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In vivo CRISPR/Cas9 knockout screen: TCEAL1 silencing
enhances docetaxel efficacy in prostate cancer
Linda K Rushworth1,2,*, Victoria Harle1,2,*, Peter Repiscak1,2,*, William Clark2, Robin Shaw2, Holly Hall2 , Martin Bushell1,2,
Hing Y Leung1,2,† , Rachana Patel2,†

Docetaxel chemotherapy in metastatic prostate cancer offers
only amodest survival benefit because of emerging resistance. To
identify candidate therapeutic gene targets, we applied a murine
prostate cancer orthograft model that recapitulates clinical in-
vasive prostate cancer in a genome-wide CRISPR/Cas9 screen
under docetaxel treatment pressure. We identified 17 candidate
genes whose suppression may enhance the efficacy of docetaxel,
with transcription elongation factor A–like 1 (Tceal1) as the top
candidate. TCEAL1 function is not fully characterised; it may
modulate transcription in a promoter dependent fashion. Sup-
pressed TCEAL1 expression in multiple human prostate cancer
cell lines enhanced therapeutic response to docetaxel. Based on
gene set enrichment analysis from transcriptomic data and flow
cytometry, we confirmed that loss of TCEAL1 in combination with
docetaxel leads to an altered cell cycle profile compared with
docetaxel alone, with increased subG1 cell death and increased
polyploidy. Here,we report thefirst in vivo genome-wide treatment
sensitisation CRISPR screen in prostate cancer, and present proof
of concept data on TCEAL1 as a candidate for a combinational
strategy with the use of docetaxel.
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Introduction

Prostate cancer is the secondmost common cause of cancer deaths
in men in the Western world (1). Androgen deprivation therapy
(ADT) remains the first-line hormonal treatment option, whereas
docetaxel is currently the standard chemotherapy drug routinely
used to treat metastatic prostate cancer. Treatment with docetaxel,
however, leads to only a modest increase in median survival of 10
mo (2). A second-line chemotherapy drug, cabazitaxel, has been
approved. Similarly to docetaxel, cabazitaxel only offers a modest
survival benefit of just 2.4 mo (3). Recent evidence from clinical
trials giving hormone-sensitive patients upfront treatment of

docetaxel in combination with ADT has demonstrated a robust
increase in survival. Subsequently, upfront ADT combination therapy
with either chemotherapy or androgen receptor (AR) pathway in-
hibitors has become routinely used (2, 4, 5, 6). Despite an initial
docetaxel response, most tumours relapse within 2–3 yr via resis-
tance mechanisms, either de novo or by acquired treatment resis-
tance (7). Thus, there is an unmet need for additional combination
approaches to improve the efficacy of docetaxel.

The CRISPR/Cas9 system consists of two components, a Cas9
endonuclease and a single-stranded guide RNA (sgRNA), and is a
powerful genome-editing tool. Cas9 can be directed to a specific
gene locus by a sgRNA which is matched to targeted genomic loci,
leading to double strand breaks and subsequent indels potentially
resulting in loss of gene function (8). CRISPR-based screening
represents a powerful tool for studying biological processes, in-
cluding those involved in cancer (9, 10). Targeted CRISPR screens
have been used in cancer studies, and more recently, genome wide
screens begin to comprehensively identify genes required for a
phenotype of interest. In vivo screens are preferred over in vitro
screens, with in vivo models mimicking human disease better and
the incorporation of tumour microenvironment in the model (11).
However, in vivo CRISPR screens are significantly more demanding
to perform, and none have been reported for prostate cancer.
CRISPR screens can provide a wealth of information, as genes that
are potentially involved in the treatment or process of interest can
be identified by comparing the abundance of individual sgRNAs.
Negatively selected sgRNAs signify that the target gene may be
required for cellular survival and/or proliferation under the
screening conditions.

To our knowledge, we conducted the first in vivo dropout
docetaxel sensitisation CRISPR screen in prostate cancer. Using a
whole genome approach, we transduced Cas9-expressing murine
prostate cancer cells (from a Probasin-Cre Ptenfl/fl Spry2fl/+ tumour)
(12, 13) with a whole genome library. Mice injected with these cells
were treated with docetaxel or vehicle, and the resulting tumours
were deep sequenced to profile the abundance of individual gRNA
species. In a drop-out screen, we focussed on negatively selected
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genes, whichmay signify a potential role for cells to survive docetaxel
treatment. We successfully validated the top target TCEAL1 in both
murine and human prostate cancer cells. We further identified cell
cycle alterations to be associated with enhanced treatment response
upon combined TCEAL1 silencing and docetaxel treatment.

Results

Establishing an orthograft model for in vivo CRISPR screening

Inactivation of tumour suppressors such as PTEN and Sprouty2
(SPRY2) drives aggressive treatment resistant prostate cancer (12).
Genomic alterations of SPRY2 and PTEN as part of the RAS/ERK and
PI3K/AKT pathways, respectively, have been detected in ~40% of
metastatic prostate cancer patients (SU2C/PCF Dream Team) (14)
(Fig 1A). The genetically engineered mouse model with Probasin-
mediated deletion of Pten and Spry2 (namely PbCre Ptenfl/fl Spry2fl/+,
referred to as the SP model hereafter) models clinical invasive
prostate cancer (12, 13). Of note, tumours from the SPmodel have an
adenocarcinoma phenotype with evidence of glandular differen-
tiation, thus recapitulating the most common type of clinical
prostate cancer. Prostate tumour weights were higher in the SP
mice than those with Pten deletion alone (Fig 1B), suggesting that
combined altered RAS/ERK and PI3K/AKT signalling promotes
prostate tumorigenesis. We then generated and characterised a
murine prostate cancer cell line from an SP tumour, hereafter
referred to as SP1 cells (Fig S1A). SP1 cells have been used in
previous studies (12, 15), and importantly for clinical relevance, they
express AR (Fig S1B).

Orthotopic injection of SP1 cells results in reproducible formation
of prostate tumours. In an optimisation experiment, mice bearing SP1
tumours were treated with docetaxel (6 mg/kg at 4 d intervals) (16).
Docetaxel treatment significantly extended the survival of experi-
mental mice (Fig 1C, median survival extending from 33 to 38 d), with
reduced tumoral Ki67 staining (Figs 1D and S1C). Despite initial re-
sponse to chemotherapy, all of the mice demonstrated persistent
tumour growth and no mice survived beyond 40 d. Thus, SP1-derived
orthografts represent a clinically relevant model for an in vivo
CRISPR/Cas9 screen to identify novel genes/pathways that influence
tumour response to docetaxel (Fig 1E).

In vivo whole genome CRISPR/Cas9 screen in a prostate cancer
orthograft model

SP1 cells were transfected with Cas9-EGFP (Fig 1F) and subjected to
a double live cell sort to collect EGFP expressing cells. As sgRNAs
require nuclear nuclease activity of Cas9, nuclear Cas9-EGFP ex-
pression was confirmed (Fig 1G). SP1-Cas9 cells were transduced
with the CRISPR library (GeCKOv2 library A; Addgene) and 107 cells
were injected into one of the anterior prostates of each CD-1 nude
mouse. Mice were randomised for vehicle (n = 9) or docetaxel (n = 5)
treatment. Figs 1H and S1D show the full workflow of the screen. At
the end of the screen, docetaxel treated and control mice had
comparable tumours (Fig 1I). Tumour samples were deep se-
quenced, along with control samples (including GeCKO plasmid A

input library and cells transduced with the sgRNA library) to confirm
library representation before injection and treatment.

Bioinformatic analysis identifies negatively selected genes

The average number of mapped reads across conditions was 15
million, with aminimum of 4.5 million; even theminimum depth will
provide sufficient theoretical coverage of more than 68 reads per
sgRNA (Table S1). The representation of the sgRNA library is shown
as a boxplot distribution in Fig 2A. Distribution of unique sgRNA
abundances across different conditions were further examined
by plotting cumulative probability distributions as a function of
normalised reads (Fig 2B). The plasmid and transduced SP1-Cas9
cells (before injection) had excellent sgRNA distribution, with de-
tected sgRNAs representing >98% of total sgRNA. Whereas sgRNA
for essential survival genes were anticipated to be under-
represented in the pre-injection transduced SP1-Cas9 cells rela-
tive to the plasmid, the sgRNA representation in the two groups
correlated significantly (Pearson, r = 0.94) (Fig S2A), which suggested
suboptimal performance of the screen resulting in the risk of false
negatives. Nonetheless, analysis of the prostate tumours (both
vehicle and docetaxel treated) confirmed some loss in the amount
of detected sgRNAs (Table S1), with an average of 83% of genes
being represented in the library across all samples. As expected, the
plasmid and transduced SP1-Cas9 cell samples cluster away from
the prostate tumours, and tumours cluster by treatment (vehicle or
docetaxel) (Fig 2C).

