in the cell types we tested.

ARIH1 has been shown recently to be widely overex-
pressed in cancer cells, notably in breast and lung adeno-
carcinomas, and to protect against cisplatin-induced cell
death by promoting clearance of damaged mitochondria
(mitophagy) (45). ARIH1 has also been shown to protect
against cisplatin-induced apoptosis by ubiquitinating
EIF4E2, irrespective of the status of p53 or caspase-3 (22).
The ubiquitinated EIF4E2 promotes translation arrest by
competing with eukaryotic translation initiation factor 4E
for binding to the mRNA cap (22). In agreement with the
previous reports, we found that ARIH1 is overexpressed
in A375 melanoma cells and contributes to cisplatin re-
sistance in a p53-independent manner. This agrees well
with the notion that down-regulation of global protein
translation enhances cisplatin resistance. Interestingly, we
also found that ARIH1 is regulated by bothNF2 andYAP,
and the roles of NF2 and YAP in modulating cisplatin
resistance are at least partially achieved by regulating
ARIH1. Furthermore, we found that the regulation of
ARIH1byNF2 is not at the transcription step and is not via
YAP. The molecular mechanisms by which NF2 and YAP
regulate ARIH1 remain to be elucidated. Insights into

these mechanisms may also be informative for develop-
ment of novel cancer treatment strategies.
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Supplementary Table S2. Knockdown efficiencies of shRNA-encoding sequencesa.  
shRNA Sequence A375 Hermes 4C P1F/TERT 
shNF2-1 CCGGTACTTTGCAATCCGGAATAAACTCGAGTTTATTCCGGA

TTGCAAAGTATTTTTG 

good N/T poor 

shNF2-2 CCGGTCGGGAACCATGATCTATTTACTCGAGTAAATAGATCA

TGGTTCCCGATTTTTG 

good good good 

shNF2-3 CCGGCTGTGTTGTCCACCCTATTATCTCGAGATAATAGGGTG

GACAACACAGTTTTTG 

poor N/T average 

shNF2-4 CCGGTAGTTCTCTGACCTGAGTCTTCTCGAGAAGACTCAGGT

CAGAGAACTATTTTTG 

good N/T good 

shRNF7-1 CCGGTCAGAAATTCTCTGCGATTAACTCGAGTTAATCGCAGA

GAATTTCTGATTTTTG 

good good good 

shRNF7-2 CCGGTGCTTATGGTTGATCAGTTAACTCGAGTTAACTGATCA

ACCATAAGCATTTTTG 

good N/T good 

shRNF7-3 CCGGCCCAACTCTTACTCTTAATTTCTCGAGAAATTAAGAGT

AAGAGTTGGGTTTTTG 

average good poor 

shRNF7-4 CCGGACAGCTTAGAAGTGCTATAAACTCGAGTTTATAGCACT

TCTAAGCTGTTTTTTG 

N/T N/T poor 

shUBE2F-1 CCGGGATGACTACATCAAACGTTATCTCGAGATAACGTTTGA

TGTAGTCATCTTTTTTG 

good N/T N/T 

shUBE2F-2 CCGGGCAATAAGATACCCGCTACAACTCGAGTTGTAGCGGGT

ATCTTATTGCTTTTTG 

poor poor N/T 

shUBE2F-3 CCGGTTCTGCACAAGCGATGCTAATCTCGAGATTAGCATCGC

TTGTGCAGAATTTTTTG 

poor good N/T 

shUBE2F-4 CCGGTGATCCAAACAAGCTTCATTGCTCGAGCAATGAAGCTT

GTTTGGATCATTTTTTG 

good good N/T 

shZNRF3-1 CCGGGTCTACCTAATGCACTATTATCTCGAGATAATAGTGCA

TTAGGTAGACTTTTTG 

good good poor 

shZNRF3-2 CCGGTCCTCGACAACCCACTGAATACTCGAGTATTCAGTGGG

TTGTCGAGGATTTTTG 

poor N/T poor 

shZNRF3-3 CCGGGAAGGGTGCAGATGCCATTAACTCGAGTTAATGGCATC

TGCACCCTTCTTTTTG 

good N/T poor 

shZNRF3-4 CCGGACTGTCGGCACAACATCATAGCTCGAGCTATGATGTTG

TGCCGACAGTTTTTTG 

good poor poor 

shCTNNB1-1 CCGGATCTGTCTGCTCTAGTAATAACTCGAGTTATTACTAGA

GCAGACAGATTTTTTG 

poor poor N/T 

shCTNNB1-2 CCGGGGGAGTGGTTTAGGCTATTTGCTCGAGCAAATAGCCTA

AACCACTCCCTTTTTG 

poor N/T N/T 

shCTNNB1-3 CCGGTCTAACCTCACTTGCAATAATCTCGAGATTATTGCAAG

TGAGGTTAGATTTTTG 

good good N/T 

shCTNNB1-4 CCGGTTGTTATCAGAGGACTAAATACTCGAGTATTTAGTCCT

CTGATAACAATTTTTG 

average poor N/T 

shTP53 CCGGCACCATCCACTACAACTACATCTCGAGATGTAGTTGTA

GTGGATGGTGTTTTTG 

good N/T N/T 

Scramble CCGGTCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGAC

TTAACCTTAGGTTTTTG 

control control control 

a ‘good’, ‘average’ and ‘poor’ refer to > 80, 50-80 and < 50% knockdowns, respectively. N/T, not tested. 

