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Prostate cancer exhibits high prevalence and accounts for a high number of cancer-related deaths. The discovery and
characterization of molecular determinants of aggressive prostate cancer represents an active area of research. The Immediate Early
Response (IER) family of genes, which regulate Protein Phosphatase 2A (PP2A) activity, has emerged among the factors that
influence cancer biology. Here, we show that the less studied member of this family, Immediate Early Response 5 like (IER5L), is
upregulated in aggressive prostate cancer. Interestingly, the upregulation of IER5L expression exhibits a robust association with
metastatic disease in prostate and is recapitulated in other cancer types. In line with this observation, IER5L silencing reduces foci
formation, migration and invasion ability in a variety of human and murine prostate cancer cell lines. In vivo, using zebrafish and
immunocompromised mouse models, we demonstrate that IER5L-silencing reduces prostate cancer tumor growth, dissemination,
and metastasis. Mechanistically, we characterize the transcriptomic and proteomic landscapes of IER5L-silenced cells. This approach
allowed us to identify DNA replication and monomeric G protein regulators as downstream programs of IER5L through a pathway
that is consistent with the regulation of PP2A. In sum, we report the alteration of IER5L in prostate cancer and beyond and provide
biological and molecular evidence of its contribution to tumor aggressiveness.
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INTRODUCTION
Nearly 10 million people are estimated to die of cancer every year.
The prognosis for an individual with cancer is highly variable and
dependent on tumor type, grade and stage at primary diagnosis
[1]. Alterations in the genome, gene expression levels, and protein
structure or function can be used as molecular markers to predict
the outcome of patients before the advent of recurrence [2]. The
identification of those prognostic features is essential to anticipate
the disease trajectory of a patient and overcome the high
mortality rates due to the emergence of metastasis. From the
different tumor types, prostate cancer (PCa) is the second most
common cancer in men, causing over 350,000 deaths worldwide
every year [3]. Metastasis is the main cause of morbidity and
mortality associated with this disease. Although life expectancy for
men with localized tumors has substantially increased thanks to
early detection and the increased efficacy of first-line therapies,
the identification of the patients at high risk of recurrence is still a
challenge since specific molecular alterations that distinguish
aggressive from indolent PCa are difficult to establish [3].
Immediate-early response (IER) family genes encode a

variety of factors that are involved in diverse cellular functions

including differentiation, metabolism and proliferation [4]. IER
family genes are cell cycle regulated and their protein products
are typically unstable and rapidly targeted for proteasomal
degradation. However, many tumor types present abnormally
high expression of IER genes [4]. Immediate Early Response 2
(IER2), Immediate Early Response 5 (IER5) and Immediate Early
Response 5 like (IER5L) are three IER family members that share
homology at their N-terminal region. All three proteins interact
with the B55 regulatory subunit of Protein phosphatase 2A
(PP2A) through their N-terminal region [5]. They also bind to
the target proteins of PP2A and assist PP2A-mediated depho-
sphorylation [5–8]. Interestingly, both IER2 and IER5 reportedly
contribute to tumor progression. High IER5 levels induce
abnormal Heat Shock Transcription Factor 1 (HSF1) activation
to sustain proliferation under stress conditions [9]. Likewise,
IER2 has been proposed to participate in tumorigenic
processes such as cell motility and adhesion, angiogenesis,
invasion and metastasis in several cancer types, including
colorectal and hepatocellular carcinoma [10–13]. Unlike IER2
and IER5, the role of IER5L in cancer aggressiveness has been
poorly studied.
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In this study, we exploit bioinformatics analysis of public
transcriptomics datasets to find a consistent and unique associa-
tion of IER5L expression among the IER family genes with tumor
pathogenesis, progression and metastasis. Our results show that
IER5L is a prognostic gene whose expression is upregulated across
different cancer types, with a remarkable overexpression in
metastatic PCa. Taking advantage of cellular systems, we show
that IER5L sustains the proliferation under stress, migration and
invasion capacity of PCa cells, and that its depletion compromises
tumor growth and dissemination in vivo using zebrafish and
murine models. Mechanistically, IER5L silencing elicits molecular
alterations that are consistent with the inhibition of PP2A and the
repression of regulators of monomeric G proteins. Collectively, our
work uncovers IER5L as a novel IER family gene that regulates PCa
progression.