Genes can be identified by comparing the abundance of indi-
vidual sgRNAs that are positively or negatively enriched in the cell
population compared with control tumours in vehicle treated mice.
Waterfall plots with ranked sgRNA abundance were prepared (Fig
S2B), with individual gRNAs for gene hits of interest highlighted.
Comparing tumours in vehicle and docetaxel treated mice, we
identified 17 candidate negatively selected genes after chemo-
therapy (padj < 0.25; Figs 2D and S2C and Table 1), including 15
coding genes (eight with human orthologues) and two microRNAs.

Tceal1 is identified as the top candidate among the negatively
selected genes

From the 17 highlighted genes, six genes had highly significant
adjusted P-values at <0.05, among which two genes have human
orthologues (TCEAL1 and CUL9) (Table 1). The most significant
negatively selected gene in the screen was Tceal1 (transcription
elongation factor A–like 1) (log2 fold change = −3.4; padj = 0.0267),
and the possibility of off-target hits for Tceal1 sgRNAs was excluded
(Table S2). TCEAL1 is part of a gene family of transcription elongation
factor A–like proteins, which includes TCEAL1 – 9, clustered on the X
chromosome (Xq22.1-2). TCEAL1 is hypothesised to modulate tran-
scription both positively and negatively depending on the target
promoters (17). In our screen with orthograft bearing mice, we
identified 19 metastatic lesions (six in epididymal fat and four in
bladder in the vehicle group mice, five in epididymal fat, and four in
bladder in the docetaxel treated mice) for analysis. Of note, Tceal1
was also implicated to be a significantly dropped-out gene in
metastases following docetaxel treatment (log2 fold change = −3.3
P = 0.0006; false discovery rate [FDR] 0.0082).

In vivo CRISPR screen identifies TCEAL1 to enhance docetaxel Rushworth et al. https://doi.org/10.26508/lsa.202000770 vol 3 | no 12 | e202000770 2 of 14

https://doi.org/10.26508/lsa.202000770


We identified Cul9 as another top hit (log2 fold change = −4.3; padj =
0.0364). CUL9 is part of a complex that mediates ubiquitination and
degradation of survivin and is required to maintain microtubule
dynamics (18). CUL9 interacts with paclitaxel to regulate microtu-
bule stability (18), thus confirming the validity of hits from our
screen. With pdj < 0.25, WDR72 (WD Repeat domain 72) is one of the
six genes with human orthologues (Table 1) and is underrepre-
sented at −2.2 log2 fold (padj = 0.1848). Mutations in WDR72 are
associated with amelogenesis imperfecta hypomaturation type 2A3
(19, 20), and altered WDR72 expression has been reported in lung
cancer stem cells (21). In the presence of docetaxel, silencing of
Tceal1, Cul9, or Wdr72 expression in SP1 cells resulted in significant
additional reduction of cell numbers relative to each treatment
alone (Figs 2E and S3A and B). Similarly, siRNA-mediated knock-
down of the three genes enhanced the response to docetaxel in
human PC3M prostate cancer cells (Figs 2E and S3A and C).

Focussing on Tceal1 as the top hit, LNCaP, DU145, and CWR22
human prostate cancer cell lines were also sensitised to docetaxel
treatment upon suppressed TCEAL1 expression (Figs 2E and S3A).
Although all of the four human PCa cell lines express easily de-
tectable levels of TCEAL1 protein, the benign prostate epithelial
RWPE cells have almost undetectable levels of TCEAL1 protein
expression (Fig S4A). It is worth noting that RWPE cells do express
TCEAL1 mRNA at an easily detectable level (Fig S4B). Besides pooled
siRNA, two individual TCEAL1 siRNAs were confirmed to suppress
TCEAL1 expression and reduce proliferation in PC3M cells (Figs 3A
and B and S4C). Interestingly, siRNA-mediated silencing of TCEAL1
mRNAexpression did not sensitise RWPE cells to docetaxel treatment
(Figs 3C and S4B), perhaps because of the fact that RWPE cells have
very low levels of TCEAL1 protein expression. For the first time, TCEAL1
is implicated in enhancing docetaxel anti-cancer effects in prostate
cancer.

Cell cycle profile analysis after suppression of TCEAL1 expression

We next studied the cell cycle profile of synchronised PC3M cells by
flow cytometry. In isolation, docetaxel (2 nM for 48 h) significantly
suppressed G1 and up-regulated G2M and S phase subpopulations
(Figs 3D and E and S4D and Table S3). TCEAL1 knockdown alone
resulted in more modest changes; however, there was a small but
significant decrease in G1 and increase in polyploidy. With com-
bined TCEAL1 siRNA and docetaxel treatment, the cell cycle profile
was altered compared with each treatment alone, with all stages of
the cell cycle (except the S phase) being significantly changed.
Interestingly, the percentages of both sub-G1 and polyploid cells
were significantly increased, possibly because of aberrant mitosis
leading to altered DNA content. The percentage of G2M cells was
decreased with combined treatment compared with docetaxel
alone (Figs 3D and E and S4D and Table S3). Taken together, these
data suggest that the combined treatment altered the cell cycle in a
manner distinct from the individual treatments.

Transcriptomic analysis of PC3M cells with suppressed TCEAL1
expression

To gain further insight into TCEAL1-mediated functions, and how
TCEAL1 influences cancer response to docetaxel treatment, RNA

sequencing was conducted using samples prepared from PC3M
cells after TCEAL1 knockdown with/without docetaxel treatment (2
nM for 48 h). TCEAL1 knockdown accounted for most of the dif-
ferences in gene expression as seen in the principal component
analysis, whereas docetaxel treatment had a lesser effect (Fig S4E).
We analysed the transcriptome upon TCEAL1 knockdown in the first
instance. Genes that were up-regulated included multiple bio-
logical processes related to cell cycle and DNA replication (Fig 3F,
highlighted in red), whereas down-regulated genes were generally
related to translation (Fig 3G). TCEAL1 expression was potently
suppressed by TCEAL1 siRNA treatment which has onlyminor effects
on the expression of other TCEAL genes (Fig S4F).

5,169 genes were significantly altered after combined TCEAL1
siRNA and docetaxel treatment, with only 623 for docetaxel and
2,960 for TCEAL1 knockdown alone (fold change > 1.5, P.adj < 0.05)
(Figs 4A and S5A). Almost half (n = 2,538) of the differentially expressed
genes upon combined TCEAL1 loss and docetaxel treatment were
unique and not observed after single treatment (Fig 4A). Based on the
Hallmark gene sets for defined biological states and processes, the
gene expression data in docetaxel treated cells revealed multiple up-
regulated gene sets with positive normalised enrichment scores (Fig
4B). In contrast, cells with TCEAL1 loss alone tend to have negatively
enriched gene sets. Some of the gene sets that were positively
enriched by docetaxel were negatively enriched by TCEAL1 alone (e.g.,
KRAS signalling up, myogenesis, and epithelial mesenchymal tran-
sition) with combined treatment showing no enrichment, suggesting
mutual compensation, whereas enrichment of other gene sets were
common to all three treatments (e.g., mitotic spindle, oxidative
phosphorylation, and myc targets v1 and v2) (Fig 4B).

Gene sets for G2M checkpoint and E2F targets were enriched with
TCEAL1 loss (NES 1.31, padj 0.0913; NES 1.50, padj 0.0128 respectively),
and further enriched with the addition of docetaxel (NES 1.53, padj
0.0094; NES 1.67, padj 0.0014 respectively), suggesting that func-
tional effects of combined TCEAL1 loss and docetaxel may be re-
lated to the cell cycle (Fig 4B and C), in line with our flow cytometry
data on TCEAL1-mediated effects. Focussing on expression of E2F
target genes, combined TCEAL1 loss and docetaxel treatment has
the greatest effects, whereas TCEAL1 loss alone resulted in smaller
but significant effects (Fig 4C). E2F transcription factors transcrip-
tionally control genes involved in the cell cycle and DNA replication.
We selected some of the genes with the most altered expression
levels upon TCEAL1 loss and validated the findings in independent
PC3M cell cultures (Figs 4D and S5B). The genes included those
involved in cell cycle checkpoints, such as CHEK1 and CDC25A, as
well as those involved in the separation of chromatids during
mitosis. Interestingly, some E2F family members were themselves
up-regulated upon TCEAL1 knockdown (Fig S5B). In summary,
TCEAL1 was identified in an in vivo CRISPR/Cas9 screen to enhance
the effect of docetaxel, with associated changes in cell cycle profile
and E2F target expression.

