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Cancer cells re-wire cellular networks,
including those orchestrated by kinases.
To identify therapeutic options for such
cancers, Owusu et al. generated cell lines
lacking kinases. They tested how these
cell lines respond to DNA-damaging
chemotherapeutics to identify sensitivity
and resistance that can be exploited for
cancer therapies.
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SUMMARY

We provide a catalog for the effects of the human ki-
nome on cell survival in response to DNA-damaging
agents, covering all major DNA repair pathways. By
treating 313 kinase-deficient cell lines with ten diverse
DNA-damaging agents, including seven commonly
used chemotherapeutics, we identified examples of
vulnerability and resistance that are kinase specific.
To investigate synthetic lethal interactions, we tested
the response to carmustine for 25 cell lines by estab-
lishing a phenotypic fluorescence-activated cell sort-
ing (FACS) assay designed to validate gene-drug
interactions. We show apoptosis, cell cycle changes,
and DNA damage and proliferation after alkylation-
or crosslink-induced damage. In addition, we recon-
stitute the cellular sensitivity of DYRK4, EPHBSG,
MARKS, and PNCK as a proof of principle for our
study. Furthermore, using global phosphoproteomics
on cells lacking MARKS, we provide evidence for its
role in the DNA damage response. Our data suggest
that cancers with inactivating mutations in kinases,
including MARKS, are particularly vulnerable to alky-
lating chemotherapeutic agents.

INTRODUCTION

The DNA damage response (DDR) is elicited by a complex and
far-reaching network of proteins that are commonly deregulated
in human pathologies, including cancer (Jackson and Bartek,
2009). Besides surgery, the most common treatment for cancer
patients is radio- or chemotherapy. To date, some of the
commonly used chemotherapeutic compounds are DNA-
damaging agents (Helleday et al., 2008). Such agents can cause
cell death by targeting either DNA directly or proteins implicated
in DNA repair and replication, cell cycle regulators, or signal
transducers. Protein kinases are an important group of signal
transducers and are often deregulated in human cancer (Fleuren
et al., 2016), making them particularly interesting to study within
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the signaling context of the DNA damage response. Moreover,
due to their enzymatic function, kinases represent an important
group of drug targets (Klaeger et al., 2017) and therefore, results
from loss-of-function studies with kinases are more likely to be
translated into a therapeutic setting.

Kinases have broad functions following DNA damage. For
instance, the ATM superfamily, which includes ATM, ATR, and
DNA-PKcs (encoded by the gene PRKDC), is involved in sensing
or amplifying initial signals of DNA lesions (Hiom, 2005; Maréchal
and Zou, 2013). CHK1 and CHK2 kinases regulate cell cycle pro-
gression in response to DNA damage, providing time for DNA
repair (Lazzaro et al., 2009; Manic et al., 2015). Other kinases,
such as ABL1, are involved in transducing or fine-tuning signals
resulting from DNA damage, which can ultimately lead to sur-
vival, senescence, or cell death (Kharbanda et al., 1998). Though
some kinases have been studied in depth, the role of many is still
not known (Fedorov et al., 2010).

Here, we used CRISPR-Cas9 to individually delete expressed
and non-essential kinases in human HAP1 cells. Next, we per-
formed a drug screen using DNA-damaging agents, selected
to cover all major DNA repair pathways, to map drug-specific
sensitivities and resistances. We validated selected drug-gene
interactions in response to alkylation-induced damage and
assessed the contribution of apoptosis, DNA damage, cell cycle
arrest, and proliferation, leading to cellular sensitivities or resis-
tances by designing and utilizing a phenotypic assay. In addition,
we performed global phosphoproteomics to reveal alterations in
phospho-signaling in the absence of MARKS, a kinase that is
frequently mutated in cancer and we identified as displaying a
vulnerability to alkylation damage, hence showing a role for
MARKS in the DNA damage response.

RESULTS

We used CRISPR-Cas9 to target 313 expressed and non-essen-
tial kinases in human HAP1 cells and produce clonal knockout
cell lines (Blomen et al., 2015; Table S1). The kinases targeted
cover all groups according to the standard classification scheme
of kinases (Manning et al., 2002), hence ensuring coverage of the
family (Figure 1A). To examine the response of the non-essential
human kinome to a broad range of DNA-damaging agents, we
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Figure 1. Survival of Non-essential Kinome in Response to DNA Damage

(A) Kinome tree representing all kinases (Manning et al., 2002). In bold squares are the kinases targeted by CRISPR-Cas9 (313) and in light squares are the
remaining kinases.

(B) Workflow of survival assay. Dose responses were performed with 4 concentrations in 4 replicates. Cells were incubated with compounds for 3 days, and
survival was performed using a luminescent readout.

(legend continued on next page)
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first designed and optimized our approach using DNA-repair-
deficient cell lines, where we were able to recover known
gene-drug interactions (Figures 1B, S1A, and S1B). Based on
this approach, we selected 10 compounds that induce different
types of DNA damage and thus utilize distinct DNA repair path-
ways which are frequently used as chemotherapeutics (Fig-
ure 1C). Next, we exposed the 313 kinase-deficient cell lines to
these compounds at four concentrations and assessed cellular
survival after three days (Figure 1B).

