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Cellular phenotype plasticity between the epithelial and mesenchymal states
has been linked to metastasis and heterogeneous responses to cancer ther-
apy, and remains a challenge for the treatment of triple-negative breast
cancer (TNBC). Here, we used isogenic human breast epithelial cell lines,
D492 and D492M, representing the epithelial and mesenchymal pheno-
types, respectively. We employed a CRISPR-Cas9 loss-of-function screen
targeting a 2240-gene ‘druggable genome’ to identify phenotype-specific
vulnerabilities. Cells with the epithelial phenotype were more vulnerable to
the loss of genes related to EGFR-RAS-MAPK signaling, while the mes-
enchymal-like cells had increased sensitivity to knockout of G,-M cell cycle
regulators. Furthermore, we discovered knockouts that sensitize to the
mTOR inhibitor everolimus and the chemotherapeutic drug fluorouracil in
a phenotype-specific manner. Specifically, loss of EGFR and fatty acid syn-
thase (FASN) increased the effectiveness of the drugs in the epithelial and
mesenchymal phenotypes, respectively. These phenotype-associated genetic
vulnerabilities were confirmed using targeted inhibitors of EGFR (gefi-
tinib), G,-M transition (STLC), and FASN (Fasnall). In conclusion, a
CRISPR-Cas9 loss-of-function screen enables the identification of pheno-
type-specific genetic vulnerabilities that can pinpoint actionable targets and
promising therapeutic combinations.
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5-FU, fluorouracil; BC, breast cancer; CRISPR, clustered regularly interspaced short palindromic repeats; CTG, CellTiter-Glo; EG5, kinesin 5;
EGFR, epidermal growth factor receptor; EMT, epithelial-mesenchymal transition; FASN, fatty acid synthase; mTOR, mammalian target of
rapamycin; RPPA, reverse-phase protein array; RSA, redundant siRNA analysis; sgRNA, single-guide RNA; STLC, S-trityl-L.-cysteine inhibitor;
TGF-B, transforming growth factor-beta; TNBC, triple-negative breast cancer.
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1. Introduction

Despite the substantial improvements in therapy over
the last few decades, high-risk and metastatic breast
cancer (BC) continues to be a demanding clinical chal-
lenge, causing the death of over 600 000 women glob-
ally each year [l1]. Triple-negative breast cancer
(TNBC; estrogen and progesterone receptors and
HER2-negative) has the worst clinical outcome and
lacks effective treatment options. The failure of BC
management is caused, in part, by the phenotypic
plasticity of the cancer cells that contributes to metas-
tasis and heterogeneous responses to therapy facilitat-
ing treatment resistance [2,3]. Phenotype plasticity,
encompassing both epithelial-mesenchymal transition
(EMT) and the reverse process, describes the cells’
ability to interconvert between phenotypic states along
the EMT spectrum [4]. The epithelial phenotype char-
acterizes polarized cells with cytokeratin-based
cytoskeleton that are interconnected through E-cad-
herin-based junctions. The transition to a mesenchy-
mal phenotype includes the loss of polarity, the shift
to a vimentin-based cytoskeleton, reduced cell—cell
adhesion associated with an E-cadherin to N-cadherin
switch, and increased motility and invasiveness [5].
EMT features, high phenotypic heterogeneity, and
plasticity are frequently observed in TNBC [3,6]. Cells
carrying a mesenchymal phenotype are considered to
be more resistant to conventional therapies [7]. In
addition, therapy-induced switching between pheno-
typic states has been linked to acquired resistance
[3.8]. Since distinct phenotypic states can show differ-
ent sensitivity to drugs, and phenotype switching can
confer tolerance to the applied treatment, a combina-
tion of phenotype-specific drugs could be beneficial. In
line with this, computational simulations predict that
combination therapy regimens that frequently alter-
nate between epithelial- and mesenchymal-specific
treatments could have enhanced benefit [9]. It is there-
fore important to identify genes or pathways that rep-
resent phenotype-associated vulnerabilities and could
be exploited as actionable targets in a phenotype-
specific manner.

Here, we set out to identify phenotype-specific vul-
nerability nodes in the epithelial and mesenchymal
phenotype cells. We made use of an isogenic pair of
human breast epithelial cell lines, D492 and D492M
[10-12]. Similar to other known models of EMT that
consist of isogenic pairs of breast cell lines, such as
HMLE and PMC42 [13,14], D492 and D492M cells
display distinct, epithelial and mesenchymal pheno-
types, respectively. Using the D492-D492M cell
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system, we performed a clustered regularly inter-
spaced short palindrome repeat (CRISPR) loss-of-
function screen employing a 2240-gene ‘druggable
genome’ library covering targetable proteins or pro-
teins in targetable pathways. We sought to discover
genes and pathways that are selectively critical alone
for either of the phenotypes, or selectively critical
when lost in combination with drug treatment. For
the latter, we combined a CRISPR-Cas9 loss-of-func-
tion screen with compounds that are clinically used
for the treatment of BC. We selected fluorouracil (5-
FU), a conventional cytotoxic chemotherapeutic
agent, and everolimus, a targeted inhibitor of the
mammalian target of rapamycin (mTOR) serine/thre-
onine kinase, as two mechanistically distinct types of
therapies.

5-FU inhibits thymidylate synthase, leading to the
disruption of DNA and RNA synthesis and repair,
which results in cell death [15]. 5-FU and its prodrug
capecitabine are recommended for patients with locally
advanced or metastatic BC and as a salvage therapy in
nonresponding BC undergoing chemotherapy before
surgery [16,17]. A relatively high tolerance for 5-FU-
based drugs makes them suitable for combination
treatments. Multiple clinical trials testing capecitabine
together with other forms of chemotherapy have
demonstrated a moderate increase in disease-free sur-
vival in BC [18,19].

Everolimus targets mTOR, one of the major nodes
of the oncogenic PI3K-AKT-mTOR signaling path-
way [20], which is often activated in BC, also in
TNBC [21]. It has been reported that the activation
of the PI3K-AKT-mTOR signaling is associated with
EMT in both normal immortalized cells and in a
range of cancer cell lines [22-24]. Everolimus is
approved for the treatment of estrogen receptor-posi-
tive BC in combination with hormone therapy, where
it significantly improves progression-free survival [25].
In TNBC, clinical trials of combination treatments
with everolimus have not revealed clear benefit ([26]
and reviewed in Ref. [21]). Preclinical studies in vivo
attempted to identify which subtype of TNBC may
benefit from mTOR inhibitors. One study found that
everolimus had favorable activity against basal-like
subtype [27], but in another study, response to evero-
limus was not restricted to a specific TNBC subtype
[28].

Here, we aimed to identify selective genetic depen-
dencies impacting the fitness of the epithelial or mes-
enchymal phenotype breast cells, and to discover
actionable targets that improve the efficacy of either 5-
FU or everolimus in a phenotype-specific manner.
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2. Materials and methods

2.1. Cell culture

D492 and D492M cell lines were established as
described previously by Gudjonsson et al. [10] and Sig-
urdsson et al. [11], respectively. Briefly, a breast epithe-
lial progenitor cell line D492 was generated by
isolating the MUC1 /EpCAM" suprabasal cells from
normal primary tissue and immortalizing them with
HPV16-E6/E7 oncogenes [10]. Such immortalization
leads to inactivation of the p53 and Rb proteins (often
inactivated in BC), but does not compromise essential
functions of cell differentiation/polarization [29].
Therefore, the E6/E7 immortalized cell line has rele-
vance for studies on breast morphogenesis and BC, as
discussed previously [10,29]. D492 cells are progenitor
cells that can generate both luminal and myoepithelial
cells in culture and express several markers of both lin-
eages [10,12]. As accumulating evidence links progeni-
tor cells in the mammary gland to BC (reviewed in
Ref. [30]), D492 is an interesting cell model for BC
research.

When cocultured with breast endothelial cells in
Matrigel, the D492 cells spontaneously undergo EMT,
forming spindle-like colonies. The cells from a spindle-
like colony were isolated and clonally expanded giving
rise to the daughter cell line, D492M, which displays a
stable mesenchymal phenotype [11].

D492 and D492M cells were grown in H14 medium
as previously described [10,11]. Briefly, serum-free
DMEM-F12 medium [Thermo Fisher Scientific (TFS),
Waltham, MA, USA, 31331138] was supplemented
with penicillin and streptomycin (TFS, 15070-063),
250 ng-mL’1 insulin (Sigma, St.Louis, MO, USA,
11882), 10 ngmL~' EGF (PeproTech, Cranbury, NIJ,
USA, AF-100-15), 10 pgmL~' transferrin (Sigma,
T1147), 2.6 ng-mL~' NaSel (BD Biosciences, San Jose,
CA, USA, 534201), 107'° m estradiol (Sigma, E2758),
500 ng-mL~" hydrocortisone (Sigma, HO0888), and
0.15 TU prolactin (Sigma, L6520). For passaging, cells
were detached using 0.25% trypsin-EDTA (TFS,
25200056), and trypsin was eventually inhibited by
adding soybean trypsin inhibitor (Sigma, T6522).