Discussion

The use of taxanes is well established inmetastatic prostate cancer,
but the survival benefits from docetaxel and cabazitaxel chemotherapy
are modest (2, 3). There is therefore an urgent unmet requirement
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Figure 1. In vivo whole genome CRISPR/Cas9 screen.
(A) PTEN and SPRY2 genomic alterations in metastatic prostate cancer patients with taxane treatment (SU2C/PCF Dream Team, 2015). (B) Non-cystic prostate tumour
weights from indicatedmice at clinical end point (Pten−/−, n = 5; Pten−/− Spry2−/+, n = 6; *P < 0.05; Mann–Whitney test; mean values ± SD are shown). (C) Kaplan–Meier plot for
overall survival of SP1 prostate orthograft bearing mice treated as indicated (log-rank Mantel–Cox test). (D) IHC quantification of Ki67 staining in SP1 prostate tumour
orthograft sections from CD-1 nude immunocompromised mice treated as indicated (vehicle, n = 5; docetaxel, n = 4; *P < 0.05; Mann–Whitney test; mean values ± SD are
shown). (E) Schematic of the workflow of the CRISPR drop-out screen, bioinformatics analysis and target validation. (F)Western blot images to confirm expression of Cas9
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for improved therapies. We applied the first in vivo prostate cancer
whole genome CRISPR screening to study drug sensitisation to identify
genes and pathways that sensitise prostate cancer cells to docetaxel
treatment using a clinically relevant orthotopic mouse model.

We injected SP1 cells orthotopically into immunocompromised
CD-1 mice to recapitulate the prostate cancer microenvironment,
although they did lack a normal adaptive immune system. We
applied the two-vector murine CRISPR knockout GeCKOv2 pooled
library to provide genome wide coverage. The in vivo experimental
design was developed within the limit of SP1 cell number we could
inject per mouse. Managing the cell number restriction, Library A
alone from the GeCKOv2 library (number sgRNA = 67,405) was se-
lected, targeting the entire genome along with all relevant controls
and achieving a library representation (cells per lentiviral CRISPR
construct) at 100-fold. Under-representation (or dropout) of sgRNA
for specific genes upon docetaxel treatment suggests the inability
of cells to survive when the implicated sgRNAs are present which
are expected to suppress the expression of the target genes. Hence,
the target genes of “drop-out” sgRNA signifies genes required for
cells to resist docetaxel.

Comparison of sgRNA in the pre-injection-transduced SP1-Cas9
cells to the plasmids was expected to highlight under-representation
of sgRNA for essential genes. The inability of our screen to confirm this
under-representation is likely a consequence of inadequate coverage
of sgRNA for individual target genes. Cas9 expression in SP1-Cas9 cells
appears to be satisfactory, as determined by Western blot (Fig 1F and
G); however, the screen could also have been affected by suboptimal
Cas9 activity (9). Instead of restricting the screen to library A, a more
focussed screen with the inclusion of more sgRNA per gene may
provide better coverage (22, 23) and avoid the risk of false negatives in
the screen. Nonetheless, the screen identified 17 genes with nega-
tively selected sgRNAs, including two miRNAs, in orthografts upon
docetaxel treatment, signifying potential novel therapeutic targets.
We validated Tceal1, Cul9, andWdr72 in the murine SP1 cells. CUL9 has
previously been described as having a combination effect with
paclitaxel, and loss of WDR72 only sensitised two of the cell lines
tested to docetaxel. Tceal1 was the gene with the most significant
negatively selected sgRNAs, sensitising all prostate cancer cell lines
tested to docetaxel, and given its putative role in transcription, we
chose TCEAL1 as our top target for further study. In addition, the
finding of TCEAL1 dropout in both prostate orthografts and associated
metastasis after docetaxel treatment highlighted the importance of
TCEAL1 in in vivo prostate carcinogenesis.

TCEAL1 was identified as a phosphoprotein similar to tran-
scription factor SII (24, 25) that can modulate promoter function.
Importantly, TCEAL1 can either repress promoter function or up-
regulate transcriptional activity in a context-dependent manner
(17). TCEAL1 is part of a family of transcription elongation factor

A–like genes. TCEAL family members have not been widely studied,
and the studies that have been published describe varying roles for
these genes in cancer. Whereas TCEAL2 up-regulation was reported
to associate with poor prognosis for serous ovarian cancer patients
(26), TCEAL-1, 4, and 7 were reported to be down-regulated in
different tumour types (27, 28, 29). To date, the expression of TCEAL
has not been implicated in tumour response to treatment.

Gene set enrichment analyses (GSEA) of RNA sequencing
showed that several pathways were negatively enriched upon TCEAL1
knockdown, consistent with its function as a transcription elon-
gation factor in modulating RNA polymerase II–mediated tran-
scription of target genes (30). TCEAL1 can also repress promotor
function, and RNA sequencing revealed that loss of TCEAL1 led to
up-regulation of genes that had a profound effect on processes
involved in the cell cycle, including target genes of E2F transcription
factors and G2M checkpoint genes. Interestingly, one of the most
up-regulated E2F target genes is DSCC1 (DNA Replication and Sister
Chromatid Cohesion 1). Deletion of a DSCC1 yeast homologue
(Dcc1p) resulted in severe sister chromatid cohesion defects, and
importantly, increased sensitivity to microtubule depolymerising
drugs (31). In addition, overexpression of the ESPL1 separase
protease (another E2F target gene) was observed upon TCEAL1
knockdown; ESPL1 is implicated to increase aneuploidy in a murine
breast cancer model (32). Furthermore, in the GSEA, mitotic spindle
genes were positively enriched for all treatments (Fig 4B), revealing
that TCEAL1 loss, as well as docetaxel treatment, is altering mitotic
microtubule dynamics, which may also be important in affecting
mitotic progression. Combined, this evidence points towards a role
for TCEAL1 in the cell cycle.

Flow cytometry of docetaxel treated cells showed an increase in
S phase, G2M and polyploidy consistent with stabilisation of mi-
crotubules by taxanes. TCEAL1 siRNA alone had a lesser effect;
however, there was a small but significant decrease in G1 and
increase in polyploidy, in line with our transcriptomic data on
TCEAL1-mediated effects on the cell cycle. Combined TCEAL1 siRNA
and docetaxel appeared to have an effect that was distinct from the
individual treatments and control cells, where sub-G1 cells and
polyploidy were potently increased. Specifically, we identified E2F
targets and genes involved in G2M regulation to be involved after
combined TCEAL1 silencing and docetaxel treatment.

Collectively, our whole genome in vivo CRISPR screen has
identified TCEAL1 as a potential target to sensitise prostate cancer
cells to docetaxel. Future in vivo studies would focus on tumour
response to treatment and further work would be warranted to
decipher the mechanism by which TCEAL1 regulates the cell cycle,
thus allowing the development of a more precise approach for
combination treatment with docetaxel. In addition, because doce-
taxel is often combined with ADT as an upfront treatment for routine