RESULTS
IER5L is upregulated in cancer
To analyze the association of IER family members (IER2, IER5 and
IER5L) with tumor pathogenesis and progression, we interrogated
public transcriptomics datasets containing gene expression data
from different tumor types (Supplementary Table S1) using
Cancertool [14]. IER2 and IER5 expression was altered in some of
the prostate, colorectal and lung datasets analyzed, but did not
show a directional consistency across tumor types (Supplementary
Fig. S1). By contrast, IER5L was consistently upregulated in
colorectal (2/2 datasets), lung (1/1 datasets) and prostate (2/4
datasets) tumor specimens when compared to non-cancerous
tissue (Fig. 1a), consistent with recent reports [15, 16]. To further
explore whether the increase in IER5L levels was a common
feature of different tumor types, we took advantage of TIMER web
interface [17], which allowed us to explore the cancer-associated
alterations in the TCGA cohorts. IER5L levels consistently increased
across cancer types (with a similar non-significant trend in PCa),
while IER2 expression was largely reduced, and IER5 exhibited
inconsistent alterations (Supplementary Fig. S2).
Unlike other datasets, the PCa datasets included in Cancertool

contain the gene expression information of metastatic samples. To
decipher whether the changes in the expression of IER family
genes were emphasized in metastatic specimens, we compared
the gene expression of 56 metastatic samples and 200 primary
tumors. Remarkably, IER5L was increased in metastatic specimens
in 3 out of 4 of the interrogated prostate datasets (Fig. 1b),
whereas IER2 expression was predominantly reduced, and IER5
exhibited no consistent pattern (Supplementary Fig. S3).
Next, taking advantage of the clinical follow-up information in

various datasets, we interrogated the prognostic potential of the
IER gene family by means of disease-free survival. Interestingly,
IER5L exhibited the most prominent prognostic capacity when
upregulated among the three members of the family (Fig. 1c,
Supplementary Fig. S4). Taking into consideration the high
consistency of IER5L upregulation in the various pathogenic
scenarios analyzed, and the limited information about its role in
cancer, we decided to study the biological and molecular function
of IER5L using PCa as a tumor type where its alteration could be
relevant.

Silencing of IER5L compromises the foci formation, migration
and invasion ability of PCa cells
To test the role of IER5L in PCa aggressiveness, we analyzed the
biological consequences of IER5L silencing in vitro. A decrease in
IER5L mRNA levels by either small interference RNA (siRNA)
transfection or short hairpin (shRNA) transduction did not
compromise the overall cell growth of PC3 cells (Supplementary
Fig. S5a, b). In contrast, when cells with decreased IER5L levels
were forced to grow individualized, they showed a lower
capability to form colonies in foci formation assays (Fig. 2a, b).

These results were replicated in two additional human PCa cell
lines (DU145 and 22RV1) and a murine PCa cell line, TRAMP-C1
(Fig. 2c, d, Supplementary Fig. S5c-f). Likewise, IER5L silencing also
impaired the ability of human and murine PCa cells to grow in an
anchorage-independent manner (Fig. 2e, Supplementary Fig. S5g).
Of note, the silencing efficacy of the two human IER5L-targetting
shRNAs was associated with the proportional tumor suppressive
phenotype (Fig. 2, Supplementary Fig. S5). Moreover, consistent
with the essential role of IER5L in sustaining cell proliferation, its
silencing was progressively lost with passages (Supplementary
Fig. S5h), suggestive of the negative selection of silenced cells
in vitro and preventing us from generating CRISPR/Cas9-based
IER5L knockout cells.
Besides the ability to grow under stress conditions, metastatic

cells commonly acquire migration and invasion abilities that
contribute to their metastatic potential. Thus, we ascertained the
contribution of IER5L to these processes in PC3 cells. On one hand,
IER5L-targeting siRNA transfection in PCa cells decreased their
migration rate in wound healing assays (Fig. 2f). On the other
hand, IER5L silencing reduced the invasive capacity of PC3 cells in
spheroid assays using a collagen matrix, which was significant in
cells with the greatest IER5L silencing (Fig. 2g, Supplementary
Fig. S5b). Altogether, these data suggest that IER5L sustains
aggressiveness properties in PCa.

IER5L contributes to tumor growth and metastasis in vivo
Our bioinformatics analysis revealed an association of IER5L
upregulation to cancer progression (Fig. 1). In addition, in vitro
assays showed a requirement of IER5L for cell growth under stress,
migration and invasion. In turn, we designed in vivo strategies that
enabled us to monitor all these different parameters. As a first
approach, we exploited zebrafish model to evaluate the causal
contribution of IER5L to PCa cell dissemination in vivo. The
transparency of the young embryos, their lack of immune system
and the rapid capacity to form primary tumor and metastases,
makes zebrafish a suitable and attractive model for investigating
tumor cell dissemination from the primary site [18]. PC3 cells
stably expressing GFP-luciferase (GL) transduced with either
shScramble or shIER5L were injected into the pericardial cavity
of zebrafish embryos. The number of disseminated cells was
analyzed at 4 days post injection (Fig. 3a). As shown in Fig. 3b, c,
the silencing of IER5L significantly decreased the dissemination
ability of PC3 cells in this model.
To further validate the causal contribution of IER5L to PCa cell

