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Abstract

The tumor suppressor DAB2IP, a RasGAP and cytoplasmic adaptor protein, modulates
signal transduction in response to several extracellular stimuli, negatively regulating mul-
tiple oncogenic pathways. Accordingly, the loss of DAB2IP in tumor cells fosters metas-
tasis and enhances chemo- and radioresistance. DAB2IP is rarely mutated in cancer but is
frequently downregulated or inactivated by multiple mechanisms. Solid experimental ev-
idence shows that DAB2IP reactivation reduces cancer aggressiveness in tumors driven
by multiple different oncogenic mutations, making this protein an interesting target for
cancer therapy. Considering this evidence, we screened a drug library to identify mole-
cules that increase DAB2IP protein levels. We employed CRISPR/Cas9 gene editing to
generate two prostate cancer cell models in which endogenous DAB2IP is fused to HiBiT,
a peptide tag that enables luminescence-based detection of protein levels in a sensitive
and quantitative manner. Using this approach, we identified drugs able to increase
DAB2IP levels. We focused our attention on thiostrepton, a natural cyclic oligopeptide
antibiotic that has been reported to inhibit the survival of various cancer cell lines. Func-
tional experiments revealed that the cancer-inhibitory effect of thiostrepton is reduced in
the absence of DAB2IP, suggesting that upregulation of this protein contributes to its ac-
tion. These findings encourage further development of thiostrepton for the treatment of
solid cancers and unveil a novel molecular target underlying its anti-tumoral activity.

Keywords: high-throughput screening; AIP1; prostate cancer; tumor suppressor genes;
Ras-GAP; FOXM1; HiBiT; protein tagging; CRISPR-Cas9
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1. Introduction

Prostate cancer is one of the most common cancers in men; with an age-related inci-
dence, it is the second leading cause of cancer death in men in the United States [1]. Alt-
hough current therapies are often effective, there are patients who do not completely re-
cover from the disease and develop resistance to chemo- and radiotherapy, rendering the
treatment inefficient or even detrimental. Novel strategies to counteract the intrinsic
causes of such resistance could significantly improve future therapies.

DAB2IP (Disabled-2 Interacting Protein) is a cytoplasmic Ras GTPase-activating pro-
tein (GAP) and adaptor involved in signal transduction by multiple inflammatory cyto-
kines and growth factors, negatively modulating key oncogenic pathways such as
TNF/NF-kB, WNT/B-catenin, PI3K/AKT, and androgen receptors [2-4]. DAB2IP is also
known as ASK1-interacting protein (AIP1), given its role in inducing the release of ASK1
from the inhibitory binding of 14-3-3 in response to TNF-a, favoring the subsequent acti-
vation of the pro-apoptotic ASK1-JNK pathway [5].

The loss of DAB2IP function represents an advantage for cancer initiation and progres-
sion, and accordingly, it is frequently downregulated in various human malignancies [4,6,7].
Intriguingly, DAB2IP is rarely inactivated by deletion or mutation but is preferentially inhib-
ited at the transcriptional and post-transcriptional level via different mechanisms [4].

Various studies demonstrated that restoring DAB2IP expression in DAB2IP-depleted
cancer cells reverses metastatic behavior and drug resistance both in vitro and in vivo, in
multiple tumor types. Based on this evidence, DAB2IP can be considered a strong candi-
date for the development of therapeutics aimed at increasing its protein levels in cancer
cells, thus restoring its onco-suppressive role. In fact, even a moderate increase in DAB2IP
levels may be able to limit cancer aggressiveness, as we previously demonstrated by tar-
geting some known mechanisms of DAB2IP inactivation [8-10].

Building upon the aforementioned concepts, in the present study, we tested 1280
drugs, the majority of which are already approved by the Food and Drug Administration
(FDA) or the European Medicines Agency (EMA), to evaluate their potential to increase
DAB2IP levels in prostate cancer cell lines. To monitor the amount and dynamics of the
endogenous DAB2IP protein through a sensitive, quantitative, and high-throughput as-
say, we labeled endogenous DAB2IP with the luminescence-based tag HiBiT [11,12]. Us-
ing this approach, we uncovered candidate molecules able to modulate DAB2IP levels in
cancer cells. We focused on thiostrepton, finding evidence that DAB2IP upregulation can
contribute to its ability to counteract the aggressiveness of cancer cells.

2. Materials and Methods
2.1. Cell Lines, Transfections, and Drug Treatments

PC3 (human prostate adenocarcinoma; RRID:CVCL_0035), DU145 (human prostate car-
cinoma; RRID:CVCL_0105), and MCF7 (human breast adenocarcinoma; RRID:CVCL_0031)
cells were purchased from ATCC.

PC3 were cultured in DMEM-F12 (1:1) (ECMO0728L, ECM0135L, Euroclone, Milano,
Italy) supplemented with 10% FBS, pen/strep solution, MEM Nonessential Amino acids
(ECB3054D, Euroclone, Milano, Italy), and Sodium Pyruvate (1 mM), (ECM9542D, Euro-
clone, Milano, Italy). DU145 were cultured in EMEM (LOBE12611F, Euroclone, Milano,
Italy), supplemented with 10% FBS and pen/strep solution. MCF7 were cultured in EMEM
(LOBE12611F, Euroclone, Milano, Italy), supplemented with 10% FBS, pen/strep solution,
and human insulin 10 ug/mL (12643, Merck Life Science, Milano, Italy). H1299 cells were
cultured in RPMI (ECM2001L, Euroclone, Milano, Italy) supplemented with 10% FBS, and
pen/strep solution. Cells were cultured at 37 °C in a humidified incubator with 5% CO..
All cell lines were periodically tested for the absence of mycoplasma contamination.
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For knockdown experiments, cells were transfected the same day of plating (384-well
plates) or 24 h after plating (6-well plates) with 50 nM siRNA (384-well plates) or 40 nM
siRNA (6-well plates) or 3 nM miRNAs (siRNA sequences in Table 1). Cells were pro-
cessed after 48 h, except when otherwise specified. DAB2IP silencing was performed us-
ing a mix of siDAB2IP A and siDAB2IP B. FOXML1 silencing was performed using a spe-
cific siRNA (siFOXM1 #1) or a commercial pool of three different siRNAs (siFOXM1 #2).