in whole cell lysates from SP1 cells transfected with Cas9-EGFP. α-tubulin is used as a loading control. (G) Western blot images to confirm expression of Cas9
cytoplasmic and nuclear extracts from FACS-sorted SP1 cells with stable Cas9-EGFP expression. Lamin B and α-tubulin were used as nuclear and cytosolic markers,
respectively. (H) Schematic illustration of in vivo CRISPR/Cas9 screen. SP1 cells were stably transfected with Cas9-EGFP. After double FACS sorting, SP1 cells with stable
expression of Cas9 were selected and amplified for the screen. GeCKO2 V2 whole genome sgRNA library A was used for lentiviral production and transduction of SP1
Cas9-EGFP cells. After 7 d of puromycin selection, the infected SP1 cells were injected in the anterior prostates of CD1-immunocompromisedmice. After 7 d of recovery, mice
were randomised and treated with vehicle (n = 9) or docetaxel (n = 5). (I) sgRNA transfected SP1 prostate orthograft burden in CD-1 nude immunocompromised mice
treated as indicated (Vehicle, n = 9; docetaxel, n = 5; ns, not significant; Mann–Whitney test; mean values ± SD are shown).
Source data are available for this figure.
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Figure 2. Bioinformatics analysis identifies negatively selected genes.
(A) Boxplot of the sgRNA-normalised read counts for the plasmid, pre-injection cells, and vehicle and docetaxel-treated tumour samples. Summary statistics shown are
median, hinges for the 25th and 75th percentiles, whiskers extending from the hinges to the smallest/largest value no further than 1.5 × IQR from the hinge and “outlying”
points. (B) Cumulative probability distribution of sgRNAs in the plasmid, pre-injection cells, and vehicle and docetaxel-treated tumour samples. Shift in the curves for
vehicle and docetaxel-treated tumour samples represents the depletion in a subset of sgRNAs after injection and after injection and docetaxel treatment, respectively.
Distributions for each condition are averaged across replicates. (C) Principle component analysis plot of plasmid (n = 1), cells (n = 1), and vehicle (n = 9) and docetaxel (n =
5)-treated tumour samples. Each dot represents one primary prostate tumour from the respective experimental groups. (D) Boxplot of sgRNA normalised read counts for
each sgRNA detected for three selected significant (padj < 0.25) negatively selected genes in the mock and docetaxel treated samples. Summary statistics shown are
median, hinges for the 25th and 75th percentiles, whiskers extending from the hinges to the smallest/largest value no further than 1.5 × IQR from the hinge and “outlying”
points. (E) The indicated cell lines were transfected with non-targeting or targeting siRNA for 24 h before treatment with DMSO or docetaxel for a further 72 h. The number of
cells was counted and the fold change compared with control is shown (n = 3 independent biological experiments, with three independent wells; *P < 0.05, **P < 0.001,
***P < 0.0001; one-way ANOVA with Tukey’s test; mean values ± SD are shown).
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management of metastatic prostate cancer, future studies to test
the value of TCEAL1 in the context of combined chemo-hormonal
therapy are necessary. Whereas the therapeutic landscape of
systemic treatment for advanced prostate cancer has changed
significantly with the successful introduction of AR pathway in-
hibitors, taxane chemotherapy remains to have a key role in the
management of patients with incurable disease. Cabazitaxel is a
second-line taxane chemotherapy which is administered when
resistance to docetaxel emerges. Although cabazitaxel and doce-
taxel use the same mechanism of action in stabilising polymerised
microtubules leading to cell death, cabazitaxel is able to by-pass
the multidrug resistance (MDR) proteins. Exploring mRNA expres-
sion data after TCEAL1 knockdown, changes in the expression of
MDR genes are unlikely to be responsible for the enhanced effects
of docetaxel treatment (Table S4). In future studies, it would
therefore be pertinent to test if suppression of TCEAL1 expression
also sensitises prostate cancer cells to cabazitaxel treatment.
Besides prostate cancer, docetaxel is also used in a range of cancer
types, including breast, stomach, head and neck, and non-small cell
lung cancer. Sensitising cancer cells to docetaxel by targeting TCEAL1-
mediated mechanism could therefore have wider implications for
cancer therapy.

Materials and Methods

Cell culture

SP1 cells were derived from a genetically engineered mouse
prostate cancer model (SP: Probasin-Cre Ptenfl/fl Spry2fl/+) that
represents the loss of Pten tumour suppressor protein and

inactivation of Sprouty2 as described in references 12 and 13 (RRID:
CVCL_VQ86). Cells were grown in DMEM supplemented with 10% FBS
and 2 mM L-glutamine. PC3M, LNCaP, DU145, CWR22, and RWPE
human prostate cancer cells were obtained from American Type
Culture Collection. PC3M, LNCaP, and DU145 cells were grown in
RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine.
RWPE cells were grown in keratinocyte medium supplemented with
EGF and bovine pituitary extract. CWR22 cells were grown in RPMI-
1640 without phenol red supplemented with 10% charcoal stripped
serum and 2 mM L-glutamine. All cell lines used were tested 6 mo
for mycoplasma using an in-house MycoAlert Mycoplasma Detec-
tion Kit (Lonza), according to the manufacturer’s instructions.

Establishment of docetaxel treatment schedule

The in vivo experiments were carried out in accordance with the UK
Home Office regulations (UK Animals [Scientific Procedures] Act
1986) under Project Licence P5EE22AEE.

SP1 cells were orthotopically injected into the anterior prostate
of nine 6-wk-old male CD-1 nude mice. Mice were monitored by
ultrasound 10 d after surgery to detect tumour formation, before
randomisation and the start of treatment (vehicle n = 5, docetaxel n
= 4). Mice were treated with either 6 mg/kg docetaxel or vehicle
control by intraperitoneal injection every 4 d. The clinical end
points for this study were tumour diameter greater than 1.2 cm,
tumour invasion into other organs including the bladder, and
abdominal distension. Mice were monitored by ultrasound imaging
and were euthanized when they reached the clinical end point.
After euthanasia of the animals, the prostate orthografts were
harvested for immunohistochemical analysis.

Table 1. Significant (padj < 0.25) negatively selected genes.

Gene symbol Detected sgRNAs Good sgRNAs log2 fold change Adjusted P-value

Tceal1 2 2 −3.4 0.0267

Gm10921 3 2 −2.6 0.0324

Gm10058 3 3 −1.2 0.0324

mmu-mir-466o 2 2 −2.4 0.0324

Vmn1r100 2 2 −2.5 0.0324

Cul9 2 2 −4.3 0.0364

0610010B08Rik 3 3 −1.9 0.0526

Defa25 2 2 −1.5 0.0525

Gm14288 2 2 −4.4 0.0525

mmu-mir-669d 2 2 −3.5 0.0583

Olfr522 2 2 −2.4 0.0642

Mettl10 2 2 −4.9 0.0675

5031410I06Rik 3 3 −3.6 0.1235

Ccl21a 3 3 −1.3 0.1848

Wdr72 3 2 −2.2 0.1848

Hist1h2bc 2 2 −1.8 0.1848

Gm2913 3 2 −4.4 0.2331

Genes in bold have identifiable human orthologues. The number of detected sgRNAs (library A contained three sgRNAs for each gene and four sgRNAs per
miRNA) is shown. “Good” sgRNAs is the number of detected sgRNAs that were negatively selected.
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Figure 3. Analysis of TCEAL1 knockdown–mediated effects.
(A) PC3M cells were transfected with non-targeting (NT2, NT pool) or TCEAL1-targeting (individual [TCEAL1 2 and TCEAL1 3] or pooled [TCEAL1 pool]) siRNA as indicated for
24 h before treatment with docetaxel for a further 72 h. The number of cells was counted and the fold change compared with NT2 control is shown (n = 3 independent
biological experiments, with three independent wells; *P < 0.05, **P < 0.001; one-way ANOVA with Dunnett’s test; mean values ± SD are shown). (A, B) PC3M cells were treated
as panel (A). Western blot image of TCEAL1 expression after siRNA transfection. HSC70 is used as a loading control (n = 3, a representative blot is shown). (C) RWPE cells
were transfected with non-targeting or TCEAL1-targeting pooled siRNA as indicated for 24 h before treatment with DMSO or docetaxel for a further 72 h. The number of
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Immunohistochemistry

Immunohistochemistry (IHC) for Ki67 was performed on formalin-
fixed paraffin-embedded sections from mouse prostate tumours
using Dako Autostainer as previously described (33). Ki67 antibody
(RM-9106; Thermo Fisher Scientific) was used at 1:100, with Dako
Envision anti-rabbit secondary reagent (K4003; Agilent).

CRISPR library

We used the two-vector murine CRISPR knockout GeCKOv2 pooled
library from Addgene (11). The complete library contains 130,209
different sgRNA sequences targeting 20,611 different genes, as well
as 1,175 miRNAs, and is divided into libraries A and B. The sgRNAs in
library A (containing three different gRNA sequences per gene and
four different sgRNA sequences per miRNA, as well as 1,000 non-
targeting controls), designed to have minimal homology to se-
quences in the mouse genome, were used in the screen.

Generation of Cas9-expressing cell line

For the genome-wide CRISPR screen, Cas9 expressing SP1 cells were
generated by transfecting the cells with a Cas9-EGFP (lenti-Cas9-
NLS-FLAG-2A-EGFP; 63592; Addgene) (11) plasmid using nucleo-
fection. The plasmid contains a P2A sequence between the Cas9
and GFP, and so GFP serves as a surrogate marker for Cas9 ex-
pression. We checked for expression of Cas9 by Western blot, before
the Cas9-EGFP–expressing SP1 (SP1-Cas9) cells were enriched by
double consecutive live cell sorting for EGFP-positive cells using the
BD FACSAria (BD Biosciences). We further checked the sorted SP1-
Cas9 cells for nuclear Cas9 expression before viral transduction.