growth and dissemination, we performed an in vivo orthotopic
assay where PC3-GL cells were transduced with Scramble or IER5L-
targeting shRNA (Fig. 4a). Luciferase-expressing cells were then
injected into the ventral lobe of immune-deficient nude mice and
tumor mass was monitored by in vivo imaging for 20 days. IER5L-
silenced cells showed a lower luciferase signal throughout the
experiment (Fig. 4b, c), which correlated with a reduced primary
tumor weight at the experimental endpoint (Fig. 4d). Importantly,
the analysis of luciferase signal in distal organs confirmed a lower
metastatic burden in mice injected with IER5L-silenced PCa cells.
This phenotype was more prominent in bones, including ribs and
femur (Fig. 4e, f, Supplementary Fig. S6).
Altogether, these data underline the importance of IER5L in

sustaining metastatic properties in PCa cells.

IER5L silencing elicits molecular alterations consistent with
PP2A inhibition
To gain insight into the molecular mechanism by which IER5L
contributes to the acquisition of aggressive features, we studied
transcriptome and proteome alterations elicited upon IER5L
silencing. PC3 cells transduced with IER5L-targeting shRNA
exhibited robust changes in the transcriptional landscape
(GSE249359, Supplementary Table S2, Supplementary Fig. S7a).
By comparing PC3 cells transduced with either shScramble or
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shIER5L lentivirus, we identified 120 differentially expressed genes
(DEGs) (Fig. 5a). Of those, 63 were upregulated and 57 down-
regulated in IER5L-silenced cells. IER5L silencing also altered the
levels of 126 proteins, 59 of which increased while 67 decreased
upon silencing (Fig. 5b, Supplementary Table S3, Supplementary
Fig. S7b). Of note, the combined analysis of transcriptomics and
proteomics revealed 6 candidate genes that were consistently
downregulated at the mRNA and protein level (Fig. 5c). The
alteration in those 6 genes upon IER5L silencing was validated in
independent sample sets (Fig. 5d, Supplementary Fig. S7c), where
the different silencing efficacy of IER5L-targeting shRNAs was

reflected in a milder effect on the expression of the genes
evaluated. Moreover, the downregulation of the targets was
validated using a second cell line, 22RV1 (Supplementary Fig. S7f).
A decrease on HK2, PTGES3 and RCC2 was observed in this PCa cell
line upon IER5L silencing.
Functional enrichment analysis of the molecular alterations

elicited upon IER5L silencing in PC3 cells uncovered changes in
DNA replication and monomeric G protein activity (Fig. 5e, f),
which are in line with the reduction in cell growth and motility
observed in our cell biology assays. Interestingly, Regulator of
Chromosome Condensation 2 (RCC2) and Rho Guanine Nucleotide

Fig. 1 IER5L is upregulated in metastatic prostate cancer. a Violin plots depicting the Log2 expression of IER5L in non-tumoral (N), prostate
cancer (PCa), lung adenocarcinoma (LUAD) and colorectal cancer (CRC) specimens in the indicated dataset. p-value derives from a Student’s t-test
analysis between the indicated groups. b Violin plots showing the Log2 expression of IER5L mRNA in primary tumor (PT) and metastatic (M) PCa
specimens. p-value derives from a Student’s t-test analysis between the indicated groups. c Kaplan-Meyer curves showing the association of IER5L
mRNA expression to disease-free survival (DFS) in the indicated datasets. Quartile 1 (blue) and quartile 4 (green) are represented. A log-rank test p-
value and the hazard ratio (HR) between two groups calculated by Cox proportional hazard model regression are provided above each graph.
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Exchange Factor 1 (ARHGEF1), two of the top candidate genes
downregulated upon IER5L silencing (Fig. 5c), are regulators of the
aforementioned processes [19–21]. Therefore, we studied whether
the downregulation of these factors could be a contributing event
to the phenotype of IER5L silencing. To this end, we silenced
independently RCC2 and ARHGEF1 with 2 independent siRNAs
and evaluated the biological consequences (Fig. 5g, h). Consistent
with the consequences of IER5L silencing, siRNA-mediated

targeting of RCC2 or ARHGEF1 reduced foci-formation but not
regular two-dimensional growth (Fig. 5g, h, Supplementary
Fig. S7e, f). These results suggest that the transcriptional program
elicited upon IER5L targeting is a key contributing event for the
tumor suppressive phenotype.
The information regarding the mechanism of action of the IER

family genes points to the regulation of PP2A, whose function and
targets are at least in part modulated by IER family members [5–8].