2.2. Drugs and reagents

5-FU (50 mg-mL~", Accord Healthcare, London, UK)
was purchased from the pharmacy at the Radium
Hospital, Oslo University Hospital (Oslo, Norway),
everolimus (SML2282) and Fasnall (SMLI1815) were
purchased from Sigma-Aldrich, gefitinib (Iressa) was
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purchased from Astra Zeneca, and S-trityl-L-cysteine
inhibitor STLC (2191) was purchased from Tocris
Biotechne (Abingdon, UK). SCH772984 (S7101) was
purchased from Selleck Chemicals (Houston, TX,
USA).

2.3. Protein expression analysis

The level of phenotype-specific proteins was measured
using a simple western immunoassay on a Peggy Sue™
instrument (ProteinSimple, San Jose, CA, USA). The
cells were lysed in lysis buffer (1% Triton X-100,
50 mm, 150 mm NaCl, 1.5 mm MgCl,, 1 mm EGTA,
100 mm NaF, 10 mm Na pyrophosphate, 1 mm
Na3;VO,, 10% glycerol), supplemented with protease
and phosphatase inhibitors (Roche Applied Science,
Mannheim, Germany), followed by ultrasonication.
The concentration was adjusted to 0.8 pug-uL~'. Pro-
tein separation was performed using a 12-230 kDa
separation master kit in accordance with the manufac-
turer’s protocol. Primary antibody incubation time
was adjusted to 60 min, while all the other settings
were kept on default. The compass software
(ProteinSimple, version 2.7.1) was used to program the
experimental setup and to collect and analyze the data.
The following antibodies were used: anti-B-actin
(A5316, Sigma) 1 : 100, anti-E-cadherin (MABI1838,
R&D Systems, Minneapolis, MN, USA) 1 : 50, anti-
Cytokeratin 14 (NCL-L-LL002, Leica Biosystems, Buf-
falo Grove, IL, USA) 1 :40, anti-cytokeratin 17
(M7046, Dako, Glostrup, Danmark) 1 : 40, anti-N-
cadherin (610920, BD Transduction Laboratories, San
Jose, CA, USA) 1 : 50, and anti-vimentin (550513, BD
PharMingen, San Diego, CA, USA) 1 : 50.

For high-throughput analysis (302 proteins), the cell
lysates were analyzed by reverse-phase protein array
(RPPA) at MD Anderson RPPA core facility (Hous-
ton, TX, USA). In brief, serial dilutions of the lysates
were arrayed on nitrocellulose-coated slides. A primary
antibody (specified at the core facility’s home page;
available upon request) was added to probe each slide,
followed by a biotin-conjugated secondary antibody.
A chromogenic reaction was used to detect the signal.
After scanning the slides, spot intensities were deter-
mined by analysis with the MICROVIGENE software (Vig-
eneTech, Carlisle, MA, USA). Each dilution series was
fitted with a logistic model (‘Supercurve Fitting’) to
obtain a dilution curve in log2 scale. The data in log2
scale were transformed to linear and median-centered
values for each protein. The signal for the protein of
interest was normalized to the signal of histone 3 in
each sample (the levels of histone 3 were similar
between the samples).
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2.4. Cell viability and proliferation assays

For experiments in adherent two-dimensional (2D) cell
cultures, 4000 cells were seeded in 96-well plates. D492
cell growth was monitored using the Incucyte® instru-
ment (Essen BioScience, Hertfordshire, UK), which
tracks cell confluence over time. The viability was eval-
uvated by measuring cell metabolic activity by CellTi-
ter-Glo® (CTG) assay (Promega, Madison, WI, USA),
adding CTG directly to the wells (1 : 1). After 10 min,
bioluminescence was measured by Victor™ X3 Multi-
plate Reader (Perkin Elmer, Waltham, MA, USA).
For three-dimensional (3D) cultures in Matrigel,
2500 cells were suspended in 50 pL. Matrigel (Corning,
Corning, NY, USA, 354230) and plated into the 96-
well plates (Corning, 10517742). After 30 min at
37 °C, 100 uL of EGMS5 medium (Lonza, Basel,
Switzerland, CC-3162, containing 50 TU-mL~' peni-
cillin, 50 pg-mL ™" streptomycin, hydrocortisone, FGF,
EGF, VEGF, R3-IGF-1, ascorbic acid, heparin, and
supplemented with 5% FBS) was added on top of the
Matrigel. The next day, the medium was replaced with
H14, and a day after, the drugs were added. The med-
ium with/without drugs was replaced every 3 days,
and after 8 days, cell viability was determined using
the CTG assay, when the medium was removed and
CTG was added directly on top of Matrigel (50 pL/
well). The plates were kept on a vigorous shaker for
1 h prior to the measurement of bioluminescence as
described above. In addition, the 3D colonies were
stained with the tetrazolium dye (Sigma, M5655) for
visualization. For that, the medium was removed,
50 uL of 0.4 mg-mL ™' dye was added, and after 1 h
at 37 °C the cultures were imaged using the GelCount
instrument (Oxford Optronix, Abingdon, UK).

2.5. Immunofluorescence

For staining of 3D colonies, the D492 and D492M
cells were seeded in drops of 50 pLL Matrigel in cyto-
slides (Ibidi, Grafelfing, Germany) and incubated for
8 days in HI14 medium. After fixation with 4%
paraformaldehyde (PFA, Chemi-Teknik, Oslo, Nor-
way) for 10 min, the colonies were stained with Alexa
Fluor™ 546 phalloidin (Molecular Probes, Eugene,
OR, USA, #A22283, 1:40) to label F-actin. After
overnight incubation at 4 °C, the stained cultures were
washed and submerged in PBS before imaging.

For staining with anti-EGFR, the 2D cell cultures
on cytoslides were fixed in 4% PFA. The unspecific
binding was blocked with 10% horse serum for 1 h.
The cytoslides were stained with rabbit anti-EGFR
XP® (Cell Signaling, Danvers, MA, USA, #4267)
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diluted 1 : 50 in immunofluorescence buffer (PBS with
0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20) sup-
plemented with 1% horse serum over night at 4 °C
followed by staining with donkey anti-rabbit DyLight
550 (Thermo Fisher, Waltham, MA, USA) for 1 h.
The cytoslides were mounted with ProLong™ Gold
Antifade Reagent with DAPI (Invitrogen, Carlsbad,
CA, USA, #P-36931) before imaging.

The imaging was performed using laser scanning
confocal microscope (LSM710; Carl Zeiss, Oberko-
chen, Germany), equipped with Plan-Apochromat
x63/1.4 Oil DICIII objective for 2D images and EC
Plan-Neofluar x10 objective for 3D cultures. Image
processing and visualization were performed by using
the zeEN LIGHT 2011 software (Oberkochen, Germany).

2.6. Flow cytometry

D492 and D492M cells were collected on ice, fixed for
10 min in 1.6% PFA, and permeabilized in 100% ice-
cold methanol. Control and drug-treated samples were
stained at room temperature for 30 min with varying
concentrations of Pacific Orange dye (TFS) ranging
from 0 to 2 ng-uL~" for barcoding of the samples.
Subsequently, the samples were washed and pooled for
staining with anti-phospho-S6 Alexa 647 (Cell Signal-
ing Technology, #4851 dilution 1 : 200) for 30 min at
room temperature.

For cell cycle analysis, the cells were stained with
20 pg-mL~" Hoechst 33342 (Life Technology, Carls-
bad, CA, USA, #H3570) for 60 min at 37 °C. The
samples were analyzed on an LSR II flow cytometer
(BD Bioscience). BD FACSDiva™ and rLowjo soft-
ware (FlowJo, Ashland, OR, USA) were used to col-
lect and analyze the data.

2.7. Preparation of the CRISPR library and
lentiviral production

The ‘druggable genome’ CRISPR knockout library
(described previously [31,32]) was generously provided
by K. C. Wood (Duke University, NC, USA). This
pooled library consists of lentiviral plasmids (Lenti-
CRISPR V2), each encoding a single-guide RNA
(sgRNA), the CRISPR-associated nuclease (Cas9), and
a gene conferring resistance to puromycin. sgRNAs
facilitated targeted introduction of double-strand
DNA breaks by Cas9 into the coding regions of the
genes of interest. Five unique sgRNA constructs were
chosen targeting 2240 genes encoding for all members
of the protein kinome, chromatin modifiers, regulators
of the DNA damage response, targets of FDA-ap-
proved drugs for any indication, proteins mutated in
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cancer, and components of pathways dysregulated in
tumorigenesis, tumor maintenance, and drug resis-
tance.

The library was cloned and prepared as previously
described [33]. Library DNA stock was amplified in
Lucigen 10G ELITE Electrocompetent bacteria and
cultured on agar plates to achieve at least one million
distinct colonies. The colonies were collected, and the
DNA was isolated using a Midi Kit (Qiagen, Hilden,
Germany).