Lentivirus production and cell transduction

The GeCKOv2 library was amplified and used to produce lentivirus. After
production, the lentivirus was titered and the Cas9 expressing–SP1 cells
were transduced with a multiplicity of infection less than 0.4. SP1-
Cas9 CRISPR cells were maintained under puromycin selection
(9 μg/ml) to select for cells expressing a gRNA and provide time for
gene editing to occur. After 9 d under selection, the cells were
collected and injected into the mice as described below (3 × 107

cells were removed before the start of injections and were frozen
for genomic extraction and used as a reference baseline to indicate
which sgRNA sequences were present before the start of the
screen).

In vivo CRISPR screen

107 SP1-Cas9 CRISPR cells were orthotopically injected into the
anterior prostate of each 6-wk-old male CD-1 nude mouse. Mice
were monitored for tumour burden by ultrasound imaging and
treatment started 7 d after surgery. The mice were randomised and
treated with vehicle (n = 9) or docetaxel (6 mg/kg, n = 5). Ultrasound
imaging allowed monitoring of tumour growth. Overall, all exper-
imental mice received three injections of 6 mg/kg docetaxel ad-
ministered by intraperitoneal injection before the first mice
reached pre-determined clinical end point such as abdominal
distension. At this point, all prostate tumours were harvested and
finely ground. DNA was extracted from each whole tumour using the
Blood and Cell Culture DNA Maxi kit (QIAGEN) according to the
manufacturer’s instructions.

DNA preparation and deep sequencing

DNA was prepared for deep sequencing by conducting a two-step
PCR. The initial PCR amplified a region of the gRNA cassette to
maintain library representation, whereas the second PCR added the
primers required for sequencing. DNA was extracted from 100 mg of
ground tumour (or entire tumour if weight under 100 mg) using
QIAamp DNA Mini Kit (QIAGEN) as per the manufacturer’s in-
structions. Each column takes a maximum of 25 mg of tissue; tu-
mours were split into 5 × ~20 mg tissue, and extracted DNA was
combined at the end. PCR was repeated 35 times for 100-fold library
representation (primer sequences are the same as those used in
Chen et al [2015] (11)). All PCR products per sample were combined
and used in the second PCR round to add the primers required for
sequencing. PCR products from each sample were again combined
and concentrated using a QIAquick PCR Purification Kit (QIAGEN) as
per the manufacturer’s instructions. Each sample was run on a 1.5%
agarose gel. Bands were excised and DNA purified using a QIAquick
Gel Extraction Kit before sending for sequencing. The samples were
deep sequenced using the Illumina platform. The resulting data
were de-multiplexed and analysed by bioinformatics to identify
genes important in the response to docetaxel.

Bioinformatic analysis for CRISPR screen

Sequencing reads were first trimmed using cutadapt (v2.5) (34) to
obtain the 20-bp spacer (guide) sequences. The initial quality
control of sequencing data before and after trimming was per-
formed using FastQC (v0.11.4) (35). The spacer sequences were then
mapped, quantified, and analysed using various functions from the

cells was counted and the fold change compared with control is shown (n = 3 independent biological experiments, with three independent wells; ***P < 0.0001, **P <
0.001, ns, not significant; one-way ANOVA with Tukey’s test; mean values ± SD are shown). (D) Cell cycle profiles of PC3M cells treated as indicated. Cells were transfected
with either control (non-targeting) or TCEAL1-targeting pooled siRNA for 24 h before being synchronised by a double thymidine block. Cells were released into freshmedia
containing DMSO or docetaxel for 48 h. All cells were collected and fixed in ethanol. After fixation, cells were stained with propidium iodide and analysed using flow
cytometry (n = 3 independent biological experiments, representative plots are shown). (E) Quantification of percentage of PC3M cells in all stages of the cell cycle as
indicated (n = 3 independent biological experiments; *P < 0.01, **P < 0.001, ***P < 0.0001; one-way ANOVA with Tukey’s test; mean values ± SD are shown). (F) Plot showing
the top 20 enriched Gene Ontology biological processes for genes up-regulated upon TCEAL1 suppression. The colour of the bar details the enrichment score, and the x-
axis is the P-value. Processes involved in the cell cycle are highlighted in red. (G) Plot showing the top 20 enriched Gene Ontology biological processes for genes down-
regulated on TCEAL1 suppression. The colour of the bar details the enrichment score, and the x-axis is the P-value.
Source data are available for this figure.
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Figure 4. Transcriptome informed pathway analysis upon suppressed TCEAL1 expression combined with docetaxel treatment.
(A) PC3M cells were transfected with non-targeting or TCEAL1-targeting pooled siRNA for 24 h before treatment with DMSO or docetaxel for a further 48 h. RNA was
extracted and sequenced. Venn diagram shows the number of genes that had altered expression in the three treatment conditions compared with control samples (n = 4
independent biological experiments). (B) Plot showing the enriched gene sets after Gene Set Enrichment Analysis from RNA sequencing using the Hallmark gene sets.
X-axis shows the sample condition, with the enriched gene sets on the left of the plot. The legend details triangle size relative to −log10 of the adjusted P-value (1.3 =
−log100.05). Colour shows the Normalised Enrichment Score (NES) compared with the control (non-targeting siRNA and DMSO) (Doc = docetaxel treatment). (C) Enrichment
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Model-based Analysis of Genome-wide CRISPR/Cas9 (MAGeCK)
(v0.5.6) (36) tool and using the robust ranking aggregation algo-
rithm. Collected sgRNA read counts were normalised by total read
counts (–norm-method total) and only sgRNAs with an average
expression higher than 100 reads across the treatment groups
(either vehicle or docetaxel), and genes with at least two sgRNAs
detected were kept for further analysis. A depletion/enrichment
analysis was performed usingMAGeCK test commandwith additional
parameters (-norm-method total; –adjust-method fdr; –additional-
rra-parameters “--min-percentage-goodsgrna 0.6”), to re-normalise
raw counts after filtering, and filter genes that have a low percentage
of “good sgrnas” (sgRNAs whose ranking is below the α cut-off). Data
analysis was performed in R (v3.6.1) (37) using packages dplyr (v0.8.3)
(38), tidyr (v1.0.0) (39), and tibble (v2.1.3) (40). Figures were generated
using ggplot2 (v3.2.1) (41), pheatmap (v1.0.12) (42), ggpubr (v0.2.3)
(43), and kableExtra (v1.1.0) (44). The code for pre-processing and
data analysis is available to view at https://github.com/prepiscak/
optichem_crispr.

Potential off-target effects for each of the three Tceal1 sgRNAs
used were examined using https://wge.stemcell.sanger.ac.uk/find_
off_targets_by_seq with Mouse (GRCm38) and PAM Right (NGG)
(Table S4).

siRNA transfection

Cells were transfected with either non-targeting or targeting siRNA
(25 nM) using Lipofectamine RNAiMax (Life Technologies) according
to the manufacturer’s instructions before subsequent treatment
and analysis. The following siRNAs from Dharmacon were used:
ON-TARGETplus Mouse Tceal1 SMARTPool; ON-TARGETplus Human
TCEAL1 SMARTPool; ON-TARGETplus Human Tceal1 Set of four
siRNAs; ON-TARGETplus Mouse Cul9 SMARTPool; ON-TARGETplus
Human CUL9 SMARTPool; ON-TARGETplus Mouse Wdr72 SMART-
Pool; ON-TARGETplus Human WDR72 SMARTPool; ON-TARGETplus
non-targeting pool; ON-TARGETplus non-targeting control siRNA 1;
ON-TARGETplus non-targeting control siRNA 2.

RNA extraction

Total mRNA was extracted using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. RNA was quantified
using the NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific). For RNA sequencing samples, RNA quality was assessed on
a 2100 Bioanalyser (Agilent).

Quantitative real-time PCR

cDNA was prepared using the High Capacity cDNA Transcription Kit
(Applied Biosystems) according to the manufacturer’s instructions,
and Taqman qRT-PCR was performed as previously described (33).