For validation experiments, cells were treated with ubenimex (CAS-58970-76-6), thi-
ostrepton (CAS-1393-48-2), and salmeterol (CAS-89365-50-4) from the Prestwick Chemical
library (Greenpharma, Orléans, France). Additional experiments and all phenotypic as-
says were performed using thiostrepton from Calbiochem (Merck Life Science, Milano,
Italy, ). In all experiments, cells were treated with drugs or with an equivalent volume of
DMSO for 36 h, unless otherwise indicated.

Table 1. Sequences of siRNAs/miRNA used.

siRNA/miRNA Sequence 5'—3’ Purchased From
, . All-Star negative control

Control siRNA Not available (1027281, Qiagen, Milano, Italy)

siDAB2IP A GGAGCGCAACAGUUACCUG Eurofins MWG

siDAB2IP B GGUGAAGGACUUCCUGACA Eurofins MWG
hsa-miR-149-3p AGGGAGGGACGGGGGCUGUGC Dharmacon

siFOXM1 #1 GGACCACUUUCCCUACUUU Integrated DNA Technology (IDT)

siFOXM1 #2 Not available (pool of three siRNAs) 5¢-43769, Santa Cruz Biotechnology,

Heidelberg, Germany

2.2. High-Throughput Screening

The screening was performed using a clone of PC3-HiBiT cells with homozygous in-
sertion of the tag. Cells (4.0 x 10° per well) were seeded in white opaque 384-well micro-
plates [6007690, Revvity, Milano, Italy], 24 h later 1280 compounds [Prestwick Chemical
Library®, Greenpharma, Orléans, France] were transferred robotically from library stock
plates to the plates containing the cells at the final concentration of 10 uM; as a control,
1% DMSO was added to columns 1, 2, 23 and 24 of each plate. Cells were processed 36 h
after the addition of drugs. Briefly, wells were aspirated with a Plate washer BioTek 405,
leaving 10 pL of medium. A total of 10 pL of 2X CellTiterFluor reagent (Promega Italia,
Milano, Italy) was added to the cells and incubated for 30 min at 37 °C, 5% CQO.. Fluores-
cence was detected using EnVision multimode plate reader with dual monochromator
[Revvity, Milano, Italy] (400 nmex/505 nmem). Immediately after, 20 uL of 2X NanoGlo
Lytic reagent (Promega Italia, Milano, Italy) was added to the wells. The cells were incu-
bated for 10 min at room temperature, and luminescence was detected with an EnVision
multimode plate reader. Luminescence values were normalized on fluorescence readings.
The screening of all 1280 compounds was performed once, then the top hits were selected
and thoroughly analyzed separately.

2.3. Genetic Modification by CRISPR/CAS9

To generate knock-in cell lines (HiBiT KI), a sgRNA was designed for insertion of a
donor sequence at the C-terminus of endogenous DAB2IP, immediately before the last
splice site. A single-stranded donor DNA (ssDNA) was synthesized with left and right
homology arms and a central region encoding the HiBiT peptide, preceded by a short
flexible linker and followed by a stop codon (Figure S1C). Ribo-nucleo-protein (RNP)
complexes with sgRNA and recombinant Cas9 were prepared and assembled with donor
ssDNA exactly as described in [13]. PC3 and DU145 cells were electroporated in 16-well
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Nucleocuvette Strips (Lonza) using a Lonza 4D-Nucleofector (AAF-1002B, Euroclone, Mi-
lano, Italy). More details are provided as Supplementary Materials.

To generate knock-out cell lines (DAB2IP KO1 and KO2), two different sgRNAs were
designed targeting exon 6, common to all predicted DAB2IP isoforms. RNP complexes
with recombinant Cas9 were prepared as above [13]. PC3 cells were nucleofected using a
NEPAZ21 electroporator (NepaGene); 6.0 x 105 cells per reaction were dispensed in electro-
poration cuvettes (NEPA EC-002S, 2 mm gap). Poring pulse was 175 V for a 2.5 ms pulse
length twice with a 50 ms interval between the pulses and 10% decay rate with + polarity.
Transfer pulse was five pulses at 20 V for 50 ms, with 50 ms interval between pulses and
40% decay rate with +/- polarity. The efficiency of gene editing was evaluated by analyz-
ing Sanger sequencing results of PCR products of the target genomic region using TIDE
(https://tide.nki.nl). Sequences of crRNAs and ssDNA are listed in Table 2, PCR primers
for genomic DNA amplification are listed in Table 4.

Table 2. Sequences of crRNAs and ssDNA used.

Purpose ctRNA Sequences 5'—3’ PAM
HiBiT KI CCCTGACCCAGCTGAAAGAG AGG
DAB2IP KO1 TGTGCTCTATGCCCGCACCA CGG
DAB2IP KO2 CGGTCACTGTCCACCTGTAC CGG
Purpose ssDNA Sequence 5'—3’

CGTTGGATGCCGCCAATGCCCGCCTCATGAG-
TGCCCTGACCCAGCTGAAAGGCAG-
HiBiT KI CAGCGGCGTGAGCGGCTGGCGGCTGTTCAAGAAGATTA
GCTAGTAGGAGAGGTACAGCATGCAAGCCCGTAACGG-
CATCTCCCCCACCAACCCCAC

2.4. Protein Expression Analysis

Cells were lysed in 2X SDS Sample buffer (125 mM Tris-HCl at pH 6.9, 4% SDS, 20%
Glycerol, 3% [-mercaptoetanol). Samples were sonicated and incubated at 95 °C for 5 min.
About 10-20 ug of proteins were separated on SDS-PAGE [BioRad Mini-Protean® Tetra
System] and transferred to nitrocellulose membranes [GE Healthcare, 10600001]. Mem-
branes were blocked for at least 1 h at room temperature in 5% skim milk PBST (0.1%
Tween-20 in PBS) and incubated overnight at 4 °C with primary antibodies diluted in 5%
skim milk PBST (Table 4). Membranes were washed three times in PBST for 10 min. Then
were incubated for 1 h at 4 °C with horseradish peroxidase (HRP)-conjugated secondary an-
tibody diluted 1:4000 in 5% skim milk PBST. Membranes were washed as above and rinsed in
PBS before detection. Protein detection was performed by chemiluminescence using Liteablot
Extend [EMP013001, Euroclone] for DAB2IP and c-Myc, and with ECL [32209; Thermo Scien-
tific] for normalization markers. A chemiluminescent signal was impressed on autoradiog-
raphy Hyperfilm ECL [Amersham]. Densitometric band quantification was performed using
ImageJ 2.16.0 software. Primary antibodies used are listed in Table 3.