 

Supplementary Table S1. Oligonucleotides used for sequencing of GeCKO sgRNAs. 
Lenti-F1 ATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG 

Lenti-R1 ACTTCTTGTCCATGGTGGCAGC 

GECKO1 ACACGACGCTCTTCCGATCTTCTTGTGGAAAGGACGAAACACCG 

GECKO2-2 AGACGTGTGCTCTTCCGATCTCACTTTTTCAAGTTGATAACGGACTAGCC 

Tru-U AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

Tru-B1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

Tru-B2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

Tru-B3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 



Supplementary Table S3. Reverse transcription and quantitative PCR primers. 
Primers for reverse transcription 
ACTB AGCAATGATCTTGAT 

ARIH1 CTCACAGTATCTG 

EIF4E2 TGTCTTCCTGAAAGC 

Primers for real-time quantitative PCR of cDNAs 
ACTB CTTCCTGGGCATGGAGTCC AGCAATGATCTTGATCTTCATTGTGCTG 

ARIH1 CCATTATCTTTGAGAATAACCAAGCAGATC TCTCACAGTATCTGTACTTGTCTTGTACTTTCTG 

EIF4E2 CCCATGTGGGAGGATGATGC TGTCTTCCTGAAAGCGGACAGAC 

 

 

Supplementary Table S4. Top disrupted genes positively selected by cisplatin in A375 cellsa. 
Gene sgRNA # Score p-value FDR Rank Good sgRNA LFC 
ST13 6 7.55E-07 2.51E-06 0.03713 1 3 1.9456 
hsa-mir-5787 4 2.16E-06 3.42E-06 0.03713 2 3 2.4981 
HIST2H2BE 6 5.45E-06 2.35E-05 0.12970 3 4 2.0374 
ISCU 6 6.77E-06 2.99E-05 0.12970 4 3 1.9083 
hsa-mir-548i-3 2 1.29E-05 2.85E-05 0.12970 5 2 3.5884 
LOC200726 6 2.51E-05 8.10E-05 0.25106 6 1 0.3140 
SOX10 6 2.53E-05 8.10E-05 0.25106 7 3 1.7642 
a Genes with an FDR (false discovery rate) < 0.3 are listed. LFC, log2 fold change.   

 

Supplementary Table S5. Top disrupted genes negatively selected by cisplatin in A375 cellsa. 
Gene sgRNA # Score p-value FDR Rank Good sgRNA LFC 

RNF7 6 3.32E-13 2.28E-07 0.00099 1 6 -4.2083 
ZNRF3 6 1.96E-10 2.28E-07 0.00099 2 6 -3.5136 
UBE2F 6 9.10E-10 2.28E-07 0.00099 3 5 -3.6303 
CUL5 6 1.13E-08 2.28E-07 0.00099 4 6 -3.7347 
JUNB 6 2.65E-08 2.28E-07 0.00099 5 6 -2.4162 
CUL3 6 8.28E-08 6.84E-07 0.0025 6 6 -3.0936 
HES1 6 4.79E-07 2.97E-06 0.0092 7 6 -2.5041 
AMBRA1 6 2.42E-06 1.21E-05 0.0328 8 6 -2.1830 
SLC26A4 6 3.26E-06 1.51E-05 0.0363 9 5 -2.2510 
TAOK1 6 5.00E-06 2.81E-05 0.0581 10 6 -1.3644 
OR5D14 6 5.27E-06 2.94E-05 0.0581 11 6 -1.4396 
SRGAP2B 6 1.20E-05 7.42E-05 0.1238 12 6 -1.4222 
ARRDC3 6 1.78E-05 0.00010 0.1541 13 6 -1.8967 
PTPN14 6 1.83E-05 0.00011 0.1541 14 6 -1.7067 
MAPK14 6 2.31E-05 0.00014 0.1847 15 6 -1.2357 
KDM4A 6 2.51E-05 0.00015 0.1867 16 3 -0.0053 
RPL11 6 4.05E-05 0.00023 0.2602 17 3 -0.1948 
STAT3 6 4.33E-05 0.00024 0.2602 18 4 -1.7606 
WAPAL 6 4.56E-05 0.00025 0.2602 19 5 -1.6982 
PHF23 6 4.70E-05 0.00026 0.2602 20 6 -1.5824 
PHF21A 6 5.01E-05 0.00027 0.2602 21 5 -1.6883 
NF2 6 5.05E-05 0.00028 0.2602 22 4 -1.1018 
DGKD 6 5.58E-05 0.00030 0.2708 23 6 -1.1621 
TBC1D3H 1 6.28E-05 0.00007 0.1176 24 1 -7.0302 
a Genes with an FDR (false discovery rate) < 0.3 are listed. LFC, log2 fold change. 

 

Supplementary Table S6. Top disrupted genes causing decreased fitness for A375 cellsa. 
Gene sgRNA # Score p-value FDR Rank Good sgRNA LFC 
MAD2L1 6 1.00E-11 2.28E-07 0.00050 1 6 -4.3154 
SOX10 6 1.05E-09 2.28E-07 0.00050 2 6 -3.3105 
hsa-mir-8086 4 3.27E-09 2.28E-07 0.00050 3 4 -5.1739 
hsa-mir-1299 4 3.38E-09 2.28E-07 0.00050 4 4 -4.3318 
DUX2 6 8.05E-09 2.28E-07 0.00050 5 6 -2.9258 