Cell cycle analysis

Cells were seeded and reverse transfected with siRNA 24 h using
Lipofectamine RNAiMax (Life Technologies) before synchronising
using a double thymidine (2 mM) block. Cells were released into
fresh medium before treatment with docetaxel (2 nM) or DMSO.
After 48 h, all cells (floating and attached) were harvested and fixed
in 70% ethanol for at least 1 h. Cells were washed with PBS before
incubation with RNase A and propidium iodide for 30 min. Samples
were analysed on an Attune NxT Flow Cytometer (Thermo Fisher
Scientific). Data were analysed using FlowJo software, and the
percentage of cells in each phase of the cell cycle was determined.

Western blot

Whole-cell lysates from PC3M cells were prepared by lysing cells in
lysis buffer (20 mM Hepes, 0.5 mM EGTA, 0.5% NP40, and 150 mM
NaCl with protease and phosphatase inhibitors). Lysates were re-
solved by SDS–PAGE on 4–12% gradient Bis-Tris gels (Life Tech-
nologies) before wet transfer to PVDF membrane (Millipore) using
the NuPage transfer module (Life Technologies). Membranes were
blocked with 5% milk before incubation with primary antibody
overnight at 4°C. After incubation with secondary antibodies, Alexa
Fluor 680 goat anti-rabbit (Life Technologies) or goat anti-mouse
DyLight 800 (Thermo Fisher Scientific) bands were visualised using
the LI-COR (LI-COR Biosciences). Primary antibodies used were
TCEAL1 (sc-393621, 1:200; Santa Cruz Biotechnology) and HSC70 (sc-
7298, 1:1,000; Santa Cruz Biotechnology).

RNA sequencing and bioinformatics

RNA from PC3M cells was isolated and quantified as described
above. Libraries from these samples were prepared for sequencing
using the Illumina TotalPrep RNA Amplification Kit (Ambion, Life
Technologies) with Poly(A) selection according to the manufac-
turer’s instructions. Quality checks and trimming on the raw RNA-
Seq data files were conducted using FastQC version 0.11.7 (35), FastP
(45), and FastQ Screen version 0.12.0 (46). RNA-Seq paired-end
reads were aligned to the Ensembl version 38 build 95 (47) of
the human genome and annotated using HiSat2 version 2.1.0 (48).
Expression levels were determined and were statistically analysed
by a combination of the following: HTSeq version 0.9.1 (49); the R
environment version 3.5.3 (37); packages from the Bioconductor
data analysis suite (50); and differential gene expression analysis
based on the negative binomial distribution using the DESeq2
package version 1.22.2 (51). Functional enrichment analysis was
conducted with enrichR R package (v2.1) (52, 53) to the GO BP 2018
database. GSEA on Hallmarks gene set collection (54) was carried
out using clusterProfiler (v3.12.0) (55) and fgsea (v1.10.1) (56 Preprint)
algorithm with genes from RNA-seq differential expression analysis
ranked according to the log2 fold change and converted to

plots of Hallmark E2F target genes (gene set size = 200) for each of the indicated treatment conditions (n = 4 independent biological experiments; NES, Normalised
Enrichment Score, P.adjust = a Benjamini–Hochberg adjusted P-value). (D) qRT-PCR validation of selected E2F target genes. PC3M cells were transfected with non-targeting
or TCEAL1-targeting pooled siRNA as indicated for 24 h before treatment with DMSO or docetaxel for a further 72 h. Casc3 was used as a reference gene for normalisation,
and the fold change compared with control is shown (RQ, relative quantitation; n = 3 independent biological experiments; *P < 0.05, ***P < 0.0001; one-way ANOVA with
Tukey’s test; mean values ± SD are shown).
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entrez_gene_ids using Ensembl Genes 96 annotation. Data analysis
was performed in R (v3.6.1) (37) and figures were generated using
combination of ggplot2 (v3.2.1) (41) and enrichplot (1.4.0) (57).

Statistical analysis

Data plotting and statistical analyses including one-way ANOVA
with Tukey’s test, Welch’s t test (unpaired, two tailed), Mann–
Whitney, Kaplan–Meier survival analysis, and log-rank (Mantel–Cox)
were carried out using GraphPad Prism 7. Graphs are shown as
mean ± SD with individual points shown. P-values for all experi-
ments and statistical tests are shown in Table S5.

Data Availability

CRISPR screen and RNA-seq data have been deposited in the
ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress)
under accession numbers E-MTAB-9482 and E-MTAB-9484, respectively.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202000770.

Acknowledgements

We thank Arnaud Blomme and George Skalka for helpful discussions. This
work was supported by the Prostate Cancer Foundation Challenge Award,
Cancer Research UK (A17196: core funding to the Cancer Research UK Beatson
Institute, A15151 and A22904: awarded to HY Leung, and A29252: awarded to M
Bushell).

Author Contributions

LK Rushworth: conceptualization, data curation, formal analysis,
validation, investigation, visualization,methodology, andwriting—original
draft, review, and editing.
V Harle: conceptualization, data curation, formal analysis, valida-
tion, investigation, and methodology.
P Repiscak: conceptualization, data curation, software, formal
analysis, investigation, and methodology.
W Clark: data curation, formal analysis, and methodology.
R Shaw: data curation, software, formal analysis, and investigation.
H Hall: software, formal analysis, and investigation.
M Bushell: resources and formal analysis.
HY Leung: conceptualization, resources, data curation, formal
analysis, supervision, funding acquisition, investigation, method-
ology, project administration, and writing—original draft, review,
and editing.
R Patel: conceptualization, data curation, formal analysis, super-
vision, funding acquisition, investigation, methodology, and project
administration.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

1. Siegel RL, Miller KD, Jemal A (2019) Cancer statistics, 2019. CA Cancer J Clin
69: 7–34. doi:10.3322/caac.21551

2. James ND, Sydes MR, Clarke NW, Mason MD, Dearnaley DP, Spears MR,
Ritchie AW, Parker CC, Russell JM, Attard G, et al (2016) Addition of
docetaxel, zoledronic acid, or both to first-line long-term hormone
therapy in prostate cancer (STAMPEDE): Survival results from an
adaptive, multiarm, multistage, platform randomised controlled trial.
Lancet 387: 1163–1177. doi:10.1016/s0140-6736(15)01037-5

3. de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels JP, Kocak I, Gravis
G, Bodrogi I, Mackenzie MJ, Shen L, et al (2010) Prednisone plus
cabazitaxel or mitoxantrone formetastatic castration-resistant prostate
cancer progressing after docetaxel treatment: A randomised open-label
trial. Lancet 376: 1147–1154. doi:10.1016/s0140-6736(10)61389-x

4. Fizazi K, Tran N, Fein L, Matsubara N, Rodriguez-Antolin A, Alekseev BY,
Ozguroglu M, Ye D, Feyerabend S, Protheroe A, et al (2017) Abiraterone
plus prednisone in metastatic, castration-sensitive prostate cancer. N
Engl J Med 377: 352–360. doi:10.1056/nejmoa1704174

5. James ND, de Bono JS, Spears MR, Clarke NW, Mason MD, Dearnaley DP,
Ritchie AWS, Amos CL, Gilson C, Jones RJ, et al (2017) Abiraterone for
prostate cancer not previously treated with hormone therapy. N Engl J
Med 377: 338–351. doi:10.1056/nejmoa1702900

6. Sweeney CJ, Chen YH, Carducci M, Liu G, Jarrard DF, Eisenberger M, Wong
YN, Hahn N, Kohli M, Cooney MM, et al (2015) Chemohormonal therapy in
metastatic hormone-sensitive prostate cancer. N Engl J Med 373:
737–746. doi:10.1056/nejmoa1503747

7. Lohiya V, Aragon-Ching JB, Sonpavde G (2016) Role of chemotherapy and
mechanisms of resistance to chemotherapy in metastatic castration-
resistant prostate cancer. Clin Med Insights Oncol 10: 57–66. doi:10.4137/
CMO.S34535

8. Ishino Y, Krupovic M, Forterre P (2018) History of CRISPR-Cas from
encounter with a mysterious repeated sequence to genome editing
technology. J Bacteriol 200: e00580-17. doi:10.1128/jb.00580-17

9. Chow RD, Chen S (2018) Cancer CRISPR screens in vivo. Trends Cancer 4:
349–358. doi:10.1016/j.trecan.2018.03.002

10. Ghosh D, Venkataramani P, Nandi S, Bhattacharjee S (2019) CRISPR-Cas9
a boon or bane: The bumpy road ahead to cancer therapeutics. Cancer
Cell Int 19: 12. doi:10.1186/s12935-019-0726-0