Fig. 2 IER5L depletion reduces growth under stress, migration and invasion of prostate cancer cells. a Foci-formation analysis of PC3 cells
transfected with the indicated siRNA. The number of foci is shown (left panels). Representative images are shown (right panels). A t-test was
applied for statistical analysis (n= 3). siC: non-target siRNA. b–d Analysis of foci formation upon IER5L depletion with the indicated shRNAs.
The number of foci is shown (left panels). Representative images are shown (right panels). A paired t-test was applied for statistical analysis
(b n= 3; c, d n= 4). shScr: shScramble. e Analysis of anchorage-independent growth of PC3 cells transduced with the indicated shRNAs. The
number of colonies is shown (left panel). Representative images are shown (right panel). A paired t-test was applied for statistical analysis
(n= 3). f Cell migration rate of PC3 cells transfected with the indicated pool of siRNAs. The different biological replicates are indicated with
unique dot shapes (top panel). Representative images of the scratch at time (T) 0 and 32 hours (h) are shown (bottom panel). Two days after
siRNA transfection were defined as the initial timepoint for the assay. A two-tailed paired t-test was applied for statistical analysis (n= 3).
g Quantification of the invasive growth of PC3 cells embedded in collagen. The diameter of the spheroids was measured at 0 and 72-h and
the differential area was calculated (top panel). Representative images of the spheroids at final timepoint are shown (bottom panel). A two-
tailed unpaired t-test was applied for statistical analysis (n= 4).
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To study the relevance of this phosphatase in the action of IER5L,
we performed two independent approaches. On one hand, we
analyzed the changes in phosphopeptides elicited upon IER5L
silencing using label-free proteomics. In line with the role of IER5L
sustaining PP2A activity, we observed a robust increase in
phosphopeptides upon silencing of this gene in PC3 cells
(Fig. 6a, Supplementary Table S4). The inference of the proteins
whose phosphorylation status changed upon IER5L silencing
identified reported PP2A targets such as RB Transcriptional
Corepressor Like 2 (RBL2) [22, 23], Protein Kinase C Iota (KPCI)
[24], Protein Kinase C Alpha (KPCA) [25] and Paxilin (PAXI) [26]
(Fig. 6a). Interestingly, the functional enrichment analysis of those
proteins highlighted processes related to the biological and
molecular consequences of IER5L silencing (cell cycle and
monomeric G protein activity) (Fig. 6b). On the other hand, we
evaluated whether pharmacological inhibition of PP2A using
okadaic acid [27–30] would mimic the transcriptional alterations
elicited upon IER5L silencing. Upregulation of Fos Proto-Oncogene
(FOS) upon okadaic acid treatment [31] corroborated the activity
of this compound at doses that did not elicit cytotoxicity
(Fig. 6c, d). Importantly, PP2A inhibition reduced the expression
of IER5L-regulated genes, including RCC2 and ARGHEF1, without
altering IER5L levels (Fig. 6d). In line with the decrease on RCC2
observed upon IER5L silencing on 22RV1 cells (Supplementary
Fig. S7d), PP2A inhibition in this cell line recapitulated the
downregulation effect on RCC2 at doses that caused no defect in
cell viability (Supplementary Fig. S8). Overall, our results are
consistent with biological and transcriptional effects of IER5L that
are associated to the reported regulation of PP2A.

DISCUSSION
The identification of cellular and molecular features that can
inform about the outcome of the disease entails an urgent unmet
clinical need to anticipate the disease trajectory of cancer patients
[2]. This notion, together with the need to decipher the molecular
nodes and drivers of tumor aggressiveness is crucial to reduce the
high mortality rates due to the emergence of metastasis. In this
study, we identify IER5L as a gene that is upregulated in different
cancer types, including PCa, and that IER5L upregulation
contributes to the maintenance of metastatic properties of PCa
tumor cells in vitro and in vivo.
IER5L is a member of the IER family that shares homology at its

N-terminal domain with IER2 and IER5 [5, 32], which reportedly
contribute to different aspects of cancer biology [9–13]. Unlike
IER2 and IER5, the role of IER5L has been poorly studied and thus,

we lack basic understanding of the possible contribution of IER5L
to tumor progression and metastasis. In this regard, here we show
that IER5L depletion influences the proliferation under stress,
migration and invasion ability of PCa cells. IER5L silencing
compromises tumor growth and decreases the capability of
prostate cancer cells to form colonies in foci-formation assays as
well as the anchorage-independent growth, while the population
doubling rate in 2D unchallenged conditions remains unper-
turbed. This data suggests that IER5L sustains proliferative
processes when cells face stressful conditions rather than in
exponential growth. IER5L depletion also limits the migration and
invasion ability of PCa cells, as well as their ability to disseminate
and metastasize in zebrafish and murine models. The variety of
the effects observed upon its silencing is consistent with the idea
of IER5L being a modulator of multi-faceted cellular factors such
as PP2A.
Mechanistically, our results indicate that the tumor suppressive