Table 3. List of primary antibodies used.

Antigen Species Company Dilution
Bethyl A302-440A,

DAB2IP Rabbit (polyclonal) Aurogene, Roma, Ttaly 1:4000

Myec-tag Mouse (monoclonal) 9E10 hybridoma supernatant 1:100
sc-13119,

HSP90 Mouse (monoclonal)  Santa Cruz Biotechnology, 1:8000

Heidelberg, Germany
Actin Rabbit (polyclonal) A2066, Merck Life Science, 1:8000
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T51 k Life Sci
Tubulin Mouse (monoclonal) 5168, M'erc ife Science, 1:8000
Milano, Italy

2.5. RNA Expression Analysis

Total RNA was extracted with TRIFAST II [EMR517100, Euroclone] using a standard
protocol. For RT-qPCR, 500 ng of total RNA was reverse transcribed with iScript Ad-
vanced cDNA Synthesis Kit (mRNA) [1725038, -Bio-Rad Laboratories, Milano, Italy].
Real-time PCR was performed using iTaq Universal SYBR Green SMX 5000 [1725124, Bi-
orad] on a CFX96 Real-Time PCR System [Biorad]. Primers are listed in Table 4.

Table 4. Sequences of PCR primers used.

Target

Sequences 5'—3’

hDAB2IP C-terminal unspliced isoform

hDAB2IP C-terminal spliced isoform

Fw: ATCAGCAGGTITGATGTCCGT
Rev: TGCAATTTGGTGGGGTTGGT
Fw: TCAGCAGGTTGATGTCCGTG
Rev: TGCGCACGCTCAACTTAAAA
Fw: CACATCACCAACCACTAC

hDAB2IP all isoforms Rev: TCCACCTCTGACATCATC
FOXMI Fw: ATGCCCAACACGCAAGTAGT
Rev: TAGCTGCAGGTTTTGGTCCC
3 Fw: GTGAAGAAACCTCATCGTTACAGGCCTGGT
Rev: CTGCAAAGCACCAATAGCTGCACTCTGGAA
RBIT KI Fw: TACCTTCTCTTGCCAGCTGC
1ot Rev: GGTAGCTTCCTCCCTCCTCA
Fw: GGAGCACATCCTGAAGCTGT
DAB2IP KO1 Rev: CCTTGATGCGGATCATGGGT
DABAIP KO2 Fw: CCCGTGCACATACAGGACAA

Rev: TACCACTTCTCCACGAACTGC

2.6. Colony Formation Assay

Cells were seeded at a density of 5000 cells per 6 cm diameter plate and incubated for
48 h in complete culture medium, then the cells were treated with thiostrepton at ECso
concentration for 48 h. After 10-14 days, the cells were fixed and stained with 10% meth-
anol and 0.1% crystal violet [C-6158, Merck Life Science, Milano, Italy] in H20 for 30 min.
Plates were photographed, and colony formation efficiency was calculated by measuring
the % of colonies-covered area over the whole dish area. The areas were measured using
Image] software.

2.7. Wound Healing Assay

Cells were seeded in 96-well plates and cultured to 90% confluence in the presence
of Hoechst 33342 (1:50,000 dilution) [Thermo Fisher H3570, Life Technologies Italia,
Segrate, Italy]. Cells were scraped with a sterile pipette tip, washed with PBS to remove
detached cells, and treated with thiostrepton (or DMSO) at the ECso concentration. The
scratch area was photographed at defined time points, and cell migration was quantified
and expressed as the average rate of closure of the scratch. Images of live cells were auto-
matically acquired with PerkinElmer Operetta every 12 h up to 48 h. The width of the
scratches was measured using Image]. Migration distances, M (t), were calculated as fol-
lows: M (t) = width (0)-width (t), where width (t) is the wound width at time t and width
(0) is its initial width.
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2.8. Matrigel Drop Invasion Assay

PC3 cells at 70% of confluence were pre-treated with thiostrepton at the ECso concen-
tration (3.3 uM), or with the corresponding volume of DMSO, for 48 h. Then, cells were
trypsinized and 7500 cells per condition were plated in 12 uL drops of Matrigel (7 mg/mL)
[BD Bioscience, SIAL, Roma, Italy] in low serum (0.1% FBS). Five drops of Matrigel with
cells were plated for each condition and then coated with 2 mL of high serum (10% FBS)
medium. After 7 days, the drops were fixed and stained with 10% methanol and 0.1%
crystal violet in H20. Evasion was measured using Image] 2.16.0 software on 5 random
non-overlapping microscope fields at 100X magnification of four different drops for each
condition.

2.9. Spheroid Assay

A total of 500 cells/well were seeded in round-bottomed ultra-low attachment 96-well
plates in complete medium plus 2,5% Matrigel as previously described [14]. After 48 h, sphe-
roids were treated with 3 uM or 10 uM of thiostrepton or DMSO as a control. Images of live
spheroids were taken at the time of treatment (t0) and after 7 days (t) using ZEN Lite Software
(version 3.2, Carl Zeiss Microscope GmbH, Jena, Germany) at 100x magnification. The area of
spheroids was measured in arbitrary units using Image] software on 4-6 spheroids per condi-
tion. Spheroids” growth was calculated as follows: Area (t)/Area (t0).