The lentivirus carrying the library was generated in
HEK293T cells. HEK293T cells were seeded at
5 x 10% in a T75 culture flask in DMEM supple-
mented with 10% FBS. The next day, a transfection
mix consisting of 9 pg packaging plasmid Pax2, 3 pg
envelope plasmid Pmd2G, and 15 pg CRISPR library
was prepared in 200 pL Opti-MEM (Gibco, Paisley,
UK). In a separate tube, FuGENE transfection
reagent (Promega, Madison, WI, USA) was added to
1 mL of Opti-MEM at 1 : 13 dilution. After a 30-min
incubation, the contents of both tubes were combined
and added to the HEK293T cells in serum-containing
medium. Following an overnight incubation, the med-
ium was replaced with DMEM containing 20% FBS.
Two days later, the medium containing lentivirus was
collected, centrifuged at 200 g for 5 min, and filtered
through a 0.45-um filter. The virus stock [after detec-
tion of multiplicity of infection (MOI) using standard
protocols] was stored at —80 °C until further use.

2.8. CRISPR loss-of-function screen

The screen was conducted by first plating 5 x 10°
D492 and D492M cells per well into 25 6-well plates.
The following day, virus at MOI of 0.2 and polybrene
(8 pg'mL™") were added to the cells. Plates were cen-
trifuged at 800 g for 1 h and incubated overnight at
37 °C. One day after lentiviral transduction, the trans-
duction medium was replaced with fresh medium con-
taining puromycin at 2 pg-mL~'. One day later, the
surviving cells were trypsinized and re-plated on 500-
cm? culture plates. Simultaneously, an initial sample
(TO) was flash-frozen in liquid N,. Cells were propa-
gated in the presence of puromycin for 7 days to allow
complete DNA alternation. At that point, cells were
split into two replicate treatment groups—I1 pum 5-FU
or 5nm everolimus drug or DMSO control—with
12 x 10° cells per condition. Simultaneously, a (T7)
sample was flash-frozen. The cells were continuously
cultured in the presence of 5-FU, everolimus, or
DMSO vehicle for an additional two or four weeks
before the cells were collected and flash-frozen. Cells
were split as necessary to maintain sub-90%
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confluency and no fewer than 12 x 10° cells to main-
tain sequence diversity.

Genomic DNA was isolated and prepared for
sequencing as previously described [33]. Briefly, at least
10 million cells were processed to extract total genomic
DNA (Qiagen Blood and Tissue DNA Extraction
Kit). The samples were cleaned by ethanol precipita-
tion, and then run in two subsequent PCR steps as
described in Ref. [33], with the PCR step 1 consisting
of eight parallel 100 uL reactions of 5 pg DNA each,
and step 2 adding a condition-specific barcode
sequence for subsequent deconvolution. The entire
PCR product from the second reaction step was run
through a 2% agarose gel and extracted using a Gel
Extraction Kit (Qiagen), ethanol precipitated, and its
concentration tested with a Qbit (Life Technologies).
Sequencing was performed on an Illumina NextSeq
500 (San Diego, CA, USA) with 75bp, single-end
reads. A final concentration of 3 pmol DNA was
loaded with a PhiX spike of greater than 15% to
enhance signal complexity.

2.9. Data analyses

Sequence counts were deconvolved to separate treat-
ment groups from total sequence reads, and then,
sgRNA reads were counted for each construct as pre-
viously described [33]. To analyze samples using RSA
(redundant siRNA analysis), the number of counts for
each construct was normalized to the total number of
counts in the same sample and averaged across both
replicates. By comparing the number of cells contain-
ing each sgRNA in the D492 and D492M cells, we
determined the relative effect on viability that each
sgRNA had in one cell line with respect to the other.
By comparing the number of cells containing each
sgRNA in the drug-treated versus nontreated cells, we
determined the relative effect on viability that each
sgRNA had in combination with the treatment. Genes
were ranked and assigned significance using RSA [34].

For screen analysis using MAGeCK (model-based
analysis of genome-wide CRISPR-Cas9 knockout), we
ran MAGeCK using MLE (maximum-likelihood esti-
mation) with treatment-deconvolved FASTQ files, nor-
malized to control (nontargeting) sgRNA [35,36].
Screen and sequence quality analysis was provided by
MAGeCK-VISPR.

Heat maps were designed using the R plugin pheat-
map. Qiagen Ingenuity Pathway Analysis (IPA) was
used to determine pathway enrichment in the hit lists.
The hits were used as input for STRING visualization
[37]. A network of direct protein—protein interactions
was built based on the highest confidence (0.9)
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evidence, and functional enrichment (KEGG/Reac-
tome pathways) was determined using the STRING
web tool (http://www.string-db.org).

3. Results

3.1. D492 and D492M cells carry distinct
phenotypes

To validate that D492 and D492M cells retain their
previously described characteristics reflecting epithelial
and mesenchymal phenotypes, respectively, we first
analyzed the expression of known markers. In agree-
ment with previous studies [10-12], we determined that
D492 cells express high levels of epithelial markers
such as E-cadherin and cytokeratins, while the D492M
cells lost the expression of these proteins and gained
expression of mesenchymal markers, including N-cad-
herin, vimentin, and several others (Fig. 1A,B). When
testing cell proliferation in 2D cultures, we observed
faster growth of D492 cells compared with D492M
(Fig. 1C), which is a common difference for their
respective phenotypes. When cultured in 3D Matrigel,
D492 forms branching lobular-like structure character-
istic for epithelial cells, whereas D492M shows invasive
behavior typical for mesenchymal-like cells (Fig. 1D).
Altogether, this confirms that D492 cells represent the
epithelial faster-growing phenotype, while D492M cells
display the mesenchymal invasive phenotype.

3.2. Determining sensitivity of D492 and D492M
cells to 5-FU and everolimus

Because our CRISPR screen in the presence of ‘ther-
apy pressure’ would require continuous treatment with
the drug for up to four weeks, we set out to determine
sublethal drug doses. Dose-response studies in 2D cul-
tures revealed that a 3-day treatment with 5-FU up to
10 um reduced cell viability by approximately 10% in
both cell lines (Fig. 2A). Tracking cell density over a
6-day period confirmed that a dose of 1 um 5-FU
reduces cell proliferation in a statistically significant
manner (Fig. SIA). This dose caused approximately
10% reduction in viability when the cells were cultured
in Matrigel in 3D and treated for 8 days (Fig. 2B).
Based on these data, a 1 pm dose of 5-FU was selected
to be used in the CRISPR screen.

A 3-day treatment with everolimus up to 100 nm
reduced cell viability in 2D cultures by 20-30%
(Fig. 2C). D492M cells seemed to be slightly more sen-
sitive than D492, although the difference was not sta-
tistically significant. However, an 8-day treatment with
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5 nM everolimus in 3D cultures in Matrigel confirmed
a higher sensitivity of D492M cells, whose viability
was reduced by approximately 35% compared with
15% in D492 cells (Fig. 2D). Further, 5 nm everolimus
suppressed the mTOR signaling pathway as detected
by decreased phosphorylation of its downstream tar-
get, S6 ribosomal protein, and no further decrease in
phospho-S6 levels was observed with higher doses of
everolimus (Fig. 2E). The effect of everolimus on
phospho-S6 was stronger in D492M cells. The higher
sensitivity of D492M cells might be attributed to their
dependence on mTOR signaling. Indeed, the protein
levels of mTOR and its downstream targets were
higher in D492M cells compared with D492
(Fig. S1B), which is in line with the previous reports
that link PI3K-AKT-mTOR signaling to EMT
[23,38,39]. Based on these data, we chose to use 5 nm
of everolimus for both cell lines in the CRISPR
screen.

3.3. CRISPR screen uncovers genetic
vulnerabilities specific for D492 or D492M cells

We first sought to identify phenotype-specific suscepti-
bilities to single-gene knockout. We employed the
D492 and D492M cells and conducted a pooled
CRISPR loss-of-function screen of 2240 genes in the
‘druggable genome’ targeting the entire human
kinome, targets of FDA-approved drugs, cancer-re-
lated pathways, DNA damage repair genes, chromatin
modifiers, and components of pathways dysregulated
in tumorigenesis, tumor maintenance, and drug resis-
tance. We employed the focused library because our
hits could eventually be validated using existing tar-
geted inhibitors, and would have a better potential for
therapeutic implementation. We used lentiviral trans-
duction to introduce barcoded sgRNA-containing plas-
mids into cells, cultured for 7 days under puromycin
selection to permit time for DNA editing. Then, the
samples were split into treatment groups (two repli-
cates per group) to receive DMSO vehicle or continu-
ous drug treatment for two or four weeks. Samples
were collected at time points as shown in Fig. 3A, and
the number of each barcoded sgRNA remaining at
each time point was counted using next-generation
sequencing (Table S1). We used the MAGeCK-VISPR
automated CRISPR screen analysis tools to determine
sequencing quality (Fig. S2A-F). The Pearson correla-
tion between sample replicates was high, and matching
time points and treatments generally grouped together
(Fig. S2QG), revealing good reproducibility.