phenotype elicited upon IER5L targeting is associated to changes
in the transcriptional program of proliferation and monomeric G
protein regulators such as RCC2 and ARHGEF1 [19–21]. In addition,
IER5L silencing effectively increased the number of phosphory-
lated peptides and, in particular, peptides derived from well-
known PP2A targets such as RBL2 [22, 23], KPCI [24], KPCA [25] and
PAXI [26], which argue in favor of the reported evidence for IER
family members, according to which IER5L acts as a positive
modulator of PP2A activity. However, we cannot rule out the
existence of other molecular mechanisms of action of IER5L
beyond the regulation of the phosphatase.
PP2A is a versatile and important phosphatase involved in cell

division and its inhibition has a profound impact on cellular
proliferation [33]. Yet, the effect of IER5L depletion on cell
proliferation is limited to specific experimental conditions,
suggesting that the functional interaction between PP2A and
IER5L is complex. Although we did not observe gene expression
alteration of IER2 and IER5 upon IER5L silencing (data not shown),
we cannot rule out that other family members could compensate
for the loss of IER5L in specific cellular settings through the
regulation of PP2A [5].
The results obtained in this study reveal that IER5L expression is

altered in PCa and other cancers, and that its levels contribute to
cancer-related biological processes. IER5L depletion elicits tran-
scriptional changes with biological consequences consistent with
the reported reduction in PP2A activity. Further studies around the
mechanism of regulation and function of IER5L could provide
relevant information to deconstruct the molecular bases of cancer
pathogenesis and progression.

Fig. 3 Prostate cancer cell dissemination is compromised upon IER5L depletion in zebrafish. a Representation of the experimental design
of the in vivo cell dissemination assay in zebrafish. PC3 GFP-Luc (GL) cells transduced with shScramble (shScr) or sh2 IER5L (shIER5L) were
injected into the pericardial cavity of zebrafish embryos. Cell dissemination was analyzed at 4 days post injection. The number of
disseminated cells (b) and a representative image (c) are shown. A two-tailed Mann–Whitney test was applied for statistical analysis.
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MATERIALS AND METHODS
Cell culture and treatments
PC3 and DU145 cells were purchased at Leibniz-Institut DSMZ-
Deutsche Sammlung con Mikroorganismen und Zelkulturen GmbH
with the corresponding certificate of authenticity. 22RV1 were
purchased from American Type Culture Collection, who provided

authentication certificate. TRAMP-C1 cell line was kindly provided by
Dr. Marco Piva. PC3, DU145, HEK293FT and TRAMP-C1 cells were
cultured in Dulbecco’s modified eagle medium (DMEM) (Gibco™;
41966-029). 22RV1 cells were maintained in Roswell park memorial
institute (RPMI 1640; 11875-093) medium. Both culture mediums were
supplemented with 10% of inactivated fetal bovine serum (FBS)

Fig. 4 Silencing of IER5L counteracts cell growth and metastatic dissemination of prostate cancer cells in vivo. a Experimental design of
the in vivo orthotopic assay. PC3 GFP-LUC (GL) cells transduced with shScramble (shScr) or sh2 IER5L (shIER5L) were injected into the ventral
prostate lobe of nude mice and followed up for 20 days. IVIS relative flux data along the experimental process. Representative images (b) and
the total photon flux normalized to time 0 (c) are represented. A multiple Mann-Whitney U-test was applied for statistical analysis. d Ex vivo
tumor weight of the ventral lobes of prostates (VP) from the in vivo orthotopic assay. A two-tailed Mann-Whitney test was applied for
statistical analysis. Ex vivo IVIS signal quantification of ribs (e) and femur (f) (left panels). Contingency analysis of metastatic lesions at those
sites (middle panels) and a representative image (right panels) are shown. A one-tailed Mann–Whitney test and a Fisher exact t-test were used,
respectively.
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(Gibco™; 10270-106) and 1% of penicillin/streptomycin (Gibco™; 15140-
122). In the case of TRAMP-C1 cells, 10% of Antibiotic-Antimycotic
(Gibco™; 15240062) was used instead of (Gibco™; 15140-122). Cell lines
were tested for mycoplasma contamination routinely using MycoAlert
detection Kit (Lonza; LT07-318).

siRNA transfections
1 × 106 PC3 cells were reverse-transfected with Lipofectamine 2000
(ThermoFisher; 11668027) and 20 nM of the indicated small interference
RNA (siRNA)(Sigma-Aldrich) following manufacturer’s guidelines. A pool of
4 sequences was used to target IER5L. A pool of 4 non-targeting siRNAs

J.R. Crespo et al.

7

Cell Death and Disease          (2024) 15:514 



was used in parallel as a control. Individual siRNAs were used for ARHGEF1
and RCC2 experiments. All the sequences are detailed in Supplementary
Table S5.