2.10. Analysis of Connectivity Map Datasets

Gene-expression data for PC3 and MCF7 treated with the various drugs, reported as
weighted Z-scores, were downloaded from CLUE (https://clue.io). We then used the ex-
pression vector, calculated by computing the Spearman correlation among replicates as
reported in the CLUE guidelines, to identify differentially expressed genes (DEGs). We
considered all the genes with an adjusted p-value lower than 0.05 as significant. To com-
pare the transcriptional impact of the different drugs, we sorted DEGs based on the abso-
lute value of log fold change and analyzed the top 1500. For gene-set enrichment analysis,
we used the ShinyGO platform (version 0.80, http://bioinformatics.sdstate.edu/go/, ac-
cessed on 29 May 2024).

2.11. Statistical Analysis

Normal distribution of data was assessed using the Shapiro-Wilk test or D’ Agostino-
Pearson test according to the sample size. Data with normal distribution were analyzed
using two-tailed Student’s f test (for two groups) or with one-way or two-way ANOVA
followed by Tukey’s or Dunnett’s or Sidak post hoc test (for more than two groups), as
indicated in figure legends. Data with non-normal distribution were analyzed using the
nonparametric Mann-Whitney test (for two groups) or Kruskal-Wallis test followed by
Dunn’s multiple comparisons (for more than two groups), as indicated in figure legends.
The number (1) of independent experiments is indicated in the figures or figure legends.
Data were analyzed using Prism 7.0 (GraphPad). Statistical significance was defined as p<
0.05. Statistical significance is indicated using the following annotation: ns = non-signifi-
cant (p 2 0.05), * p <0.05, ** p <0.01, ** p <0.001, and *** p < 0.0001.

3. Results
3.1. Endogenous DAB2IP Tagging with HiBiT

To discover drugs that modulate DAB2IP, we tagged endogenous DAB2IP with the
HiBiT peptide for quantitative, luminescence-based detection of protein levels under
physiological conditions. HiBiT is an 11 amino acid peptide that can be complemented
with a larger subunit, LgBiT, to reconstitute a functional NanoLuc enzyme [11,12]. Since
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strong evidence indicates that DAB2IP reactivation in prostate cancer counteracts metas-
tasis and chemoresistance [15,16], we chose to edit PC3 and DU145 human prostate cancer
cell lines; the two lines differ in DAB2IP expression levels, p53 status, and overall aggres-
siveness, rendering them suitable for exploring various mechanisms of DAB2IP regula-
tion in cancer.

The human DAB2IP gene is complex. It contains multiple transcriptional start sites
that encode at least three N-terminal variants of the protein; moreover, alternative splicing
generates two possible C-termini (Figure S1A). Aiming for a C-terminal fusion of the tag,
we analyzed the alternatively spliced variants and confirmed that both are expressed in
several normal and transformed cell lines (Figure S1B); therefore, to tag all possible
DAB2IP isoforms, we placed the HiBiT peptide followed by a stop codon immediately
upstream of the last donor splice site, so that the same C-terminally tagged DAB2IP pro-
tein is translated regardless of alternative splicing of the last intron (Figure S1C).

To verify that the HiBiT peptide in this position was functional, we cloned the corre-
sponding construct into a mammalian expression vector and confirmed that DAB2IP
could be readily detected by luminescence in transfected cell lysates (Figure S1C,D).

We tagged endogenous DAB2IP with the HiBiT peptide using a CRISPR-Cas9 proto-
col previously described [13]. Bulk nucleofected cells were screened first by luciferase as-
say (Figure 52B) and then by PCR on genomic DNA (Figure 52C), confirming the success-
ful integration of the HiBiT tag into the target region. PC3 and DU145 cells positive for
HiBiT insertion were selected as single clones with homozygous DAB2IP tagging. Respon-
siveness of the model was evaluated by siRNA-mediated silencing of DAB2IP, and by
transfection of DAB2IP-targeting miR-149-3p [8]. The reduction in luminescence was in
line with that observed by Western blot, confirming that the system is applicable to meas-
ure variations in endogenous DAB2IP protein levels (Figure S2D).

3.2. High-Throughput Luminescence and Fluorescence-Based Screen Identifies Molecules Able to
Modulate DAB2IP Expression Levels

To screen for molecules that increase DAB2IP protein levels, we used the more ag-
gressive PC3 cells, which display lower basal expression of DAB2IP compared to DU145.
To normalize luciferase activity for variability in cell numbers, due to uneven cell seeding
or nonspecific toxicity, we quantified viable cells using a fluorescence-based assay
(CellTiter-Fluor, Promega) that is compatible with subsequent luciferase quantification.
We thus expressed DAB2IP levels as the ratio of Luminescence over Fluorescence inten-
sity (Lum/Fluo) (Figure S2E-G).