We first determined genetic vulnerabilities at the T7
time point, and DMSO controls at week 2 and week 4
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Fig. 1. D492 and D492M cells carry an epithelial and a mesenchymal phenotype, respectively. (A, B) Relative protein levels of phenotype-
specific markers in D492 and D492M cells as measured by simple western immunoassay (A; representative electropherograms, where the
x-axis shows the protein size (kDa), and the y-axis indicates signal intensity, reflecting the amount of the protein), and the RPPA (B;
average + SD from three technical replicates). (C) Cell growth shown as increase in confluence (y-axis) during time after seeding (x-axis)
tracked by the Incucyte (average + SEM, n > 3). (D) D492 and D492M cell colonies formed during 8-day growth in 3D Matrigel and stained

with phalloidin (red) for labeling F-actin; scale bar, 50 pm.

time points. To determine the overall effectiveness and
significance of each gene, taking into account the dif-
fering knockdown efficiency and activities of each of
the five sgRNAs targeting it, we compared the results

of two distinct analysis methods. We first used RSA to
score hits based on the collective fold-change activity
of the entire sgRNA set for each gene and assign a P-
value for statistical significance [34]. We compared the
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Fig. 2. Sensitivity of D492 and D492M cells to 5-FU and everolimus. (A) D492 and D492M cells growing in 2D were treated with increasing
concentration of 5-FU for 3 days before the cell survival was measured by the CTG assay; average + SD (n = 2). (B) Viability of D492 and
D492M cells in 3D Matrigel treated with 1 um 5-FU for 8 days before the cell survival was measured by the CTG assay; average + SEM
(n>8). (C) D492 and D492M cells growing in 2D were treated with increasing concentration of everolimus for 3 days before the cell
survival was measured by the CTG assay; average + SEM (n > 4). (D) Viability of the D492 and D492M cells in 3D Matrigel treated with
5 nm everolimus for 8 days before the cell survival was measured by the CTG assay; average + SEM (n > 9). (E) Reduction in the level of
phospho-S6 (as measured by flow cytometry) in D492 and D492M cells in response to 2 days of treatment with indicated concentrations of
everolimus; left: representative histograms; right: relative level of phospho-S6 quantified by normalizing the levels in the treated samples to
the levels in the nontreated respective controls (set to 100); average + SEM (n = 3); *P < 0.05, unpaired t-test.

RSA-identified hits to those generated by MAGeCK- and drug-treated samples to determine a beta score,
MLE (Table S2). MAGeCK-MLE automates sample where negative beta score indicates sensitivity to loss
normalization and comparison between TO-, DMSO-, of a gene [36]. Using either method, depletion of an

Fig. 3. CRISPR screen-identified gene knockouts specifically toxic to D492 or D492M cells. (A) Schematic of the CRISPR loss-of-function
screening strategy. (B, C) Heat maps of the knockouts significantly more toxic to D492 compared with D492M (B) or D492M compared
with D492 (C) with the significance level logP < —3 in either two- or four-week samples, as calculated using RSA. Color intensity indicates
logP values. Red dots indicate selective hits that were also found using the orthogonal CRISPR analysis tool MAGeCK-MLE. (D, E) STRING
interaction network of the toxic knockouts specific for D492 (D; red and blue indicate proteins involved in ERBB and GnRH signaling,
respectively) or D492M (E; red and blue indicate proteins involved in cell cycle/mitosis and RNA metabolism/spliceosome, respectively); the
panels below indicate KEGG/Reactome pathways enriched in the D492- or D492M-specific hit lists; FDR, false discovery rate.
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sgRNA construct relative to the initial TO condition
for that cell line would indicate the loss of an essential
fitness gene over time (a measure of gene ‘depen-
dency’). If the ratio of counts for a sgRNA construct
decreases between two conditions (treated vs. untreated
or one cell line vs. the other), that indicates a condi-
tion-specific essential gene.

To determine which genes were toxic in the short
term when silenced, we first used RSA and identified
the essential genes lost by the T7 time point for each
cell line. As expected, a number of gene knockouts
(such as CDKI, PLKI, and WEEI) centering on cell
cycle, DNA repair, and RNA synthesis pathways were
toxic to both cell lines (Fig. S3A). However, a large
number of knockouts were selectively toxic indicating
that D492 and D492M exhibit unique phenotype-asso-
ciated dependencies.

The Cancer Dependency Map (DepMap) conducted
CRISPR-Cas9 gene knockouts on hundreds of human
cancer cell lines to profile their dependency on these
genes (publically available at DepMap portal). We
compared our most essential genes, as calculated by
RSA, to the median essentiality score for each gene
across all BC cell lines in DepMap (DepMap, Broad
(2020): DepMap 20Q4 Public.figshare. Dataset https://
doi.org/10.6084/m9.figshare.13237076.v1)  [40]. We
found excellent agreement for essentiality at the T7
time point (Fig. S3B,C), thus confirming our screen
had identified known essential genes in BC.

We next cultured each cell line with continuous
treatment of DMSO vehicle, 5-FU, or everolimus for
an additional 2 or 4 weeks to identify long-term gene
knockouts that are selectively toxic to each phenotype
alone or when combined with the drug treatment.
First, we compared the dependency of DMSO-treated
D492 and D492M cells as calculated by MAGeCK to
the median DepMap score, and again saw a high
degree of overlap as evidenced by our hits weighted
toward the most essential genes in DepMap for BC
(Fig. S4A). To gain further confidence that our screen
was identifying known essential genes, we calculated a
precision/recall plot for all DMSO-treated conditions
at both time points using the list of essential and
nonessential genes published by Hart er al. [41]
(Fig. S4B). We saw excellent precision/recall of essen-
tial and nonessential genes, as evidenced by a long
straight run and linear decrease in precision as recall
approaches 1.0.

We noted a strong time-dependent effect on gene
dependency. Most essential genes (those which caused
a greater than twice standard deviation reduction in
beta score by MAGeCK) could broadly be classified
into those causing dependency at mid- or late time

CRISPR screen in an EMT pair of breast cells

points (Fig. SSA,B and Table S3), which agrees with
prior literature on the time-dependent association with
gene dependency in CRISPR screens [42]. In general,
essentiality scores for D492 cells reached the highest
levels, that is, lowest beta score at the mid-time point
(21 days after CRISPR knockout, the “‘Week 2’ sam-
ple) (red and green clusters in Fig. S5A). In contrast,
beta scores for many essential genes in the D492M
cells continued to decrease to the late time point
(35 days, the “Week 4’ sample) (green and blue clusters
in Fig. S5B). Again, this suggests differences in depen-
dency between D492 and D492M cells. Reactome and
Kegg pathway over-representation analysis (ORA)
suggested that many pathways, including cell cycle,
mitotic/cell division, DNA synthesis and repair, and
mRNA slicing, were more significantly enriched at the
mid- and late time points compared with the early time
point (Fig. S5C).

To discover mid/long-term knockouts that are selec-
tively toxic to each phenotype in the absence of drugs,
we compared the gene dependencies of D492 versus
D492M, and vice versa, defining hits as those with a
logP < —3 significance by RSA (Fig. 3B,C). These hits
represent selective essentiality, namely that the indi-
cated genes are specifically critical for one phenotype
over the other. For increased confidence, we repeated
this analysis using MAGeCK-MLE (Fig. S6A,B), and
we noted substantial overlap in the selectively essential
genes identified using both methods (red marks in
Fig. 3B,C and Fig. S6C-F).

Protein—protein interaction networks and KEGG/
Reactome-enriched pathways revealed vulnerability
nodes specific to each phenotype (Fig. 3D.E). For
D492 cells, we identified the EGFR-SRC node,
involved in GnRH signaling and ErbB signaling that
were found among the top 3 KEGG pathways
enriched in this dataset (Fig. 3D). Of note, EGFR was
also found by RSA among the short-term knockouts
specifically toxic to D492 cells (Fig. S3A). While the
MAGeCK method did not mark EGFR itself as a
selective hit, the EGFR-activated RAS-MAPK signal-
ing cascade was identified as a vulnerability node, with
KRAS, HRAS, RAFI, MAP2KI, MAPKI, and
MAP2K4/5, all more essential to D492 cells compared
with D492M (Fig. S7TA). Notably, the expression level
of EGFR was also considerably higher in D492 cells
than D492M (Fig. S7B).

A similar analysis of the D492M-specific hits
revealed a network dominated by proteins involved in
cell cycle and RNA metabolism (Fig. 3E). Genes
encoding several of the highest-scoring interacting pro-
teins (CCNBI, CCNH, BUBIB, MNATI) are involved
in the G,-M cell cycle transition. Of note, there was
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no significant difference in cell cycle distribution
between D492 and D492M cells (Fig. S7C). Genes
encoding another distinct node of interacting proteins
(PRPFS, DDX46, XAB2, RBMX, CDCS5L) are associ-
ated with RNA splicing. Among the D492M-specific
knockouts, we also found well-known regulators of
EMT, such as genes related to transforming growth
factor-beta (TGF-P) signaling, TGFBRI and TGFBR2
(Fig. 3C,E).

Next, we determined how drug treatment would
affect genetic vulnerabilities. We compared 5-FU or
everolimus-treated cells to their respective DMSO con-
trols, revealing the knockouts that induce a greater
loss of viability in the presence of the drug. We identi-
fied drug sensitizers as genes with a LogP < —3 signifi-
cance by RSA. Figure 4 shows all genes that were hits
in at least one condition. In general, most hits were
exclusive to either D492 or D492M cells, indicating
phenotype-dependent drug sensitization. Furthermore,
in both cell lines, most of the hits were selective for 5-
FU and everolimus, suggesting a drug-dependent sensi-
tization. Among the few knockouts that significantly
potentiated the effect of both drugs were EGFR in
D492 cells and fatty acid synthase (FASN) in D492M
(‘Ev/5-FU’ clusters in Fig. 4, also found as a hit by
MAGeCK, Fig. S8). Not only the knockout of EGFR
itself but also several other genes related to the
EGFR-activated RAS-MAPK signaling pathway (like
RAFI and MAPKI) potentiated the drugs more signif-
icantly in D492 cells compared with D492M (Fig. S9).
Regarding FASN, our RPPA analysis revealed three-
fold higher expression of FASN protein in D492M
cells compared with D492 (Fig. S10). FASN was also
found among the D492M-specific short-term essential
genes (Fig. S3A). Collectively, this suggests the impor-
tance of FASN for D492M cells, particularly under
‘therapy pressure’.