Lentiviral production and cell line generation
HEK293FT cells were used for lentiviral production. Lentiviral vectors
expressing short hairpins (shRNAs) against human and murine Scramble
and IER5L were purchased from Sigma-Aldrich. Cells were transfected with
lentiviral vectors following standard procedures. Puromycin (2 μg/ml;
Sigma-Aldrich; P8833) was used for selection. The shRNA sequences are
detailed in Supplementary Table S6.

Real-time quantitative RT-PCR (qRT-PCR)
Total RNA was isolated using Maxwell RSC simplyRNA Cells Kit (Promega;
AS1390). Complementary DNA was produced from 1 μg of RNA using
Maxima™ H Minus cDNA Synthesis Master Mix (Invitrogen; M1682,).
Amplifications were run in a Viia7, QS5 or QS6 Real-Time PCR Systems
(Applied Biosystems) using the following Taqman probes from Life
Technologies: IER5L/Ier5l (Hs04186822_s1/ Mm07299543_s1), ARHGEF1
(Hs00180327_m1), FSCN1 (Hs00602051_mH), HK2 (Hs00606086_m1),
PODXL (Hs01574644_m1), PTGES3 (Hs04187819_g1) and RCC2
(Hs00603046_m1). Universal Probe Library (Roche, Basel, Switzerland)
primers and probes employed (Roche; ThermoFisher) for FOS detection:
Forward (ctaccactcacccgcagact), reverse (aggtccgtgcagaagtcct) and probe
number 67. The expression of individual genes was calculated and
normalized to the expression of GAPDH/Gapdh (Hs02758991_g1/
Mm99999915_g1) or β-Actin (Mm00607939_s1) as indicated.

Cell culture assays
Proliferation assays. Five thousand cells were seeded in 12-well plates on
triplicate. Cells were fixed with 10% formalin (Avantor) after 0, 3 and 6 days
and stained with crystal violet (0.1% in 20% methanol; Sigma-Aldrich) for
30min.

Foci-formation assays. Five hundred cells/well were seeded in a 6-well
plate on triplicate. Cells were fixed with 10% formalin (Avantor) and
stained with 0.1% crystal violet (Sigma-Aldrich) in 20% methanol after
10 days. The number of visible foci were manually counted.

Anchorage-independent growth. Anchorage-independent growth ability
was measured by means of soft-agar colony formation assay [34]. Briefly, a
six-well tissue culture dish was coated with the bottom agar layer
(complete DMEM containing 0.6% agar) and stored at 4 °C for ≥30min to
let the agar solidify. Cells (TRAMP-C1: 375 cells/well and PC3: 2500 cells/
well) were resuspended in a 0.3% low-melting-point agar (Agarose LM,
Conda) and plated on top of the bottom agar. The plates were incubated
(37 °C and 5% CO2) for 3 weeks for growth of colonies. Colonies were
imaged using an Olympus IX-83 inverted microscope operated by CellSens
software and the number of visible colonies was counted using Fiji
software.

Wound healing assays. Wound healing assays were performed by seeding
2 × 105 cells in 6-well plates at high confluency. A 20 µL pipet tip was used
to wound the cell monolayer. Images were acquired at 0, 24, and 32- h
using an Olympus IX-83 inverted microscope operated by CellSens
software. Cell migration rate was measured by calculating the linear
growth of wound closure and dividing the slope by 2 times the length of
the initial area of the scratch. Experiments were performed on triplicate. Fiji
software was used to quantify the wounded area.

Invasive growth assays. Seven hundred cell drops of 25 µL were prepared
in DMEM with 6% methylcellulose (Sigma-Aldrich; M0387). Drops were
incubated at 37 °C and 5% CO2 for 48 h. Once formed, spheroids were
collected, resuspended in collagen I solution (Advanced BioMatrix PureCol;
5005), and added to 12-well plates. Five experimental replicates were used
for each condition. Four hours later, media was added, and pictures were
taken at 0 and 72- h using an Olympus IX-83 inverted microscope operated
by CellSens software. Invasion growth was calculated as area difference on
day 3 versus day 0 using FiJi software.

Animals
Zebrafish. Zebrafish experiments were carried out as previously described
[18]. In brief, 230 PC3-GL cells expressing shScramble or sh2 IER5L were
resuspended in PBS at 0.5 × 108 cells /ml concentration. 48 zebrafish
embryos (Casper strain [35]) at 2 days post fecundation were anesthetized
with tricaine, mounted in agarose and microinjected with 4.6 nl cancer
cells (approximately 230 cells/embryo) into the common cardinal vein.
After microinjection, the xenografted embryos were placed in E3-medium
supplemented with 0.2 mM N-Phenylthiourea (Sigma-Aldrich; P7629) and
penicillin-streptomycin (Sigma-Aldrich; P4333) and incubated at 33 °C.
After overnight incubation, the embryos were anesthetized and GFP-
positive embryos with successful intravascular injection were placed into
96-well plates for imaging (1 embryo/well). Imaging was done using Nikon
Eclipse Ti2-E widefield microscope using 2× Plan-Apochromat objective
(NA0.06), fluorescence (ex475/28 nm LED, Chroma 84000v2 DAPI/FITC/
TRITC/Cy5 Quad filter) and brightfield illumination. The number of
disseminated cells was counted manually using Fiji.