In line with the literature, most cell lines showing strong sensi-
tivity or resistance to the selected compounds were anticipated
(Figure 1D; Table S1). For instance, PRKDC-deficient cells
showed the strongest sensitivity to the DNA double-strand-
break-inducing agents, etoposide and doxorubicin, whereas
ABL1-deficient cells showed resistance to those agents (Khar-
banda et al., 1998). A clustering of the cell lines by their sensitivity
to the 10 compounds revealed 3 clusters, characterized by high
sensitivity to carmustine (cluster 1), hydroxyurea (cluster 2), and
DNA double-strand-break-inducing agents, such as etoposide
and doxorubicin (cluster 3; Figure 1E; Table S1). We found that
compounds with similar modes of action were closer in the
clustering, as illustrated by topoisomerase Il inhibitors (doxoru-
bicin and etoposide), topoisomerase | inhibitors (topotecan
and camptothecin), and agents that induced replicative stress
(aphidicolin and cytarabine). Due to their clustering with DNA
double-strand-break-inducing agents, our data support the
notion that DNA double-strand breaks, following replication
fork stalling and collapse, are one of the primary sources of
cellular death after treatment with lethal concentrations of
aphidicolin, cytarabine, or topoisomerase | inhibitors (Lin et al.,
2009; Figure 1E). Cluster 1 was enriched for kinases that are
particularly vulnerable to the alkylating agent carmustine, which
indicates a synthetic lethality between those kinases and car-
mustine. Differential Gene Ontology (GO) term enrichment anal-
ysis confirmed that cluster 1 was uniquely enriched for terms
previously associated with the cellular response to alkylating or
crosslinking agents, including the upregulation of vascular endo-
thelial growth factor receptors (Cheppudira et al., 2008) and
induction of oxidative stress (Helal and Helal, 2009; cellular
response to hydrogen peroxide; positive regulation of cyto-
chrome-c oxidase activity), which in turn leads to actin cytoskel-

eton reorganization (Pujol-Carrion and de la Torre-Ruiz, 2010;
Figures 1F and 1G; Table S1). Cluster 2 was enriched for kinases
that are synthetic lethal with hydroxyurea. GO term enrichment
analysis revealed their association with terms such as apoptosis
or cell adhesion (Figure S1C; Table S1), supporting previous
findings (Bartolucci et al., 2010).

Because kinases are highly associated with cancer (Torka-
mani et al., 2009), and as enzymes, are potentially amenable to
chemical inhibition, we focused on carmustine-dependent syn-
thetic lethal interactions. Moreover, we found that cell lines lack-
ing MARKS, PRKACA, CSNK1G1, PNCK, DYRK4, or EPHB6 in
combination with carmustine showed the strongest unreported
synthetic lethal interactions (Figure 1D). To validate and further
dissect the mechanism of cellular sensitivity to the drug, we
measured DNA damage, apoptosis, cell cycle phases, and pro-
liferation in those cell lines in a fluorescence-activated cell sort-
ing (FACS)-based phenotypic assay (Figure 2A) with the markers
vYH2AX, TUNEL, DAPI, and EdU, respectively. As controls, we
included the following cell lines lacking proteins previously linked
to the signaling of DNA damage or DNA repair: PRKDC (Shrivas-
tav et al., 2008); ABL1 (Shafman et al., 1997); PDK2 (Viniegra
et al., 2005); PIM2 (Zirkin et al., 2013); and TNK2 (Mahajan
et al., 2012). We also included the cell cycle proteins CDK10,
CLK1, and CDKL1 (Malumbres, 2014); the cell death proteins
GRKE® (Le et al., 2016; Xu et al., 2017), GSK3B (Grassilli et al.,
2013), MAST1 (De Angelis et al., 2006), STK10 (Fukumura
etal., 2013), and STK3 (Lee et al., 2001); as well as TSSK3, a pro-
tein whose loss correlates with a strong general resistance to
DNA-damaging agents, as revealed in our study (Figure 1D).

Carmustine is a chemotherapeutic agent used for the treat-
ment of several types of cancer, particularly those relating to
the nervous system, such as glioblastoma (Affronti et al.,
2009; Chaichana et al., 2011). It is a bifunctional alkylating
agent that produces DNA mono-alkylation adducts as well
as DNA intra- and interstrand crosslinks (ICLs) (Kondo et al.,
2010; Nikolova et al., 2017). Almost all of the lesions (930%-
95%) produced by bifunctional alkylating agents are mono-
alkylation adducts (Muniandy et al., 2010), such as N”-methyl-
guanine or O®-methylguanine. However, the less abundant
(ca. 5%) DNA crosslinks, particularly ICLs, form the most
deleterious lesions (Muniandy et al., 2010) and can interfere

(C) List of the 10 DNA-damaging compounds selected for use in the survival assay. Compounds with similar modes of action share the same color label.

(D) Survival response of cell lines to compounds with kinases from the same kinase groups clustered together in columns. Each vertical line represents a particular
knockout cell line with all of its gene-drug interactions. Compounds are depicted as different color-coded bubbles. HypoM (hypomethylating agent; decitabine),
SSB (single-strand-break-inducing agents), DSB (double-strand-break-inducing agents), ReS (replication-stress-inducing agents), HU (replication-stress-
inducing agent hydroxyurea), Alk and Cros (alkylating and crosslinking agent; BNCU), and Chkp (Chk1 inhibitor) are shown. Z scores were calculated for the area
under the curve (AUC) of 4 concentrations across the mean of 4 replicates for each cell line. Lines are set at Z scores greater than 1.65 or less than —1.65 (p < 0.05).
The names of some expected or known interactions are labeled in black font. Names in red font are examples of lethal interactions after carmustine treatment.
AGC, protein kinase families A, G and C; CAMK, calmodulin/calcium-regulated kinases; CK1, casein kinase 1; CMGC, CDK, MAPK, GSK3, CLK family; RGC,
receptor guanylate cyclases; STE, STE7, STE11, and STE20 homologs; TK, tyrosine kinase; TKL, tyrosine kinase like.

(E) Clustering of 313 kinase-deficient cell lines in response to diverse DNA-damaging agents reveals three distinct clusters (left dendrogram): cluster 1 is
characterized by a sensitivity to carmustine; cluster 2 by a sensitivity to hydroxyurea; and cluster 3 by a sensitivity to DNA double-strand-break-inducing agents,
notably etoposide and doxorubicin. Compounds with similar modes of action (color labels) are closer in neighborhood (top dendrogram): topoisomerase |l
inhibitors (doxorubicin and etoposide); topoisomerase | inhibitors (topotecan and camptothecin); and replication-stress-inducing agents by fork stalling
(cytarabine and aphidicolin).

(F) Gene Ontology (GO) term enrichment analysis for clusters 1-3.

(G) GO terms enriched for cluster 1 uniquely.