3.4. Phenotype-specific genetic vulnerabilities
represent actionable targets

To confirm that the identified genetic vulnerabilities
represent phenotype-specific targets for therapy, we
tested the effect of inhibitors of EGFR, cell cycle pro-
gression, and FASN alone and in combination with
everolimus or 5-FU. We used 3D cell cultures in
Matrigel that are considered to be a more representa-
tive model for testing therapies and where prolonged,
8-day treatment could be performed [43].

To target EGFR, we applied gefitinib, a clinically
approved inhibitor of the EGFR tyrosine kinase
domain. Gefitinib alone induced a dose-dependent
response and was significantly more potent in D492
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compared with D492M cells (Fig. SA and Fig. S11A).
Of note, D492 cells were also more sensitive to the
ERK inhibitor SCH772984 that targets the MAPK
signaling  pathway  downstream from EGFR
(Fig. S11B). Inhibition of EGFR in the presence of
everolimus resulted in a significantly higher antiprolif-
erative effect than either treatment alone, and the total
effect was stronger in D492 cells than in D492M
(Fig. 5B). Similar results were observed when gefitinib
was combined with 5-FU (Fig. S12A). Thus, pharma-
cological inhibition of EGFR or ERK impacted cell
viability in line with the CRISPR results, suggesting
that EGFR-RAS-MAPK signaling cascade is more
important for the epithelial phenotype cells in the
absence and presence of ‘therapy pressure’.

To block the G,-M cell cycle transition, we used an
inhibitor of kinesin 5 (EGS). Although EGS5 was not
included in the CRISPR screen, EGS5 is a critical medi-
ator of the G,-M transition and therefore a good tar-
get to disrupt this process. EGS5 drives the microtubule
assembly during the mitotic spindle formation [44],
and EGS5 inhibitors, such as S-trityl-L-cysteine (STLC),
prevent correct spindle organization, leading to the cell
cycle arrest in G,-M [45]. Here, we show that D492M
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cells are more sensitive to the treatment with STLC
than D492 cells (Fig. 6A). Furthermore, in D492M
cells a combination of STLC and everolimus resulted
in a greater antiproliferative effect compared with
either treatment alone, which was not the case in D492
cells (Fig. 6B). However, we did not observe a clear
benefit of adding STLC to 5-FU (Fig. S12B). This
could be explained by the fact that 5-FU acts on divid-
ing cells, and STLC interrupts cell division. Taken
together, these findings suggest that the EGS5 inhibition
selectively impacts growth in the mesenchymal-like
cells and may sensitize them to targeted drugs, such as
everolimus.

To target FASN, we used Fasnall, a selective inhibi-
tor that has shown a potent antitumor activity in BC
models [46]. FASN knockout was identified as a sensi-
tizer to the drugs in D492M cells, and FASN protein
expression was higher in D492M, suggesting the
importance of FASN for survival of the mesenchymal
cells. However, we did not observe a higher sensitivity
to FASN inhibition with Fasnall in D492M cells. On
the contrary, D492 cells were more vulnerable to the
used doses of Fasnall (Fig. 7A). However, in line with
the CRISPR screen results, the antiproliferative effect
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of Fasnall in D492M was enhanced by combination
with the drugs (Fig. 7B and Fig. S12C), whereas there
was no significant improvement in D492 cells.

In summary, by applying a CRISPR-Cas9 loss-of-
function screen, we detected phenotype-specific vulner-
ability genes in the absence or presence of clinically
relevant therapy. The identified genetic vulnerabilities
pinpoint actionable targets that can be used to design
combinatorial treatments to target cells of distinct phe-
notypes.

4. Discussion

The goal of this study was to detect therapeutic vul-
nerabilities unique to either the epithelial or mesenchy-
mal phenotype in breast epithelial cells by using a
CRISPR-Cas9 genetic loss-of-function screen. Previous
studies have employed a similar approach in a range
of cancer cell lines to identify genotype-specific vulner-
abilities and promising therapeutic targets [40,47-49].
To the best of our knowledge, this is the first study
that employs such a screen in isogenic cell lines dis-
playing opposing phenotypes on the EMT spectrum.

2038

Both the CRISPR screen and the validation analyses
with targeted inhibitors suggest that the epithelial phe-
notype is more sensitive to disruption of EGFR and
the downstream RAS-MAPK signaling pathway, while
the mesenchymal phenotype is more susceptible to dis-
ruption of the G,-M cell cycle transition. The associa-
tion between EGFR and the epithelial phenotype has
been observed previously, where introduction of
EGFR into the mesenchymal-like D492 cells reversed
them into the epithelial state [50]. Furthermore, com-
putational approaches predicted a higher flux through
the EGFR and RAS-MAPK signaling network in
D492 cells, and the genes from these pathways were
predicted to reverse D492M into D492 phenotype [51].
It has also been demonstrated that acquisition of the
mesenchymal features reduces sensitivity to EGFR
inhibitors [52,53]. This is in line with our observation
that gefitinib was more potent in D492 cells than
D492M. Furthermore, EGFR knockout and gefitinib
sensitized D492 cells to everolimus or 5-FU leading to
a stronger antiproliferative effect than what was
achieved in D492M. Taken together, these results sug-
gest that the epithelial phenotype is dependent on
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EGFR and the downstream RAS-MAPK signaling
pathway that represent therapeutic vulnerabilities and
could be exploited as targets in combination therapies.

Identification of the G,-M transition as a vital node
in the mesenchymal phenotype also agrees with the
previous studies. It has been reported that G,-M arrest
by the anti-microtubule drug paclitaxel or inhibition of
aurora kinases prevented mesenchymal transition
[54,55]. Furthermore, we also identified loss of
AURKA, encoding the aurora kinase A, to be more
toxic to the D492M cells than D492 (Table S3). Based
on these data, further investigation of clinically rele-
vant G,-M inhibitors for targeting the mesenchymal
phenotype could be suggested. Of note, a clinical trial,
where the aurora kinase A-selective inhibitor alisertib
was used in combination with paclitaxel, revealed a
therapeutic benefit of adding alisertib in advanced BC
[56].

In addition, we identified knockouts of TGF-B
receptors (TGFBRs) and RNA splicing machinery as
selectively toxic for the mesenchymal-like cells. These
observations are in line with what is known about
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their association with EMT. TGF-B is a known indu-
cer of EMT in advanced cancers [57]. Furthermore,
increase in TGFBR expression and signaling has been
linked to taxane resistance, and treatment with
TGFBR inhibitors could prevent both EMT and
chemoresistance in breast cancer [58]. Notably, EMT
has also been linked to alternative splicing in breast
cancer [59]. Although it is an interesting observation
with potential prognostic value, it does not represent a
therapeutically tractable target.

In search of genes whose loss is selectively toxic to
the mesenchymal phenotype under ‘therapy pressure’,
we identified FASN. By combining the FASN inhibi-
tor Fasnall with everolimus, we confirmed this finding
in D492M cells. FASN is an attractive therapeutic tar-
get, since it is overexpressed in tumor cells compared
with normal cells [60]. FASN modulates cellular ener-
getics and membrane architecture, thereby influencing
oncogenic signaling and sustaining cancer cell growth
and survival [61]. FASN expression has been shown to
correlate with BC progression, resistance, and poor
prognosis [62]. In this respect, high FASN levels are
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expected to be linked to EMT/mesenchymal pheno-
type, as shown by others [63], and also detected in the
D492M cells. The latter coincides with the higher flux
of fatty acid oxidation and the different lipid profile in
D492M cells, as shown previously [64,65]. Altogether,
this suggests that EMT is associated with changes in
lipid metabolism and that cells of the mesenchymal
phenotype are sensitive to intervention within this
metabolic system. In contrast to what could be
expected, we detected lower sensitivity to the FASN
inhibitor Fasnall in D492M cells than D492. This
might be due to higher endogenous expression of the
FASN protein and, thus, incomplete pharmacological
inhibition in D492M cells. Notably, FASN knockout
was also found among the D492M-specific short-term
vulnerabilities, arguing for FASN as an actionable tar-
get in the mesenchymal phenotype, particularly in
combination with clinically used anticancer drugs.

The findings presented here are based on D492 and
D492M cells that are nontumorigenic. However, D492
cell model shows similarities to TNBC, due to their
native basal cell phenotype, stem cell-like properties,
lack of expression of hormone receptors, and HER2
and ability to undergo EMT. Therefore, our findings
could be relevant to TNBC that demonstrates high
degree of phenotypic heterogeneity and could benefit
from phenotype-tailored combination therapies.