RPL3 6 4.07E-08 2.28E-07 0.00050 6 6 -3.3296 
hsa-mir-3929 4 7.05E-08 2.28E-07 0.00050 7 4 -4.3375 
hsa-mir-6859-1 4 1.20E-07 2.28E-07 0.00050 8 4 -3.127 
RPS27 6 1.31E-07 6.84E-07 0.00135 9 5 -3.2276 
hsa-mir-6087 4 1.83E-07 2.28E-07 0.00050 10 4 -4.8855 
HAUS3 6 1.83E-07 1.14E-06 0.00177 11 6 -2.6301 
RPL23A 6 2.32E-07 1.14E-06 0.00177 12 5 -3.2757 
RPLP0 6 2.34E-07 1.14E-06 0.00177 13 6 -2.7929 
SPDYE5 4 2.64E-07 2.28E-07 0.00050 14 4 -2.8423 
AGAP4 6 3.39E-07 1.60E-06 0.00204 15 6 -1.8938 
PDCD2 6 3.42E-07 1.60E-06 0.00204 16 6 -2.541 
PSMB3 6 3.86E-07 1.60E-06 0.00204 17 6 -2.4105 
PHB2 6 4.04E-07 2.05E-06 0.00248 18 5 -3.2318 
TPI1 6 4.43E-07 2.51E-06 0.00287 19 6 -2.411 
RPL13 6 5.70E-07 2.97E-06 0.00322 20 6 -3.08 
NDUFB10 6 6.54E-07 3.42E-06 0.00323 21 6 -2.2572 
KATNB1 6 7.18E-07 3.42E-06 0.00323 22 5 -2.1404 
CPSF4 6 7.53E-07 3.42E-06 0.00323 23 6 -3.2095 
SRSF1 6 8.35E-07 3.88E-06 0.00337 24 6 -2.3581 
TRMT112 6 1.17E-06 6.62E-06 0.00532 25 6 -3.0153 
hsa-mir-1207 4 1.44E-06 3.88E-06 0.00337 26 4 -4.138 
CAD 6 1.65E-06 9.35E-06 0.00687 27 6 -2.877 
hsa-mir-6511a-4 4 1.67E-06 4.34E-06 0.00362 28 4 -2.2701 
GAPDH 6 1.69E-06 9.35E-06 0.00687 29 5 -2.8177 
GNB2L1 6 1.79E-06 9.81E-06 0.00687 30 6 -2.4251 
RPL34 6 1.85E-06 1.07E-05 0.00705 31 6 -2.8123 
WASH1 6 1.99E-06 1.12E-05 0.00714 32 6 -2.5943 
NBPF1 6 2.43E-06 1.21E-05 0.00750 33 5 -2.1046 
CCNA2 6 2.69E-06 1.28E-05 0.00770 34 6 -2.3619 
hsa-mir-663a 4 2.87E-06 9.81E-06 0.00687 35 4 -3.1129 
POLR2D 6 2.95E-06 1.44E-05 0.00800 36 6 -2.6186 
hsa-mir-8078 4 2.95E-06 1.07E-05 0.00705 37 4 -3.5425 
PCNA 6 2.97E-06 1.44E-05 0.00800 38 5 -2.2495 
ELP3 6 2.97E-06 1.44E-05 0.00800 39 6 -1.8302 
NIP7 6 3.44E-06 1.67E-05 0.00904 40 6 -2.2995 
COPA 6 3.85E-06 1.80E-05 0.00931 41 6 -2.5604 
LIPT1 6 4.40E-06 2.35E-05 0.01127 42 6 -2.0815 
RPL13A 6 4.44E-06 2.40E-05 0.01127 43 6 -1.4916 
MRPL3 6 4.54E-06 2.44E-05 0.01127 44 6 -1.8421 
RPS15A 6 4.83E-06 2.72E-05 0.01202 45 5 -2.6826 
hsa-mir-5096 4 5.02E-06 1.71E-05 0.00906 46 4 -4.4355 
hsa-mir-1273a 4 5.49E-06 1.89E-05 0.00956 47 4 -3.9641 
RPL4 6 5.98E-06 3.35E-05 0.01455 48 6 -2.6182 
TBCA 6 6.57E-06 3.90E-05 0.01628 49 5 -3.0493 
POLR3K 6 7.10E-06 4.40E-05 0.01803 50 6 -1.5762 
hsa-mir-7641-1 4 7.25E-06 2.35E-05 0.01127 51 4 -3.352 
POLR3H 6 7.56E-06 4.63E-05 0.01845 52 4 -2.9996 
POLR2E 6 7.71E-06 4.68E-05 0.01845 53 6 -2.2638 
hsa-mir-566 4 8.46E-06 2.72E-05 0.01202 54 4 -3.4877 
NELFB 6 8.54E-06 5.23E-05 0.02024 55 5 -1.6621 
RPS28 6 9.28E-06 5.68E-05 0.02163 56 6 -2.2783 
ST13 6 1.00E-05 6.05E-05 0.02262 57 5 -2.9632 
CBWD1 4 1.07E-05 3.45E-05 0.01466 58 4 -2.2694 
POLR3A 6 1.13E-05 7.05E-05 0.02538 59 6 -1.8625 
PSMG1 6 1.14E-05 7.19E-05 0.02538 60 5 -1.7905 
PSMA6 6 1.19E-05 7.37E-05 0.02538 61 6 -2.1558 
RPL24 6 1.19E-05 7.37E-05 0.02538 62 4 -2.6417 
ISCA2 6 1.28E-05 7.94E-05 0.02658 63 6 -2.1943 
KPNB1 6 1.29E-05 7.96E-05 0.02658 64 6 -1.5808 
PSMG4 6 1.37E-05 8.42E-05 0.02727 65 4 -2.6344 
RABGGTB 6 1.40E-05 8.69E-05 0.02774 66 6 -2.397 
ATP6V0C 6 1.55E-05 9.20E-05 0.02891 67 6 -2.3224 