We screened a library containing 1280 compounds, most of which are FDA- or EMA-
approved (https://www.prestwickchemical.com). Each compound was added ata 10 pM
final concentration to the culture medium in 384-well plates as outlined in Figure 1A. For
each drug, the Lum/Fluo ratio was normalized to DMSO-treated controls and expressed
as a Z-score. Given the tumor suppressive activity of DAB2IP, we also considered as po-
tential hits compounds that increased the Lum/Fluo ratio with an inhibitory effect on cell
viability (Figure 1B). According to these criteria, we selected six positive and three nega-
tive regulators that are listed in Figure 1B. In a secondary screen, six molecules were con-
firmed: thiostrepton, ubenimex, salmeterol as upregulators, and nitazoxamide, acenocou-
marol, and digoxigenin as downregulators (Figure 1C).
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Figure 1. Identification of drugs that modulate DAB2IP protein levels. (A) Schematic representation
of the high-throughput screening procedure. PC3-HiBiT cells were seeded in 384-well plates, and
24 h later, 1280 compounds were added at 10 pM final concentration. 36 h after treatment, cells were
incubated with CellTiterFluor first, and then with NanoGlo lytic reagent. Fluorescence and lumi-
nescence readouts were acquired separately (Created with BioRender.com). (B) The graph shows
the Z-score of luciferase (DAB2IP levels) over fluorescence (cell viability) on the Y-axis, plotted
against the Z-score of fluorescence (viability) on the X-axis. p-values of 0.05 were used as thresholds.
Hits were selected among compounds falling outside of the p-value on the Y-axis. On the right, a
list of selected drugs modulating DAB2IP levels. (C) Histogram summarizes the Lum/Fluo ratio
measured with PC3-HiBiT cells seeded in 96-well plates and treated for 36 h with the indicated
compounds at 10 uM concentration. Data are mean + SD of three independent experiments (**** p <
0.0001; one-way ANOVA with Dunnett’s post hoc). (D) Representative Western blot of endogenous
DAB2IP detected in PC3-HiBiT cells treated as in (C). HSP90 was blotted as a loading control.
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Densitometric quantification of the bands is indicated as normalized DAB2IP/HSP90 ratio. (E) Dose—
response curves of the three best candidate drugs. PC3-HiBiT cells were treated as in (C), with var-
iable drug concentrations. The graphs summarize the effect of each drug on DAB2IP levels
(Lum/Fluo ratio) and the effect on viability (Fluorescence). The half-maximal effective concentration
(ECs0) and half-maximal inhibitory concentration (ICso) are also indicated. Data are mean of n inde-
pendent experiments as indicated in the figure + SD. (F,G) Effects of candidate drugs on DAB2IP
levels in non-edited parental PC3. (F) Cells were treated with the indicated drugs at 10 uM for 36 h.
DAB2IP was detected by immunoblotting, with HSP90 as the loading control. Bottom graph: bands
were quantified by densitometry, values are mean + SD of four independent experiments (** p <
0.001, ** p < 0.01; one-way ANOVA with Dunnett’s post hoc). (G) Cells were treated as in (F).
DAB2IP mRNA levels were measured by RT-qPCR. Values were normalized on histone H3 and
compared to DMSO-treated controls. Data are mean + SD of three independent experiments (ns =
non-significant; one-way ANOVA with Dunnett’s post hoc).

To corroborate these results, we monitored the effects of the compounds by im-
munoblotting. As shown in Figure 1D, with five out of six compounds, the variations in
DAB2IP protein levels reflected the variations in Lum/Fluo ratio, with the only exception
of acenocoumarol, which unexpectedly increased DAB2IP protein levels.

In the context of this study, we focused only on DAB2IP upregulators. As shown in
Figure 1E, thiostrepton (Thio) and salmeterol (Sal) displayed similar half-maximal effec-
tive concentration (ECso) values of 3.3 uM and 2.9 uM, respectively, whereas ubenimex
(Ube) had an ECso of 6.8 uM. Concerning the drug effects on viability, only ubenimex
markedly affected fluorescence, while thiostrepton and salmeterol displayed half-maxi-
mal inhibitory concentrations (ICso) significantly above the ECso (Figure 1E).

To rule out clone-specific artifacts, we also tested the compounds on parental non-
edited PC3 cells, confirming the results observed in the PC3-HiBiT clone (Figure 1F).

To understand the possible mechanisms underlying drug-induced DAB2IP modula-
tion, we investigated whether their action occurred at the transcriptional level. By RT-
qPCR, we observed that all drugs did not significantly change the mRNA levels of
DAB2IP, suggesting that they may act on protein synthesis or turnover (Figure 1G).

The top hit compounds were also tested on the other edited prostate cancer cell line,
DU145-HiBiT (Figure S3A,B), and on parental non-edited DU145 cells (Figure S3C), con-
firming their action on DAB2IP. Of note, Thio displayed higher toxicity in DU145 than in
PC3; nonetheless, using a lower drug concentration (4 uM), we confirmed that it increased
DAB2IP protein levels also in this cell line (Figure S3C). Similarly to what was observed
in PC3, even in DU145, the three drugs did not significantly upregulate DAB2IP mRNA
(Figure S3D).

Finally, we tested these drugs in a different tumor type. We chose MCF7, a luminal
breast cancer cell line, estrogen and progesterone receptor positive, with wild-type p53,
since it represents a significantly different model with respect to PC3 and DU145. Also in
MCEF7, the selected drugs had similar effects on DAB2IP protein levels, without significant
upregulation of the transcript (Figure S3E,F). We concluded that Thio, Sal, and Ube can
increase endogenous DAB2IP in at least three different cell lines, representing both pros-
tate and breast cancers.

In these experiments, accumulation of DAB2IP was preferentially observed when
cells showed minimal or no evidence of drug-induced toxicity, suggesting that this phe-
nomenon is sensitive to cellular stress or damage.
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3.3. Thio, Sal, and Ube Increase DAB2IP Levels Likely via Different Molecular Mechanisms

The three identified drugs belong to different classes and have different established
targets. Thiostrepton is a thiopeptide antimicrobial drug, FDA-approved only for veteri-
nary use, but also known for its anti-tumoral action, mainly ascribable to inhibition of the
transcription factor Forkhead box M1 (FOXM1) in mammalian cells [17].

Ubenimex (or Bestatin) is a non-selective inhibitor of aminopeptidases that is clinical
trials for the treatment of multiple solid tumors and is currently approved in Japan for the
treatment of acute non-lymphocytic leukemia [18,19].

Salmeterol is a highly selective long-acting beta-2 adrenergic agonist (LABA) that is
currently prescribed for the treatment of asthma and chronic obstructive pulmonary dis-
ease (COPD) [20,21].