5. Conclusion

Our findings support the application of a CRISPR
genetic loss-of-function screen as an effective strategy
to identify phenotype-specific therapeutic vulnerabili-
ties. The disclosed genetic vulnerabilities pinpoint
actionable targets and suggest inhibitors for combina-
tion therapies that can target distinct phenotypes.

Acknowledgements

The authors would like to thank the laboratory of Dr.
Kris C. Wood of the Duke University, which provided
resources for the CRISPR knockout screen library,
and the University of North Carolina at Chapel Hill
where the screen experimental procedures were per-
formed. Further, we thank the RPPA core facility and
Dr. Gordon Mills at the MD Anderson Cancer Center
(Houston, TX, USA), and the flow cytometry core
facility at Oslo University Hospital (Oslo, Norway) for
help with the respective analyses. We also want to
thank Dr Beata Grallert at the Department of Radia-
tion Biology, Institute for Cancer Research, Oslo
University Hospital for sharing STLC and consulting
on studies involving cell cycle inhibitors. Finally, we

A. Barkovskaya et al.

want to gratefully acknowledge Dr Sara Savage at
Baylor College of Medicine for her insightful com-
ments and suggestions during the preparation of this
manuscript. The work in this manuscript was sup-
ported by the following grants: the Norwegian
Research Council (Grant #239940) and the Norwegian
Cancer Society (Grants #168069, #205222, and
#190257), and the National Institutes of Health
(R35CA232113, T32CA009156, and F32CA221005).

Author contributions

AB, CMG, BH, CJD, SAM, OE, GMM, and LP
designed the study. AB, CMG, KS, SP, CS, and EB
performed experiments and data analysis. TG provided
the cells and protocols for their culturing and analyses.
AB, CMG, and LP wrote the manuscript. All authors
critically evaluated the results and the manuscript.

Conflict of interest

CJD is on the Scientific Advisory Board of Anchiano
Therapeutics, Mirati Therapeutics, and Oncogenuity,
and is a consultant for Deciphera Pharmaceuticals, Eli
Lilly, Jazz Therapeutics, Robometrix, Sanofi, Spring-
Works Therapeutics, and Turning Point Therapeutics.
CJD has received support from Mirati Therapeutics,
Deciphera Pharmaceuticals, and SpringWorks Thera-
peutics. All other authors have no competing financial
and/or nonfinancial interests in relation to this work.

Data accessibility

The data that support the findings of this study are
available in the Supporting Information (Tables SI1—
S3) of this article.

References

1 Bray F, Ferlay J, Soerjomataram I, Siegel RL,
Torreand LA & Jemal A (2018) Global cancer statistics
2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin 68, 394-424.

2 Gupta PB, Pastushenko I, Skibinski A, Blanpainand C
& Kuperwasser C (2019) Phenotypic plasticity: driver of
cancer initiation, progression, and therapy resistance.
Cell Stem Cell 24, 65-78.

3 Risom T, Langer EM, Chapman MP, Rantala J, Fields
AlJ, Boniface C, Alvarez MJ, Kendsersky ND, Pelz CR,
Johnson-Camacho K er al. (2018) Differentiation-state
plasticity is a targetable resistance mechanism in basal-
like breast cancer. Nat Commun 9, 3815.

2040 Molecular Oncology 15 (2021) 2026-2045 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



A. Barkovskaya et al.

4

10

11

12

13

14

15

Molecular Oncology 15 (2021) 2026-2045 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Bhatia S, Wang P, Tohand A & Thompson EW (2020)
New insights into the role of phenotypic plasticity and
EMT in driving cancer progression. Front Mol Biosci 7,
71.

Dongreand A & Weinberg RA (2019) New insights into
the mechanisms of epithelial-mesenchymal transition
and implications for cancer. Nat Rev Mol Cell Biol 20,
69-84.

Sarrié D, Rodriguez-Pinilla SM, Hardisson D, Cano A,
Moreno-Buenoand G & Palacios J (2008) Epithelial-
mesenchymal transition in breast cancer relates to the
basal-like phenotype. Can Res 68, 989.

Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong
STC, Choi H, El Rayes T, Ryu S, Troeger J et al.
(2015) Epithelial-to-mesenchymal transition is not
required for lung metastasis but contributes to
chemoresistance. Nature 527, 472-476.

Goldman A, Majumder B, Dhawan A, Ravi S,
Goldman D, Kohandel M, Majumderand PK &
Sengupta S (2015) Temporally sequenced anticancer
drugs overcome adaptive resistance by targeting a
vulnerable chemotherapy-induced phenotypic transition.
Nat Commun 6, 6139.

Mathis RA, Sokoland ES & Gupta PB (2017) Cancer
cells exhibit clonal diversity in phenotypic plasticity.
Open Biol 7, 15.

Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-
Jessen L, Bisselland MJ & Petersen OW (2002)
Isolation, immortalization, and characterization of a
human breast epithelial cell line with stem cell
properties. Genes Dev 16, 693-706.

Sigurdsson V, Hilmarsdottir B, Sigmundsdottir H,
Fridriksdottir AJ, Ringner M, Villadsen R, Borg A,

Agnarsson BA, Petersen OW, Magnussonand MK ef al.

(2011) Endothelial induced EMT in breast epithelial
cells with stem cell properties. PLoS One 6, €23833.
Briem E, Ingthorsson S, Traustadottir GA,
Hilmarsdottirand B & Gudjonsson T (2019)
Application of the D492 cell lines to explore breast
morphogenesis, EMT and cancer progression in 3D
culture. J Mammary Gland Biol Neoplasia 24, 139—
147.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A,
Zhou AY, Brooks M, Reinhard F, Zhang CC, Shipitsin
M et al. (2008) The epithelial-mesenchymal transition
generates cells with properties of stem cells. Cell 133,
704-715.

Hugo HIJ, Kokkinos MI, Blick T, Ackland ML,
Thompsonand EW & Newgreen DF (2011) Defining
the E-cadherin repressor interactome in epithelial-
mesenchymal transition: the PMC42 model as a case
study. Cells Tissues Organs 193, 23-40.

Longley DB, Harkinand DP & Johnston PG (2003) 5-
fluorouracil: mechanisms of action and clinical
strategies. Nat Rev Cancer 3, 330-338.

Federation of European Biochemical Societies

18

20

21

22

23

24

25

26

CRISPR screen in an EMT pair of breast cells

Denduluri N, Chavez-MacGregor M, Telli ML, Eisen
A, Graff SL, Hassett MJ, Holloway JN, Hurria A,
King TA, Lyman GH et al. (2018) Selection of optimal
adjuvant chemotherapy and targeted therapy for early
breast cancer: ASCO clinical practice guideline focused
update. J Clin Oncol 36, 2433-2443.

Hong JY, Park YH, Choi MK, Jung HA, Lee SJ,
Ahnand JS & Im YH (2015) Characterization of
durable responder for capecitabine monotherapy in
patients with anthracycline- and taxane-pretreated
metastatic breast cancer. Clin Breast Cancer 15, e287—
e292.

Masuda N, Lee SJ, Ohtani S, Im YH, Lee ES, Yokota
1, Kuroi K, Im SA, Park BW, Kim SB ez al. (2017)
Adjuvant capecitabine for breast cancer after
preoperative chemotherapy. N Engl J Med 376, 2147—
2159.

Joensuu H, Kellokumpu-Lehtinen PL, Huovinen R,
Jukkola-Vuorinen A, Tanner M, Kokko R, Ahlgren J,
Auvinen P, Lahdenpera O, Kosonen S ef al. (2017)
Adjuvant capecitabine in combination with docetaxel,
epirubicin, and cyclophosphamide for early breast
cancer: the randomized clinical FinXX trial. JAM A
Oncol 3, 793-800.

Laplanteand M & Sabatini DM (2012) mTOR signaling
in growth control and disease. Cell 149, 274-293.
Pascualand J & Turner NC (2019) Targeting the PI3-
kinase pathway in triple-negative breast cancer. Ann
Oncol 30, 1051-1060.

Lamouilleand S & Derynck R (2007) Cell size and
invasion in TGF-beta-induced epithelial to
mesenchymal transition is regulated by activation of the
mTOR pathway. J Cell Biol 178, 437-451.

Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ,
Kearsleyand JH & Li Y (2013) Acquisition of
epithelial-mesenchymal transition and cancer stem cell
phenotypes is associated with activation of the PI3K/
Akt/mTOR pathway in prostate cancer radioresistance.
Cell Death Dis 4, e875.

Katsuno Y, Meyer DS, Zhang Z, Shokat KM, Akhurst
RJ, Miyazonoand K & Derynck R (2019) Chronic
TGF-beta exposure drives stabilized EMT, tumor
stemness, and cancer drug resistance with vulnerability
to bitopic mTOR inhibition. Sci Signaling 12, eaau8544.
Yardley DA, Noguchi S, Pritchard KI, Burris HA 3rd,
Baselga J, Gnant M, Hortobagyi GN, Campone M,
Pistilli B, Piccart M et al. (2013) Everolimus plus
exemestane in postmenopausal patients with HR(+)
breast cancer: BOLERO-2 final progression-free
survival analysis. Adv Ther 30, 870-884.