See also Figure S1 and Table S1.
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with replication or transcription and trigger apoptosis and cell
cycle arrest (Nikolova et al., 2017). In order to confirm that
the predominant cause of cellular toxicity to carmustine
was due to the effects of alkylation, we used the monofunc-
tional alkylating agent temozolomide (TMZ), which does
not produce crosslinks and is often used as a superior
replacement therapy to carmustine (Vinjamuri et al., 2009),
as well as the crosslinking agent oxaliplatin (Figure S1B). We
chose concentrations of the compounds that moderately
affect wild-type cells and, as expected, both compounds
induced apoptosis, DNA damage, G2/M cell cycle arrest,
and a reduction of proliferating cells in a dose- and time-
dependent manner (Hirose et al., 2001; William-Faltaos
et al., 2007; Figures 2B and 2C). Hierarchical clustering of
the cell lines according to apoptosis confirmed that the
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predominantly due to alkylation-

induced synthetic lethality because the
most sensitive survival interactions after carmustine (Fig-
ure 1D) showed the highest apoptosis after TMZ in the pheno-
typic assay (Figures 2D, 2E, S2A, and S2B; Table S2).

DNA damage as measured by YH2AX can either be a cause or
consequence of apoptosis (Rogakou et al., 2000). For a gene to
be involved in the signaling or repair of DNA damage, we would
expect to see higher levels of yH2AX preceding or coinciding
with higher levels of apoptosis. For instance, DYRK4-deficient
cells showed a peak of apoptosis 24 h after treatment followed
by a peak of YH2AX at 48 h of treatment (Figure 2B). Hence,
the yH2AX signal at the 48 h time point may therefore be a
consequence of apoptosis in DYRK4-deficient cells. This may
also be the case for PNCK and PKN2 (Figure 2B). In contrast,
PRKDC-deficient cells, which have a deficiency in DNA repair,
showed the maximum levels of YH2AX and apoptosis early, at
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See also Figure S3.

24 h after treatment, followed by a slow but coinciding recovery
of YH2AX and apoptosis at 48 h after treatment (Figure 2B). A
similar albeit weaker phenotype can be observed in cells defi-
cient for CSNK1G1, EPHB6, MARK3, and PRKACA (Figure 2B).
Interestingly, we also observed a strong and persistent G2/M
arrest in cells deficient for CSNK1G1 or EPHB6 (Figure 2B).
Although the sensitivity of these kinase-deficient cells to alkylat-
ing agents is as of yet unreported, it is in line with what is known
about their function, as CSNK1G1 has previously been shown to
regulate the kinase CHK1, which is a cell cycle regulator
following DNA damage (Meng et al., 2011) whereas EPHB6
has been linked to the regulation of NPAT, a DNA-damage-
signaling and cell cycle regulator (Kandpal, 2010).

After confirming selected cellular survival phenotypes in our
phenotypic screen, we next sought to validate gene-drug inter-
actions in knockout cell lines by reconstitution of the wild-type
genes. We selected the less studied kinases, DYRK4, EPHBS6,

PNCK, and MARKS3, as well as control kinases with resistance
phenotypes, ABL1 and TSSK3 (Figures S3A and S3B). After
expression of hemagglutinin (HA)-tagged inducible proteins in
the respective deficient cell lines, we assessed whether cellular
survival to DNA damage was reverted (Figures 3A and 3B).
Indeed, the sensitivity and resistance phenotypes could be cor-
rected by recombinant expression of the relevant kinase, hence
establishing a coherent genotype-phenotype relationship (Fig-
ures 3B and S3C-S3E). ABL1- and TSSK3-deficient cells, which
showed resistance to doxorubicin or hydroxyurea in the survival
screen, became significantly sensitive after reconstitution (Fig-
ures S3C-S3E), whereas DYRK4, EPHB6, PNCK, and MARKS,
which showed sensitivities in survival after alkylation-induced
damage, became significantly more resistant after reconstitution
of the respective wild-type genes (Figure 3B). We observed no
differences in the survival of wild-type cells after overexpression
of DYRK4, EPHB6, PNCK, or MARKS following treatment with
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Figure 4. Characterization of MARKS in Response to Alkylation Damage

(A) Survival of RPE1 cells expressing a non-targeting and two independent single guide RNAs (QRNAs) against MARKS3. Cells were treated with the indicated TMZ
concentrations for 3 days, following which survival was measured. Data represent 3 replicates with SDs.

(B) Immunoblot of MARKS in RPE1 cells using two non-overlapping gRNAs (QRNA1 and 2). Tubulin was used as a loading control. The immunoblot was performed
on a pooled population of RPE1 cells and corresponds to the cells used in the survival curve in (A). The HAP1 cells targeted with gRNA1 for MARK3 were derived
from a clonal population.

(C and D) Ratios of phosphopeptide intensities normalized to protein abundance changes for MARK3 knockout compared to wild-type, without (C) or with (D)
TMZ treatment at 62.5 uM for 24 h. LIMMA statistical model and Benjamini-Hochberg procedure (false discovery rate [FDR] correction) were used to calculate
statistical significance of observed changes. Tandem mass tags (TMTs) ratios with Q values lower than 0.01 were considered as significant. Horizontal dashed
line represents —log1(0.01), the FDR cutoff. Vertical dashed lines represent + logo(1.45), corresponding to the 5% quantile of the distribution of ratios observed
among biological replicates within the same sample types. Ratios of phosphopeptide intensities were normalized to ratios of corresponding protein intensities.

(legend continued on next page)
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TMZ, indicating that their upregulation is not sufficient to render
cells resistant (Figures S3F and S3G).

In order to investigate the clinical significance of our findings,
we used data from the public database The Cancer Genome
Atlas (TCGA) to determine the frequency of DYRK4, EPHBG6,
PNCK, and MARKS loss-of-function mutations in cancer (Fig-
ure 3C). From these genes, mutations within EPHB6 or MARK3
occurred frequently in cancer (42% or 31%, respectively).
Because kinases act by phosphorylating specific target sub-
strate proteins, we sought to investigate the changes in
intracellular phosphorylation events after loss of one of the
kinases identified as being frequently mutated in cancer. We
chose to investigate MARKS, because EPHB6 lacks an active
kinase domain (Gurniak and Berg, 1996). In order to determine
whether the effect of MARK3 loss was a general or a cell-specific
response, we investigated the cellular sensitivity to TMZ in an
independent cell line (RPE1), using two non-overlapping guide
RNAs (Figures 4A and 4B). The data support the hypothesis
that reduced levels of MARKS sensitizes cells to TMZ.