To investigate whether these drugs may have a common mechanism of action, we
used the CLUE platform (https://clue.io) to explore the Broad Institute Connectivity Map.
Noticeably, very limited overlaps emerged considering perturbagens and compounds as-
sociated with each drug (Figure S4A). We then analyzed the transcriptional effects of these
drugs in PC3 and MCF7, the two cell lines in which we obtained functional evidence of
DAB2IP upregulation, using the corresponding gene expression data from Connectivity
Map. The three drugs have a remarkably different impact on transcription, with Thio
modulating a much larger number of genes than Ube and Sal; therefore, for comparative
functional annotation, we selected the top 1500 genes differentially affected by each drug.
As shown in Figures 2A and S4B, while there was some overlap (14-18%) among the
drugs, only a minimal number of DEGs (2.6-2.8%) were shared by all three, both in PC3
(Figure 2A) and MCF7 (Figure S4B). We then used the ShinyGO platform to explore the
functional annotation of genes modulated by the drugs. Gene-set enrichment analysis
failed to identify obvious common pathways affected by all drugs (PC3 in Figure 2B,
MCEF?7 in Figure S4C), in line with the notion that they have different molecular targets,
and probably act on DAB2IP via different mechanisms. Nonetheless, in both cell lines, we
detected enrichment for hallmarks such as TNF signaling, hypoxia, KRAS signaling,
apoptosis, and EMT (Hallmarks.MsigDB, Figure S5), which are related to known DAB2IP
functions [2-4].

Finally, using PC3-HiBiT and DU145-HiBiT cell lines, we observed increased accu-
mulation of endogenous DAB2IP when the drugs were used in combination, a result that
further supports the idea that these drugs may act on DAB2IP via independent mecha-
nisms (Figure 2C). In the absence of a clear common pathway triggered by the three drugs,
in this study, we focused on thiostrepton, given its reported anti-cancer effects [17].
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Figure 2. The identified drugs likely act on DAB2IP Via different molecular mechanisms. (A) Venn
diagram summarizing the top 1500 genes affected by 24 h treatment with 10 uM Thio (T), Ube (U),
or Sal (S) in PC3 cells (from ConnectivityMap). (B) For each drug, the top 1500 genes were used for

gene set enrichment analysis (KEGG pathways) using the ShinyGO platform. (C) Thio, Ube, and Sal
display an additive effect on DAB2IP upregulation. PC3-HiBiT and DU145-HiBiT cells were treated
for 36 h with various combinations of the drugs as indicated, at a total 10uM final concentration.

Endogenous DAB2IP levels were quantified as in Figure 1C. Data are mean + SD of 3 to 9 wells per

condition. Horizontal line indicates the Thio Lum/Fluo reference value. Statistics are shown for se-
lected comparisons (* p <0.05, ** p <0.01, *** p <0.0001; one-way ANOVA with Dunnett’s post hoc).

3.4. Thiostrepton Does Not Increase DAB2IP Levels by Inhibiting FOXM1

One of the most relevant targets of thiostrepton in mammalian cells is the transcrip-

tion factor FOXM1; Thio has been reported to inhibit its transcriptional activity and its

expression levels [22,23]. FOXM1 regulates the expression of genes involved in cellular

processes such as cell cycle, DNA repair, senescence, apoptosis, migration, invasion, and
drug resistance [24]. We therefore asked whether FOXM1 inhibition would be sufficient
to increase DAB2IP protein levels, possibly via an indirect mechanism. For this purpose,
we treated PC3-HiBiT cells with two different FOXM1 inhibitors, FDI-6 and the natural
compound honokiol [25,26]. Although FDI-6 and honokiol induced a slight increase in
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Lum/Fluo ratio at certain time points (Figure 3A), neither had an effect comparable to
thiostrepton, especially at longer times of treatment (Figure 3A). We also depleted endog-
enous FOXM!1 using two different siRNAs and detected no increase in DAB2IP levels (Fig-
ure 3B). We finally confirmed these observations in non-edited PC3, where no increase in
DAB2IP protein was observed upon drug treatment (Figure 3C) or siRNA-mediated
FOXM1 knockdown (Figure 3D). Together, these results strongly suggest that Thio does
not affect DAB2IP levels via inhibition of FOXM]1, thus implicating a different molecular
mechanism for DAB2IP upregulation, which remains to be uncovered.
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Figure 3. FOXM1 inhibition does not affect DAB2IP levels. (A) Two unrelated FOXM1 inhibitors do
not increase DAB2IP levels. PC3-HiBiT cells seeded in 96-well plates were treated with 10 pM thio-
strepton, FDI-6, or honokiol for the indicated time points, and endogenous DAB2IP levels were
measured by Luc/Fluo ratio as in Figure 1C. Data are mean + SD of three wells per condition (* p <
0.05, **p < 0.01, ** p < 0.001, **** p <0.0001; one-way ANOVA with Dunnett’s post hoc). (B) FOXM1
silencing does not increase DAB2IP levels. Left, PC3-HiBiT cells were transfected for 48 h with two
different siRNAs targeting FOXM1, and DAB2IP levels were measured by Luc/Fluo ratio as in A.
Right, FOXM1 mRNA levels were measured by RT-qPCR as a control of silencing efficiency. Data
are mean + SD of three wells per condition (ns = non-significant, * p < 0.05; one-way ANOVA with
Dunnett’s post hoc). (C) Parental non-edited PC3 cells were treated as in A. Representative Western
blot of endogenous DAB2IP protein, with HSP90 and tubulin as loading controls. Densitometric
quantification of the bands is indicated as normalized DAB2IP/tubulin ratio. (D) Parental non-ed-
ited PC3 cells were transfected for 48 h with FOXM1 siRNA. Left, representative Western blot of
endogenous DAB2IP. HSP90 and tubulin were blotted as loading controls. Right, FOXM1 mRNA
levels measured by RT-qPCR as a control of silencing. Data are mean + SD of three independent

experiments (**** p < 0.0001; unpaired Student’s f-test).

3.5. The Cancer-Inhibitory Effects of Thiostrepton Are Mediated in Part by
DAB2IP Upregulation

To investigate the impact of Thio on oncogenic phenotypes, we performed prolifera-
tion, migration, and invasion assays using PC3 cells. To minimize nonspecific effects due
to toxicity, Thio was tested at the ECso concentration. Despite the relatively low concentra-
tion, it effectively reduced the proliferative capabilities of prostate cancer cells as assessed
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by colony formation assay (Figure 4A,B). Moreover, it significantly decreased the migra-
tory and invasive capabilities of PC3, assessed by wound healing and Matrigel invasion
assays, respectively (Figure 4C,D).