RPL30 6 1.67E-05 9.79E-05 0.02991 68 6 -2.3889 
ALG14 6 1.68E-05 9.83E-05 0.02991 69 6 -1.5548 
POP5 6 1.68E-05 9.93E-05 0.02991 70 5 -2.5976 
RPA3 6 1.79E-05 0.00010 0.03086 71 4 -2.5047 
VPS28 6 1.83E-05 0.00011 0.03094 72 5 -2.2318 
FDX1L 6 1.85E-05 0.00011 0.03094 73 6 -1.9749 
hsa-mir-663b 4 2.05E-05 0.00007 0.02538 74 4 -3.3695 
SRSF7 6 2.07E-05 0.00012 0.03414 75 5 -1.923 
SNRPD1 6 2.15E-05 0.00013 0.03510 76 6 -1.9019 
GINS1 6 2.26E-05 0.00013 0.03620 77 5 -2.522 
BUD31 6 2.35E-05 0.00014 0.03632 78 5 -2.2966 
SNRPD3 6 2.36E-05 0.00014 0.03632 79 6 -2.1878 
SUPT6H 6 2.39E-05 0.00014 0.03632 80 6 -1.2925 
ELP5 6 2.44E-05 0.00014 0.03632 81 4 -2.1629 
NRF1 6 2.46E-05 0.00014 0.03632 82 6 -1.9883 
NCMAP 6 2.51E-05 0.00015 0.03632 83 3 0.10308 
RPS11 6 2.59E-05 0.00015 0.03632 84 5 -2.3683 
ALG11 6 2.61E-05 0.00015 0.03632 85 4 -2.7084 
UFD1L 6 2.78E-05 0.00016 0.03801 86 6 -1.7139 
hsa-mir-4516 4 3.01E-05 0.00011 0.03094 87 4 -2.2298 
SMC6 6 3.05E-05 0.00017 0.04111 88 6 -2.1526 
TOMM20 6 3.05E-05 0.00017 0.04111 89 5 -1.9876 
MYC 6 3.22E-05 0.00018 0.04306 90 6 -1.497 
NSMCE1 6 3.25E-05 0.00019 0.04313 91 6 -1.3573 
TP53TG3 5 3.31E-05 0.00014 0.03632 92 5 -1.204 
NFS1 6 3.33E-05 0.00019 0.04372 93 4 -2.0648 
RPL17 6 3.67E-05 0.00021 0.04718 94 5 -2.0727 
hsa-mir-3180-4 4 3.71E-05 0.00013 0.03616 95 4 -1.8653 
RPL38 6 3.75E-05 0.00021 0.04733 96 5 -1.7908 
LSM2 6 3.76E-05 0.00021 0.04733 97 6 -1.9897 
EIF2B2 6 3.93E-05 0.00022 0.04926 98 6 -1.47 
TBC1D3F 2 3.95E-05 0.00008 0.02678 99 2 -4.1909 
SF3B1 6 4.06E-05 0.00023 0.04973 100 6 -1.6609 
RPL32 6 4.08E-05 0.00023 0.04973 101 5 -2.1005 
RPL14 6 4.20E-05 0.00024 0.04973 102 5 -2.2444 
GTF2E2 6 4.24E-05 0.00024 0.04973 103 5 -1.9915 
RPL37A 6 4.31E-05 0.00024 0.04973 104 6 -1.1992 
YARS 6 4.36E-05 0.00024 0.04973 105 4 -2.0783 
EIF5AL1 6 4.47E-05 0.00025 0.04973 106 4 -2.3921 
TSR1 6 4.48E-05 0.00025 0.04973 107 6 -1.5705 
ANAPC5 6 4.50E-05 0.00025 0.04973 108 5 -2.4837 
HIST2H2BE 6 4.71E-05 0.00026 0.05144 109 5 -2.1599 
PRPF38A 6 5.03E-05 0.00027 0.05288 110 5 -1.9487 
GTF2H5 6 5.04E-05 0.00027 0.05288 111 5 -1.4541 
LOC100507462 6 5.04E-05 0.00028 0.05288 112 4 -1.0652 
NOP58 6 5.20E-05 0.00028 0.05332 113 5 -2.1996 
MTHFD1 6 5.31E-05 0.00029 0.05332 114 5 -1.222 
RPL18A 6 5.37E-05 0.00029 0.05332 115 6 -1.865 
RPS20 6 5.40E-05 0.00029 0.05332 116 4 -2.2599 
SNRPF 6 5.57E-05 0.00030 0.05332 117 6 -2.0452 
MED8 6 5.63E-05 0.00030 0.05332 118 5 -1.9986 
PES1 6 5.65E-05 0.00030 0.05332 119 6 -2.0876 
POLR2I 6 5.68E-05 0.00031 0.05332 120 6 -2.1453 
RPP38 6 5.69E-05 0.00031 0.05332 121 6 -1.5354 
RBMX 6 5.70E-05 0.00031 0.05332 122 5 -1.5166 
TOMM22 6 5.70E-05 0.00031 0.05332 123 5 -2.0332 
MARS2 6 5.73E-05 0.00031 0.05332 124 6 -2.084 
SPC24 6 5.81E-05 0.00031 0.05336 125 5 -1.7853 
SRSF3 6 5.95E-05 0.00032 0.05372 126 6 -2.3208 
ATP6V1B2 6 6.02E-05 0.00032 0.05384 127 6 -1.0294 
GINS4 6 6.12E-05 0.00032 0.05396 128 5 -1.8882 
MRPL36 6 6.19E-05 0.00033 0.05483 129 6 -1.6052 