11. Chen S, Sanjana NE, Zheng K, Shalem O, Lee K, Shi X, Scott DA, Song J, Pan
JQ, Weissleder R, et al (2015) Genome-wide CRISPR screen in a mouse
model of tumor growth and metastasis. Cell 160: 1246–1260. doi:10.1016/
j.cell.2015.02.038

12. Patel R, Fleming J, Mui E, Loveridge C, Repiscak P, Blomme A, Harle V, Salji
M, Ahmad I, Teo K, et al (2018) Sprouty2 loss-induced IL6 drives
castration-resistant prostate cancer through scavenger receptor B1.
EMBO Mol Med 10: e8347. doi:10.15252/emmm.201708347

13. Patel R, Gao M, Ahmad I, Fleming J, Singh LB, Rai TS, McKie AB, Seywright
M, Barnetson RJ, Edwards J, et al (2013) Sprouty2, PTEN, and PP2A interact
to regulate prostate cancer progression. J Clin Invest 123: 1157–1175.
doi:10.1172/jci63672

14. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, Mosquera JM,
Montgomery B, Taplin ME, Pritchard CC, Attard G, et al (2015) Integrative
clinical genomics of advanced prostate cancer. Cell 162: 454. doi:10.1016/
j.cell.2015.06.053

15. Rushworth LK, Hewit K, Munnings-Tomes S, Somani S, James D, Shanks E,
Dufes C, Straube A, Patel R, Leung HY (2020) Repurposing screen

In vivo CRISPR screen identifies TCEAL1 to enhance docetaxel Rushworth et al. https://doi.org/10.26508/lsa.202000770 vol 3 | no 12 | e202000770 12 of 14

http://www.ebi.ac.uk/arrayexpress
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9482/
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-9484/
https://doi.org/10.26508/lsa.202000770
https://doi.org/10.26508/lsa.202000770
https://doi.org/10.3322/caac.21551
https://doi.org/10.1016/s0140-6736(15)01037-5
https://doi.org/10.1016/s0140-6736(10)61389-x
https://doi.org/10.1056/nejmoa1704174
https://doi.org/10.1056/nejmoa1702900
https://doi.org/10.1056/nejmoa1503747
https://doi.org/10.4137/CMO.S34535
https://doi.org/10.4137/CMO.S34535
https://doi.org/10.1128/jb.00580-17
https://doi.org/10.1016/j.trecan.2018.03.002
https://doi.org/10.1186/s12935-019-0726-0
https://doi.org/10.1016/j.cell.2015.02.038
https://doi.org/10.1016/j.cell.2015.02.038
https://doi.org/10.15252/emmm.201708347
https://doi.org/10.1172/jci63672
https://doi.org/10.1016/j.cell.2015.06.053
https://doi.org/10.1016/j.cell.2015.06.053
https://doi.org/10.26508/lsa.202000770


identifies mebendazole as a clinical candidate to synergise with
docetaxel for prostate cancer treatment. Br J Cancer 122: 517–527.
doi:10.1038/s41416-019-0681-5

16. Bradshaw-Pierce EL, Steinhauer CA, Raben D, Gustafson DL (2008)
Pharmacokinetic-directed dosing of vandetanib and docetaxel in a
mouse model of human squamous cell carcinoma. Mol Cancer Ther 7:
3006–3017. doi:10.1158/1535-7163.mct-08-0370

17. Yeh CH, Shatkin AJ (1994) Down-regulation of Rous sarcoma virus
long terminal repeat promoter activity by a HeLa cell basic protein.
Proc Natl Acad Sci U S A 91: 11002–11006. doi:10.1073/
pnas.91.23.11002

18. Li Z, Pei XH, Yan J, Yan F, Cappell KM, Whitehurst AW, Xiong Y (2014) CUL9
mediates the functions of the 3M complex and ubiquitylates survivin to
maintain genome integrity. Mol Cell 54: 805–819. doi:10.1016/
j.molcel.2014.03.046

19. Charone S, Kuchler EC, Leite AL, Silva Fernandes M, Taioqui Pela V,
Martini T, Brondino BM, Magalhaes AC, Dionisio TJ, Carlos FS, et al
(2019) Analysis of polymorphisms in genes differentially
expressed in the enamel of mice with different genetic
susceptibilities to dental fluorosis. Caries Res 53: 228–233.
doi:10.1159/000491554

20. El-Sayed W, Parry DA, Shore RC, Ahmed M, Jafri H, Rashid Y, Al-Bahlani S,
Al Harasi S, Kirkham J, Inglehearn CF, et al (2009) Mutations in the beta
propeller WDR72 cause autosomal-recessive hypomaturation
amelogenesis imperfecta. Am J Hum Genet 85: 699–705. doi:10.1016/
j.ajhg.2009.09.014

21. Mather JP, Roberts PE, Pan Z, Chen F, Hooley J, Young P, Xu X, Smith DH,
Easton A, Li P, et al (2013) Isolation of cancer stem like cells from human
adenosquamous carcinoma of the lung supports a monoclonal origin
from a multipotential tissue stem cell. PLoS One 8: e79456. doi:10.1371/
journal.pone.0079456

22. Manguso RT, Pope HW, Zimmer MD, Brown FD, Yates KB, Miller BC, Collins
NB, Bi K, LaFleur MW, Juneja VR, et al (2017) In vivo CRISPR screening
identifies Ptpn2 as a cancer immunotherapy target. Nature 547: 413–418.
doi:10.1038/nature23270

23. Szlachta K, Kuscu C, Tufan T, Adair SJ, Shang S, Michaels AD, Mullen MG,
Fischer NL, Yang J, Liu L, et al (2018) CRISPR knockout screening identifies
combinatorial drug targets in pancreatic cancer and models cellular
drug response. Nat Commun 9: 4275. doi:10.1038/s41467-018-06676-2

24. Pillutla RC, Shimamoto A, Furuichi Y, Shatkin AJ (1999) Genomic structure
and chromosomal localization of TCEAL1, a human gene encoding the
nuclear phosphoprotein p21/SIIR. Genomics 56: 217–220. doi:10.1006/
geno.1998.5705

25. Yeh CH, Shatkin AJ (1994) A HeLa-cell-encoded p21 is homologous to
transcription elongation factor SII. Gene 143: 285–287. doi:10.1016/0378-
1119(94)90112-0

26. Kim YS, Hwan JD, Bae S, Bae DH, Shick WA (2010) Identification of
differentially expressed genes using an annealing control primer
system in stage III serous ovarian carcinoma. BMC Cancer 10: 576.
doi:10.1186/1471-2407-10-576

27. Akaishi J, Onda M, Okamoto J, Miyamoto S, Nagahama M, Ito K, Yoshida A,
Shimizu K (2006) Down-regulation of transcription elogation factor A
(SII) like 4 (TCEAL4) in anaplastic thyroid cancer. BMC Cancer 6: 260.
doi:10.1186/1471-2407-6-260

28. Chien J, Narita K, Rattan R, Giri S, Shridhar R, Staub J, Beleford D, Lai J,
Roberts LR, Molina J, et al (2008) A role for candidate tumor-suppressor
gene TCEAL7 in the regulation of c-Myc activity, cyclin D1 levels and
cellular transformation. Oncogene 27: 7223–7234. doi:10.1038/
onc.2008.360

29. Makino H, Tajiri T, Miyashita M, Sasajima K, Anbazhagan R, Johnston J,
Gabrielson E (2005) Differential expression of TCEAL1 in esophageal
cancers by custom cDNA microarray analysis. Dis Esophagus 18: 37–40.
doi:10.1111/j.1442-2050.2005.00432.x

30. Wind M, Reines D (2000) Transcription elongation factor SII. Bioessays
22: 327–336. doi:10.1002/(sici)1521-1878(200004)22:4<327::aid-bies3>3.0.
co;2-4

31. Mayer ML, Gygi SP, Aebersold R, Hieter P (2001) Identification of
RFC(Ctf18p, Ctf8p, Dcc1p): An alternative RFC complex required for sister
chromatid cohesion in S. cerevisiae. Mol Cell 7: 959–970. doi:10.1016/
s1097-2765(01)00254-4

32. Mukherjee M, Ge G, Zhang N, Edwards DG, Sumazin P, Sharan SK, Rao
PH, Medina D, Pati D (2014) MMTV-Espl1 transgenic mice develop
aneuploid, estrogen receptor alpha (ERalpha)-positive mammary
adenocarcinomas. Oncogene 33: 5511–5522. doi:10.1038/
onc.2013.493

33. Loveridge CJ, Mui EJ, Patel R, Tan EH, Ahmad I, Welsh M, Galbraith J,
Hedley A, Nixon C, Blyth K, et al (2017) Increased T-cell infiltration elicited
by Erk5 deletion in a Pten-deficient mouse model of prostate
carcinogenesis. Cancer Res 77: 3158–3168. doi:10.1158/0008-5472.can-16-
2565

34. Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17: 10–12. doi:10.14806/ej.17.1.200

35. Andrews S (2010) FASTQC. A quality control tool for high throughput
sequence data. Available at: http://www.bioinformatics.babraham.ac.uk/
projects/fastqc.