To identify potential substrates of MARKS3, we took a global
phosphoproteomics approach. Observed levels of detected
phosphoserine, phosphothreonine, and phosphotyrosine were
normalized to the overall abundances of the respective proteins
to capture changes in phosphorylation levels rather than of pro-
tein expression levels (Figures S4A-S4D; Tables S3 and S4).
Depletion of MARKS in the absence of exogenous DNA damage
displayed considerable changes in the basal phosphorylation
status of proteins (Figure 4C). GO term enrichment analysis of
significantly regulated phospho-sites revealed a major downre-
gulation in phosphorylation of proteins involved in the cellular
response to DNA damage, although some markers of DNA dam-
age, including phosphorylated H2AX, were upregulated (Fig-
ure 4C), thus indicating a role of MARK3 in DNA damage
response. In order to identify potential substrates of MARKS,
which may contribute to the observed increase in sensitivity
toward alkylating agents, we treated wild-type and MARKS-
deficient cells with a low dose of TMZ for 24 h (corresponding
to the treatment of t1 in Figures 2A and 2B). Almost no signif-
icant changes in phosphorylation were observed upon TMZ
treatment in wild-type cells, and 293 significantly up- and down-
regulated phospho-sites (on 225 proteins) were detected for
MARKS-deficient cells (Figures S4E and S4F). Global phosphor-
ylation changes between treated and untreated wild-type and
MARKS3-deficient cells were small (Figures 4C and 4D); however,
some phosphorylation sites were specifically downregulated in
MARKS-deficient cells after TMZ treatment (Figure 4E). We
reasoned that those phosphorylation sites might play a role in
the sensitivity of MARKS3 knockout cells toward alkylation-
induced DNA damage and therefore could represent potential
direct targets of MARK3-mediated phospho-signaling. Specif-
ically, the downregulation of phospho-sites of known DNA dam-
age response proteins, including EXO1, FANCD2, TOP2A, and

SMARCAD1, suggest a role for MARKS in response to DNA dam-
age. However, the contribution of other MARK3-dependent (and
DNA-damage-independent) intracellular signaling events to the
sensitivity of MARKS3 knockout cells to alkylating agents cannot
be excluded.

DISCUSSION

Unperturbed signaling of DNA damage is essential in guarding
the genome against cancer (Bartkova et al., 2006). At the same
time, targeting the DNA damage response has proven to be a
successful strategy in cancer therapy. In this study, we have
shown the response of 313 cell lines, lacking kinases involved
in different cellular signaling pathways, against 10 diverse
DNA-damaging agents, including 7 commonly used chemo-
therapeutics. In doing so, we have identified unreported syn-
thetic lethal and resistance gene-drug interactions. For
selected cell lines, we further probe the synthetic lethality
with carmustine by designing a phenotypic assay to investigate
and validate gene-drug interactions in a broad manner. We
show apoptosis, cell cycle, DNA damage, and proliferation af-
ter alkylation or crosslink-induced damage for those cell lines.
Moreover, we rescue the survival phenotype of DYRK4,
EPHB6, MARKS3, and PNCK as a proof-of-principle for our
study in reconstitution experiments. MARKS has been reported
to be involved in the regulation of cell polarity (Suzuki et al.,
2004). In this study we provide phosphoproteomic data impli-
cating a role for MARKS in the DNA damage response. The
use of TMZ is so far restricted to cancers of the CNS (Thomas
et al., 2017). Our data indicate that in the presence of MARK3
deficiency, which occurs in some cancers, TMZ could be an
effective treatment strategy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-phospho-H2A.X (Ser139), Merck Cat#05-636; RRID:AB_309864

YH2AX, clone JBW301

Alexa Fluor® 647 conjugate, goat anti-Mouse 1gG (H+L)
Rabbit Anti-HA tag antibody - ChIP Grade

Rabbit MARKS antibody

Goat Anti-Rabbit IgG, HRP-linked Antibody

Thermo Fisher Scientific

Abcam
Cell Signaling
Cell Signaling

Cat#A-21235; RRID:AB_2535804
Cat#ab9110; RRID:AB_307019
Cat#9311, RRID:AB_2297393
Cat#7074, RRID:AB_2099233

Bacterial and Virus Strains

Subcloning Efficiency DH5alpha Competent Cells

Thermo Fisher

Cat# 18265017

Chemicals, Peptides, and Recombinant Proteins

5-Aza-2'-Deoxycitidine (Decitabine) Sigma-Aldrich Cat#A3656
Aphidicolin from Nigrospora sphaerica Sigma-Aldrich Cat#A0781
Camptothecin Sigma-Aldrich Cat#C9911
Carmustine Sigma-Aldrich Cat#C0400
Cytarabine Sigma-Aldrich Cat#PHR1787
Doxorubicin Sigma-Aldrich Cat#D1515
Etoposide Sigma-Aldrich Cat#E1383
Hydroxyurea Sigma-Aldrich Cat#H8627
Topotecan Sigma-Aldrich Cat#T2705
UCN-01 Sigma-Aldrich Cat#U6508
Oxaliplatin Sigma-Aldrich Cat#09512
Temozolomide Sigma-Aldrich Cat#T2577
Critical Commercial Assays

Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit Thermo Fisher Scientific Cat#C10420
CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat#G7570

In Situ Cell Death Detection Kit TMR red Sigma-Aldrich Cat#12156792910
DAPI Sigma-Aldrich Cat#D9542
Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225
Experimental Models: Cell Lines