Park IH, Kong SY, Kwon Y, Kim MK, Sim SH,
Jooand J & Lee KS (2018) Phase I/II clinical trial of
everolimus combined with gemcitabine/cisplatin for
metastatic triple-negative breast cancer. J Cancer 9,
1145-1151.

2041



CRISPR screen in an EMT pair of breast cells

27

28

29

30

31

32

33

34

35

36

37

38

2042

Yunokawa M, Koizumi F, Kitamura Y, Katanasaka Y,
Okamoto N, Kodaira M, Yonemori K, Shimizu C, Ando
M, Masutomi K et al. (2012) Efficacy of everolimus, a
novel mTOR inhibitor, against basal-like triple-negative
breast cancer cells. Cancer Sci 103, 1665-1671.

Hatem R, El Botty R, Chateau-Joubert S, Servely JL,
Labiod D, de Plater L, Assayag F, Coussy F, Callens
C, Vacher S et al. (2016) Targeting mTOR pathway
inhibits tumor growth in different molecular subtypes
of triple-negative breast cancers. Oncotarget 7, 48206—
48219.

Gudjonsson T, Villadsen R, Rennov-Jessenand L &
Petersen OW (2004) Immortalization protocols used in
cell culture models of human breast morphogenesis.
Cell Mol Life Sci 61, 2523-2534.

Zhang M, Leeand AV & Rosen JM (2017) The cellular
origin and evolution of breast cancer. Cold Spring Harb
Perspect Med 7, a027128.

Lin KH, Rutter JC, Xie A, Pardieu B, Winn ET, Bello
RD, Forget A, Itzykson R, Ahn Y-R, Dai Z et al.
(2020) Using antagonistic pleiotropy to design a
chemotherapy-induced evolutionary trap to target drug
resistance in cancer. Nat Genet 52, 408—417.
Ozkan-Dagliyan I, Diehl JN, George SD, Schaefer A,
Papke B, Klotz-Noack K, Waters AM, Goodwin CM,
Gautam P, Pierobon M et al. (2020) Low-dose vertical
inhibition of the RAF-MEK-ERK cascade causes
apoptotic death of KRAS mutant cancers. Cell Rep 31,
107764.

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA,
Mikkelson T, Heckl D, Ebert BL, Root DE,
Doenchand JG et al. (2014) Genome-scale CRISPR-
Cas9 knockout screening in human cells. Science 343,
84-87.

Konig R, Chiang CY, Tu BP, Yan SF, DeJesus PD,
Romero A, Bergauer T, Orth A, Krueger U, Zhouand
Y et al. (2007) A probability-based approach for the
analysis of large-scale RNAI screens. Nat Methods 4,
847-849.

Li W, Xu H, Xiao T, Cong LE, Love MI, Zhang F,
Irizarry RA, Liu JS, Brown M & Liu XS (2014) Liu,
MAGeCK enables robust identification of essential
genes from genome-scale CRISPR/Cas9 knockout
screens. Genome Biol 15, 554.

Li W, Koster J, Xu H, Chen CH, Xiao T, Liu JS,
Brownand M & Liu XS (2015) Quality control,
modeling, and visualization of CRISPR screens with
MAGeCK-VISPR. Genome Biol 16, 281.

Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S,
Simonovic M, Santos A, Doncheva NT, Roth A, Bork
P et al. (2017) quality-controlled protein-protein
association networks, made broadly accessible. Nucleic
Acids Res 45, D362-D368.

Song Y, Chen Y, Li Y, Lyu X, Cui J, Cheng Y,
Zhaoand L & Zhao G (2018) Metformin inhibits TGF-

39

40

41

42

43

44

45

46

47

48

A. Barkovskaya et al.

betal-induced epithelial-to-mesenchymal transition-like
process and stem-like properties in GBM via AKT/
mTOR/ZEBI1 pathway. Oncotarget 9, 7023-7035.

Wei R, Xiao Y, Song Y, Yuan H, Luoand J & Xu W
(2019) FAT4 regulates the EMT and autophagy in
colorectal cancer cells in part via the PI3K-AKT
signaling axis. J Exp Clin Cancer Res 38, 112.

Meyers RM, Bryan JG, McFarland JM, Weir BA,
Sizemore AE, Xu H, Dharia NV, Montgomery PG,
Cowley GS, Pantel S et al. (2017) Computational
correction of copy number effect improves specificity of
CRISPR-Cas9 essentiality screens in cancer cells. Nat
Genet 49, 1779-1784.

Hart T, Chandrashekhar M, Aregger M, Steinhart Z,
Brown KR, MacLeod G, Mis M, Zimmermann M,
Fradet-Turcotte A, Sun S et al. (2015) High-resolution
CRISPR screens reveal fitness genes and genotype-
specific cancer liabilities. Cell 163, 1515-1526.

Tzelepis K, Koike-Yusa H, De Bracekeleer E, Li Y,
Metzakopian E, Dovey OM, Mupo A, Grinkevich V,
Li M, Mazan M et al. (2016) A CRISPR dropout
screen identifies genetic vulnerabilities and therapeutic
targets in acute myeloid leukemia. Cell Rep 17, 1193—
1205.

Muranen T, Selfors LM, Worster DT, Iwanicki MP,
Song L, Morales FC, Gao S, Millsand GB & Brugge JS
(2012) Inhibition of PI3K/mTOR leads to adaptive
resistance in matrix-attached cancer cells. Cancer Cell
21, 227-239.

Kapoor TM, Mayer TU, Coughlinand ML &
Mitchison TJ (2000) Probing spindle assembly
mechanisms with monastrol, a small molecule inhibitor
of the mitotic kinesin, Eg5. J Cell Biol 150, 975-988.
DeBonis S, Skoufias DA, Lebeau L, Lopez R, Robin
G, Margolis RL, Wadeand RH & Kozielski F (2004) In
vitro screening for inhibitors of the human mitotic
kinesin Eg5 with antimitotic and antitumor activities.
Mol Cancer Ther 3, 1079-1090.

Alwarawrah Y, Hughes P, Loiselle D, Carlson DA,
Darr DB, Jordan JL, Xiong J, Hunter LM, Dubois
LG, Thompson JW et al. (2016) Fasnall, a selective
FASN inhibitor, shows potent anti-tumor activity in the
MMTV-Neu model of HER2(+) breast cancer. Cell
Chem Biol 23, 678—688.

Wang T, Birsoy K, Hughes NW, Krupczak KM, Post
Y, Wei JJ, Landerand ES & Sabatini DM (2015)
Identification and characterization of essential genes in
the human genome. Science 350, 1096-1101.

Bhatia S, Blick T, Pinto C, Waltham M, Monkman J,
Ivanova E, Pollock PM, Nagaraj SH, Wiegmans AP,
Haviv I et al. (2020) Identifying therapies to combat
epithelial mesenchymal plasticity-associated
chemoresistance to conventional breast cancer therapies
using an shRNA library screen. Cancers (Basel) 12,
1123.

Molecular Oncology 15 (2021) 2026-2045 © 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



A. Barkovskaya et al.

49 Behan FM, Iorio F, Picco G, Gongalves E, Beaver CM,
Migliardi G, Santos R, Rao Y, Sassi F, Pinnelli M
et al. (2019) Prioritization of cancer therapeutic targets
using CRISPR-Cas9 screens. Nature 568, 511-516.

50 Ingthorsson S, Andersen K, Hilmarsdottir B,
Maelandsmo GM, Magnussonand MK & Gudjonsson
T (2016) HER2 induced EMT and tumorigenicity in
breast epithelial progenitor cells is inhibited by
coexpression of EGFR. Oncogene 35, 4244-4255.

51 Choudhary KS, Rohatgi N, Halldorsson S, Briem E,
Gudjonsson T, Gudmundssonand S & Rolfsson O
(2016) EGFR signal-network reconstruction
demonstrates metabolic crosstalk in EMT. PLoS
Comput Biol 12, €1004924.

52 Weng CH, Chen LY, Lin YC, Shih JY, Lin YC, Tseng
RY, Chiu AC, Yeh YH, Liu C, Lin YT et al. (2019)
Epithelial-mesenchymal transition (EMT) beyond
EGFR mutations per se is a common mechanism for
acquired resistance to EGFR TKI. Oncogene 38, 455—
468.

53 Zhou L, Lv X, Yang J, Zhu Y, Wangand Z & Xu T
(2018) Overexpression of Napsin A resensitizes drug-
resistant lung cancer A549 cells to gefitinib by
inhibiting EMT. Oncol Lett 16, 2533-2538.

54 Zheng X, Wang C, Xing Y, Chen S, Meng T, You H,
Ojimaand I & Dong Y (2017) SB-T-121205, a next-
generation taxane, enhances apoptosis and inhibits
migration/invasion in MCF-7/PTX cells. Int J Oncol 50,
893-902.

55 LiJP, Yang YX, Liu QL, Zhou ZW, Pan ST, He ZX,
Zhang X, Yang T, Pan SY, Duan W ez al. (2015) The
pan-inhibitor of Aurora kinases danusertib induces
apoptosis and autophagy and suppresses epithelial-to-
mesenchymal transition in human breast cancer cells.
Drug Des Devel Ther 9, 1027-1062.