36. Liu XS, Zhang F, Irizarry RA, Xiao T, Cong L, Love MI, Li W, Xu H, Liu JS, Brown
M (2014) MAGeCK enables robust identification of essential genes from
genome-scale CRISPR/Cas9 knockout screens. Genome Biol 15: 1–12.
doi:10.1186/s13059-014-0554-4

37. Team RC (2019) R: A Language and Environment for Statistical
Computing. https://www.R-project.org/.

38. Wickham H, François R, Henry L, Müller K (2019) dplyr: A Grammar of Data
Manipulation. https://CRAN.R-project.org/package=dplyr.

39. Wickham H, Henry L (2019) tidyr: Tidy Messy Data. https://CRAN.R-
project.org/package=tidyr.

40. Müller K, Wickham H (2019) tibble: Simple Data Frames. https://CRAN.R-
project.org/package=tibble.

41. Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. New York:
Springer-Verlag. https://ggplot2.tidyverse.org.

42. Kolde R (2019) pheatmap: Pretty Heatmaps. https://CRAN.R-project.org/
package=pheatmap.

43. Kassambara A (2019) ggpubr: “ggplot2” Based Publication Ready Plots.
https://CRAN.R-project.org/package=ggpubr.

44. Zhu H (2019) kableExtra: Construct Complex Table with “kable” and Pipe
Syntax. https://CRAN.R-project.org/package=kableExtra.

45. Chen S, Zhou Y, Chen Y, Gu J (2018) fastp: An ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34: i884–i890. doi:10.1093/bioinformatics/
bty560.

46. Wingett S (2018) FastQ Screen. Available at: http://
www.bioinformatics.babraham.ac.uk/projects/fastq_screen/.

47. Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, Billis K,
Cummins C, Gall A, Giron CG, et al (2018) Ensembl 2018. Nucleic Acids Res
46: D754–D761. doi:10.1093/nar/gkx1098

48. Kim D, Langmead B, Salzberg SL (2015) HISAT: A fast spliced aligner with
low memory requirements. Nat Methods 12: 357–360. doi:10.1038/
nmeth.3317

49. Anders S, Pyl PT, Huber W (2015) HTSeq: A Python framework to work with
high-throughput sequencing data. Bioinformatics 31: 166–169.
doi:10.1093/bioinformatics/btu638

50. Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, Bravo
HC, Davis S, Gatto L, Girke T, et al (2015) Orchestrating high-throughput
genomic analysis with bioconductor. Nat Methods 12: 115–121.
doi:10.1038/nmeth.3252

In vivo CRISPR screen identifies TCEAL1 to enhance docetaxel Rushworth et al. https://doi.org/10.26508/lsa.202000770 vol 3 | no 12 | e202000770 13 of 14

https://doi.org/10.1038/s41416-019-0681-5
https://doi.org/10.1158/1535-7163.mct-08-0370
https://doi.org/10.1073/pnas.91.23.11002
https://doi.org/10.1073/pnas.91.23.11002
https://doi.org/10.1016/j.molcel.2014.03.046
https://doi.org/10.1016/j.molcel.2014.03.046
https://doi.org/10.1159/000491554
https://doi.org/10.1016/j.ajhg.2009.09.014
https://doi.org/10.1016/j.ajhg.2009.09.014
https://doi.org/10.1371/journal.pone.0079456
https://doi.org/10.1371/journal.pone.0079456
https://doi.org/10.1038/nature23270
https://doi.org/10.1038/s41467-018-06676-2
https://doi.org/10.1006/geno.1998.5705
https://doi.org/10.1006/geno.1998.5705
https://doi.org/10.1016/0378-1119(94)90112-0
https://doi.org/10.1016/0378-1119(94)90112-0
https://doi.org/10.1186/1471-2407-10-576
https://doi.org/10.1186/1471-2407-6-260
https://doi.org/10.1038/onc.2008.360
https://doi.org/10.1038/onc.2008.360
https://doi.org/10.1111/j.1442-2050.2005.00432.x
https://doi.org/10.1002/(sici)1521-1878(200004)22:4<327::aid-bies3>3.0.co;2-4
https://doi.org/10.1002/(sici)1521-1878(200004)22:4<327::aid-bies3>3.0.co;2-4
https://doi.org/10.1016/s1097-2765(01)00254-4
https://doi.org/10.1016/s1097-2765(01)00254-4
https://doi.org/10.1038/onc.2013.493
https://doi.org/10.1038/onc.2013.493
https://doi.org/10.1158/0008-5472.can-16-2565
https://doi.org/10.1158/0008-5472.can-16-2565
https://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1186/s13059-014-0554-4
https://www.R-project.org/
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tibble
https://CRAN.R-project.org/package=tibble
https://CRAN.R-project.org/package=tibble
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=kableExtra
https://CRAN.R-project.org/package=kableExtra
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/
http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.26508/lsa.202000770


51. Love MI, Huber W, Anders S (2014) Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15: 550.
doi:10.1186/s13059-014-0550-8

52. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark NR, Ma’ayan
A (2013) Enrichr: Interactive and collaborative HTML5 gene list
enrichment analysis tool. BMC Bioinformatics 14: 128. doi:10.1186/1471-
2105-14-128

53. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z,
Koplev S, Jenkins SL, Jagodnik KM, Lachmann A, et al (2016) Enrichr: A
comprehensive gene set enrichment analysis web server 2016 update.
Nucleic Acids Res 44: W90–W97. doi:10.1093/nar/gkw377

54. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P
(2015) The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst 1: 417–425. doi:10.1016/j.cels.2015.12.004

55. Yu G, Wang LG, Han Y, He QY (2012) clusterProfiler: An R package for
comparing biological themes among gene clusters. OMICS 16: 284–287.
doi:10.1089/omi.2011.0118

56. Sergushichev A (2016) An algorithm for fast preranked gene set
enrichment analysis using cumulative statistic calculation. BioRxiv
doi:10.1101/060012 (Preprint posted June 20, 2016)

57. YuG (2019) enrichplot: Visualizationof functional enrichment result. R package
version 1.4.0. Available at: https://github.com/GuangchuangYu/enrichplot.

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

In vivo CRISPR screen identifies TCEAL1 to enhance docetaxel Rushworth et al. https://doi.org/10.26508/lsa.202000770 vol 3 | no 12 | e202000770 14 of 14

https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1101/060012
https://github.com/GuangchuangYu/enrichplot
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.202000770

	In vivo CRISPR/Cas9 knockout screen: TCEAL1 silencing enhances docetaxel efficacy in prostate cancer
	Introduction
	Results
	Establishing an orthograft model for in vivo CRISPR screening
	In vivo whole genome CRISPR/Cas9 screen in a prostate cancer orthograft model
	Bioinformatic analysis identifies negatively selected genes
	Tceal1 is identified as the top candidate among the negatively selected genes
	Cell cycle profile analysis after suppression of TCEAL1 expression
	Transcriptomic analysis of PC3M cells with suppressed TCEAL1 expression

	Discussion
	Materials and Methods
	Cell culture
	Establishment of docetaxel treatment schedule
	Immunohistochemistry
	CRISPR library
	Generation of Cas9-expressing cell line
	Lentivirus production and cell transduction
	In vivo CRISPR screen
	DNA preparation and deep sequencing
	Bioinformatic analysis for CRISPR screen
	siRNA transfection
	RNA extraction
	Quantitative real-time PCR
	Cell cycle analysis
	Western blot
	RNA sequencing and bioinformatics
	Statistical analysis

	Data Availability
	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	1.Siegel RL, Miller KD, Jemal A (2019) Cancer statistics, 2019. CA Cancer J Clin 69: 7–34. 10.3322/caac.215512.James ND, Sy ...