HAP1 wild type Horizon Genomics Cat#C859

HAP1 kinome knockout collection

Horizon Genomics

https://www.horizondiscovery.com/catalog
search/result?q=kinase

HEK293T CR-UK N/A

RPE1 CR-UK N/A

Oligonucleotides

MARKS3 gRNAT1, 5-AGTCTGTAGTTTCCGATGTG-3' Sigma-Aldrich N/A

MARKS gRNA2, 5'-AGTGATCTCAACAACAGTAC-3’ Sigma-Aldrich N/A

Non-target gRNA, 5'-TACGCGAGATCGTTCCGGTC-3' Sigma-Aldrich N/A

Recombinant DNA

pDONR223 for kinases Addgene https://www.addgene.org/browse/article/3878/
pLIX_402 Addgene Cat#41394

CMV-GFP CeMM N/A

VSV-G CeMM N/A

dR8.91 CeMM N/A

PLCV2 Addgene Cat#52961; RRID:Addgene_52961

el Cell Reports 26, 555-563.e1-e6, January 15, 2019

(Continued on next page)


https://www.horizondiscovery.com/catalogsearch/result?q=kinase
https://www.horizondiscovery.com/catalogsearch/result?q=kinase
https://www.addgene.org/browse/article/3878/

OPEN

ACCESS
CellPress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

BLASTN Altschul et al., 1990 https://blast.ncbi.nlm.nih.gov/Blast.cgi;

RRID:SCR_001598

TOPS Muellner et al., 2014 https://sourceforge.net/p/topscemm/wiki’/Home/

FlowJo FlowJo Software https://www.flowjo.com/; RRID:SCR_008520

R project The R Project for Statistical https://www.r-project.org/; RRID:SCR_001905
Computing

Enrichr Chen et al., 2013; Kuleshov http://amp.pharm.mssm.edu/Enrichr/;
etal., 2016 RRID:SCR_001575

Revigo Supek et al., 2011 http://revigo.irb.hr/; RRID:SCR_005825

cBioPortal Gao et al., 2013; Cerami http://www.cbioportal.org/; RRID:SCR_014555
etal., 2012

SRM atlas Kusebauch et al., 2016 http://www.mrmatlas.org/

LIMMA Benjamini and Hochberg, http://bioinf.wehi.edu.au/limma/;
2018 RRID:SCR_010943

Other

BD LSRFortessa cell analyzer BD Biosciences N/A

Echo 520 Labcyte N/A

Covaris S2 high performance ultrasonicator Covaris N/A

Orbitrap Fusion Lumos mass spectrometer Thermo Fisher Scientific N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joanna
Loizou (jloizou@cemm.oeaw.ac.at).

EXPERIMENTAL AND SUBJECT DETAILS

Cell Lines
HAP1 knockout cell lines were generated using CRISPR-Cas9 gene editing technology in collaboration with Horizon Genomics
(Vienna Austria) as single clones. They were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) from GIBCO®, containing
L-Glutamine and 25 mM HEPES and supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P/S at 100ng/mL) and passaged according to standard protocol with trypsin and PBS. All cell lines were grown at
37°C in a 3% oxygen and 5% CO,-humidified incubator.

HEK293T cells used for virus production were expanded in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10%
FBS and 1% P/S. Cells were grown at 37°C in a 3% oxygen and 5% CO, incubator.

RPE1 cells were cultured in in DMEM:F12 supplemented with 10% FBS and 1% P/S. Cells were grown at 37°C in a 3% oxygen and
5% CO, incubator.

METHOD DETAILS

Confirmation of CRISPR-Cas9 Targeting by Sanger Sequencing

HAP1 kinase deficient knockout cell lines were validated for gene editing leading to a frameshift mutation in the respective genes.
We designed forward and reverse primers for each gene and purchased oligonucleotides from Sigma-Aldrich (Sequences can be
obtained at https://www.horizondiscovery.com/). For genomic DNA extraction, cells were treated with trypsin and washed twice
with PBS, then resuspended in 100uL Direct PCR-Cell lysis solution with 2uL Proteinase K (20mg/mL). Wells were sealed and
heated for 2.5 hours at 56°C, then 45 minutes at 80°C to inactivate Proteinase K, followed by PCR ampilification. PCR ampilification
conditions: heat lid 110°C; 94°C 2 minutes; loop 35x (94°C 30 s; 337 55°C 30 s; 68°C 1 minute) 68°C 7 minutes. Then the PCR
product was purified using Rapid PCR Cleanup Enzyme Set from BiolLabs Inc., diluted 1:2 with double distilled water (ddH,0)
and sequenced by Microsynth AG. Results were aligned to respective genes using Basic Local Alignment Search Tool, BLAST
provided by NCBI.
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High-throughput Drug Screen

Indicated volumes and concentrations of compounds (Table S5) per well were transferred into 384-well plates (Corning 3712) from
DMSO stock plates using acoustic transfer (Labcyte Echo 520). Wild-type or knockout HAP1 cells (at an amount of 1,000 cells) were
seeded in 50 pL media into the compound-containing plates. Three days later cell viability was determined using Cell Titer-Glo
(Promega). Compounds were used at 4 dose points with 4 replicates.

FACS Screen

Cell Culture

HAP1 cells were cultured as described above for 7 days until 80%-90% confluence. Every HAP1 cell line was seeded into 4 Costar®
6-well cell culture plates, each plate at a density (cell number/well) according to the time-points of harvest: 160,000 for 5-hours
treatment, 80,000 for 24 hours treatment, 20,000 for 24 hours post treatment and 10,000 for 48 hours post treatment.

Drug treatment

The day after seeding, cells were treated with 6 concentrations of the respective compound. The highest concentration- temozolo-
mide, 250 uM; oxaliplatin, 780 nM- was chosen to moderately affect wild-type cells (10 - 30% cell death). The compounds were serial
diluted 1:2 from the highest to lowest dose. For the untreated control we used DMSO at a concentration corresponding to the lowest
compound dilution. After 24 hours treatment, media from the remaining time points was aspirated and replaced with 2 mL of fresh
(drug-free) IMDM medium. 40 minutes before each harvest 5-ethynyl-2’-deoxyuridine (EdU) at a concentration of 10 uM was added to
each well.