To compare the effects of Thio with those of DAB2IP overexpression, we stably ex-
pressed DAB2IP in PC3 cells. In line with several previous observations, ectopic DAB2IP
strongly inhibited colony formation, cell migration, and Matrigel invasion (Figure 4E-H),
an effect similar to that observed after Thio treatment.
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Figure 4. Treatment with thiostrepton inhibits aggressive phenotypes of prostate cancer cells in
vitro, an effect similar to DAB2IP overexpression. (A) Representative immunoblotting of PC3 cells
treated with DMSO (Ctrl) or 3 uM Thio for 48 h, with HSP90 blotted as loading control. (B) Thio
inhibits colony formation. An identical number of PC3 cells was plated at low density. After 48 h,
cells were treated with 3 uM Thio or DMSO (Ctrl) for 48 h; after 10 days, colonies were stained and
photographed (representative pictures are shown). Colony formation efficiency was quantified us-
ing Image]J (cells covered area/dish area). Results are mean + SD of four independent experiments
(*** p <0.001; unpaired Student’s t-test). (C) Thio reduces cell migration. PC3 cells were grown until
90% confluence, then a central region was scraped off with a sterile tip, and cells were treated with
3 uM Thio or DMSO (Ctrl). Wound closure was checked at the indicated time points (representative
images are shown). Migration distance was quantified using Image]J as indicated in Section 2. Re-
sults are mean + SD of four wells per condition (ns = non-significant, ** p < 0.001, *** p < 0.0001;
two-way ANOVA with Sidak correction). (D) Thio inhibits cell evasion in Matrigel. Cells were pre-
treated for 48 h with 3 pM Thio or DMSO (Ctrl). Then, the same number of cells was seeded inside
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a Matrigel drop in 0.1% serum, covered with 10% serum medium. Evasion events were monitored
during the following days by phase contrast microscopy (representative images at 7 days are
shown). The graph summarizes the area of evasion events at 6-7 days quantified using ImageJ and
expressed as arbitrary units. Results are mean + SD of four independent experiments (*** p <0.0001;
unpaired Student’s t-test). (E) Representative immunoblotting of control (empty vector) and
DAB2IP-stably expressing PC3 cells, with HSP90 blotted as the loading control. (F) DAB2IP overex-
pression inhibits colony formation. An identical number of PC3 cells stably expressing myc-DAB2IP
or empty vector were plated at low density; colony formation efficiency was quantified as in B.
Results are mean + SD of three independent experiments (*** p < 0.001; unpaired Student’s t-test).
(G) DAB2IP overexpression reduces cell migration. PC3 cells stably expressing myc-DAB2IP or
empty vector were plated at high confluence, and wound-healing assays were performed as in C
(representative images are shown). Cell migration was quantified at 24 h, the shortest time point,
with a clearly detectable effect of Thio. Results are mean + SD of four wells per condition (** p <0.01;
unpaired Student’s t-test). (H) DAB2IP inhibits cell evasion in Matrigel. PC3 cells stably expressing
myc-DAB2IP or empty vector were seeded in Matrigel drops, and evasion events were monitored
and quantified as in (D). The results are mean + SD of four independent experiments (**** p <0.0001;
unpaired Student’s t-test).

Next, to assess the potential role of DAB2IP upregulation in the onco-suppressive
effects of thiostrepton, we knocked out DAB2IP in PC3 using CRISPR/Cas9 and analyzed
the effects of the drug in these cells.

Strikingly, DAB2IP loss dampened the inhibitory effect of Thio on cell proliferation,
as assayed by colony formation (Figure 5A,B). In contrast, DAB2IP loss appeared less in-
volved in the inhibitory effect of Thio on cell migration in wound-healing assays (Figure
5C), at least in one of the knockout cell populations.

To reinforce the above observations, we investigated the effects of Thio on the capa-
bility of PC3 to grow into spheroids. Consistently with previous assays, Thio strongly re-
duced the spheroid growth of parental PC3 (Figure 5D). We next assessed the contribution
of DAB2IP to the effect of Thio on spheroid growth. Although knockout cells form sphe-
roids that are morphologically distinct from WT cells—KO spheroids have increased pro-
trusions on the surface—it is evident that thiostrepton had a milder inhibitory effect on
3D growth of DAB2IP-depleted cells (Figure 5D).

Taken together, these results indicate that upregulation of DAB2IP can contribute to
the cancer-inhibitory action of thiostrepton, with potential implications for the clinical re-
purposing of this drug.
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Figure 5. The inhibitory effects of thiostrepton on cancer cells are reduced upon DAB2IP depletion. (A)
Representative Western blot of DAB2IP expression in parental (WT) and DAB2IP knock-out (KO1 and
KO2) PC3 cells, with HSP90 and actin as loading controls. (B) Thiostrepton is less effective in suppressing
colony formation in the absence of DAB2IP. An identical number of PC3 cells (WT, KO1, and KO2) was
plated at low density. After 48 h, cells were treated with 3 uM Thio or DMSO (Ctrl) for 48 h, and then
cultured for 10-14 days. Colonies were stained, photographed (representative pictures are shown), and
colony formation efficiency was quantified as in Figure 4B. The graph summarizes colony formation in
treated samples normalized to their respective controls (DMSO). The results are represented as floating
bars from minimum to maximum value, horizontal lines show the mean; n =3 independent experiments
(* p <0.05; one-way ANOVA with Dunnett’s post hoc). (C) Thiostrepton-mediated inhibition of cell mi-
gration is variably reduced in the absence of DAB2IP. PC3 cells (WT, KO1, and KO2) were grown until
90% confluence, then a central region was scraped off with a sterile tip, and cells were treated with 3 uM
Thio or DMSO (Ctrl). Wound closure was measured at 48 h (representative images are shown). Migration
distance was quantified as in Figure 4C. The results are represented as box plots, horizontal lines show
the median, and whiskers extend to the minimum and maximum values. Data represent six to eight wells
per condition (ns = non-significant, ** p <0.01, ** p < 0.001; Mann-Whitney test). (D) Thiostrepton is less
effective in suppressing the growth of prostate cancer cell spheroids in the absence of DAB2IP. An
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identical number of cells (WT, KO1, and KO2) was plated in 96-well ultra-low attachment plates to form
spheroids. After 48 h, spheroids were treated with thiostrepton at the indicated concentrations or DMSO
(Ctrl). The area of spheroids was measured 6-7 days after treatment (representative images are shown).
The results are represented as box plots, horizontal lines show the median, and whiskers extend to the
minimum and maximum values; n = 3 independent experiments with four to six spheroids per replicate
(ns =non-significant, *** p < 0.0001, ** p <0.01; two-way ANOVA with Tukey correction).