ISCU 6 6.29E-05 0.00033 0.05490 130 5 -2.0482 
MAD2L2 6 6.32E-05 0.00034 0.05490 131 3 -1.4164 
RPL10 6 6.38E-05 0.00034 0.05501 132 5 -1.8096 
CDC20 6 6.44E-05 0.00034 0.05518 133 6 -2.0397 
NLE1 6 6.50E-05 0.00035 0.05518 134 4 -1.9696 
PCGF1 6 6.51E-05 0.00035 0.05518 135 6 -1.9687 
hsa-mir-1273d 4 6.52E-05 0.00024 0.04973 136 4 -2.822 
GPX4 6 6.66E-05 0.00036 0.05579 137 6 -1.2887 
CEP97 6 6.69E-05 0.00036 0.05579 138 5 -1.8927 
ASH2L 6 6.77E-05 0.00036 0.05579 139 5 -1.9073 
RPS24 6 6.79E-05 0.00036 0.05579 140 6 -2.1653 
EED 6 7.13E-05 0.00039 0.05814 141 6 -1.931 
PKD1 6 7.14E-05 0.00039 0.05814 142 3 -1.4668 
ACTG1 6 7.16E-05 0.00039 0.05814 143 5 -2.1988 
RPL21 6 7.19E-05 0.00039 0.05814 144 5 -2.2099 
VPS25 6 7.47E-05 0.00040 0.05883 145 5 -1.9582 
PROX2 6 7.53E-05 0.00040 0.05884 146 4 -0.087384 
BARD1 6 7.63E-05 0.00040 0.05885 147 6 -1.8979 
EMC6 6 7.68E-05 0.00041 0.05885 148 6 -1.691 
DUT 6 7.97E-05 0.00042 0.06061 149 5 -2.3518 
NDUFB9 6 8.34E-05 0.00045 0.06319 150 5 -1.099 
EIF3J 6 8.60E-05 0.00046 0.06529 151 6 -1.8885 
NXNL2 6 8.82E-05 0.00048 0.06693 152 4 -1.8703 
POLR2L 6 8.89E-05 0.00048 0.06693 153 4 -1.641 
NBPF9 5 9.04E-05 0.00041 0.05931 154 4 -1.9872 
RBM14 6 9.17E-05 0.00049 0.06820 155 4 -2.672 
ZNRD1 6 9.26E-05 0.00050 0.06859 156 5 -2.2323 
PHAX 6 9.70E-05 0.00053 0.07239 157 6 -0.96924 
RPS5 6 9.82E-05 0.00054 0.07245 158 4 -2.0616 
RFC5 6 9.82E-05 0.00054 0.07245 159 6 -0.8258 
SDHD 6 9.86E-05 0.00054 0.07245 160 6 -2.0779 
POP7 6 0.00010 0.00055 0.07302 161 5 -1.9984 
SNRPC 4 0.00010 0.00039 0.05869 162 4 -1.4432 
EIF3I 6 0.00010 0.00056 0.07402 163 5 -1.8175 
NOC4L 6 0.00010 0.00057 0.07476 164 6 -1.9606 
ARFRP1 6 0.00011 0.00058 0.07538 165 5 -1.4676 
MRPL34 6 0.00011 0.00059 0.07659 166 6 -1.6714 
CHEK1 6 0.00011 0.00061 0.07812 167 5 -1.9143 
RPL23 6 0.00011 0.00062 0.07871 168 5 -2.2784 
PSMD14 6 0.00011 0.00063 0.07895 169 6 -1.7397 
WDR74 6 0.00011 0.00063 0.07895 170 6 -2.3644 
METTL1 6 0.00012 0.00064 0.07981 171 6 -1.747 
PTPMT1 6 0.00012 0.00064 0.07998 172 6 -1.9682 
WDR44 6 0.00012 0.00065 0.08048 173 5 -1.33 
SPANXF1 5 0.00012 0.00055 0.07302 174 3 -2.4949 
DCLRE1C 6 0.00012 0.00067 0.08216 175 6 -0.96208 
PPP2R4 6 0.00012 0.00068 0.08248 176 3 -1.3363 
RPS16 6 0.00012 0.00068 0.08248 177 5 -2.0965 
PCNT 6 0.00013 0.00068 0.08248 178 3 0.24763 
SMARCA5 6 0.00013 0.00068 0.08248 179 6 -1.8062 
PPP2CA 6 0.00013 0.00070 0.08315 180 5 -1.8937 
SART3 6 0.00013 0.00070 0.08315 181 6 -1.9082 
RPL11 6 0.00013 0.00071 0.08359 182 5 -2.2418 
PPM1G 6 0.00013 0.00072 0.08448 183 6 -1.3468 
RPL27A 6 0.00013 0.00073 0.08448 184 5 -1.6111 
RIOK1 6 0.00013 0.00073 0.08448 185 6 -1.1755 
NOP16 6 0.00014 0.00076 0.08803 186 5 -1.9293 
PSMB4 6 0.00014 0.00078 0.08924 187 6 -2.2853 
PSMB1 6 0.00014 0.00078 0.08924 188 5 -1.344 
CDK2 6 0.00014 0.00079 0.08924 189 6 -1.4592 
RPL7 6 0.00014 0.00079 0.08924 190 5 -2.2069 
IMP4 6 0.00015 0.00081 0.09049 191 5 -1.302 