Cell harvest

Cells were washed with 400uL phosphate buffer saline (PBS) and detached with 500uL trypsin, collected with 1 mL of medium, trans-
ferred into 96-deep-well (2ml) plates and centrifuged at 2,000 rpm for 6 min. The supernatant was carefully discarded, cell pellets
were washed with PBS and re-suspended in 100uL fixing solution, containing 4% para-formaldehyde (PFA) and 0.1% Triton X,
transferred into V-bottom shaped 96-well plates, incubated at 4°C and then stained.

FACS staining

96-well plates, containing fixed cells, were centrifuged at 1,200 rpm for 6 min then washed with 50uL PBS. Pellets were re-suspended
in TUNEL staining solution (In Situ Cell Death Detection Kit, TMR red, Sigma Aldrich) containing anti-phospho-H2A.X (Ser139) i.e.,
YH2AX, clone JBW301 (1:500 dilution, MILLIPORE) and incubated for one hour in the dark at 37°C. Then the pellets were washed
three times with PBS (with centrifugations at 1,200 rpm for 6 min) and re-suspended with Click-iT EAU Alexa Fluor 488 Flow Cytom-
etry Assay Kit staining solution (Thermo Fisher Scientific) containing secondary antibody (1:500 dilution, Alexa Fluor® 647 conjugate,
goat anti-Mouse 1gG (H+L), Thermo Fisher Scientific) for detection of YH2AX and incubated for one hour in the dark at room
temperature (RT). Subsequently pellets were washed three times with PBS and re-suspended in DAPI (Sigma Aldrich) solution
(1:1,000 dilution) and kept dark. Samples were measured using the BD LSRFortessa cell analyzer machine.

Reconstitution of Knockout Cell Lines

For reconstitution of the respective wild-type genes in knockout cell lines, we used Gateway- cloning compatible vector backbones
containing the gene of interest and a spectinomycin resistance cassette, from Addgene. These plasmids of the kind “pDONR223-
XXX were a gift from William Hahn & David Root (Johannessen et al., 2010). Bacterial DH5a. were grown on agar plates containing
spectinomycin, from which a single clone was picked and cultured in LB-media containing spectinomycin overnight at 37°C. Plas-
mids were purified using Quiagen MidiPrep Kit and the LR-reaction was performed according to the Gateway Technology protocol
provided by Invitrogen. We transferred the cDNA of the gene of interest into the doxycycline inducible pLIX_402 entry vector
for mammalian expression and lentivirus production containing an Amp" cassette. The entry clones were transformed into
Mg®*/Ca®* competent DH5a strains, amplified in an overnight culture in LB-media containing ampicillin and plasmids were
extracted using QIAGEN MidiPrep Kit. Lentivirus particles were produced using following plasmids: CMV-GFP, VSV-G and
dR8.91. Virus was harvested for two days in the mornings and evenings. Knockout cells were infected with virus particles containing
the respective gene, selected for 2 days with puromycin at 2 pg/mL and cells were propagated for another 2 days.

Survival Dose Responses

Dose response curves for temozolomide, oxaliplatin, hydroxyurea and doxorubicin were generated by seeding cells in 96-well plates
(1,000 cells/well). The next day, compounds were added at the indicated concentrations. Cells harboring the reconstituted gene of
interest were additionally treated with doxycycline at 1pg/mL every day. Three days after drug treatment, cell viability was measured
using the CellTiter-Glo assay protocol (Promega).

Immunoblotting and Antibodies

Cells were harvested and then lysed with RIPA lysis buffer (NEB) supplemented with protease and phosphatase inhibitors from
Sigma. Western blots were performed according to standard protocols. Protein samples were separated using NuPAGE
4%-12% gradient Bis-Tris Protein Gels from Invitrogen and MOPS running buffer at 120 V for 2 hours running time. The separated
proteins were then transferred onto nitrocellulose membranes. To prevent unspecific protein binding, membranes were treated
with blocking solution (5% milk in TBST) for 1 hour and primary antibodies were added at 1:1,000 to the blocking solution and
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incubated overnight at 4°C. The next day, membranes were washed 3x with TBST and incubated with secondary antibodies at
1:5,000 in 5% milk/TBST solution. Then membranes were treated with immunoblotting developer solution (GSE) for 1 minute and
imaged in the dark. The following antibodies were used: primary; Rabbit Anti-HA tag antibody - ChIP Grade (ab9110, Abcam),
MARKS (9311, Cell Signaling), secondary; Goat Anti-Rabbit IgG, HRP-linked Antibody (#7074, Cell Signaling).

Targeting of MARKS3 by CRISPR-Cas9 in RPE1 cells

RPE1 cells lacking MARK3 were generated using the gRNA used in HAP1 (5-AGTCTGTAGTTTCCGATGTG-3’) and a second non-
overlapping gRNA (5'-AGTGATCTCAACAACAGTAC-3'). A non-targeting gRNA (5'-TACGCGAGATCGTTCCGGTC-3') was used as
a control. The gRNAs were cloned into PLCV2 vectors and transformed into HEK293T cells for virus production. RPE1 cells were
infected with the virus and following selection with puromycin for 2 days, were used for survival and immunoblot.

Phosphoproteomics

Drug treatment

MARKS knockout or wild-type HAP1 cells were treated with 62.5 uM TMZ for 24 hours. Cells were harvested and cell pellets were
frozen with liquid nitrogen and kept at —80°C.