56 Falchook G, Coleman RL, Roszak A, Behbakht K,
Matulonis U, Ray-Coquard I, Sawrycki P, Duska LR,
Tew W, Ghamande S et al. (2019) Alisertib in
combination with weekly paclitaxel in patients with
advanced breast cancer or recurrent ovarian cancer: a
randomized clinical trial. JAMA Oncol 5, €183773.

57 Heldin CH, Vanlandewijckand M & Moustakas A
(2012) Regulation of EMT by TGFbeta in cancer.
FEBS Lett 586, 1959-1970.

58 Bhola NE, Balko JM, Dugger TC, Kuba MG, Sanchez
V, Sanders M, Stanford J, Cookand RS & Arteaga CL
(2013) TGF-beta inhibition enhances chemotherapy
action against triple-negative breast cancer. J Clin
Investig 123, 1348-1358.

59 Shapiro IM, Cheng AW, Flytzanis NC, Balsamo M,
Condeelis JS, Oktay MH, Burgeand CB & Gertler FB
(2011) An EMT-driven alternative splicing program
occurs in human breast cancer and modulates cellular
phenotype. PLoS Genet 7, €1002218.

CRISPR screen in an EMT pair of breast cells

60 Buckley D, Duke G, Heuer TS, O’Farrell M, Wagman
AS, McCullochand W & Kemble G (2017) Fatty acid
synthase — modern tumor cell biology insights into a
classical oncology target. Pharmacol Ther 177, 23-31.

61 Rohrigand F & Schulze A (2016) The multifaceted roles
of fatty acid synthesis in cancer. Nat Rev Cancer 16,
732-749.

62 Alo PL, Visca P, Marci A, Mangoni A, Botti C & Di
Tondo U (1996) Expression of fatty acid synthase
(FAS) as a predictor of recurrence in stage I breast
carcinoma patients. Cancer 77, 474-482.

63 LiJ, Dong L, Wei D, Wang X, Zhangand S & Li H
(2014) Fatty acid synthase mediates the epithelial-
mesenchymal transition of breast cancer cells. Int J Biol
Sci 10, 171-180.

64 Halldorsson S, Rohatgi N, Magnusdottir M,
Choudhary KS, Gudjonsson T, Knutsen E,
Barkovskaya A, Hilmarsdottir B, Perander M,
Maelandsmo GM et al. (2017) Metabolic re-wiring of
isogenic breast epithelial cell lines following epithelial to
mesenchymal transition. Cancer Lett 396, 117-129.

65 Eiriksson FF, Rolfsson O, Ogmundsdottir HM,
Haraldsson GG, Thorsteinsdottirand M & Halldorsson
S (2018) Altered plasmalogen content and fatty acid
saturation following epithelial to mesenchymal
transition in breast epithelial cell lines. Int J Biochem
Cell Biol 103, 99-104.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Effect of 5-FU on cell growth and the level of
mTOR signaling-related proteins. A, Cell confluence
(tracked by Incucyte, left panel) in D492 cultures in
2D treated with indicated concentration of 5-FU; right
panel: relative cell density in the treated samples nor-
malized to the nontreated controls (set to 100); average
+/-SEM (n = 6); * p < 0.05, unpaired t-test; B, Rela-
tive levels of mMTOR and its downstream target (phos-
pho)proteins as detected by RPPA in D492 and
D492M cells; average +/- StDev from three technical
parallels.

Fig. S2. CRISPR screen sequencing and replicate qual-
ity analysis. A, Distribution of mean sequence quality.
B, Distribution of GC content. C, Mapping ratio of
all reads for indicated conditions. D, Gini index. E,
Number of zero-count sgRNAs per sample. F, normal-
ized read count distribution, plotted as mean with 10-
90 percentile whiskers. G, Heat map of Pearson corre-
lation scores for all CRISPR screen samples with
unsupervised clustering.
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Fig. S3. Short-term vulnerability genes in D492 and
D492M cells overlap with DepMap dependency. A,
Short-term gene essentiality was determined using
RSA by taking the ratio of sgRNA construct represen-
tation at the T7 time point compared to TO. All genes
where the logP significance was <-2 are shown (EGFR
and FASN are indicated); color intensity indicates
logP values. B and C, The median DepMap gene
essentiality score with CRISPR knockout (CERES
score) across breast cancer cell lines is shown for every
gene in the CRISPR library. Negative scores indicate
increasing dependency on that gene. Red highlighted
points are essential genes identified in (A) for the indi-
cated cell line.

Fig. S4. Mid/long-term vulnerability genes in D492
and D492M cells compared to the Cancer Dependency
Map. A, DepMap CERES gene dependency scores
shown for each gene in the CRISPR library. Red high-
lighted points indicate genes found to be essential to
the indicated cell lines at either week two or week
four, with hits defined as genes having scores greater
than three standard deviations from the mean using
MAGeCK-MLE. B, Precision/recall plot for D492 and
D492M cells after two or four weeks DMSO treatment
of previously published in Hart et al. [41] known
essential genes compared to non-essential genes.

Fig. S5. Time influence on gene essentiality. A and B,
Genes in D492 (A) and D492M (B) cells were defined
as ‘essential’ if their beta score decreased by two or
more standard deviations from the mean at an early
(7d), mid (21d), or late (35d) time point. Using unsu-
pervised clustering, genes separated into distinct
groups: mid-(highly)essential, where gene dependency
reached maximum at day 21 and did not change fur-
ther with time; late-(highly)essential, where dependency
increased with time and reached maximum at the final
time point, day 35d; the ‘variable/weak essential’ clus-
ter included genes, whose essentiality was observed
only at a single time point, was weak and did not
increase over time. C, Representative enriched Reac-
tome and Kegg pathways using Over-Representation
Analysis (ORA) for D492 and D492M cell lines at
indicated time points.

Fig. S6. Phenotype-selective genes identified from
CRISPR screen using MAGeCK-MLE. A and B,
After two weeks (A) or four weeks (B) of DMSO vehi-
cle treatment, sgRNAs targeting indicated genes may
be either depleted or enriched. Phenotype-selective
gene essentiality consists of genes with greater deple-
tion in one cell line compared to the other. Shown is
the beta score as calculated using MAGeCK-MLE.
The top 15 genes in each category are labeled. C-F,
Beta scores given by MAGeCK-MLE for indicated

A. Barkovskaya et al.

conditions shown with RSA hits (logP < —3) high-
lighted in red, which are weighted towards the more
essential genes as ranked by MAGeCK-MLE.
Magenta-highlighted genes are previously published
non-essential genes [41].

Fig. S7. Comparison of the significance of the EGFR
signaling-related gene knockouts, EGFR protein levels
and cell cycle distribution in D492 and D492M cells.
A, Heat map of MAGeCK-MLE results for D492 and
D492M cells for EGFR-RAS-MAPK signaling related
genes. B, Immunofluorescence pictures indicating
EGFR protein level; scale bar, 20 um. C, DNA con-
tent indicating cell cycle distribution in D492 and
D492M cells as detected by flow cytometry.

Fig. S8. Phenotype-specific gene cooperativity with
everolimus and 5-FU identified using MAGeCK-MLE.
CRISPR hits for everolimus (A, C) and 5-FU (B, D)
treated cells in indicated cell lines. Phenotype-specific
gene essentiality consists of genes with greater deple-
tion in one cell line compared to the other. Shown is
the beta score as calculated using MAGeCK-MLE.
The top 15 genes in each category are labeled.

Fig. S9. The significance of EGFR signaling-related
gene knockouts for toxicity in cells under ‘therapy
pressure’. LogP values for EGFR signaling related
genes (defined by Ingenuity Pathway Analysis) in ever-
olimus- or 5-FU- treated versus nontreated D492 or
D492M cells at week two or week four.

Fig. S10. FASN protein expression in D492 and
D492M cells. FASN expression level was detected by
RPPA (average +/- StDev from three technical paral-
lels).

Fig. S11. Sensitivity of 2D cultures of D492 and
D492M to the EGFR and ERK inhibitors. Cells were
grown as monolayers in 2D and treated for three days
with the indicated concentrations of the EGFR inhibi-
tor gefitinib (A) or the ERK inhibitor SCH772984 (B)
before the cell survival was measured by the CTG
method; average +/- SEM (n>4); * p<0.05 by
unpaired t-test.

Fig. S12. Sensitivity of D492 and D492M cells to gefi-
tinib, STLC and Fasnall with/without additional treat-
ment with 5-FU. The cells were grown in 3D Matrigel
and treated for eight days with 1 uM gefitinib (A),
5 uM (D492) or 1 uM (D492M) STLC (B) or 20 uM
(D492) or 30 puM (D492M) Fasnall (C) in combination
with 1 uM 5-FU before the cell survival was measured
by the CTG method; average +/- SEM (n = 3); **
p < 0.05 by paired t-test.

Table S1. Sequencing counts for each sgRNA con-
struct for each condition.

Table S2. MAGeCK-MLE gene summary analysis
results.
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Table S3. Essential genes in the D492 and D492M
cells at indicated days post-infection. Beta scores for
each gene are provided at each time point in a cell line
if that gene was essential in that cell line at any time

CRISPR screen in an EMT pair of breast cells

point. Genes were defined as ‘essential’ if their beta
score decreased by two or more standard deviations
from the mean at an early (7 d), mid (21 d) or late
(35 d) time point.
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