SLC25A26 6 0.00015 0.00082 0.09049 192 5 -2.012 
CASC5 6 0.00015 0.00082 0.09049 193 6 -1.2895 
IARS 6 0.00015 0.00082 0.09049 194 6 -0.91107 
MYBL2 6 0.00015 0.00083 0.09108 195 5 -1.1534 
SRSF2 6 0.00016 0.00086 0.09232 196 6 -2.1529 
RAD9A 6 0.00016 0.00086 0.09232 197 5 -1.7527 
SRP54 6 0.00016 0.00086 0.09232 198 5 -1.953 
hsa-mir-6859-2 2 0.00016 0.00031 0.05332 199 2 -3.7852 
SAP130 6 0.00016 0.00088 0.09387 200 5 -1.2317 
PDPK1 6 0.00016 0.00089 0.09387 201 4 -0.45719 
DHX9 6 0.00016 0.00089 0.09387 202 5 -2.3682 
HTRA2 6 0.00017 0.00090 0.09482 203 5 -1.8544 
PSMB2 6 0.00017 0.00091 0.09482 204 6 -1.5706 
PSTK 6 0.00017 0.00091 0.09482 205 6 -1.195 
SNRPA1 6 0.00017 0.00091 0.09482 206 6 -1.2345 
AK6 6 0.00017 0.00094 0.09624 207 5 -1.7631 
MKI67IP 6 0.00017 0.00094 0.09624 208 4 -1.7887 
TP53RK 6 0.00017 0.00094 0.09624 209 6 -2.3075 
DOLPP1 6 0.00018 0.00096 0.09725 210 4 -0.22466 
HUS1 6 0.00018 0.00097 0.09725 211 6 -1.7934 
C10orf76 6 0.00018 0.00097 0.09725 212 5 -1.0794 
OR4F16 5 0.00018 0.00085 0.09232 213 5 -1.0508 
CDK11B 6 0.00019 0.00100 0.09930 214 5 -1.6289 
CRCP 6 0.00019 0.00100 0.09930 215 5 -1.8089 
hsa-mir-483 4 0.00019 0.00071 0.08359 216 4 -3.353 
a Genes with an FDR (false discovery rate) < 0.1 are listed. LFC, log2 fold change. 

 

Supplementary Table S7. Top disrupted biological processes positively selected by cisplatin in A375 cellsa. 
GO id GO term p-value FDR Enrichment (B, n, b) 
GO:0034622 cellular protein-containing complex assembly 2.74E-13 4.26E-09 1.42 (812,5297,334) 
GO:0006412 translation 6.01E-13 4.67E-09 2.01 (194,4462,95) 
GO:0043043 peptide biosynthetic process 1.50E-12 7.75E-09 1.76 (214,5837,120) 
GO:0033108 mitochondrial respiratory chain complex assembly 2.38E-11 9.25E-08 2.26 (90,5320,59) 
GO:0090304 nucleic acid metabolic process 1.94E-10 6.02E-07 1.20 (2184,5728,822) 
GO:0072599 establishment of protein localization to endoplasmic 

reticulum 
2.00E-09 5.17E-06 2.28 (107,4128,55) 

GO:0009059 macromolecule biosynthetic process 2.05E-09 4.54E-06 1.26 (1260,5691,494) 
GO:0034660 ncRNA metabolic process 2.21E-09 4.30E-06 1.39 (507,6326,243) 
GO:0016070 RNA metabolic process 2.56E-09 4.43E-06 1.27 (1571,4557,497) 
GO:0045047 protein targeting to ER 2.66E-09 4.14E-06 1.97 (103,5868,65) 
GO:0070972 protein localization to endoplasmic reticulum 2.80E-09 3.96E-06 2.20 (119,4128,59) 
GO:0006614 SRP-dependent cotranslational protein targeting to 

membrane 
3.32E-09 4.30E-06 2.39 (89,4128,48) 

GO:0034645 cellular macromolecule biosynthetic process 3.59E-09 4.29E-06 1.29 (999,5705,402) 
GO:0006613 cotranslational protein targeting to membrane 1.02E-08 1.13E-05 2.31 (94,4128,49) 
GO:0000184 nuclear-transcribed mRNA catabolic process, nonsense-

mediated decay 
2.02E-08 2.10E-05 2.08 (116,4472,59) 