Sample preparation and phosphopeptide enrichment

Each washed cell pellet was lysed separately in 40 uL of freshly prepared lysis buffer containing 50 mM HEPES (pH 8.0), 2% SDS,
0.1 M DTT, 1 mM PMSF, phosSTOP and protease inhibitor cocktail (Sigma-Aldrich). Samples rested at room temperature (RT) for
20 min before heating to 99°C for 5 min. After cooling down to RT, DNA was sheared by sonication using a Covaris S2 high perfor-
mance ultrasonicator. Cell debris was removed by centrifugation at 20,000 x g for 15 min at 20°C. Supernatent was transferred to
fresh eppendorf tubes and protein concentration determined using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL).
FASP was performed using a 30 kDa molecular weight cutoff filter (VIVACON 500; Sartorius Stedim Biotech GmbH, 37070 Goettin-
gen, Germany) essentially according to the procedure described (Wisniewski et al., 2009). In brief, 100 ug total protein per sample
were reduced by adding DTT at a final concentration of 83.3 mM followed by incubation at 99°C for 5 min. After cooling to RT, sam-
ples were mixed with 200 pL of freshly prepared 8 M urea in 100 mM Tris-HCI (pH 8.5) (UA-solution) in the filter unit and centrifuged at
14,000 x g for 15 min at 20°C to remove SDS. Any residual SDS was washed out by a second washing step with 200 pL of UA. The
proteins were alkylated with 100 pL of 50 mM iodoacetamide in the dark for 30 min at RT. Afterward, three washing steps with 100 uL
of UA solution were performed, followed by three washing steps with 100uL of 50 mM TEAB buffer (Sigma-Aldrich). Proteins were
digested with trypsin at a ratio of 1:50 overnight at 37°C. Peptides were recovered using 40 uL of 50 mM TEAB buffer followed by
50 pL of 0.5 M NaCl (Sigma-Aldrich). Peptides were desalted using C18 solid phase extraction spin columns (The Nest Group, South-
borough, MA). After desalting, peptides were labeled with TMT 11plex reagents according to the manufacturer (Pierce, Rockford, IL).
After quenching of the labeling reaction, labeled peptides were pooled, organic solvent removed in vacuum concentrator and labeled
peptides cleaned via C18 solid phase extraction (SPE). Peptides were eluted with 80% acetonitrile containing 0.1% trifluoroacetic at
a final peptide concentration of ~1png/pl. Eluate was then used for phosphopeptide enrichment applying a modified method of im-
mobilized metal affinity chromatography (IMAC). Briefly, three times 100 pL of Ni-NTA superflow slurry (QIAGEN Inc., Valencia, USA)
were washed with LCMS-grade water and Ni?* stripped off the beads by incubation with 100 mM of EDTA, pH 8 solution for 1 hour at
room temperature. Stripped NTA resin was recharged with Fe®*-ions by incubation with a fresh solution of Fe(lll)Cl3 and 100 pL of
charged resin slurry used for the enrichment of a total of ~400 ng TMT-labeled peptides. The unbound fraction was transferred to
a fresh glass vial and used for offline fractionation for the analysis of the whole proteome. After washing the slurry with 0.1% TFA,
phosphopeptides were eluted with a freshly prepared ammonia solution containing 3mM EDTA, pH 8 and all used for offline fraction-
ation for the analysis of the phophoproteome.

Offline Fractionation via RP-HPLC at high pH

Tryptic peptides were re-buffered in 20 mM ammonium formiate buffer pH 10, shortly before separation by reversed phase liquid
chromatography at pH 10. The unbound fraction of the phosphopeptide enrichment was separated into 96 time-based fractions
on a Phenomenex column (150 x 2.0 mm Gemini-NX 3 um C18 11 0A, Phenomenex, Torrance, CA, USA) using an Agilent 1200 series
HPLC system fitted with a binary pump delivering solvent at 100 uL/min. Acidified fractions were consolidated into 36 fractions via a
concatenated strategy described here (Wang et al., 2011). The bound fraction containing the phosphopeptides was separated into 20
fractions on a Dionex column (500 um x 50 mm PepSwift RP, monolithic, Dionex Corporation, Sunnyvale, CA, USA) using an Agilent
1200 series nanopump delivering solvent at 4 ulL/min. Peptides were separated by applying a gradient of 90% aceonitrile containing
20 mM ammonium formiate and pH 10. After solvent removal in a vacuum concentrator, samples were reconstituted in 5% formic
acid for LC-MS/MS analysis and kept at —80°C until analysis.

2D-RP/RP Liquid Chromatography Mass Spectrometry

Mass spectrometry was performed on an Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific, San Jose, CA)
coupled to an Dionex Ultimate 3000RSLC nano system (ThermoFisher Scientific, San Jose, CA) via nanoflex source interface. Tryptic
peptides were loaded onto a trap column (Pepmap 100 5 um, 5 x 0.3 mm, ThermoFisher Scientific, San Jose, CA) at a flow rate of
10 pul/min using 2% ACN and 0.1% TFA as loading buffer. After loading, the trap column was switched in-line with a 30 cm, 75 um
inner diameter analytical column (packed in-house with ReproSil-Pur 120 C18-AQ, 3 um, Dr. Maisch, Ammerbuch-Entringen,
Germany). Mobile-phase A consisted of 0.4% formic acid in water and mobile-phase B of 0.4% formic acid in a mix of 90%
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acetonitrile and 10% water. The flow rate was set to 230 nL/min and a 90 min gradient used (6 to 30% solvent B within 81 min, 30 to
65% solvent B within 8 min and, 65 to 100% solvent B within 1 min, 100% solvent B for 6 min before equilibrating at 6% solvent B for
18 min). Analysis was performed in a data-dependent acquisition mode. Full MS scans were acquired with a scan range of 375 - 1650
m/z in the orbitrap at a resolution of 120,000 (at 200Th). Automatic gain control (AGC) was set to a target of 2 x 10° and a maximum
injection time of 50 ms. Precursor ions for MS? analysis were selected using a TopN dependant scan approach with a max cycle
time of 3 s. For improved detection of EPHB6, MARK3, DYRK4, PNCK, NPAT, DNA topoisomerase 2-beta and DNA topoisomerase
2-binding protein 1, an inclusion list for preferential precursor selection was employed for the global proteome analysis. In total,
55 peptide m/z values derived from the SRM atlas (http://www.mrmatlas.org/) were specified. MS? spectra were acquired in the
orbitrap (FT) at a resolution of 50,000 (at 200 Th). Precursor isolation in the quadrupole was set to 0.7 Da and 1.0 Da for the proteome
and phosphoproteome, respectively. Higher energy collision induced dissociation (HCD) was used with a normalized collision energy
(NCE) of 38%. AGC was set to 5 x 10* with a maximum injection time of 105 ms and 150 ms for the proteome and phosphoproteome,
respectively. Dynamic exclusion for selected ions was 60 s for the proteome and 30 s for the phosphoproteome. A single lock mass
at m/z 445.120024 for recalibration was employed. Xcalibur version 4.0.0 and Tune 2.1 were used to operate the instrument.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of high-throughput Drug Screen (Figures 1 and S1, Table S1)

For data analysis, the percentage of control was calculated and the signal of the DMSO treated sample was used to set values to
100% survival, while the 25X camptothecin (cytotoxic concentrations) signal was used to set the values to 0%. Survival circos
plot with DNA repair deficient cells (Figure S1) was created using TOPS (Muellner et al., 2014) for analysis and basic visualization.
For kinome survival to DNA damage (Figure 1, Table S1), areas under the curve (AUC) were calculated as a cumulative
measure of compound potency by taking the sum of the mean of subsequent concentration points (as applied previously (Englinger
et al., 2016)).