Mice. All mouse experiments were carried out following the ethical
guidelines established by the Biosafety and Animal Welfare Committee at
CIC bioGUNE (Spanish acronym for center for cooperative research in
Biosciences). The procedures employed were carried out following the
recommendations from the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). For orthotopic assays, 5 × 105 PC3-GL
cells expressing shScramble or sh2 IER5L cells were injected into the
ventral prostate lobes of 10 Nu/Nu immunodeficient males of 6–12 weeks
of age. One mouse died during the procedure. The Tumor growth and
dissemination of the other 9 Nu/Nu mice was followed by measuring
bioluminescence for up to 20 days with IVIS technology (PerkinElmer).
Intra-orbital injections of 50 µL luciferase at 15mg/mL were used during
the follow-up. Luciferase signal and tumor weight were measured at the
time of sacrifice on day 20 after injection. Cell dissemination was analyzed
in mice organs ex vivo. Bioluminescence signal above 107 was considered
as positive for metastatic lesions.

RNA-Seq analysis
Samples for RNA-Seq and Proteomic analysis were seeded in parallel. Four
100-mm plates of shScramble or sh2 IER5L cells were seeded at 80%
confluency for each experiment. RNA was extracted using Maxwell RSC
simplyRNA Cells Kit (Promega; AS1390) and, after RNA QC, Total RNA
libraries were prepared at the Genomics platform of CIC bioGUNE using
TruSeq Stranded Total RNA with Ribo-Zero Globin kit (Illumina Inc., Cat.#
20020612) and TruSeq RNA CD Index Plate (Illumina Inc., Cat.# 20019792)
following “TruSeq Stranded Total RNA Sample Prep-guide (Part # 15031048
Rev. E)”. Libraries were sequenced on an Illumina NovaSeq 6000
instrument to generate at least 40 million of paired-end 100 bp reads.
Reads were aligned to the human reference genome (hg38) using STAR

(version_2.7.5c) in two-pass mode following STAR best practices and
recommendations [36] The quality of the data was evaluated using STAR

Fig. 5 IER5L depletion targets DNA replication and monomeric G protein pathways. Volcano plot representation of the differentially
expressed genes (DEGs) (a) and proteins (b) upon IER5L silencing by shScramble (shScr) or sh2 IER5L (shIER5L) transduction. The common
targets between the RNAseq and proteomics’ analyses are highlighted. c Venn diagram summarizing the number of DEGs and the proteins
affected by IER5L depletion in the RNAseq and proteomics experiments from (a) and (b). d Analysis of the expression of the indicated genes
by qRT-PCR upon IER5L depletion by sh2 IER5L transduction in PC3 cells. The mRNA levels are normalized to GAPDH and shScr. The dotted line
represents the normalized value of the shScr data. A one-sample t-test was applied for statistical analysis (n= 3). Functional enrichment
analysis of the DEGs upon IER5L silencing by KEGG (e) and Reactome (f). Left panels: Analysis of ARHGEF1 (g) and RCC2 (h) mRNA expression
by qRT-PCR. The levels are normalized to GAPDH and non-target (siC) condition. The dotted line represents the normalized value of the siC
data. A one-sample t-test was applied for statistical analysis (n= 5 and n= 6 respectively). Middle panels: Analysis of foci formation upon
ARHGEF1 (g) and RCC2 (h) depletion. The number of foci is shown. A paired t-test was applied for statistical analysis (n= 5 and n= 4
respectively). Right panels: Representative images of the foci experiments are shown.
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(version 2.7.5c) [36] and samtools (version 1.15) [37]. PCR duplicates were
removed from aligned bam files using samtools (version 1.15) [37]. Read
counts were extracted from the aligned bam files using subread’s
FeatureCounts (version 2.0.3) [38]. Normalization of read counts for
analysis was done according to EdgeR recommendations using the Ratio
of the Variance method which accounts for inter-sample variance and the
differential expression analysis of the normalized read counts between the
sample groups was performed following best practices and recommenda-
tions of EdgeR [39, 40] and Limma [41] on R environment (version 3.6.0). All
the code used for data analysis is available upon request. An FDR < 0.05
and a log2 fold change (FC) of 0.5 were used to address significant
differences within the groups and to select the DEGs.