4. Discussion

The tumor suppressor DAB2IP is frequently downregulated in various human ma-
lignancies by multiple mechanisms, but is rarely deleted or mutated. This evidence makes
it a good candidate for the development of anti-cancer drugs aimed at increasing its ex-
pression. Based on this assumption, we performed a drug-repurposing screen to search
for molecules capable of increasing the levels of DAB2IP in cancer cells.

According to our experience, endogenous DAB2IP cannot be reliably detected by im-
munofluorescence or other imaging techniques suitable for high-throughput screening.
To overcome this limitation, we tagged endogenous DAB2IP with the HiBiT peptide for
quantitative detection by luminescence. Using a C-terminal insertion site, we tagged all
possible isoforms with minimal impact on the structure and function of the protein, so
that HiBiT-derived luminescence would theoretically reflect the total abundance of all
DAB2IP proteoforms. Such an approach was specifically designed to facilitate the identi-
fication of compounds modulating all the steps of endogenous regulation—from tran-
scription to translation, from RNA stability to protein turnover —with high sensitivity.

Our screening identified three molecules able to upregulate endogenous DAB2IP in
various cell lines: thiostrepton, ubenimex, and salmeterol. Of note, DAB2IP was found to
be upregulated by ubenimex in a high-throughput mass spectrometry survey of drug ef-
fects in colon cancer cells (DeepCoverMOA, [27]), an observation that indirectly validates
our screening approach.

None of the tested compounds significantly increased DAB2IP mRNA levels, sug-
gesting a post-transcriptional or post-translational mechanism of action. In this regard,
DAB2IP has been reported to be degraded by E3 ubiquitin-ligases Skp2 and Smurf1 [28,29]
as well as being inhibited by several microRNAs [8,30-32]. It is possible that these or other
mechanisms are targeted by the identified compounds. Additional studies are needed to
further investigate the molecular mechanisms underlying the action of these drugs.

In this study, we focused on thiostrepton, a thiopeptide antibiotic reported to have
anti-cancer activity in different models, with the aim of providing corroborative evidence
in support of its repositioning for cancer treatment. There is abundant preclinical evidence
that thiostrepton can inhibit the proliferation and survival of various cancer cell lines [33-
36], alone or in combination with other drugs (reviewed in [17]). However, the clinical
development of thiostrepton is hampered by its poor solubility in water. Specific formu-
lations have been studied to facilitate its systemic delivery and bioavailability; for in-
stance, encapsulation in micelles, liposomes, and other micro- and nano-structures has
been shown to improve its delivery and potentiate its anti-cancer properties in mouse
models of breast cancer [33]. Also, considerable effort has gone into the development of
more soluble thiostrepton derivatives through mutagenesis or chemical synthesis [17].
Notably, a novel formulation of thiostrepton, RSO-021, is currently undergoing a Phase
1/2 clinical trial in patients with malignant pleural effusion from mesothelioma and non-
mesothelioma (ClinicalTrials.gov ID: NCT05278975).

Overall, our experiments confirmed that Thio counteracts the aggressiveness of pros-
tate cancer cells in vitro, but also revealed that the Thio effect is less efficient in the absence
of DAB2IP, providing the first experimental evidence that DAB2IP upregulation can con-
tribute to the anti-tumor action of this drug.
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The anti-cancer properties of thiostrepton are primarily ascribed to the inhibition of
the oncogenic transcription factor FOXM1 [23,37,38]. We obtained evidence to reasonably
exclude the possibility that DAB2IP upregulation is a result of FOXM1 inhibition, sup-
porting the notion that the two proteins are independent targets of the drug.

The anti-cancer action of Thio is also mediated by the formation of covalent adducts
with cysteine residues in the mitochondrial protein peroxiredoxin 3 (PRDX3), an antioxi-
dant enzyme that is frequently upregulated in cancers [39]. Thiostrepton inhibits PRDX3
by crosslinking, causing the accumulation of reactive oxygen species [40,41]. Currently, it
is not known whether DAB2IP accumulation is indirectly caused by Thio-induced inhibi-
tion of PRDX3 or, as seen with FOXM]1, the two proteins are unrelated targets of the drug.
Regardless of the mechanism, it is reasonable to speculate that increased DAB2IP levels
may support and reinforce the anti-tumor effects of thiostrepton, possibly through syn-
ergy with its other molecular targets in a context-dependent manner.

5. Conclusions

This study provides evidence that DAB2IP is a potentially druggable molecule and
its drug-induced upregulation can counteract various pro-oncogenic features in prostate
cancer cell lines. From a pharmacological perspective, our data support previous findings
that suggest the repurposing of thiostrepton for cancer treatment, revealing DAB2IP as a
possible contributor to its tumor-suppressive activity.

From a methodological perspective, our work confirms and highlights the applica-
bility of the HiBiT system for high-throughput quantification of endogenous proteins that
are not easily detected by conventional methods, thereby establishing its effectiveness as
a tool for drug discovery applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biom15081147/s1, Figure S1: Characterization of human
DAB2IP isoforms and tagging site; Figure S2: Validation of DAB2IP HiBiT-tagged cells for high-
throughput screening; Figure S3: Validation of identified drugs in DU145 prostate cancer and MCF7
breast cancer cell lines; Figure S4: The identified drugs likely act on DAB2IP via different molecular
mechanisms; Figure S5 Hallmarks enriched in PC3 and MCEF?7 after drug treatment.
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