Clustering Analysis (Figure 1 and Table S1)

Cell lines were clustered with agglomerative clustering using the R package ConsensusClusterPlus. Cell lines and compounds were
randomly sub-sampled for 10,000 times and clustered using complete linkage to increase the robustness of clustering. The distance
was calculated using the Pearson correlation. The optimal number of clusters (n = 3) was assessed using the silhouette analysis
(Rousseeuw, 1987).

GO Term Enrichment Analysis (Figures 1, 4, S1, and S4, Table S1)

GO term enrichments were calculated using Enricher, a comprehensive tool for gene set enrichment analysis (Kuleshov et al., 2016).
P values were calculated using a Fisher’s exact test and corrected for multiple hypotheses using a cut-off of p value < 0.05. In order to
filter for redundant and unspecific GO terms, we first removed all GO terms that are annotated to more than 70 genes and further
summarized terms based on their Resnik semantic similarity (Resnik, 1999) using the tool ReviGO (Supek et al., 2011).

FACS Analysis (Figures 2 and S2, Table S2)

For analysis, dead cells were discarded using forward and side scatter and next single cell populations were gated using DAPI
width and DAPI area following the Abcam Pl staining protocol. Gates for YH2AX and TUNEL were set for all concentrations according
to the untreated (DMSO) control. For all time points, to take all drug concentrations into account, an area-under-the-curve (AUC)
of all six dose points was calculated and compared to untreated controls. This data is visualized in the phenotypic FACS plot.
The cell cycle phases were determined by gating G1- and G2-phase as well as S-phase of diploid populations using a DAPI
against EAU plot. Proliferating cells were determined by setting a threshold for cells with positive EdU incorporation and EdU positive
signals were plotted against untreated control cells. Data was analyzed using FlowJo v10.3 and The R Project for Statistical
Computing.

Gene Alteration Frequencies (Figure 3)

Gene alteration frequencies were calculated using the TCGA PanCancer dataset (Hoadley et al., 2018) that includes 10967 samples
across 33 different tumor types. The data was accessed via the the cbioportal webservice (Gao et al., 2013) and frequencies calcu-
lated by dividing the amount of samples containing a mutation or deletion within one of the four genes of interest by the total number
of samples for a given cancer type.

Analysis of Phosphoproteomics (Figures 4 and S4, Tables S3 and S4)

Acquired raw data files were processed using the Proteome Discoverer 2.2.0. platform, utilizing the Sequest HT database search
engine and Percolator validation software node (V3.04) to remove false positives with a false discovery rate (FDR) of 1% on PSM
and protein level under strict conditions. Searches were performed with full tryptic digestion against the human SwissProt database
v2017.12 (42356 sequences and appended known contaminants) with up to two miscleavage sites. Oxidation (+15.9949 Da)
of methionine was set as variable modification, while carbamidomethylation (+57.0214 Da) of cysteine residues and TMT 6-plex
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labeling of peptide N-termini and lysine residues were set as fixed modifications. For phosphopeptides phosphorylation
(+79.9663 Da) of serine, threonine and tyrosine was additionally included as a variable modification. Data was searched with
mass tolerances of + 10 ppm and 0.025 Da on the precursor and fragment ions (HCD), respectively. Results were filtered to include
peptide spectrum matches (PSMs) with Sequest HT cross-correlation factor (Xcorr) scores of > 1 and 1% FDR peptide confidence.
The ptmRS algorithm was additionally used to validate phosphopeptides with a set score cutoff of 75. PSMs with precursor isolation
interference values of > 50% or average TMT-reporter ion signal-to-noise values (S/N) < 10 were excluded from quantitation. Iso-
topic impurity correction and TMT channel-normalization based on total peptide amount were applied. TMT channel assignment was
as follows: 126: MARK3-KO-1, 127N:MARK3-WT-1, 127C:MARK3-KO-2, 128N:MARK3-WT-2, 128C:MARK3-KO-3, 129N:MARK3-
WT-3, 129C:MARK3-KO+DNA damage-1, 130N:MARK3-WT+DNA damage-1, 130C:MARK3-KO+DNA damage-2, 131N:MARK3-
WT+DNA damage-2, 131C:MARK3-KO+DNA damage-3. Reporter channel abundances were normalized to equal total peptide
signal in each TMT channel. The phosphoproteomics experiment was acquired in two technical replicates. Phosphopeptides
observed only in a single technical replicate or those where the difference between the two technical measurements of any TMT
channel was more than 20% of the most intense TMT channel of that phosphopeptide (averaged over the two replicates) were
excluded from the further analysis. The arithmetic average of relative intensities (relative against the sum of all 11 reporter channels
of the given technical replicate) were used as the final measure of the phosphopeptide abundance changes. As the last normalization
step, the phosphopeptide abundances were further normalized for protein abundance changes. LIMMA statistical model (Smyth,
2004) and Benjamini-Hochberg procedure (FDR correction) were used to calculate statistical significance of observed changes
on protein and phosphopeptide level. TMT ratios with Q-values lower than 0.01 were considered as significant. The ratio thresholds
used in Figures 4 and S4 are + logs(1.45) and + logs(1.15) for phosphoproteomics and proteomics respectively. These thresholds
corresponded to the 5% quantile of the distribution of ratios observed among biological replicates within the same sample types
(e.g., meaning that biologically replicated measurements of protein abundances within the same condition differ from each other
by more than =+ logs(1.15) only for 5% of quantified proteins).
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