Proteomic and phosphoproteomic analysis
Sample preparation. For proteomic analysis, 20 µg of protein/sample
were extracted in a buffer containing 7M urea, 2 M Thiourea 4% 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) and
5mM Dithiothreitol (DTT). Protein extracts were digested following the
filter-aided FASP protocol described by Wisniewski et al. with minor
modifications [42]. Trypsin was added to a trypsin:protein ratio of 1:20, and
the mixture was incubated overnight at 37°C, dried out in a RVC2 25 speed
vac concentrator (Christ), and resuspended in 0.1% Formic acid (FA).
Peptides were desalted and resuspended in 0.1% FA using C18 stage tips
(Millipore).
For phosphoproteomic analysis, 3 million cells were seeded and

processed following the FASP protocol described above. Phosphopeptides
were purified using the High-Select™ TiO2 Phosphopeptide Enrichment Kit
(ThermoFisher) following the manufacturer’s instructions. Samples were
directly loaded onto the mass spectrometer.

Mass spectrometry analysis. Samples were analyzed in a timsTOF Pro with
PASEF (Bruker Daltonics) coupled online to an Evosep ONE (Evosep) liquid
chromatograph. Total protein samples were loaded in 0.1% FA, whereas
phosphoproteomic samples were directly loaded in a solution containing
approximately 5% TFA. Both sample types were resolved using the 30
samples-per-day protocol (15 cm column and 44min gradient runs).

Protein and phosphoprotein identification and quantification. Protein
identification and quantification was carried out using PEAKS X software
(Bioinformatics solutions). Searches were carried out against a database
consisting of Homo sapiens entries (Uniprot/Swissprot), with precursor and
fragment tolerances of 20 ppm and 0.05 Da. Carbamidomethylation of
cysteines was considered as fixed modification, and oxidation of
methionine as variable. Phosphorylation of serine, threonine and tyrosine
were considered as variable modifications in the phosphoproteomics
dataset.
Protein or phosphopeptide abundances inferred from PEAKS were

loaded onto Perseus platform [43]. These values were log2 transformed
and only those proteins or phosphopeptides present in at least 70% of the
samples of any of the groups under analysis were considered for further
analyses. Missing values were imputed using values coming from the 10%
less abundant proteins or phosphopeptides in each sample.

Data analysis and functional enrichment analysis. A t-test (p < 0.05) for
proteins and a t-test (q value < 0.05) for phosphoproteins was used to
address significant differences within each sample group under analysis. A
log2 FC of 0.5 and a log 2 FC of 1 were used to identify the proteins and
phosphoproteins altered by IER5L depletion, respectively.
Database for Annotation, Visualization and Integrated Discovery (DAVID)

[44] web interface was used for functional enrichment analysis. The whole
list of proteins identified in our proteomic analysis was used as
background for KEGG analysis. The Reactoma analysis was performed
using Homo sapiens as background in DAVID.

Statistical analysis
No statistical method was used to predetermine the sample size. The
experiments were not randomized. The investigators were not blinded to
allocation during experiments and outcome assessment. None of the
samples/animals was excluded from the analysis. Data analyzed by
parametric tests are represented by the mean ± SEM. of pooled experi-
ments unless otherwise stated. Values of n represent the number of
independent experiments performed or the number of individual mice or
patient specimens. For each independent in vitro experiment, at least

Fig. 6 IER5L depletion elicits molecular alterations consistent with PP2A regulation. a Volcano plot representation of the phosphopeptides
altered upon IER5L silencing by shScramble (shScr) or sh2 IER5L (shIER5L) transduction. The proteins inferred from the altered
phosphopeptides that are reported targets of PP2A are highlighted. b Functional enrichment analysis of the proteins inferred from the
differentially phosphorylated peptides upon IER5L silencing by Reactome. c Analysis of crystal violet staining after a 24-h treatment with 20 nM
okadaic acid. The absorbance was normalized to Vehicle (Veh). A one-sample t-test was applied for statistical analysis (n= 4). d Analysis of the
expression of the indicated genes by qRT-PCR upon a 24-h treatment with 20 nM okadaic acid. The levels are normalized to GAPDH and
Vehicle (Veh). The dotted line represents the normalized value of the Veh data. A one-sample t-test was applied for statistical analysis (n= 3).
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three technical replicates were used, and a minimum number of three
experiments were performed to ensure adequate statistical power. In
the in vitro experiments, normal distribution was assumed, and one
sample t-test was applied for one-component comparisons with control
and Student’s t-test for two-component comparisons. For in vivo experi-
ments, a non-parametric Mann-Whitney U-test was used. Two-tailed
statistical analysis was applied for experimental design without predicted
result, and one-tail for validation or hypothesis-driven experiments. The
confidence level used for all the statistical analyses was 0.95 (alpha
value= 0.05). p-value: *p < 0.05, **p < 0.01, ***p < 0.001.

DATA AVAILABILITY
The authors declare that data supporting the findings of this study are available
within the paper and its supplementary files.
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