GO:0043170 macromolecule metabolic process 2.86E-08 2.78E-05 1.09 (5814,6326,2188) 
GO:0000956 nuclear-transcribed mRNA catabolic process 3.00E-08 2.74E-05 1.83 (187,4165,78) 
GO:0006518 peptide metabolic process 3.12E-08 2.69E-05 1.48 (336,5837,158) 
GO:0010257 NADH dehydrogenase complex assembly 3.12E-08 2.55E-05 2.40 (58,4999,38) 
GO:0032981 mitochondrial respiratory chain complex I assembly 3.12E-08 2.42E-05 2.40 (58,4999,38) 
GO:0006402 mRNA catabolic process 3.18E-08 2.35E-05 1.80 (203,4165,83) 
GO:0006413 translational initiation 6.11E-08 4.31E-05 1.96 (138,4128,61) 
GO:0043604 amide biosynthetic process 1.12E-07 7.55E-05 1.60 (325,4155,118) 
GO:0006139 nucleobase-containing compound metabolic process 2.01E-07 0.00013 1.14 (2724,6308,1068) 
GO:0044237 cellular metabolic process 2.27E-07 0.00014 1.07 (7205,6318,2663) 
GO:0046483 heterocycle metabolic process 2.80E-07 0.00017 1.13 (2885,6326,1128) 
GO:0006401 RNA catabolic process 3.26E-07 0.00019 1.68 (232,4222,90) 
GO:0043933 protein-containing complex subunit organization 3.30E-07 0.00018 1.18 (1771,6061,691) 
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GO:0016072 rRNA metabolic process 5.62E-07 0.00030 1.54 (219,5828,107) 
GO:0006725 cellular aromatic compound metabolic process 6.40E-07 0.00033 1.13 (2931,6326,1141) 
GO:0034470 ncRNA processing 6.53E-07 0.00033 1.40 (351,6284,168) 
GO:0006396 RNA processing 1.13E-06 0.00055 1.26 (794,6287,342) 
GO:0006364 rRNA processing 1.35E-06 0.00063 1.56 (192,5828,95) 
GO:0034641 cellular nitrogen compound metabolic process 1.45E-06 0.00066 1.12 (3207,6308,1234) 
GO:0044260 cellular macromolecule metabolic process 1.85E-06 0.00082 1.12 (4559,4244,1187) 
GO:1901360 organic cyclic compound metabolic process 2.04E-06 0.00088 1.12 (3145,6308,1210) 
GO:0016071 mRNA metabolic process 2.09E-06 0.00088 1.29 (626,6032,266) 
GO:0006399 tRNA metabolic process 3.62E-06 0.00148 1.90 (180,3004,56) 
GO:0022904 respiratory electron transport chain 5.96E-06 0.00237 1.81 (80,6313,50) 
GO:0006612 protein targeting to membrane 6.21E-06 0.00241 1.58 (152,5869,77) 
GO:0065003 protein-containing complex assembly 7.47E-06 0.00283 1.17 (1500,6334,606) 
GO:0006807 nitrogen compound metabolic process 1.21E-05 0.00446 1.07 (6618,6326,2437) 
GO:0006120 mitochondrial electron transport, NADH to ubiquinone 1.28E-05 0.00461 2.41 (38,4999,25) 
GO:0022607 cellular component assembly 1.40E-05 0.00496 1.16 (2315,4823,706) 
GO:0022618 ribonucleoprotein complex assembly 1.83E-05 0.00632 1.49 (215,5494,96) 
GO:0071826 ribonucleoprotein complex subunit organization 1.92E-05 0.00649 1.46 (229,5689,104) 
GO:0072594 establishment of protein localization to organelle 2.27E-05 0.00750 1.62 (377,2588,86) 
GO:0071704 organic substance metabolic process 2.38E-05 0.00770 1.06 (7450,6318,2720) 
GO:0006418 tRNA aminoacylation for protein translation 3.65E-05 0.01160 2.42 (45,4207,25) 
GO:0043039 tRNA aminoacylation 4.35E-05 0.01350 2.36 (48,4207,26) 
GO:0006457 protein folding 4.60E-05 0.01400 1.49 (205,5263,88) 
GO:0006605 protein targeting 5.29E-05 0.01580 1.65 (310,2574,72) 
GO:0002181 cytoplasmic translation 5.31E-05 0.01560 2.54 (39,4066,22) 
GO:2000143 negative regulation of DNA-templated transcription, 

initiation 
5.35E-05 0.01540 22.13 (6,552,4) 

GO:0044267 cellular protein metabolic process 5.97E-05 0.01690 1.14 (3250,3849,779) 
GO:0008152 metabolic process 6.03E-05 0.01670 1.05 (7940,6318,2884) 
GO:0043038 amino acid activation 7.16E-05 0.01950 2.31 (49,4207,26) 
GO:0044265 cellular macromolecule catabolic process 7.61E-05 0.02040 1.27 (776,4739,254) 
GO:0006414 translational elongation 8.00E-05 0.02110 1.60 (117,6249,64) 
GO:0034250 positive regulation of cellular amide metabolic process 8.94E-05 0.02310 1.82 (137,3314,45) 
GO:1903047 mitotic cell cycle process 0.00011 0.02910 1.67 (561,1392,71) 
GO:0044238 primary metabolic process 0.00012 0.02890 1.06 (7089,6312,2581) 
GO:0033365 protein localization to organelle 0.00015 0.03580 1.36 (622,3356,155) 
GO:0070125 mitochondrial translational elongation 0.00019 0.04520 1.67 (88,6247,50) 
GO:1900193 regulation of oocyte maturation 0.00019 0.04590 6.39 (7,2459,6) 
GO:0008535 respiratory chain complex IV assembly 0.00019 0.04540 2.53 (24,5140,17) 
GO:0000083 regulation of transcription involved in G1/S transition of 

mitotic cell cycle 
0.00020 0.04460 15.43 (28,212,5) 

GO:0051276 chromosome organization 0.00020 0.04510 1.33 (379,5347,147) 
GO:0036295 cellular response to increased oxygen levels 0.00022 0.04860 6.81 (14,1346,7) 
a  GO IDs with an FDR (false discovery rate) < 0.05 are listed. ‘B’ is the total number of genes associated with a specific GO 
term; ‘n’ is the number of genes in the target set; ‘b’ is the number of genes in the intersection; there are a total of 18323 GO 
genes at the time of analysis; enrichment = (b/n)/(B/18323). 

 

Supplementary Table S8. Top disrupted biological processes negatively selected by cisplatin in A375 cellsa. 
GO id GO term p-value FDR Enrichment (B, n, b) 

GO:0043161 proteasome-mediated ubiquitin-dependent protein catabolic 
process 

2.21E-07 0.0034 12.59 (291,45,9) 

GO:0010498 proteasomal protein catabolic process 4.05E-07 0.0031 11.75 (312,45,9) 
GO:0006511 ubiquitin-dependent protein catabolic process 1.39E-06 0.0072 8.64 (471,45,10) 
GO:1903827 regulation of cellular protein localization 1.47E-06 0.0057 8.63 (494,43,10) 
GO:0019941 modification-dependent protein catabolic process 1.54E-06 0.0048 8.54 (477,45,10) 
GO:0043632 modification-dependent macromolecule catabolic process 1.90E-06 0.0049 8.36 (487,45,10) 
GO:0048523 negative regulation of cellular process 2.58E-06 0.0057 3.15 (4547,23,18) 
GO:0032446 protein modification by small protein conjugation 3.20E-06 0.0062 23.49 (650,6,5) 
GO:0031330 negative regulation of cellular catabolic process 3.82E-06 0.0066 13.83 (244,38,7) 
GO:0060019 radial glial cell differentiation 3.86E-06 0.0060 61.08 (12,100,4) 
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GO:0032268 regulation of cellular protein metabolic process 3.96E-06 0.0056 3.39 (2516,43,20) 
GO:0030163 protein catabolic process 4.38E-06 0.0057 8.96 (409,45,9) 
GO:0031146 SCF-dependent proteasomal ubiquitin-dependent protein 

catabolic process 
4.62E-06 0.0055 208.22 (44,6,3) 

GO:0051603 proteolysis involved in cellular protein catabolic process 5.20E-06 0.0058 7.55 (539,45,10) 
GO:0009895 negative regulation of catabolic process 1.12E-05 0.0116 11.76 (287,38,7) 
GO:0051246 regulation of protein metabolic process 1.16E-05 0.0113 3.16 (2700,43,20) 
GO:0045116 protein neddylation 1.40E-05 0.0128 939.64 (13,3,2) 
GO:0032270 positive regulation of cellular protein metabolic process 1.43E-05 0.0123 4.17 (1533,43,15) 
GO:0043687 post-translational protein modification 1.56E-05 0.0128 34.12 (358,6,4) 
GO:0031399 regulation of protein modification process 1.59E-05 0.0124 3.87 (1761,43,16) 
GO:0070647 protein modification by small protein conjugation or 

removal 
1.61E-05 0.0119 17.14 (891,6,5) 

GO:0044265 cellular macromolecule catabolic process 1.97E-05 0.0139 5.77 (776,45,11) 
GO:0048519 negative regulation of biological process 2.25E-05 0.0152 1.96 (5268,71,40) 
GO:0019538 protein metabolic process 2.87E-05 0.0186 2.36 (3946,55,28) 
GO:0051247 positive regulation of protein metabolic process 2.95E-05 0.0183 3.93 (1628,43,15) 
GO:0031396 regulation of protein ubiquitination 2.98E-05 0.0178 10.13 (189,67,7) 
GO:0044267 cellular protein metabolic process 3.47E-05 0.0199 2.56 (3250,55,25) 
GO:0031329 regulation of cellular catabolic process 3.59E-05 0.0199 4.63 (768,67,13) 
GO:2000737 negative regulation of stem cell differentiation 4.41E-05 0.0236 36.65 (20,100,4) 
GO:0044260 cellular macromolecule metabolic process 4.43E-05 0.0229 1.90 (4559,93,44) 
GO:0051726 regulation of cell cycle 4.57E-05 0.0229 6.44 (1114,23,9) 
GO:0006464 cellular protein modification process 5.28E-05 0.0256 2.37 (2915,77,29) 
GO:0036211 protein modification process 5.28E-05 0.0249 2.37 (2915,77,29) 
GO:2000978 negative regulation of forebrain neuron differentiation 5.90E-05 0.0269 183.23 (2,100,2) 
GO:1901658 glycosyl compound catabolic process 6.51E-05 0.0289 2.08 (42,5875,28) 
GO:1903320 regulation of protein modification by small protein 

conjugation or removal 
6.70E-05 0.0289 8.90 (215,67,7) 

GO:0042509 regulation of tyrosine phosphorylation of STAT protein 8.10E-05 0.0340 14.09 (78,100,6) 
GO:0032880 regulation of protein localization 8.73E-05 0.0357 4.98 (942,43,11) 
GO:0009057 macromolecule catabolic process 0.00012 0.0482 4.79 (935,45,11) 
GO:0042127 regulation of cell proliferation 0.00013 0.0511 2.82 (1588,86,21) 
GO:0009894 regulation of catabolic process 0.00013 0.0507 5.21 (879,40,10) 
GO:0072102 glomerulus morphogenesis 0.00013 0.0495 24.43 (3,750,3) 
GO:0070757 interleukin-35-mediated signaling pathway 0.00013 0.0485 13.39 (11,622,5) 
GO:0070106 interleukin-27-mediated signaling pathway 0.00014 0.0484 56.15 (11,89,3) 
GO:0016567 protein ubiquitination 0.00014 0.0490 20.29 (602,6,4) 
a  GO IDs with an FDR (false discovery rate) < 0.05 are listed. ‘B’ is the total number of genes associated with a specific GO 
term; ‘n’ is the number of genes in the target set; ‘b’ is the number of genes in the intersection; there are a total of 18323 GO 
genes at the time of analysis; enrichment = (b/n)/(B/18323). 

 

Supplementary Table S9. Negative selection of disrupted DNA repair pathways by cisplatin in A375 cells. 
GO term Genea p-value FDR Rankb Good sgRNA 
DNA repair 455 0.0272 0.2831 360 125 
nucleotide excision repair 112 0.0388 0.3203 448 38 
transcription coupled nucleotide excision repair 72 0.0431 0.3321 523 26 
postreplication repair 53 0.0481 0.3478 599 14 
global genome nucleotide excision repair 32 0.1009 0.4341 1077 13 
non recombinational repair 69 0.3491 0.6754 2087 22 
mismatch repair 27 0.5270 0.7746 3018 6 
base excision repair 38 0.6100 0.8163 3210 7 
double strand break repair 156 0.7077 0.8588 3246 39 
interstrand cross link repair 42 0.7653 0.8854 3708 8 
recombinational repair 71 0.9749 0.9858 4287 13 
a Total number of genes associated with a specific GO biological process term. b The rank is among all the 4437 GO biological 
processes (including all parent and child processes).  
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